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Foreword

In this 100th anniversary year of ASM International, it is especially fitting to release ASM Handbook,
Volume 4A, Steel Heat Treating Fundamentals and Processes. Since its 1913 origin as the Steel Treaters
Club, formed by Detroit blacksmith William Park Woodside, ASM International has grown in scope; yet
steel heat treating remains a core subject of the Society. Woodside’s vision and recognition of the need to
exchange information on steel heat treating are further recognized by many successful publications
including the renowned Metals Handbook.

The ASM Handbook (formerly Metals Handbook) series is being expanded into several volumes on
heat treatment. This reflects the roots of ASM International, as well as the Heat Treating Society (An
Affiliate Society of ASM International) with its ongoing member contributions in the field of heat treat-
ing. ASM International and the Heat Treating Society extend a very special thanks to George E. Totten
and Jon Dossett as Volume Editors. Their initiatives and contributions were instrumental in the develop-
ment of this Volume. We are indebted to them and to the subject editors, authors, and reviewers for this
publication.

Thomas E. Clements
President, Heat Treating Society

Gernant E. Maurer
President, ASM International

Thomas S. Passek
Managing Director, ASM International
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Policy on Units of Measure

By a resolution of its Board of Trustees, ASM International has
adopted the practice of publishing data in both metric and customary
U.S. units of measure. In preparing this Handbook, the editors have
attempted to present data in metric units based primarily on Système
International d’Unités (SI), with secondary mention of the corresponding
values in customary U.S. units. The decision to use SI as the primary sys-
tem of units was based on the aforementioned resolution of the Board of
Trustees and the widespread use of metric units throughout the world.
For the most part, numerical engineering data in the text and in tables

are presented in SI-based units with the customary U.S. equivalents in
parentheses (text) or adjoining columns (tables). For example, pressure,
stress, and strength are shown both in SI units, which are pascals (Pa)
with a suitable prefix, and in customary U.S. units, which are pounds
per square inch (psi). To save space, large values of psi have been con-
verted to kips per square inch (ksi), where 1 ksi = 1000 psi. The metric
tonne (kg � 103) has sometimes been shown in megagrams (Mg). Some
strictly scientific data are presented in SI units only.
To clarify some illustrations, only one set of units is presented on art-

work. References in the accompanying text to data in the illustrations are
presented in both SI-based and customary U.S. units. On graphs and
charts, grids corresponding to SI-based units usually appear along the left
and bottom edges. Where appropriate, corresponding customary U.S.
units appear along the top and right edges.
Data pertaining to a specification published by a specification-writing

group may be given in only the units used in that specification or in dual
units, depending on the nature of the data. For example, the typical yield
strength of steel sheet made to a specification written in customary U.S.

units would be presented in dual units, but the sheet thickness specified
in that specification might be presented only in inches.

Data obtained according to standardized test methods for which the
standard recommends a particular system of units are presented in the
units of that system. Wherever feasible, equivalent units are also pre-
sented. Some statistical data may also be presented in only the original
units used in the analysis.

Conversions and rounding have been done in accordance with IEEE/
ASTM SI-10, with attention given to the number of significant digits in
the original data. For example, an annealing temperature of 1570 �F con-
tains three significant digits. In this case, the equivalent temperature
would be given as 855 �C; the exact conversion to 854.44 �C would
not be appropriate. For an invariant physical phenomenon that occurs at
a precise temperature (such as the melting of pure silver), it would be
appropriate to report the temperature as 961.93 �C or 1763.5 �F. In some
instances (especially in tables and data compilations), temperature values
in �C and �F are alternatives rather than conversions.

The policy of units of measure in this Handbook contains several
exceptions to strict conformance to IEEE/ASTM SI-10; in each instance,
the exception has been made in an effort to improve the clarity of the
Handbook. The most notable exception is the use of g/cm3 rather than
kg/m3 as the unit of measure for density (mass per unit volume).

SI practice requires that only one virgule (diagonal) appear in units
formed by combination of several basic units. Therefore, all of the units
preceding the virgule are in the numerator and all units following the vir-
gule are in the denominator of the expression; no parentheses are required
to prevent ambiguity.
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Preface

The ASM Handbook, Volume 4A, Steel Heat Treating Fundamentals
and Processes, represents the first of several Volumes to be published
on heat treating. As indicated in the title, Volume 4A focuses on the
fundamental aspects of steel heat treating and the many processes of
steel heat treating. The Volume 4B, planned for future publication, will
cover the heat treating and behavior of the many types of steels and cast
irons.

As with the last edition of this Volume, the Volume Editors recog-
nized that the researchers, engineers, technicians and students that will
use this Volume 4A have different needs with regard to their level of
understanding. Articles on the fundamentals provide in-depth back-
ground on the scientific principles associated with steel heat treatment,
while articles on the various heat treating processes take a more prac-
tical approach. The Volume Editors have also tried to present a com-
prehensive reference that can be of use to the diverse heat treating
community.

All sections of this Volume have been reviewed to be sure that they
reflect the current status of the technology.Many sections have been expanded,
such as the sections on fundamentals and processing methods for carburizing
and nitriding of steels. Coverage on the hardenability of steels is expanded,
and several new articles have been added on quenching fundamentals and pro-
cesses. Updates have been done as appropriate, and efforts were taken
to include charts, examples, and reference information from the substantive
archives of the Society—and its predecessors—the American Society for
Metals, and the American Society for Steel Treating. This Volume is
especially fitting in the 100th anniversary year of ASM International.

We wish to thank our many colleagues who served as editors and
authors of the individual articles. In particular, the editors also are
indebted to the Heat Treating Society (An Affiliate Society of ASM Inter-
national) and its members, which give the foundation for this publication
and other events, conferences, and educational programs. This Volume
would not have been possible without their efforts.

Jon Dossett
George Totten
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Introduction to Steel Heat Treatment*

Introduction

Heat treatment is roughly defined as controlled
heating and cooling of a solid material, so as to
change the microstructure and obtain specific
properties. Almost all metals and alloys respond
to some form of heat treatment in the broadest
sense of this definition, but individual metals and
alloys may respond differently. Almost any metal
can be softened by annealing after cold working,
while fewer alloy systems can be strengthened
or hardened by heat treatment. Steel is very nota-
ble, because it is very responsive to hardening and
strengthening by heat treatment.
The responsiveness of steel from heat treat-

ment is due to some important properties of iron
and the metallurgical effects of carbon in iron.
Fundamentally, all steels are mixtures or, more
properly, alloys of iron with a small amount of
carbon (along with varying amounts of other
alloying elements such as manganese, chromium,
nickel, and molybdenum). One important effect
is the size of carbon atoms relative to that of iron
atoms. The carbon atom is only 1=30 the size of
the iron atom, and carbon atoms are sufficiently
small to fit between the interstices of the larger
iron atoms. Other atoms small enough to fit in
the interstitial regions of solid iron are hydro-
gen, nitrogen, and boron. In general, interstitial
atoms can easily diffuse—jumping from one
interstitial site to another—unlike larger atoms
(which can only jump by “substitution” into
the vacancies within a crystal lattice). This,
along with the effect of temperature on diffu-
sion, makes the mobility of carbon responsive
during solid-state heating.
Another important metallurgical phenome-

non is the allotropy of iron, which means that
the iron atoms can arrange themselves into
more than one crystalline form or phase. At
room temperature, for example, iron atoms
arrange themselves into a body-centered cubic
(bcc) crystal structure—called ferrite or alpha
(a) iron. At higher temperatures, the iron atoms
form a face-centered (fcc) crystal structure—
called austenite or gamma (g) iron. The exis-
tence of these two phases, along with carbon
alloying, are fundamental in the heat treatment
of steel.

One important difference between iron ferrite
and austenite is the spacing of iron atoms. The
iron atoms in austenite are more widely spaced
than in ferrite (Fig. 1). This allows austenite to
accommodate more carbon atoms in the inter-
stitial regions of the crystal lattice. Solid solu-
bility is a measure of how much solute can be
dissolved (or incorporated) into the host lattice.
Temperature influences the extent of solubility,
because higher temperatures expand the host
lattice and thus provide a better opportunity
for the solute to fit in the lattice. However, car-
bon is almost insoluble in a iron—ranging
from only 0.008 wt% near room temperature
to a maximum solubility limit of 0.02 wt% at
727 �C (1340 �F) (Fig. 2).
When the solubility of carbon in either aus-

tenite or ferrite is exceeded, not all the carbon
atoms can be accommodated within the intersti-
tial sites between the iron atoms. In this case,
the excess carbon atoms may combine to
form graphite or, more typical for steels, an
iron-carbide compound (Fe3C) referred to as
cementite or θ-carbide. Cementite has an ortho-
rhombic crystal that can accommodate more

carbon atoms in its crystal structure. For each
atom of carbon in the compound, there are
three atoms of iron, giving an atomic compo-
sition of 25 at.% C. The corresponding
weight percent carbon in cementite turns out
to be 6.7.
The orthorhombic lattice of cementite is a bit

more complex than either the bcc structure of
ferrite or the fcc structure of austenite. Cement-
ite also is not completely stable, because carbon
ultimately decomposes into graphite over time.
However, cementite is sufficiently stable to be
considered as a near-equilibrium phase that
occurs when carbon levels exceed the solubility
limit in iron. The morphology and distribution
of cementite also can be manipulated by heat
treatment. The compound cementite has higher
strength and lower ductility than either ferrite
or austenite and, depending on its morphology
and distribution, contributes in a variety of
ways to the strengthening, deformation, and
fracture of steels.
Cementite is hard, ranging in hardness from

800 to 1400 HV, depending on the substitution
of elements for iron. Heat treatment also can
alter the amount, shape, and distribution of the
hard cementite particles in the microstructure
of steel. For example, the hard cementite phase
can be dissolved into a single iron-carbon phase
when the iron phase becomes austenitic. This
process, known as austenitizing, dissolves
cementite, because carbon is much more solu-
ble in austenite, with a maximum solubility of
approximately 2 wt% at 1150 �C (2100 �F).
This is 2 orders of magnitude greater than the
maximum solubility of carbon in alpha ferrite.
Thus, austenitizing is often used as the starting
point to create a single-phase solid solution.
Then, by cooling from the austenite region, a
two-phase formation of ferrite and cementite
can be controlled for strengthening. This allows
plain carbon steel to obtain a wide range of
properties after heat treatment.
Carbon also has two other important effects

on the constitution of iron during heat treat-
ment. Carbon lowers the temperature for com-
plete austenitization (Fig. 2). This allows for
complete dissolution of cementite at lower tem-
peratures and the subsequent manipulation of
carbide formation during cooling. Moreover,
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Fig. 1 Crystal structure and lattice spacing of iron
atoms with (a) body-centered cubic and

(b) face-centered cubic crystal structures. Source: Ref 1
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when austenitized steel is rapidly cooled
(quenched), a different mechanism of phase
transformation occurs. During rapid quenching
from austenite to ferrite, there is not enough
time for the excess carbon atoms to diffuse
and form cementite along with the bcc ferrite.
Therefore, some (or all) of the carbon atoms
become trapped in the ferrite lattice, causing
the composition to rise well above the 0.02%
solubility limit of carbon in ferrite. This causes
lattice distortion, so much so that the distorted
bcc lattice rapidly transforms into a new meta-
stable phase called martensite. Martensite does
not appear as a phase on the iron-carbon equi-
librium phase diagram because it is a metasta-
ble (nonequilibrium) phase that occurs from
rapid cooling.
The unit cell of the martensite crystal is a

body-centered tetragonal (bct) crystal structure,
which is similar to the bcc unit cell, except that
one of its edges (called the c-axis) is longer
than the other two axes (Fig. 3). The distorted
form of the bct is a supersaturated condition
that accommodates the excess carbon. The bct
structure also occupies a larger atomic volume
than ferrite and austenite, as summarized in
Table 1 for different microstructural compo-
nents as a function of carbon content. The den-
sity of martensite thus is lower than ferrite (and
also austenite, which is denser than ferrite). The
resulting expansion gives martensite its high

hardness and is the basis for strengthening
steels by heat treatment.

Constitution of Iron

The atoms in solids typically arrange them-
selves into a unique crystal structure under
equilibrium conditions, but some elements and
compounds have polymorphic (multishaped)
crystal structures. That is, their structure trans-
forms from one crystal structure to another with
changes in temperature and pressure, where
each crystal structure is a distinctively separate
solid-state phase. Heat spurs the movement of
atoms through diffusion, and the heating can
cause atoms to rearrange themselves into differ-
ent types of crystal lattices.
The solid-state change of crystal structure is

referred to as an allotropy (existing in another
form). For example, both iron and carbon have a
number of allotropic forms. Carbon can exist as
diamond, soot, graphite, and themore recently dis-
covered form of fullerenes. However, the allot-
ropy of carbon is not a significant variable as an
alloying element in iron. In contrast, the allotropy
of iron is of fundamental importance in the heat
treating of steel. Iron is an allotropic element that
changes its structure at several temperatures
known as transformation temperatures (Fig. 4).

The process by which iron (or any material)
changes from one atomic arrangement to
another when heated or cooled is called a phase
transformation. Figure 4 illustrates changes in
the phases of pure iron during very slow
(near-equilibrium) heating or cooling. During
a phase transformation, the temperature stays
constant during heating (or cooling) until the
phase transformation of iron is complete. This
is the same behavior as the temperature plateau
during the phase changes of pure metal during
melting or solidification. The so-called critical
temperatures of the iron phase transformation
are assigned the letter “A,” derived from the
French word arrêt, which stands for the arrest
in temperature during heating or cooling
through the transformation temperature. The
letter “A” also is followed by either the letter
“c” or “r” to indicate transformation by either
heating or cooling, respectively. The use of
the letter “c” for heating is derived from the
French word chauffant, meaning warming. If
cooling conditions apply, the critical tempera-
ture is designated as “Ar,” with the letter “r”
being derived from the French word refroidis-
sant for cooling.
Below the melting point of 1540 �C (2800 �F),

there are three temperature plateaus when solid
iron undergoes a phase change. Consider first
the process of solidification as liquid iron cools
from its melting point of 1540 �C (2800 �F). It
begins to freeze, with no further drop in temper-
ature until it transforms itself completely into a
solid form of iron referred to as delta iron or
delta ferrite. Ferrite has a bcc crystal structure.
Delta ferrite is the high-temperature bcc phase
of iron. After solidification is complete, the
temperature drops at a uniform rate until the
temperature of 1394 �C (2541 �F) is reached.

Fig. 2 Portion of the Fe-Fe3C phase diagram of carbon steel. fcc, face-centered cubic

Fig. 3 Structure of (a) ferrite (body-centered cubic) and
(b) martensite (body-centered tetragonal)

Table 1 Atomic volumes of selected
microstructural constituents of ferrous
alloys

Phase Apparent atomic volume, Å3

Ferrite 11.789
Cementite 12.769
Ferrite + carbides 11.786 + 0.163 C(a)
Pearlite 11.916
Austenite 11.401 + 0.329 C(a)
Martensite 11.789 + 0.370 C(a)

(a) C = % carbon. Source: Ref 2
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This temperature marks the beginning of a
transformation of the bcc delta iron into an
fcc crystal phase, called austenite or gamma
(g) iron. The temperature stays constant until
the transformation is complete, that is, until
all of the iron has an austenitic (fcc) phase
structure.
Further cooling of the gamma (fcc) iron con-

tinues at a uniform rate until the temperature
reaches 912 �C (1674 �F). This is the transfor-
mation temperature when gamma iron begins
the transformation into a nonmagnetic form of
iron with a bcc crystal lattice. The temperature
holds steady during cooling until all the iron
atoms are completely transformed into a bcc
crystal lattice. This low-temperature bcc phase
of iron is referred to as alpha (a) iron or alpha
ferrite. Finally, a similar cooling plateau occurs
at 769 �C (1416 �F), which is the transforma-
tion temperature when the nonmagnetic form
of alpha iron changes into a magnetic form of
alpha iron. This is the Curie temperature. In fer-
romagnetic materials that are below their Curie
temperature, the magnetic moments of adjacent
atoms are parallel to each other, such that all of
the individual magnetic moments are aligned in
one direction.
These phase changes, which can be done

very slowly, are called equilibrium transforma-
tions, meaning that sufficient time is needed for
the metal to reach equilibrium during a given
phase change. Enough energy, referred to
as latent heat, must be added or released
to complete an equilibrium transformation.
Experimental latent-heat values at the transfor-
mation temperatures of pure iron are given in
Table 2 for the phase transformations. In the
case of the Curie temperature (TC), the addi-
tional energy needed to disorient the magnetic
dipoles in iron is described by a sharp increase
in specific heat (Fig. 5)
During an equilibrium transformation, the

temperature remains constant until the phase
change is complete for the entire material. This
temperature plateau or arrest is roughly indi-
cated by the small steps at the transformation
temperatures indicated in Fig. 5. All equilib-
rium transformations are based on the move-
ment of atoms by diffusion, which occurs by
pronounced thermal agitation of atoms or mole-
cules. Thus, all equilibrium transformations are
classified as thermal or diffusive (reconstruc-
tive) transformations, because phase growth or
decomposition is activated by the thermal
(kinetic) energy of the atoms in the solid. Slow
changes under near-equilibrium conditions are
also reversible; the very same changes can take
place in reverse order. That is, when iron or
steel is subjected to slow heating from room
temperature, alpha iron first becomes nonmag-
netic alpha iron and then becomes gamma iron
on further heating.
Hysteresis in Heating and Cooling. Under

conditions of very slow heating or cooling
under near-equilibrium conditions, the trans-
formation temperatures for heating and cool-
ing are the same. However, heating rates in

commercial practice usually exceed those in
controlled laboratory experiments, and a
higher rate of heating or cooling can change
the transformation temperature. For example,
when the heating rate is high, the Ac transfor-
mation temperatures will be higher than those
in Fig. 5. Likewise, on slow cooling in com-
mercial practice, transformation changes occur
at temperatures a few degrees below the Ar
transformation temperatures in Fig. 5. Also,
the faster the heating or cooling rate, the
greater the gap between the Ac and Ar
points. Going one step further, transformation
temperatures during cooling can be suppressed
several hundreds of degrees by rapid
cooling or quenching. The rate of cooling and
heating can be a key factor in many heat
treatments.

Ferrite and Austenite in Pure Iron. Ferrite
and austenite are the two crystal structures of
solid iron under equilibrium conditions. Ferrite
has atoms at each of the four corners of the unit
cell (Fig. 1) with one atom in the center. The
edge length (or lattice parameter) of alpha fer-
rite is approximately 2.87 Å at 20 �C (70 �F)
increasing to approximately 2.9 Å at 910 �C
(1670 �F) (Table 3). In contrast, the lattice
parameter of the austenitic unit cell is on the
order of approximately 3.57 Å at the transfor-
mation temperature of 912 �C (1674 �F). This
provides greater interatomic space for the
greater solubility of carbon in austenite, as
compared to ferrite.
An fcc crystal also is a close-packed struc-

ture, which means that the atoms are packed
together with a minimum total volume.

Fig. 4 Equilibrium transformation temperatures of pure iron. fcc, face-centered cubic; bcc, body-centered cubic

Table 2 Latent heats of phase transformations for pure iron

Transformation Temperature, K Temperature, �C Latent heat, kJ/kg

Alpha ferrite (a) to austenite (g) 1185 912 16
Austenite (g) to delta ferrite (d) 1667 1394 15
Fusion (liquid to solid) 1881 1538 247 � 7

Source: Ref 3

Introduction to Steel Heat Treatment / 5



Therefore, austenite can pack more atoms into a
given volume than ferrite. One unit cell of the
bcc structure consists of two complete atoms,
calculated from the one atom in the center of
the cell, plus the four corners with one-quarter
of each corner atom within the cube of the unit
cell. Like ferrite, austenite also has atoms at the
four corners of the unit cell. However, the fcc
lattice also has six additional atoms of each
face of the unit cell (Fig. 1), where one-half
of each face-centered atom is within the cube
of the unit cell. Thus, the fcc unit cell is equiv-
alent to four complete atoms (½ of each atom
on the six faces, plus ¼ of each atom on the

four corners). The packing results in a higher
density of fcc compared to that of a bcc lattice
(Table 4). A plot of volume per atoms also indi-
cates a sharp contraction when alpha ferrite
transforms into austenite (Fig. 6).
Diffusion Coefficient of Carbon in Iron.

As noted, carbon readily diffuses as an intersti-
tial atom. The activation energy for diffusion of
carbon in iron is small (Table 5), and the diffu-
sion coefficient is larger than that of typical
substitutional elements (Fig. 7), where the dif-
fusion coefficient (D) is a function of tempera-
ture according to an Arrhenius equation, such
that:

Fig. 5 Specific heat of iron from 0 to 3200 K. TC, Curie temperature. Source: Ref 4, 5

Table 3 Effect of temperature on lattice
parameters of ferrite and austenite in pure
iron

Temperature,

Lattice parameter, nm�C �F

20 68 0.28665 a-Fe
53 127 0.28676
154 309 0.28708
248 478 0.28750
315 599 0.28775
378 712 0.28806
451 844 0.28840
523 973 0.28879
563 1045 0.28882
588 1090 0.28890
642 1188 0.28922
660 1220 0.28920
706 1303 0.28923
730 1346 0.28935
754 1389 0.28940
764 1407 0.28940
772 1422 0.28943
799 1470 0.28946
862 1584 0.28988
898 1648 0.29012
907 1665 0.29005
950 1742 0.36508 g-Fe

1003 1837 0.36535
1076 1969 0.36599
1167 2133 0.36660
1249 2280 0.36720
1361 2482 0.36810
1390 2534 0.29315 d-Fe
1439 2622 0.29346
1480 2696 0.29378
1508 2746 0.29396

Source: Ref 6

Table 5 Activation energies for diffusion of selected elements in iron

Diffusing element Diffusing through Diffusion activation energy (Q), cal/mol Diffusion frequency factor (D0), cm
2/s

Carbon Ferrite (a iron) 18,100 0.0079
Carbon Austenite (g iron) 33,800 0.21
Nickel Austenite (g iron) 66,000 0.5
Manganese Austenite (g iron) 67,000 0.35
Chromium Ferrite (a iron) 82,000 30,000
Chromium Austenite (g iron) 97,000 18,000

Source: Ref 1

Table 4 Density of austenite, alpha ferrite, and delta ferrite at selected temperatures

Phase

Temperature

Density, g/cm3�C �F

Alpha ferrite 20 68 7.870(a)
Alpha ferrite 910 1670 7.47(b)(c)
Austenite 912 1673 7.694(a)
Austenite 1390 2534 7.66(b)(d)
Delta ferrite 1394 2541 7.406(a)

(a) Source: Ref 7. (b) Source: Ref 8. (c) Computed from the following relation for alpha iron (to 912 �C, or 1673 �F): K (Kelvin)� Dr/r0 � 105 = 4.3.
(d) Computed from the following relation for gamma iron (912 to 1394 �C, or 1673 to 2541 �F): K (Kelvin) � Dr/r0 � 105 = 6.7

Fig. 6 Volume per atom for iron. Source: Ref 9

Fig. 7 Diffusion coefficients (D) of interstitial elements
(hydrogen, carbon, nitrogen) compared with

substitutional elements in alpha iron. Adapted from Ref 10

6 / Introduction to Steel Heat Treating



D ¼ D0 exp � Q

RT

� �

where D0 is the frequency factor (in units of
cm2/s), Q is the activation energy (kJ/mol),
T is absolute temperature (K), and R is the gas
constant (8.31 J/mol � K).
Typical values for D0 are given in Table 6,

and the temperature dependence of D is shown
for a number of material systems in Fig. 8.
The change of the diffusion coefficient of carbon
as the concentration of carbon changes in iron at
930 �C (1700 �F) is shown in Fig. 9. The activa-
tion energy, Q, reflects the energy required to
move an atom over a barrier from one lattice site
to another; the barrier is associated with the
requirement that the atom must vibrate with a
sufficient amplitude to break the nearest neigh-
boring bonds to move to a new location.

Phases of Heat Treated
Steel (Ref 14)

The heat treatment of steel is based on the
physical metallurgical principles that relate pro-
cessing, properties, and structure. In heat treat-
ment, the processing is most often entirely
thermal and modifies only structure. Thermo-
mechanical treatments, which modify compo-
nent shape and structure, and thermochemical
treatments, which modify surface chemistry
and structure, are also important processing
approaches that fall into the domain of heat
treatment. Scientific principles link the proces-
sing parameters to structure and properties and
are increasingly necessary for proper applica-
tion of the equipment and instrumentation now
available for control of heat treatment pro-
cesses. Examples of scientific efforts that
directly support the technology of heat treat-
ment include characterization of mechanisms
of phase transformations that produce desired
structures and properties of heat treated parts;
determination of phase transformation and
annealing kinetics that establish processing
times, temperatures, and cooling rates for heat
treatments; and evaluation of mechanisms of
deformation and fracture of the structures pro-
duced by heat treatment.

In view of the importance of structure and its
formation to heat treatment, the purpose of this
section is to describe the various microstruc-
tures that form in steels, the various factors that
determine the formation of microstructures dur-
ing heat treatment processing of steel, and some
of the characteristic properties of each of the
microstructures. Structure-sensitive properties
such as strength, ductility, and toughness estab-
lish the ease of manufacturing, service perfor-
mance, and limitations to service conditions of
heat treated steels. The descriptions of the
microstructures and principles presented here
should be considered only introductory.

The Iron-Carbon Phase Diagram

The microstructures that result from heat
treatment of steel are composed of one or more
phases in which the atoms of iron, carbon, and
other elements in steel are associated. Figure 10
shows a portion of the iron-carbon phase
diagram from pure iron through the carbon
concentration of cementite, 6.67 wt%. The
temperature and composition ranges in which
the various phases exist are shown on the dia-
gram. Alloys containing up to 2 wt% C are
classified as steels; alloys containing more than
2 wt% C are classified as cast irons. The solid
lines represent conditions where carbon, when
it exceeds its solubility in ferrite and austenite,
is present in the form of cementite (Fig. 10).
This is invariably the case in steels. The
dashed lines represent the conditions where
carbon is present as graphite rather than as
cementite, a situation much more common in
cast irons than in steels.
As noted, the temperatures that are the

boundaries of the various phase fields are fre-
quently referred to as critical temperatures.
Because the critical temperatures are often
identified by changes in slope or thermal arrests
in heating and cooling curves, they are given
the designation “A.” If equilibrium conditions
are applicable, the designations Ae1, Ae3, and
Aeem, or simply A1, A3, and Acm, are used, as
shown in Fig. 10. If heating conditions (which
raise the critical temperatures relative to equi-
librium) apply, Ac1, Ac2, and Accm are used,
the subscript “c” being derived from the French

word chauffant. If cooling conditions (which
lower the critical temperature relative to equi-
librium) apply, the designations Ar1, Ar3, and
Arcm are used, the subscript “r” being derived
from the French word refroidissant. There is
hysteresis in the transformation temperatures
because continuous heating and cooling leave
insufficient time to accomplish the diffusion-
controlled phase transformations at the true
equilibrium temperatures.
The symbols used to designate the different

critical temperatures are summarized in Table 7.
The A1 transformation temperature (whether
Ae1, Ac1, or Ar1) is referred to as the lower
critical temperature, while the A3 transforma-
tion temperature (whether Ae3, Ac3, or Ar3) is
referred to as the upper critical temperature.
As noted, carbon lowers the A3 transformation
temperature. Carbon also lowers the freezing
point of iron (which is important for cast irons).
Steels and cast irons contain, in addition to iron

Table 6 Representative data for diffusion of carbon in ferrite and austenite

Diffusing species Solvent metal D0, m
2/s Activation energy, kJ/mol

Calculated values

Temperature

D, m2/s�C �F

Fe a-Fe (body-centered cubic) 2.8 � 10�4 251 500 930 3.0 � 10�21

900 1650 1.8 � 10�15

Fe g-Fe (face-centered cubic) 5.0 � 10�5 284 900 1650 1.1 � 10�17

1100 2010 7.7 � 10�16

C a-Fe 6.2 � 10�7 80 500 930 2.4 � 10�12

900 1650 1.7 � 10�10

C g-Fe 2.3 � 10�5 148 900 1650 5.9 � 10�12

1100 2010 5.3 � 10�11

Source: Ref 11

Fig. 8 Arrhenius plot of diffusivity of various metal
systems. bcc, body-centered cubic; hcp,

hexagonal close-packed; fcc, face-centered cubic.
Adapted from Ref 12

Fig. 9 Variation of diffusion coefficient with carbon
concentration. Source: Ref 13
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and carbon, many other elements that shift
the boundaries of the phase fields in the iron-
carbon diagram. Some alloying elements such
as manganese and nickel are austenite stabili-
zers and extend the temperature range over

which austenite is stable. Elements such as
chromium and molybdenum are ferrite stabili-
zers and restrict the ranges of austenite stabil-
ity. Therefore, care must be taken in the direct
use of the iron-carbon diagram to predict

phase relationships in commercial alloys that
contain elements in addition to iron and carbon.
Nevertheless, the iron-carbon diagram is the
most important reference for understanding the
relationships between structure and heat treat-
ment of steels and, subject to the aforemen-
tioned limitations, is used in this article to
illustrate the basis for microstructural formation
in steels as well as iron-carbon alloys.
The phase diagram shown in Fig. 10 assumes

equilibrium, that is, that the carbon and iron
have had sufficient time to distribute themselves
in the various phases as shown. Sometimes,
equilibrium is difficult to achieve, especially in
steels that contain elements which diffuse only
sluggishly, and, in fact, certain heat treatments
such as hardening are designed to prevent forma-
tion of equilibrium structures. Thus, the fact that
equilibrium may not be achieved, together with
the shift of the phase-field boundaries by alloy-
ing elements, place limitations on the direct use
of the iron-carbon phase diagram.
Austenite, also referred to as g-iron, is the fcc

crystal form or phase of iron that is stable at
high temperatures. Figure 10 shows that carbon
in iron-carbon alloys is soluble in austenite up
to just over 2 wt%, and that the single-phase
austenite field dominates the iron-carbon dia-
gram at high temperatures. In all low-alloy
steels, therefore, it is possible to produce a
single-phase austenite microstructure. This
characteristic is perhaps the most important fea-
ture of steels in that it enables steels to be hot
worked or wrought. Also, cooling from the sin-
gle-phase austenite field makes possible a wide
variety of heat treatments based on transforma-
tion of the austenite.
The single-phase austenite, without the

obstacles that second phases present to disloca-
tion motion and without the sites for fracture
initiation that second-phase particles offer,
deforms and recrystallizes readily so that sub-
stantial reductions in section size by hot rolling
or forging may be accomplished. Traditionally,
hot deformation is performed in the upper tem-
perature range of the austenite field. Hot defor-
mation of austenite at lower temperatures or
even in the two-phase ferrite-austenite field
(controlled rolling) and the addition of small
amounts of alloying elements (microalloying)

Table 7 Definitions of critical transformation temperatures in steel

Ae1 The critical temperature when some austenite begins to form under conditions of thermal equilibrium (i.e., constant temperature)
Ac1 The critical temperature when some austenite begins to form during heating, with the “c” being derived from the French chauffant
Ar1 The temperature when all austenite has decomposed into ferrite or a ferrite-cementite mix during cooling, with the “r” being derived from the French refroidissant
Ae3 The upper critical temperatures when all the ferrite phase has completely transformed into austenite under equilibrium conditions
Ac3 The temperature at which transformation of ferrite to austenite is completed during heating
Ar3 The upper critical temperatures when a fully austenitic microstructure begins to transform to ferrite during cooling
Aeem In hypereutectoid steel, the critical temperature under equilibrium conditions between the phase region of an austenite-carbon solid solution and the two-phase region of austenite with

some cementite (Fe3C)
Accm In hypereutectoid steel, the temperature during heating when all cementite decomposes and all the carbon is dissolved in the austenitic lattice
Arcm In hypereutectoid steel, the temperature when cementite begins to form (precipitate) during cooling of an austenite-carbon solid solution
Arr The temperature at which delta ferrite transforms to austenite during cooling
Ms The temperature at which transformation of austenite to martensite starts during cooling
Mr The temperature at which martensite formation finishes during cooling

Note: All of these changes, except the formation of martensite, occur at lower temperatures during cooling than during heating and depend on the rate of change of temperature.

Fig. 10 Expanded iron-carbon phase diagram showing both the eutectoid (0.77 wt% C) and the region of the
eutectic (at 4.26% C). Dotted lines represent iron-graphite equilibrium conditions, and solid lines

represent iron-cementite equilibrium conditions. The solid lines at the eutectic are important to white cast irons, and
the dotted lines are important to gray cast irons.
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such as niobium and vanadium, which precipi-
tate as fine alloy carbonitrides at low tempera-
tures, are new approaches to processing of
steels (Ref 15, 16). The low-temperature defor-
mation and/or precipitation retard or prevent
austenite recrystallization and grain growth
and therefore produce finer austenite grains
and subsequently fine austenite transformation
products during cooling after hot deformation.
Ferrite, also referred to as a-iron, is the bcc

form or phase of iron that is stable at low tem-
peratures. Microstructures in low-carbon steels
that consist largely of polycrystalline ferrite
are highly formable at room temperature; dislo-
cations move readily on the many slip systems
of the bcc structure (Ref 17). However, at low
temperatures, dislocation motion in the bcc
structure is severely restricted (Ref 18, 19). As
a result, ferrite grains fracture in a brittle man-
ner with little plastic deformation at low tem-
peratures. This well-known effect of all bcc
metals is described by the ductile-to-brittle
transition temperature, which refers to the
region in which the toughness drops and the
fracture mechanisms and features change from
ductile to brittle (Fig. 11).
As noted, carbon is dissolved in the octahe-

dral interstitial sites between iron atoms in fer-
rite and austenite and forms cementite when
the carbon is above it solubility limit. Moreover,

the interstitial sites for carbon in ferrite are
much smaller than those in austenite; therefore,
the solubility of carbon in ferrite is significantly
lower than in austenite. Figure 12 shows an
expanded portion of the iron-rich side of the
iron-carbon diagram. The maximum solubility
of carbon in ferrite is only about 0.02 wt% and
with decreasing temperature becomes almost
negligible. As a result of the decreasing solid
solubility with decreasing temperature, on slow
cooling, cementite forms on ferrite grain
boundaries.
If, for some reason, cooling is too rapid for

cementite formation, the carbon is trapped in
the interstitial sites and contributes to various
aging phenomena unique to ferrite steels
(Ref 18, 20). The one process is associated with
segregation of carbon atoms to dislocations and
grain boundaries and is referred to as strain
aging. The other process is associated with pre-
cipitation of fine carbide particles either on dis-
locations or in the ferrite matrix and is referred
to as quench aging. Figure 13 shows an exam-
ple of fine dendritic cementite particles that
have formed by quench aging on dislocations
in the ferrite of a low-carbon steel. Both strain
aging and quench aging effectively pin disloca-
tions and are responsible for the discontinuous
yielding of low-carbon steels with largely fer-
ritic microstructures.

Pearlite and Bainite

An iron-carbon alloy containing 0.77 wt% C
is the eutectoid composition, where three equi-
librium phases (austenite with dissolved carbon,
ferrite with dissolved carbon, and cementite)
can coexist at a temperature of 727 �C (1340 �F).
The eutectoid region of the iron-carbon equi-
librium diagram is shown in Fig. 14. If aus-
tenite in an iron-carbon alloy containing
0.77 wt% C is cooled below 727 �C (1340 �F),
then it must transform to ferrite and cementite.
This type of solid-state reaction, in which one
phase transforms to two other phases, is referred
to as a eutectoid reaction. In iron-carbon alloys
and steels, a unique parallel array of ferrite and
cementite lamellae, termed pearlite, develops as
a result of the eutectoid reaction. Figure 15
shows pearlite that has formed in a eutectoid
steel; here, the cementite appears dark and the
ferrite light.
Pearlite in a eutectoid steel is nucleated

at austenite grain boundaries and grows as
spherical-shaped colonies or nodules into the
austenite. Carbon must diffuse to the growing
cementite lamellae of the pearlite. Also, iron
atoms must rearrange themselves by short-
range diffusion from the fcc structure of
austenite to their arrangements in the crystal
structures of ferrite and cementite at the inter-
face of the growing pearlite colonies. The
rate of transport of carbon and iron atoms is
temperature dependent and increases exponen-
tially with increasing temperature.
At temperatures just below the 727 �C

(1340 �F) eutectoid temperature (Fig. 14), the
thermodynamic driving force for the eutectoid
reaction (the decrease in free energy per unit
volume when austenite is replaced by pearlite)
available to offset the increase in energy asso-
ciated with pearlite colony/austenite interfaces
and the ferrite-cementite interfaces within the
pearlite colonies is low. As a result, the nucle-
ation rate of colonies is low and the spacing
of cementite lamellae within the colonies is
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Fig. 11 Ductile-to-brittle transition temperature. (a)
General behavior of body-centered cubic

(bcc) and face-centered cubic (fcc) metals. (b) Effect of
carbon content in ferrite-pearlite steels on Charpy
V-notch transition temperature and shelf energy

Fig. 12 Iron-rich side of iron-carbon diagram, showing
extent of ferrite phase field and decrease of
carbon solubility with decreasing temperature

Fig. 13 Transmission electron micrograph showing
cementite precipitated on dislocations in an

0.08C-0.63Mn steel aged 115 h at 97 �C (207 �F).
Courtesy of J.E. Indacochea (Ref 21)
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large. The coarse interlamellar spacing increa-
ses the diffusion distance for carbon and causes
a low rate of growth for those colonies that
manage to nucleate. Thus, pearlite transforma-
tion at temperatures close to the eutectoid
temperatures is sluggish, and the pearlite micro-
structure that forms is relatively coarse. With
increased undercooling, the thermodynamic
driving force increases, the nucleation rate of
pearlite colonies increases, interlamellar spa-
cings decrease, and the growth rate of colonies
increases. As a result of the latter changes, the
transformation of austenite to pearlite acceler-
ates with decreasing temperature.
Figure 16 shows an isothermal transforma-

tion diagram for a eutectoid steel. The diagram
shows the beginning and end of the eutectoid
transformation of austenite to pearlite for speci-
mens cooled from the single-phase austenite
field and held isothermally at temperatures
between A1 and 540 �C (1000 �F). The acceler-
ation of the transformation with decreasing
temperature is apparent.
At temperatures below 540 �C (1000 �F), the

diffusion of iron atoms is reduced to the extent
that they can no longer be readily transferred
even the very short distance across the pearlite-
austenite interface. Therefore, the mechanism

for the change in crystal structure from austenite
to ferrite changes from diffusion to shear.
Instead of an atom-by-atom transfer across an
interface, large numbers of iron atoms shear or
move cooperatively to form lath- or plate-shaped
crystals of ferrite. Carbon diffusion and cement-
ite formation must still occur because of the low
solubility of carbon in the bcc ferrite, but the
cementite forms as separate particles rather than
as continuous lamellae, as in pearlite. The
microstructure produced by both shear and diffu-
sion is termed bainite, after Edgar C. Bain, who
did much pioneering work in the characteriza-
tion of austenite transformation and hardenabil-
ity of steels (Ref 24).
Two forms of bainite develop in steels. One

is termed upper bainite because it forms at rel-
atively high temperatures, just below the range
of pearlite formation. Upper bainite forms
in patches containing many parallel laths of
ferrite. Carbon is rejected from the ferrite and
concentrates to form relatively coarse cementite
particles between the ferrite laths. Figures 17(a)
and (c) are light optical micrographs of
upper bainite in two steels. Figure 18(a) is a
micrograph from 4150 steel with patches of
upper bainite formed by partial transformation
of the austenite at 460 �C (860 �F). The

austenite that did not transform at 460 �C
(860 �F) formed martensite (light background
phase) on quenching to room temperature. The
general morphology of upper bainite is shown
in Fig. 18(a), but the ferrite laths and cementite
particles are too fine to be resolvable in the
light micrograph.
The other type of bainite is termed lower bai-

nite because it forms at lower temperatures than
does upper bainite. The ferrite takes a plate
morphology, and the cementite is present as
very fine particles within the ferrite plates
(Fig. 17b, d). Figure 18(b) shows lower
bainite that has formed in a 4150 steel. The bai-
nite plates are at angles with respect to each
other, giving an acicular or needlelike appear-
ance to the microstructure rather than the
blocky or feathery appearance of upper bainite.
Again, the very fine carbide particles in the bai-
nite plates are not resolvable in the light
micrograph.

Proeutectoid Ferrite and Cementite

Figure 14 shows that alloys which contain
either less carbon (hypoeutectoid steels) or
more carbon (hypereutectoid steels) than the

Fig. 14 Eutectoid region of the iron-carbon phase diagram
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eutectoid composition must first form either fer-
rite or cementite when slowly cooled from the
single-phase austenite field. In hypoeutectoid
steels, the ferrite that forms before
the eutectoid reaction is termed proeutectoid
ferrite (Fig. 19a), while the cementite that
forms before the eutectoid reaction in hypereu-
tectoid steels is termed proeutectoid cementite
(Fig. 19b).
When hypoeutectoid steel is austenitized and

then slowly cooled below the A3 critical tem-
perature, proeutectoid ferrite nucleate in the
austenite grain boundaries. As the ferrite grains
grow, carbon is rejected into the austenite grain.
Eventually, the carbon concentration is suffi-
cient for pearlite formation, and the balance of
the microstructure is transformed to pearlite.
The microstructures of two hypoeutectoid steels
are shown in Fig. 20. They have a mixed fer-
rite-pearlite microstructure, with the amount of
pearlite (dark) depending on the carbon content.
Most of the pearlite colonies appear uniformly
black because the light is scattered by the
lamellar structures, which are too closely
spaced to be resolvable in the light micrograph.
Ferritic-pearlitic steels are common for a host
of structural applications. These steels are rela-
tively inexpensive and are produced in large
tonnages with a wide range of properties. In
most ferrite-pearlite steels, the carbon content
and the grain size determine the microstructure
and resulting properties.
The growth of proeutectoid ferrite is dependent

on the rejection of carbon atoms into the austenite
and the transfer of iron atoms across the ferrite/
austenite interface from the fcc to the bcc struc-
ture. The latter process is dependent on the degree

Fig. 16 Isothermal transformationdiagram for 1080 steel containing 0.79%Cand0.76%
Mn. Austenitized at 900 �C (1650 �F); ASTM grain size No. 6. Source: Ref 23

Fig. 15 Pearlite colonies of a plain carbon UNS G10800 steel showing colonies of
pearlite. 4% picral etch. Original magnification: 200�. Source: Ref 22

Fig. 17 Microstructure of (a) upper bainite and (b) lower bainite in a Cr-Mo-V rotor steel. 2% nital + 4% picral etch.
Original magnification: 500�. (c) S5 tool steel austenitized, isothermally transformed (partially) at 540 �C

(1000 �F) for 8 h, and water quenched to form upper bainite (dark); balance of austenite formed martensite. 4% picral
+ 2% nital. Original magnification: 1000�. (d) S5 tool steel austenitized, isothermally transformed at 400 �C (750 �F)
for 1 h, and air cooled to form lower bainite. 37 to 38 HRC. 4% picral + 2% nital. Original magnification: 1000�
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of coherency or disorder in atom arrangement at
the interface. Also under some conditions, substi-
tutional alloying elements must be incorporated
into the ferrite structure if they are ferrite stabili-
zers or rejected from the ferrite if they are austen-
ite stabilizers. Experimental and theoretical work
on the effects of alloy element partitioning and
interface structure on the formation of proeutec-
toid ferrite is reviewed in Ref 27.
Generally under conditions of slow cooling,

the proeutectoid ferrite grows uniformly into
austenite and an equiaxed ferrite grain struc-
ture. However, if the austenite in hypereutec-
toid steels is rapidly cooled, the transfer of
iron atoms across ferrite/austenite interfaces is
restricted, and the diffusion-controlled growth
of ferrite is replaced by a shear mechanism.
As a result, a plate-shaped morphology of fer-
rite, frequently referred to as acicular or Wid-
manstätten ferrite, develops in rapidly cooled
low-carbon steels. Substitutional alloying ele-
ments such as manganese tend to retard the for-
mation of equiaxed ferrite grains and promote
acicular ferrite formation.
In hypereutectoid steels, proeutectoid

cementite nucleates and grows on austenite
grain boundaries during cooling from the aus-
tenite phase field (Fig. 19b). Figure 21 shows
a network of proeutectoid cementite that has
formed on austenite grain boundaries of a
hypereutectoid steel. Initial proeutectoid
cementite growth appears to depend only on
diffusion of carbon and therefore can proceed
very rapidly. In alloy steels, later stages of
cementite growth require partitioning of substi-
tutional alloying elements (such as chromium)
and therefore are very sluggish (Ref 28). The
very rapid initial growth of proeutectoid
cementite may occur even during oil quenching
for hardening and is associated with the inter-
granular fracture often observed in high-carbon
steel quenched from temperatures above Acm

(e.g., Ref 29, 30).
In view of the brittleness that continuous

networks of proeutectoid cementite impart,
hypereutectoid steels are reheated intercriti-
cally into the austenite/cementite two-phase
field for annealing (if maximum ductility and
machinability are desired) or for hardening (if
wear and fatigue resistance are required). Dur-
ing the intercritical heating, proeutectoid
cementite networks as well as the lamellae of
cementite in pearlite partially dissolve and
spheroidize. For example, consider a 1095
steel (0.95 wt% C) received from a steel mill.
If this steel is heated to 760 �C (1400 �F), the
temperature-composition point is shown in
Fig. 22 as an open circle with the horizontal
arrowed line passing through it. Because the tem-
perature-composition point lies in the shaded two-
phase region labeled g + Cm, this steel must con-
sist of a mixture of austenite having composition
O (0.85% C) and cementite of composition P
(6.7% C). The schematic diagram illustrates what
the microstructure would look like in the two-
phase (intercritical) region of the phase diagram.
The cementite appears as small, spherically-

Fig. 18 Light micrograph showing patches of (a) upper bainite formed in 4150 steel partially transformed at 460 �C
(860 �F) and (b) lower bainite (dark plates) in 4150 steel (nital etch). Courtesy of F.A. Jacobs (Ref 25)
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Fig. 19 Formation of (a) proeutectoid ferrite in hypoeutectoid steel and (b) proeutectoid cementite in hypereutectoid
steel

Fig. 20 Microstructure of typical ferrite-pearlite structural steels at two different carbon contents. (a) 0.10% C.
(b) 0.25% C. 2% nital + 4% picral etch. Original magnification: 200�. Source: Ref 26
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shaped grains distributed fairly randomly over the
austenite grains.
After quenching, the spheroidized cementite

particles are then dispersed in a matrix of martens-
ite. This improves toughness, because fracture is

initiated at the fine spherical carbide particles, thus
promoting a transgranular fracture morphology
(rather than by intergranular fracture due to proeu-
tectoid cementite along prior-austenite grain
boundaries. With spheroidized cementite particles

in hypereutectoid steels, toughness is related to
spacing of the particles (Ref 32).

Martensite

Martensite is the phase formed in steels by a
diffusionless, shear transformation of austenite
and is the base structure for hardened steels.
Martensite is not shown on the iron-carbon dia-
gram because it does not form under equilibrium
conditions; generally rapid cooling to tempera-
tures well below A1 is required to form martens-
ite. As expected from the iron-carbon diagram,
martensite eventually decomposes to a mixture
of ferrite and cementite if heated below A1.
Shear or the displacive, cooperative move-

ment of many atoms has already been men-
tioned as a mechanism by which bainite and
acicular proeutectoid ferrite form. The forma-
tion of the latter structures, however, occurs
under conditions such that carbon diffusion
accompanies the formation of bcc ferrite. When
martensite forms, even the carbon atoms cannot
diffuse. Thus, the carbon atoms are trapped in
the octahedral interstitial sites, creating a super-
saturated ferrite with a bct crystal structure. The
higher the concentration of carbon atoms, the
greater the tetragonality (Ref 33).
Figure 23 shows schematically a martensite

plate that has formed in austenite adjacent to a
free surface. The martensite surface is tilted
by the shear transformation, and the austenite
plane along which the martensite forms is
termed the habit plane. To accomplish the
shape deformation shown, not only must the
fcc austenite lattice transform to the bct lattice
of martensite, but the martensite crystal once
formed must accommodate itself to the con-
straints of the surrounding bulk austenite and
the restrictions imposed by the plane-strain
deformation parallel to the habit plane (Ref 34).
This accommodation is accomplished by slip or
twinning of the martensite plate, and as a result,
martensite in steels contains a high residual den-
sity of dislocations and/or fine twins.
Themartensitic transformation is characterized

by athermal kinetics; that is, the amount of mar-
tensite formed is independent of time and is a
function only of the amount of undercooling
below the martensite-start temperature (Ms),
the temperature at which martensite starts to
form on cooling in a given steel. The following
equation has been developed (Ref 35) for esti-
mating the volume fraction of martensite, f,
formed by quenching to any temperature, Tq:

f ¼ 1� exp� 0:011 Ms � Tq
� �� �

Thus, if the Ms of a given steel is known, the
amount of martensite formed on quenching to
any temperature below Ms can be established.
A plot of martensite percentage versus the
amount of undercooling below the Ms is in
Fig. 24.
The Ms temperature is a function of the car-

bon and alloying-element content of a steel,

Fig. 21 Microstructure of 1.2%C-Fe alloy showing cementite outlining the prior-austenite grain boundaries and
cementite needles in the grains of pearlite. The grain-boundary cementite is called proeutectoid

cementite. This microstructure represents a hypereutectoid steel. 4% picral etch. Original magnification: 200�.
Source: Ref 22

Fig. 22 Extension of the iron-carbon phase diagram to alloys illustrating intercritical heating to spheroidized
cementite in a hypereutectoid steel. Source: Ref 31
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and a number of relationships have been devel-
oped to relate Ms to composition. Table 8 is
a summary of typically used calculations for
critical temperatures and martensite-start tem-
peratures, although various martensite-start
formulas have been developed over the years
(Table 9, Ref 36). Figure 25 shows Ms as a
function of carbon content. The decrease in
Ms with increasing carbon content is related
to the increased shear resistance produced
by increasing amounts of carbon in solid solu-
tion in the austenite. An important consequence
of low Ms temperature, according to the afore-
mentioned equation, is the reduced amount
of martensite that forms on cooling to room
temperature. Therefore, large volume fractions

of austenite may be retained in high-carbon
steels.
Figure 25 indicates that two types of mar-

tensite form in carbon steels. The two cate-
gories are based on morphology and
microstructural characteristics of the martensite
(Ref 36, 41). The lath morphology forms in
low- and medium-carbon steels and consists
of regions or packets where many fine laths
or board-shaped crystals are arranged parallel
to one another. The habit plane of the laths is
close to but not exactly {111}. The width of most
of the laths is less than 0.5 mm, that is, below the
resolution of the light microscope, and therefore
the microstructure appears very uniform, with
only the largest laths resolvable. Figure 26(a) is
a micrograph of lath martensite in a low-alloy
steel. Electron microscopy is required to show
that the fine structure of lath martensite consists
of a high density of tangled dislocations and that
retained austenite is present as thin films between
the martensite laths (Ref 43).

The plate morphology of martensite
(Fig. 26b) forms in high-carbon steels and con-
sists of martensite plates that form at angles
with respect to each other on either {225}g or
{259}g habit planes. Consistent with the low
Ms of this alloy, a large amount of retained aus-
tenite is present. The fine structure of plate mar-
tensite consists of thin twins, approximately
10 nm thick, and/or dislocation arrays typical
of low-temperature plastic deformation. The
impingement of nonparallel plates during
development of a martensite microstructure
sometimes causes microcracks to form in the
martensite (Ref 44). Examples of microcracks
are shown in the large plate of Fig. 27. The den-
sity of microcracks in plate martensite is
reduced by formation of martensite in fine-
grained austenite, by lowering the carbon con-
centration of the austenite by intercritical auste-
nitizing (thereby developing a more parallel
martensite morphology and less impingement),
and by tempering.
The carbon range in which a mixed morphol-

ogy of lath and plate martensite forms is sensi-
tive to alloy content and is not well known.
Even in the range of carbon contents where lath
martensite forms, there is a gradual decrease in
the definition of packets with increasing carbon
content (Ref 46).
Martensite Hardness and Hardenability.

As-quenched martensite is very hard and
brittle, typically requiring tempering for some
degree of softening. The hardness of martensite
depends solely on the carbon content (Fig. 28).
Its hardness increases monotonically with car-
bon content up to approximately 0.7 wt%. At
the higher levels of carbon, some of the softer
austenitic phase remains stable after quenching,
and so the effect of hardening due to martensite
becomes limited (Fig. 28). Alloying does
not change the hardnesses of martensite. How-
ever, alloying can slow the kinetics of pearlite
formation and thus promote the formation of
martensite at slower cooling rates. If martensite
can form at slower cooling rates, then the depth
of hardening is increased. The ability of steel to
be hardened to greater depths during quenching
is referred to as hardenability (see also the arti-
cle “Hardness and Hardenability of Steels” in
this Volume).
Hardenability of steel is usually determined

by the Jominy end-quench test, where a bar of
standard dimension is austenitized and
quenched at one end. This results in different
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Fig. 23 Diagram of martensite crystal, showing shear
and surface tilting. Courtesy of M.D. Geib
(adapted from Ref 34)
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Table 8 Typical formulas for calculating transformation temperatures of low-alloy steels

Formula Reference

Ae1 (
�F) � 1333 – 25 � Mn + 40 � Si + 42 � Cr – 26 � Ni 37

Ae3 (
�F) � 1570 – 323 � C – 25 � Mn + 80 � Si – 3 � Cr – 32 � Ni 37

Ac1 (
�C) � 723 – 10.7 � Mn + 29.1 � Si + 16.9 � Cr – 16.9 � Ni + 290 � As + 6.38 � W 38

Ac3 (
�C) � 910 – 203 � ffiffiffiffi

C
p

+ 44.7 � Si – 15.2 � Ni + 31.5 � Mo + 104 � V + 13.1 � W 38
Ms (

�F) � 930 – 600 � C – 60 � Mn – 20 � Si –50 � Cr – 30 � Ni – 20 � Mo – 20 � W 39
M10 (

�F) � Ms – 18 40
M50 (

�F) � Ms – 85 40
M90 (

�F) � Ms – 185 40
Mf (

�F) � Ms – 387 40
Bs (

�F) � 1526 – 486 � C – 162 � Mn – 126 � Cr – 67 � Ni – 149 � Mo 40
B50 (

�F) � Bs – 108 40
Bf (

�F) � Bs – 216 40

Table 9 Formulas used for calculating martensite-start temperatures

Investigators Date Equation

Payson and Savage 1944 Ms (
�F) = 930 – 570C – 60Mn – 50Cr – 30Ni –20Si – 20Mo – 20W

Carapella 1944 Ms (
�F) = 925 � (1 – 0.620C)(1 – 0.092Mn)(1 –0.033Si)(1 – 0.045Ni)(1 – 0.070Cr)(1 – 0.029Mo)(1 – 0.018W)(1 + 0.120Co)

Rowland and Lyle 1946 Ms (
�F) = 930 – 600C – 60Mn – 50Cr – 30Ni –20Si – 20Mo – 20W

Grange and Stewart 1946 Ms (
�F) = 1000 – 650C – 70Mn – 70Cr – 35Ni –50Mo

Nehrenberg 1946 Ms (
�F) = 930 – 540C – 60Mn – 40Cr – 30Ni –20Si – 20Mo

Steven and Haynes 1956 Ms (
�C) = 561 – 474C – 33Mn – 17Cr – 17Ni –21Mo

Andrews (linear) 1965 Ms (
�C) = 539 – 423C – 30.4Mn – 12.1Cr – 17.7Ni – 7.5Mo

Andrews (product) 1965 Ms (
�C) = 512 – 453C – 16.9Ni + 15Cr – 9.5Mo + 217(C)2 – 71.5(C)(Mn) – 67.6(C) (Cr)

Source: Ref 36
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cooling rates along the length of the bar and
thus different hardnesses and percentages of
martensite along the bar (see the article “Hard-
ness and Hardenability of Steels”). Positions
along the Jominy bar are equivalent to cooling
rates. Positions on the Jominy bar also can be
equated to an equivalent bar diameter (see the
article “Hardness and Hardenability of Steels”).

Tempered Martensite

As-quenched martensite is supersaturated
with carbon, has a very high interfacial energy
per unit volume associated with the fine laths
or plates of the martensitic microstructure, con-
tains a high density of dislocations that store
considerable strain energy, and may coexist
with retained austenite. As a result of these
characteristics, martensitic microstructures are
quite unstable and decompose when heated.
A practical benefit of the decomposition is
increased toughness, and for this reason, almost
all hardened steels are heated to some tempera-
ture below Ac, a heat treatment process that is
referred to as tempering.
A wide range of microstructures may be

produced by tempering of martensite. Carbon
atoms rearrange themselves into various con-
figurations and structures within the martens-
ite crystals even at temperatures well below
100 �C (212 �F) (Ref 48). Tempering between
100 �C and Ac1 produces various types of
carbide-particle dispersions as well as major
changes in the matrix martensite. The reac-
tions that produce the carbides have long
been recognized and are classified as stages
of tempering: T1, T2, and so on. The reactions
that depend on very short-range rearrange-
ment of carbon atoms in the as-quenched
martensite prior to carbide formation have
only recently been studied, and to distinguish
those reactions from the carbide-forming
reactions, it has been suggested that they be
classified as aging reactions: A1, A2, and so
on (Ref 49, 50).
Table 10 lists the various reactions and

microstructural changes that may be developed
by tempering steel (Ref 50). The aging and
tempering classifications serve primarily to
mark microstructures that form on the way to
equilibrium, ultimately a microstructure that
consists of spheroidized carbide particles dis-
persed in a matrix of equiaxed ferrite grains.
Many of the reactions or microstructural states
require further characterization, some occur
concurrently, and others may yet be discovered.
The reactions are controlled by diffusion of car-
bon, iron, and/or alloying elements, and there-
fore, steel composition, time, and temperature
determine where a given tempering treatment
stops in the sequence of structural changes indi-
cated in Table 10.
Significant increases in toughness are

achieved by tempering at temperatures above
150 �C (300 �F). In general, subject to the dev-
elopment of various embrittlement phenomena,
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Fig. 25 Effect of carbon content on martensite-start (Ms) temperature in steels. Composition ranges of lath and plate
martensite in iron-carbon alloys are also shown. Source: Ref 15

Fig. 26 Light micrographs of morphologies of martensite. (a) Lath martensite in low-carbon steel (0.03C-2.0Mn, wt%) at
original magnification: 100�. (b) Plate martensite in matrix of retained austenite in a high-carbon (1.2 wt% C)

steel at 1000�. (c) Mixed morphology of lath martensite with some plate martensite (P) in a medium-carbon (0.57 wt% C)
steel at original magnification: 1000�. All 2% nital etch. Source: Ref 42

Fig. 27 Light micrograph (aqueous 10% sodium
bisulfide etch) showing plate martensite and

retained austenite in an Fe-1.39C alloy. Source: Ref 45
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as tempering temperature increases, toughness
increases and hardness decreases. Therefore,
in applications where high hardness must be
retained, tempering is performed at relatively
low temperatures, usually between 150 and
200 �C (300 and 390 �F). Very fine carbide
particles precipitate from the supersaturated
martensite as a result of low-temperature tem-
pering (Ref 51). The carbides are not cementite
but rather transition carbides. Transition carbides
include epsilon-carbide with a hexagonal struc-
ture as identified by x-ray diffraction (Ref 52),
and another designated eta-carbide with an
orthorhombic structure as identified by electron
diffraction (Ref 53). Both the epsilon-carbide
and eta-carbide have carbon contents substan-
tially higher than that of cementite.
Steels tempered to develop the fine transition

carbides show a modest but significant increase
in toughness. The hardness, however, remains
high because of the extremely fine carbide
dispersion and the retention of much of the dis-
location substructure introduced by the marten-
sitic transformation.
In steels tempered between 200 and 350 �C

(390 and 660 �F), the transition carbide is
replaced by cementite or chi (w)-carbide, and
retained austenite transforms to ferrite and
cementite. The w-carbide is a complex carbide
with a monoclinic structure that forms in tem-
pered high-carbon martensites and is eventually
replaced by cementite. Chi-carbides are coarser
than the transition carbides present at the
interfaces of the martensite plates as well as
within the plates (Ref 54). Tempering between
200 and 350 �C (390 and 660 �F) also leads to
transformation of retained austenite (see the arti-
cle “Tempering of Steels” in this Volume). The
retained austenite is stable throughout the tem-
pering temperature range in which the transition
carbide forms but begins to transform at tem-
peratures above 200 �C (390 �F) (Ref 55). Aus-
tenite in medium-carbon steels is retained
between martensite laths and, when it transforms
on tempering, produces relatively coarse plates
of interlath cementite (Ref 43).
The coarse carbides produced by replace-

ment of the transition carbides and

transformation of the retained austenite,
together with a limited recovery of the disloca-
tion substructure of the martensite, reduce
impact toughness. This decrease in impact
toughness produced by tempering in the range
of 250 to 400 �C (480 to 750 �F) is referred
to as tempered martensite embrittlement (see
the article “Tempering of Steels” in this
Volume).
Tempering at temperatures above 400 �C

(750 �F) produces substantial coarsening of
the microstructure. Not only do the cementite
particles coarsen and spheroidize but also the
martensitic matrix is significantly altered. The
laths are almost dislocation-free and are now
ferrite because all carbon has completely preci-
pitated as carbides. The reduction in dislocation
density is driven by the reduction of the strain
energy that accompanies the elimination of the
dislocations and is accomplished by various
recovery mechanisms.
As tempering temperature increases above

400 �C (750 �F), hardness and strength drop
rapidly and toughness improves significantly.
In alloy steels, the development of fine alloy
carbide dispersions offsets the softening that
accompanies the changing dislocation substruc-
ture and coarsening of the lath and cementite
structure. In fact, if the alloy carbide disper-
sions are sufficiently fine and dense, an increase
in hardness may develop. This increase in hard-
ness due to alloy carbide precipitation high in
the tempering-temperature range is referred to
as secondary hardening.
As noted, toughness increases significantly

with increasing tempering temperature. How-
ever, if impurities such as phosphorus, anti-
mony, and tin are present in a steel, these
elements may segregate to grain boundaries
and/or carbide-matrix interfaces and cause large
reductions in impact toughness (Ref 56).
This phenomenon develops during tempering
in, or slow cooling through, the temperature
range 350 to 550 �C (660 to 1020 �F) and is
referred to as temper embrittlement. The impu-
rity atom segregation may be accompanied by
the cosegregation of the substitutional alloying
elements present in steels (Ref 57).

Transformation Diagrams

The previous sections have shown that the
decomposition of austenite produces a wide
variety of microstructures in response to such
factors as steel composition, temperature of
transformation, and cooling rate. Several fac-
tors determine the rates of austenite decomposi-
tion into pearlite, bainite, primary ferrite,
primary cementite, or martensite. The rates
depend strongly on temperatures and whether
cooling is rapid or slow, because nonequilib-
rium conditions can have marked effects on
the nucleation and growth rates of the constitu-
ents created during austenite decomposition and
the resultant microstructure.
To characterize the conditions that produce the

various microstructures, two types of transforma-
tion diagrams have been developed. Isothermal
transformation (IT) diagrams are based on the
austenite decomposition at constant temperatures,
while continuous transformation diagrams follow
microstructural development as a function of
cooling rate. As an example, Fig. 29 compares
an IT diagram with a continuous cooling transfor-
mation (CCT) diagram of steels with approximate
eutectoid compositions. The main difference
between IT and CCT diagrams is that the
transformation boundaries are shifted due to hys-
teresis with continuous cooling (Fig. 29). Most
heat treatments are performed by continuous cool-
ing, and therefore CCT diagrams are commonly
encountered in commercial practice.

Isothermal Transformation
Diagrams (Ref 36, 59)

Isothermal transformation diagrams, also
referred to as time-temperature transformation
diagrams, are used to describe either the
decomposition of austenite upon cooling
or the isothermal heating for the formation of
austenite. The latter is often referred to as an
isothermal heating transformation (IHT) dia-
gram. Isothermal transformation curves can
be found in standard graphs obtainable

Table 10 Tempering reactions in steel

Temperature range

Reaction and symbol (if designated) Comments�C �F

�40 to 100 �40 to 212 Clustering of 2 to 4 carbon atoms on octahedral sites of martensite (A1);
segregation of carbon atoms to dislocations and boundaries

Clustering is associated with diffuse spikes around fundamental electron diffraction
spots of martensite.

20 to 100 70 to 212 Modulated clusters of carbon atoms on (102) martensite planes (A2) Identified by satellite spots around electron diffraction spots of martensite
60 to 80 140 to 175 Long-period ordered phase with ordered carbon atoms (A3) Identified by superstructure spots in electron diffraction patterns
100 to 200 212 to 390 Precipitation of transition carbide as aligned 2 nm diameter particles (T1) Recent work identifies carbides as eta (orthorhombic, Fe2C); earlier studies identified

the carbides as epsilon (hexagonal, Fe2.4C).
200 to 350 390 to 660 Transformation of retained austenite to ferrite and cementite (T2) Associated with tempered-martensite embrittlement in low- and medium-carbon

steels
250 to 700 480 to 1290 Formation of ferrite and cementite; eventual development of well-

spheroidized carbides in a matrix of equiaxed ferrite grains (T3)
This stage now appears to be initiated by chi-carbide formation in high-carbon Fe-C
alloys.

500 to 700 930 to 1290 Formation of alloy carbides in Cr-, Mo-, V-, and W-containing steels.
The mix and composition of the carbides may change significantly
with time (T4)

The alloy carbides produce secondary hardening and pronounced retardation of
softening during tempering or long-time service exposure at approximately 500 �C
(930 �F).

350 to 550 660 to 1020 Segregation and cosegregation of impurity and substitutional alloying
elements

Responsible for temper embrittlement
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from the International Organization for Stan-
dardization (ISO), the Metallurgical Society of
AIME, and ASM International (Ref 60). There
is also a well-known German reference
(Ref 61) that includes a large collection of
IHT diagrams.
The IHT diagram is not as common as the

isothermal cooling diagrams, although heating
diagrams are useful in short-time heat treat-
ments such as induction and laser hardening.
The original microstructure also plays a great
role in heating. A finely distributed structure
such as tempered martensite is more rapidly
transformed to austenite than, for instance,
a ferritic-pearlitic structure. This is particularly
true for alloyed steels with carbide-forming
alloying elements such as chromium and
molybdenum. It is important that the heating
rate to the hold temperature be very high if a
true isothermal diagram is to be obtained.
Isothermal decomposition of austenite is

determined by quenching small specimens in
a lead or salt bath at a proscribed temperature.
Specimens are held at temperature for
different holding times and then quenched to
room temperature (Fig. 30). The amount of
phases formed in the microstructure is then
determined metallographically. An alternative
method involves using a single specimen
and a dilatometer that records the elongation
of the specimen as a function of time. The
basis for the dilatometer method is that the
microconstituents undergo different volumetric
changes (Table 11). A thorough description
of the dilatometric method can be found in
Ref 65.
From this, a series of curves plot the

volume fraction of phases. The C-shaped curve
is typical for transformation curves. The trans-
formation-start curve provides an estimate for

the upper-limit time (in seconds) for nucleation
time, t. Nucleation time, tx, for a volume frac-
tion (x) can be estimated semiempirically by a
relation of the type (Ref 66):

tx ¼ exp Q=RTð Þ
2N=8 ��T3

f � IðxÞ

where x is the volume fraction of the trans-
formed phase; Q is an activation energy related
to the boundary diffusion activation energies
for the alloying elements; N is the ASTM Inter-
national grain size number for austenite; T is
the temperature (in Kelvin); DT is the under-
cooling (A3 � T) for ferrite, (A1 � T) for pearl-
ite, and an empirical value for bainite; f is a
linear function of the volume fractions of car-
bon and alloying elements; and I is the volume
fraction integral giving the dependence of the
transformed phase on the volume fraction.
The combined effect of the I/DT 3 factor,

which increases with decreasing undercooling
(that is, increasing temperature), and the
exp (Q/RT) factor, which increases with
decreasing temperature, results in long nucle-
ation times, tx, for high and low temperatures
and short nucleation times for intermediate
temperatures. The C-shape can thus be obtained
and understood. The factor 2N/8 is included

to take into consideration the fact that the trans-
formation rate is larger for smaller austenite
grain sizes.
Time-Temperature Effects of Eutectoid

Transformation. At constant temperature,
growth of pearlite nodules in carbon steels pro-
ceeds by the edgewise advance of the ferrite
and cementite lamellae at a constant rate. How-
ever, the overall transformation rate, which is
defined as the rate of increase of the volume
percentage of pearlite, is not constant. In the
early stages of the transformation, only a few
small pearlite nodules are formed. As the trans-
formation proceeds, new nodules form and
grow, and this growth is accompanied by the
continued growth of the nodules already
present.
Because the overall transformation rate is

proportional to the area of the pearlite-austenite
interface that exists at any time, this rate is rel-
atively low initially and increases as long as
growth of the nodules is unimpeded. Impinge-
ment occurs at a time that depends on the ratio
of the austenite grain size to the rate of nodule
growth. From this time on, the overall rate
decreases until transformation is complete.
The rate of nucleation of colonies and the

rate of growth vary with temperature, as shown
in Fig. 31. These rates are typical of commer-
cial steels, which usually contain 0.3 to 1%
Mn and smaller amounts of other elements.
For a high-purity iron-carbon alloy (0.78% C
and approximately 0.01% total phosphorus,
manganese, silicon), the rate of growth is
6.5 � 10�2 mm/s at 600 �C (1110 �F), which
is approximately seven times the value shown
at that temperature in Fig. 31. The times
required for the isothermal transformation to
begin and be completed at any temperature are
summarized in Fig. 16.
Interlamellar Spacing. The apparent varia-

tion of interlamellar spacing from colony to
colony can be explained by differences in
lamellar orientation with respect to the polished
surface, but true spacing is approximately the
same in all colonies, at a given temperature of
transformation. This spacing changes from
approximately 0.7 mm in pearlite formed at
700 �C (1290 �F) to 0.15 mm in pearlite formed
at 600 �C (1110 �F). Figure 32, which depicts
the effect of suddenly lowering the temperature
of transformation from 700 to 674 �C (1290 to
1245 �F), suggests that there is a unique
spacing at each transformation temperature.
The variation in spacing with temperature of
transformation is summarized graphically in
Fig. 33.
When measuring spacing with a light micro-

scope, one should be wary of results that
approach the limit of optical resolution
(approximately 0.3 mm), because regions of
finer spacing will be overlooked. Electron
microscopy, which has higher resolution,
should then be used. Replica techniques are
subject to uncertainty of measurement due
to variation of lamellar orientation, whereas
both thin-foil and scanning techniques allow
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selection of lamellae that are normal to the
surface.
Transformation Times. The times required

for initiation and completion of the pearlite
transformation in a carbon steel of eutectoid
composition, under conditions of continuous
cooling at various rates, have been derived from
the IT diagram of this steel and are shown in a
CCT diagram in Fig. 29. The CCT diagram is
usually determined experimentally. At low
cooling rates, there is often little microstruc-
tural difference between isothermally and
continuously cooled specimens because, as
Fig. 29 shows, the pearlite reaction occurs over
a temperature range as narrow as 30 �C (55 �F).
At high cooling rates, the range increases and
moves to lower temperatures, until the pearlite
reaction is arrested and increasing amounts of
martensite are formed. Thus, it is not possible
by continuous cooling to form pearlitic struc-
tures at temperatures below the line so indi-
cated in Fig. 29.
Effects of Alloying. Steels with carbon con-

tent above or below the eutectoid composition
and alloy steels have more complex transforma-
tion diagrams. Figure 34 shows schematic IT
diagrams for eutectoid steel and a hypoeutec-
toid plain carbon steel containing nominally
0.5% C. Also shown is their relationship to
the iron-carbon diagram. The beginning and
ending curves for pearlite formation approach

Table 11 Volume and size changes due to different transformations

Reaction Volume change, % Dimensional change(a), in./in.

Spheroidite (spheroidized pearlite) to austenite (contraction) 2.21 (%C)–4.64 0.0074 (%C)–0.0155
Austenite ! martensite 4.64–0.53 (%C) 0.0155–0.00118 (%C)
Spheroidized pearlite to martensite 1.68 (%C) 0.0056 (%C)
Austenite ! lower bainite(b) 4.64–1.43 (%C) 0.0156–0.0048 (%C)
Spheroidized pearlite to lower bainite(b) 0.78 (%C) 0.0026 (%C)
Austenite ! aggregate of ferrite and cementite(b) 4.64–2.21 (%C) 0.0155–0.0074 (%C)
Spheroidized pearlite to aggregate of ferrite and cementite(c) 0 0

(a) Linear changes are approximately one-third the volume changes. Lower bainite is assumed to be a mixture of ferrite and epsilon-carbide. Upper bainite and pearlite are assumed to be mixtures of ferrite and cementite.
Source: Ref 62, 63–64

Fig. 31 Temperature versus rates of nucleation and
growth of pearlite colonies in a steel with
eutectoid composition

Fig. 32 Pearlite that was formed isothermally in steel by partial transformation at 700 �C (1290 �F) and by further
partial transformation at 674 �C (1245 �F). The pearlite at left was formed when the specimen was at the

higher temperature and is coarser than the pearlite at center, which was formed when the specimen was at the lower
temperature. Composition of steel: 0.87 C, 0.44 Mn, 0.17 Si, 0.21 Cr, 0.39 Ni

Fig. 33 Two plots of pearlite interlamellar spacing versus transformation temperature. (a) Source: Ref 67. (b) Source:
Ref 68
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the Ae1 temperature at very long transformation
times and move to shorter times with decreas-
ing transformation temperature. The IT diagram
for the hypoeutectoid steel has an extra curve to
mark the beginning of proeutectoid ferrite for-
mation. As indicated in Fig. 34, the latter curve
approaches the Ae3 temperature for the 0.5% C
steel with increasing transformation time.
Hypoeutectoid steels with lower carbon con-
tents would have higher Ac3 temperatures and
therefore expanded regions of proeutectoid fer-
rite coexistence with austenite. Similarly,
hypereutectoid steels would have IT diagrams
with curves for the beginning of proeutectoid
cementite formation.
Figure 34 shows other differences between

the IT diagrams for eutectoid and hypoeutec-
toid steels. One difference is in Ms tempera-
tures: the lower the carbon content, the higher
the Ms temperature. Another difference is the
acceleration of austenite transformation to
proeutectoid ferrite with decreasing carbon con-
tent, as shown by the position of the nose of the
hypoeutectoid steel at shorter times relative to
that of the eutectoid steel. The dotted lines in
Fig. 34(b) and (c) reflect experimental uncer-
tainty in the exact positions of the beginning
of transformation curves.
Slow cooling of a carbon steel with carbon

content other than 0.8 wt% from a temperature
in the austenite region of the phase diagram
yields a proeutectoid constituent, either ferrite
or cementite, until 727 �C (1341 �F) is reached.
The austenite of eutectoid carbon content will
then transform to pearlite. Figure 35(a) shows
the ferrite-and-pearlite mixture in commercially
processed bar after cooling in still air from
805 �C (1480 �F); most of the ferrite has a
rounded or blocky form. Figure 35(b) shows
the same material after forced-air cooling from
805 to 410 �C (1480 to 770 �F); here the proeu-
tectoid ferrite delineates the prior-austenite
grain boundaries and forms a thin envelope
around the pearlite. In both specimens, Wid-
manstätten side plates of ferrite grew into the
prior-austenite grains, but to a greater extent
at the higher cooling rate. A point-count analy-
sis showed that the steel in Fig. 35(a) had a
pearlite volume fraction of 73%, whereas the
specimen shown in Fig. 35(b) had a volume
fraction of 83%. An equilibrium diagram
constructed to reflect the alloy content of this
steel shows that the eutectoid composition of
the steel was 0.67% C. Hence, one would pre-
dict that the final structure would contain 40%
ferrite and 60% pearlite. The larger amounts
of pearlite, which were actually measured, are
examples of suppression of the proeutectoid
reaction with increasing cooling rates.
Substitutional alloying elements affect the

eutectoid reaction in several ways. The result-
ing values of eutectoid temperature and eutec-
toid carbon content are shown, respectively, in
Fig. 36(a) and (b). These curves do not indicate
the carbon or alloy content in either the ferrite
or carbide phase. The strong effects of alloying
on the kinetics of the pearlite reaction result in
the increased hardenability of alloy steels

Fig. 34 Relationship to (a) iron-carbon diagram of isothermal transformation diagrams of (b) eutectoid steel and
(c) steel containing 0.5% C. The regions identified as “N,” “FA,” and “S” in (a) are temperature ranges for
normalizing, full annealing, and spheroidizing heat treatments, respectively.

Fig. 35 Pearlite and proeutectoid ferrite (light areas) in commercially processed bar of a hypoeutectoid steel that
was water quenched from 1050 to 805 �C (1920 to 1480 �F) and then air cooled. (a) Cooled from

805 �C (1480 �F) to room temperature in still air, which resulted in most of the ferrite having a rounded or blocky
form. (b) Cooled from 805 to 410 �C (1480 to 770 �F) in forced air, then to room temperature in still air, which
resulted in the presence of less ferrite than in (a), the ferrite forming only a thin envelope around the pearlite.
Composition of steel: 0.40 C, 1.44 Mn, and 0.22 Si. Nital etch. Original magnification: 500�

Fig. 36 Effect of percentage of substitutional alloying on (a) temperature and (b) carbon content of the eutectoid
transformation point. Source: Ref 69
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compared with that of carbon steels. Such a
shift of time scale is easily observed metallo-
graphically. Comparative shifts in isothermal
transformation times for different alloying ele-
ments are illustrated in Fig. 37. The appearance
of other low-temperature transformation pro-
ducts on continuous cooling is a major effect
of alloying. Significant departures from the
usual appearance of pearlite have been
observed in highly alloyed steels.

Continuous Cooling Transformation
Diagrams (Ref 71)

Most heat treatments are performed by con-
tinuous cooling, and therefore, CCT diagrams
are commonly encountered in commercial prac-
tice. Few heat treatment processes involve step-
wise cooling. If cooling rates are slow, the
structures correspond more closely to the upper
regions of the IT diagram. Faster cooling rates
have considerable effect on the starting temper-
ature and progress of the transformation. It fol-
lows that some kind of continuous cooling
curve is needed.
In addition, the CCT diagram can be a tool in

evaluating hardenability if one knows the
required cooling rate at the minimum depth
(or an equivalent bar diameter) for hardening.
The CCT diagrams constructed by Atkins
(Ref 71) or Thelning (Ref 72) are particularly
suitable. For example, two diagrams from
Atkins are in Fig. 38. In these charts, the CCT
curves are plotted with cooling rates and equiv-
alent bar diameters with different quenchants.
This provides a comparison for the depth of
martensite formation. For example, 100% mar-
tensite is formed in bar diameters less than
0.18 mm (0.007 in.) with air cooling of the
1038 carbon steel (Fig. 38a), while the alloy
steel (Fig. 38b) would have 100% martensite
in bar diameter up to approximately 1 mm
(0.04 in.) with air cooling. Hardenability is thus
apparent in CCT diagrams and related to the

cooling rates on Jominy end-quench test speci-
mens (Fig. 39). Positions along the Jominy bar
are equivalent to cooling rates and can be
expressed as equivalent bar diameters (see the
article “Hardness and Hardenability of Steels”
in this Volume).
The difficulty with CCT diagrams is the time

and effort required in developing them for
alloys of heat-to-heat analysis of hardenability.
Care also should be taken in using CCT
diagrams. Both the austenitizing temperature
and soaking time affect the grain size of
the austenite, thus modifying the subsequent
transformation characteristics on cooling. The
austenitizing temperature also affects the

composition of the austenite if the steel con-
tains strong carbide-forming elements, and con-
sequently, undissolved carbides may be present.
Therefore, care should be taken when adapting
the diagrams for austenitizing conditions differ-
ent from those indicated. For this reason, the
diagrams are not readily adapted to surface
hardening by induction or flame heating,
because rapid heating and short thermal cycle
times have a drastic effect on the condition of
the austenite.
Another major factor, which cannot be illu-

strated in the diagram, is the effect of agitation
in the quenching medium, whether it be air,
oil, or water. Agitation is obviously dependent
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on such practical features as bath size and
component size and shape. These effects can
only be examined experimentally. If, however,
actual cooling curves can be obtained for a
particular combination of operating conditions,
they can then be converted into the corres-
ponding bar diameters by use of the charts
for equivalent diameters for equal cooling
rates in the article “Bar Cooling Correlations”
in a companion Volume (Ref 73) of this
Handbook.

Thermal and Residual Stresses
(Ref 59)

Given the fact that martensite causes expan-
sion, transformation hardening of steel is usu-
ally accompanied by the evolution of large
residual stresses, that is, stresses that exist with-
out any external load on the part considered.
Causes for such stresses include:

� Thermal expansion or contraction of a
homogeneous material in a temperature gra-
dient field

� Different thermal expansion coefficients of
the various phases in a multiphase material

� Density changes due to phase transforma-
tions in the metal

� Growth stresses of reaction products formed
on the surface or as precipitates, for exam-
ple, external and internal oxidation

Residual stresses can be divided into three cate-
gories. A macroscale residual stress is the aver-
age of the residual stress in many adjacent
grains of the material. If a workpiece is cut or
material is removed, the presence of macroresi-
dual stress will cause a distortion. The introduc-
tion of macroscale residual stresses into a
workpiece by heat treatment or plastic deforma-
tion may also cause a distortion of the part.
The pseudo-macroresidual stress is the average
of the residual stress in many grains of one
phase in a multiphase material minus the

macroscale residual stress. The microscale
residual stress in a part is the total residual
stress minus the macroscale residual and the
pseudo-macroscale residual stress. The residual
stresses considered in this section are of the
macro type. Stresses that exist during the entire
heat treatment process are also discussed in the
following paragraphs.
Residual stresses after heat treatment of steel

is a subject of extensive interest and fundamen-
tal import. A brief introduction, the principle
for the creation of thermal stresses on cooling,
is shown in Fig. 40 for a 100 mm (4 in.) diam-
eter bar that was water quenched from the aus-
tenitizing temperature of 850 �C (1560 �F). The
surface temperature (S) decreases more rapidly
than the core temperature (C), and at time w,
the temperature difference between the surface
and core is at a maximum of approximately
550 �C (1020 �F). This means that the specific
volume is greater in the core than in the sur-
face. The volume contraction in the surface is
prevented by the higher specific volume in the
core. The thermal stress is approximately pro-
portional to the temperature difference and is
tensile in the surface and compressive in the
core. Large thermal stresses are favored by
low thermal conductivity, high heat capacity,
and high thermal expansion coefficient. Other
factors increasing the temperature difference
and thermal stresses are large thickness dimen-
sions and high cooling intensity of the cooling
medium. A large yield stress at elevated tem-
peratures will decrease the degree of plastic
flow and thus the residual stress, while the yield
stress at the ambient temperature puts an upper
limit on the residual stress.
The added effect of transformation of austen-

ite to martensite in steel is demonstrated in
Fig. 41. At time t1, the surface temperature falls
below the Ms temperature, and the surface
starts to transform. The surface expands and
the thermal tensile stresses are counteracted.
The stress reversal takes place earlier than
when transformation stresses are not taken into
consideration. At time t2, the core transforms,
causing another stress reversal. After cooling,
transformation-induced tensile stresses at the
surface dominate over the thermally induced
compressive stresses.
To predict hardening stresses quantitatively,

it is necessary to consider interactions among
various factors. As shown in Fig. 42, these
include: (1) phase transformations, (2) latent
heat, (3) thermal stress, (4) transformation
stress and plasticity, (5) heat generation due to
deformation, and (6) mechanically induced
transformation. The most important of these
are interactions 1, 3, and 5. Interaction 6, how-
ever, is also a very important factor. When dis-
cussing mechanically induced transformation,
at least three different effects should be men-
tioned (Ref 77). The first is that the Ms temper-
ature is decreased by hydrostatic pressure and
raised by tensile stress (see Fig. 43, which
shows an increase of �15 �C, or �27 �F, for
a high-carbon steel). The second effect is the

Fig. 39 Relationship of continuous cooling transformation (CCT) (shaded area) and isothermal transformation (light
lines) diagrams of eutectoid (0.8 wt% C) steel. Four cooling rates from different positions on a Jominy end-
quench specimen are superimposed on the CCT diagram.
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transformation plasticity, which is a permanent
strain that occurs during an ongoing phase
transformation under applied stress lower than
the yield stress. It is displayed in Fig. 43 as an
increase in the elongation from approximately
1% under an applied stress of 18 MPa (2.6
ksi) to 3% under 285 MPa (41 ksi) applied
stress. The third effect is the incubation time
of the nonmartensitic transformations, which
is prolonged by hydrostatic pressure (Ref 78)
and shortened by tensile stress (Ref 79). This

is particularly important for large dimensions.
It has also been shown that a separate steel
sample that is inserted into a cylinder of the
same hardenable steel (Carney-type test) has a
higher hardness value than the material in the
same position in a homogeneous steel cylinder.
The inserted steel specimen has the same tem-
perature history but is not exposed to hardening
stresses.
Cracking and Distortion due to Harden-

ing. Hardening is usually accompanied by

distortion of a workpiece. The degree of distor-
tion depends on the magnitude of the residual
stresses. Hardening procedures that minimize
transient and residual stresses are beneficial, as
well as the use of fixtures (press hardening).
Distortion can also occur during tempering or
annealing due to release of residual stresses or
phase transformations during tempering.
There also is a risk for cracking of a work-

piece if large tensile stresses, transient or resid-
ual, are combined with the presence of a brittle

Fig. 40 Formation of thermal stresses on cooling in a 100 mm (4 in.) steel specimen. C designates the core, S the
surface, u the stress reversal time instant, and w the time instant of maximum temperature difference.

The top graph shows the temperature variation with time at the surface and in the core; the graph below shows the
hypothetical thermal stress, a, which is proportional to the temperature difference between the surface and the core;
the actual stress at the surface, b, which can never exceed the yield stress; and the actual stress in the core, c. To the
right is shown the residual-stress distribution after completed cooling as a function of the specimen radius. Source:
Ref 74

Fig. 41 Formation of residual stress on cooling,
considering thermal expansion and the

austenite-to-martensite transformation. The dashed line
is the yield stress, ss, at the surface. See text for details.
Source: Ref 75

Fig. 42 Interactions between various factors of importance for residual-stress generation. Source: Ref 76

Fig. 43 Dilatometer curves for a steel with 0.6 wt% C
for different applied tensile stresses. Source:
Ref 77
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microstructure (particularly martensite).
Quench cracking is a particular issue (see the
article “Quench Cracking” in the upcoming
companion Volume, Ref 73). Thermal stresses
during cooling generally increase with the size
of a workpiece. For phase-transformation-
induced stresses, geometric dimension, harden-
ability of the steel, and quench intensity interact
in a complicated manner, as has been described
in earlier paragraphs. However, as a general rule,
it holds that the use of a more efficient cooling
medium, for example, water as compared to
oil, will lead to larger stresses, as demonstrated
in Fig. 44 to 46. The presence of geometric
stress raisers increases the risk of cracking.
Figure 41 indicates that tensile stresses are

present at the surface when the surface transfor-
mation to martensite is complete and the core
transformation is in progress. As such, there is
the risk of surface cracking. However, it is
shown in Fig. 44 and 45 that through hardening
does not necessarily lead to tensile stresses at
the surface. Large tensile stresses in the core
at lower temperatures may lead to center cracks
even if the microstructure is not martensitic.
Figure 46 shows that such a situation exists

for larger-diameter cylinders with a martensitic
surface and a ferritic-pearlitic core. Case hard-
ening may also lead to core cracking.
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Hardness and Hardenability of Steels*

Introduction

Hardenability refers to the ability of steel to
obtain satisfactory hardening to some desired
depth when cooled under prescribed conditions.
Hardening is achieved by transformation of
austenite to martensite, and the extent of mar-
tensite formation depends on the necessary
cooling rate to rapidly cool austenitized steel
below the martensite-start temperature without
significant transformation of austenite into
pearlite or other transformation products (see
the preceding article, “Introduction to Steel
Heat Treatment,” in this Volume). Thus, steels
that exhibit deep hardening (martensite forma-
tion) are considered to have high hardenability,
while those that exhibit shallow martensitic
hardening are of low hardenability.
Hardenability, as an empirical measure of

hardening ability, should not be confused with
hardness or with maximum hardness of mar-
tensite after quenching. Hardness depends on
carbon level and the extent of martensite forma-
tion, as illustrated in Fig. 1 and Table 1 for dif-
ferent levels of carbon in steels with varying
amount of martensite. At a given carbon level,
the maximum attainable hardness is with 100%
martensite, which may only be possible at the
surface or within the section of a small steel
specimen. Cooling rates within larger sections
may not be rapid enough to result in 100% mar-
tensite formation, thus reducing the depth of
martensite formation and hardening in the part.
Unlike the effect of carbon on the hardness

of martensite, other alloying elements do not
increase the hardness of as-quenched steel
(Fig. 2). The hardness of martensite depends
only on carbon content. Nonetheless, other
alloying elements of steel can increase the hard-
enability of steel. Alloying can slow carbon dif-
fusion (needed for pearlite formation), thus
increasing hardenability by promoting martens-
ite formation at slower cooling rates (and thus
greater hardening depths). For example, rapidly
cooling a steel with 1% C after austenitizing
will cause it to develop much higher hardness
than a 3% Ni steel containing only 0.3% C,
but the nickel steel will have greater harden-
ability because it will harden fully through a
larger section.

Figures 3 and 4 are examples. Figure 3 is a
qualitative example where steel A is of lower
carbon content but higher alloy content than
steel B. Suppose that several different-sized
bars of each of these steels are quenched under
identical conditions, transversely sectioned, and
tested for hardness from the surface to the axis.
If the hardness of each bar is then plotted in the
form of a curve of hardness values versus dis-
tance from the axis, two sets of hardness-
transverse curves are obtained, such as those
shown in Fig. 3. It is noted that the 0.5 and
1 in. diameter bars of steel A have hardened
completely, whereas the 2 in. diameter bar has
only partially hardened, and the 3 in. diameter
bar has not hardened to any extent. On the other
hand, the 0.5 in. diameter bar of steel B has
hardened fully, but the 1 in. diameter bar has
only partially hardened, and neither the 2 nor
3 in. diameter bars have hardened appreciably.
Thus, the rate at which a 1 in. diameter bar
cools in the particular quenching medium
adopted has been sufficient to fully harden steel
A but not steel B. The higher-alloy steel A,
despite its lower maximum hardness, is there-
fore said to have greater hardenability than steel
B, because under similar quenching conditions,
it will harden in greater diameters, although
steel B is capable of developing the greater
maximum hardness.
Figure 4 (Ref 4) is a quantitative example of

carbon steel (1045) and chromium-vanadium
alloy steel (6140) hardened sections after water
quenching (Fig. 4a, b) and oil quenching
(Fig. 4c, d). Both are of similar carbon content,
but the alloy steel is through hardened with
both water and oil quenching a section with
diameter of 13 mm (½ in.). In contrast, the car-
bon steel is only fully hardened at the surface of
the 25 and the 13 mm (the 1 and the ½ in.) sec-
tions after water quenching. The interior of the
carbon steel is not fully hardened even with the
rapid cooling of a water quench. In this way,
hardenability is a key characteristic steel
response to heat treatment.
The hardenability of steel is governed almost

entirely by the chemical composition (carbon
and alloy content) at the austenitizing tempera-
ture and the austenite grain size at the moment
of quenching. In addition to composition, the

hardening response of steel also can depend on
other variables, such as austenitizing temperature,
time at temperature, and prior microstructure.
This article introduces the methods to evaluate
hardenability and the factors that influence steel
hardenability and selection. Hardenability of steel
is also the subject of many publications, with
some examples being Ref 5 through 9 as well as
more recent reviews in Ref 10 and 11.

Jominy End-Quench Testing

The hardenability of a steel is governed by
the cooling rates at which austenite decomposes
to ferrite, pearlite, bainite, and martensite dur-
ing quenching. Consequently, hardenability is
best assessed by determining the hardening
response in a way that determines hardness for
a variety of cooling rates in a reproducible fash-
ion. Several test methods have been used, but
the Jominy end-quench test is a relatively sim-
ple test that has been almost universally
adopted in evaluating hardenability (see the
section “Other Hardenability Tests” in this arti-
cle for other methods).
The Jominy-end quench test, first developed

by Jominy and Boegehold for carburized steels
(Ref 12), was soon applied by Jominy to evalu-
ate the hardenability of medium-carbon steels
(Ref 13). The method has since been standar-
dized in ISO 642, ASTM A255, and SAE
J406. Although variations are sometimes made
to accommodate specific requirements, the test
bars for the end-quench test are normally
25 mm (1 in.) in diameter by 100 mm (4 in.)
long with a collar on one end to hold it in a
quenching jig (Fig. 5a). The test involves heat-
ing the test specimen to the proper austenitizing
temperature and then transferring it to the
quenching fixture, so designed that the speci-
men is held vertically 13 mm (0.5 in.) above
an opening through which a column of water
can be directed against the bottom face of the
specimen (Fig. 5a). While the bottom end is
being quenched by the column of water, the
opposite end is cooling slowly in air, and inter-
mediate positions along the specimen are cool-
ing at intermediate rates. After the specimen
has been quenched, parallel flats 180� apart
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are ground 0.38 mm (0.015 in.) deep on the
cylindrical surface. Hardness (typically Rock-
well C) is measured at intervals of 1.6 mm
(1=16 in.) for alloy steels and 0.8 mm (1=32 in.)
for carbon steels, starting from the water-
quenched end.
A typical plot of these hardness values and

their positions on the test bar is shown in
Fig. 5(b). In effect, this plots the depth of hard-
ening (or hardenability) of the steel in a consis-
tent way. The figure also identifies approximate
cooling rates for the designated test positions
on the Jominy bar. The positions correlate
directly with surface cooling rates at each posi-
tion, because the cooling rate is essentially
independent of steel composition. Thus, the
Jominy positions can provide a useful cor-

relation between hardness and cooling rate with
some provisos.
The approximate cooling rates in a Jominy

specimen are given in Table 2 as a function of
distance from the quenched end. However,
cooling rates, as a function of distance from
the quenched end, are approximate and vary
with the conductivity and transformation pro-
ducts of the particular alloy being quenched
(Fig. 6). Cooling rates at 705 �C (1300 �F) can-
not reliably be used to predict hardness in car-
bon and low-alloy steels because the critical
temperature range moves to higher or lower
temperatures as the concentration of alloy ele-
ments changes between the different grades
(Ref 15). Correlation of end-quench specimen
positions with cooling rates is discussed in

more detail in the section “Hardenability Corre-
lation Curves” in this article.
Relative hardenability of steels can be easily

discerned by comparing the curves resulting
from end-quench tests (Fig. 7). Steels with
higher hardenability will be harder at a given
distance from the quenched end of the speci-
men than steels with lower hardenability. Thus,
the flatter the curve is, the greater the harden-
ability will be. On the end-quench curves, hard-
ness usually is not measured beyond
approximately 50 mm (2 in.), because hardness
measurements beyond this distance are seldom
of any significance. At approximately 50 mm
(2 in.) from the quenched end, the effect of
water on the quenched end has deteriorated,
and the effect of cooling from the surrounding

Fig. 1 Effect of carbon on the hardness of martensite structures
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air has become significant. An absolutely flat
curve demonstrates conditions of very high
hardenability, which characterize air-hardening
steel, such as some highly alloyed steels.
The standard end-quench procedure employs

24 ± 3 �C (75 ± 5 �F) water. The effect of water
temperature (Fig. 8) is slight up to approxi-
mately 40 �C (100 �F). Some investigators
employ oils or polymers to perform the end
quench and then compare the results obtained
with the alternate quenchant with the results
produced by water. The Jominy end-quench test
is not a generally acceptable method for use
with aqueous polymer quenchants, because the

Table 1 Effect of carbon concentration and
martensite content on the as-quenched
hardness of steel

Carbon, %

Hardness, HRC, with extent of martensite (M) content

99% M 95% M 90% M 80% M 50% M

0.10 38.5 32.9 30.7 27.8 26.2
0.12 39.5 34.5 32.3 29.3 27.3
0.14 40.6 36.1 33.9 30.8 28.4
0.16 41.8 37.6 35.3 32.3 29.5
0.18 42.9 39.1 36.8 33.7 30.7
0.20 44.2 40.5 38.2 35.0 31.8
0.22 45.4 41.9 39.6 36.3 33.0
0.23 46 42 40.5 37.5 34
0.24 46.6 43.2 40.9 37.6 34.2
0.26 47.9 44.5 42.2 38.8 35.3
0.28 49.1 45.8 43.4 40.0 36.4
0.30 50.3 47.0 44.6 41.2 37.5
0.32 51.5 48.2 45.8 42.3 38.5
0.33 52 48.5 46.5 43 39
0.34 52.7 49.3 46.9 43.4 39.5
0.36 53.9 50.4 47.9 44.4 40.5
0.38 55.0 51.4 49.0 45.4 41.5
0.40 56.1 52.4 50.0 46.4 42.4
0.42 57.1 53.4 50.9 47.3 43.4
0.43 57.2 53.5 51 48 44
0.44 58.1 54.3 51.8 48.2 44.3
0.46 59.1 55.2 52.7 49.0 45.1
0.48 60.0 56.0 53.5 49.8 46.0
0.50 60.9 56.8 54.3 50.6 46.8
0.52 61.7 57.5 55.0 51.3 47.7
0.54 62.5 58.2 55.7 52.0 48.5
0.56 63.2 58.9 56.3 52.6 49.3
0.58 63.8 59.5 57.0 53.2 50.0
0.60 64.3 60.0 57.5 53.8 50.7

Source: Ref 1, 2

Fig. 2 Maximum hardness as a function of carbon for
carbon and alloy steels. Source: Ref 3
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pressure of the flood quench at the end of the
test specimen often disrupts film-forming prop-
erties of the polymer at the hot metal interface.
Given an alloy and its Jominy curve, there is

no ambiguity concerning the end hardness
value, which corresponds to fully hardened
martensite of the given composition. The hard-
ness for different martensite fractions depends
on carbon content (Table 1), and data such as
in Table 1 can be used to choose reference
points during the formulation of specifications
of hardenability for steels of different carbon
contents. With such relations of hardness to
martensite, several things can be discerned
from the Jominy curve of a steel. Points on
the Jominy curve also can be related to a con-
tinuous cooling diagram (Fig. 9).
The inflection point (Fig. 10) represents the

region of a very abrupt change in the amount
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Fig. 5 Jominy end-quench hardenability test. (a) Standard end-quench test specimen and in a quenching jig.
(b) Hardness plot and cooling rate as a function of distance from the quenched end

Table 2 Typical cooling rates at 705 �C
(1300 �F) in a Jominy specimen as a function
of distance from the quenched end

Distance from water-quenched
end, 1.6 mm (1=16 in.)

Cooling rate

�C/s �F/s

1 270 490
2 170 305
3 110 195
4 70 125
5 43 77
6 31 56
7 23 42
8 18 33
9 14 26
10 11.9 21.4
12 9.1 16.3
14 6.9 12.4
16 5.6 10.0
18 4.6 8.3
20 3.9 7.0

Source: Ref 14
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of martensite in the as-quenched transformation
product (Ref 16), and it represents the point of
approximately 50% martensite. The steepness
of a Jominy curve at the inflection point is also
of interest, because it relates to the intensity of
internal stresses and to distortion, together with
the inflection point or mean depth of hardening.
However, it should be appreciated that the
actual observed or predicted values of the hard-
ness value at the inflection point are of very lit-
tle intrinsic interest to the quality-control
officer or the heat treater. Rather, it is the upper
or lower limits of surface (J1) and core (J32)
hardness, the half-hardness location, and the
slope of the hardness curve at this location that
represent valuable information.

The Jominy test is acceptably, if not ideally,
reproducible (Ref 17) under controlled condi-
tions, and because it is informative and rela-
tively economical, it is not surprising that the
Jominy test has become the standard of the
industry. However, a main objectionable fea-
ture of the test lies in its impractical shape
and quench configuration. Radially quenched
bars are by far the most common configuration.
Therefore, it is helpful if Jominy data can be
related to variations in quench severity and

cooling rates within different bar sizes, shapes,
and positions within a bar. This has been effec-
tively done with the Lamont transformations
(Ref 14). From heat-transfer models developed
by T.F. Russell (Ref 18) and by Grossmann
et al. (Ref 19), the Lamont transformations are
an important tool in relating Jominy hardenabil-
ity data to practical variations in quench sever-
ity and cooling rates within parts (see the
section “Hardenability Correlation Curves” in
this article). The method is based on the Gross-
mann method of characterizing steel harden-
ability in terms of an ideal critical diameter,
as described in the next section.

Quench Severity in Hardenability
Evaluation

Depth of hardening depends not only on the
hardenability of the steels but also on the cooling
capacity (or quench severity) of the quenchants

Fig. 7 Plot of end-quench test results for five different
steels

Fig. 8 Effectsofquenchant temperatureoncoolingpower
in end-quench test. Effect is slight up to 38 �C

(100 �F), impaired at 52 �C (125 �F), and greatly impaired
above 71 �C (160 �F)

Fig. 9 Transformation diagrams and cooling curves for 8630 steel, indicating the transformation of austenite to other
constituents as a function of cooling rate

Fig. 10 Transition to 50% martensite occurs at approxi-
mately the inflection point on Jominy curve (a),

because the transition from martensite to fine pearlite is
abrupt (b)
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and the size and shape of the parts being
quenched. Therefore, methods have been devel-
oped to relate hardenability in terms of quench
severity and cooling rates within parts.
Quench severity is defined as the ability of a

quenching medium to extract heat from a hot steel
workpiece. Heat removal from the workpieces
during quenching can be quantitatively described
by Newton’s law of cooling in terms of the inter-
facial heat-transfer coefficient (h), such that:

h ¼ Q

A Ts � T1ð Þ½ � (Eq 1)

where Q is the heat flow from the workpiece to
the quenchant, A is the surface area of the part,
Ts is the surface temperature of the steel, and T1
is the quenchant temperature. The interfacial
heat-transfer coefficient (h) is also known as
the film coefficient. The rate of heat transfer
at the surface is thus:

dQ

dt

� �
s

¼ h Ts � T1ð Þ

such that Ts is time dependent. The greatest
conceivable quench severity would be when
the surface is cooled instantaneously to that of
the quenchants. A less severe quench leads to
less rapid temperature reduction. Within the
steel part itself, the flux of heat is related to
temperature gradient, such that:

dQ

dt
¼ k

dT

dx

� �

where k is the thermal conductivity of steel. At
the surface, the temperature gradient is:

dQ

dt
¼ k

dT

dx

� �
s

So that at the surface, then:

dT

dx

� �
s

¼ h

k
Ts � T1ð Þ

To obtain the temperature distribution and
gradients with a steel part over time requires
the use of Fourier’s second law of heat con-
duction, which, in simplified form for one
dimension, is:

dT

dt
¼ �

d2T

dx2

� �

where a is the thermal diffusivity of steel,
which is related to steel density (r), specific
heat (Cp), and thermal conductivity as: k =
a r Cp. Solution of the differential equations
for Fourier’s second law under appropriate
boundary conditions (e.g., surface tempera-
ture, part shape, part size) requires numerical
integration of the differential equations for
heat transfer. This was done by Russell
(Ref 18), so that is possible to estimate the
time required for any position in a round bar,
square, flat, or plate to be cooled to a given
temperature during quenching. Russell assumed
a constant value for the thermal diffusivity of
steel (a = 0.009 in.2/s).
Grossmann Number. Although it is possi-

ble to determine quench severity from the
cooling rate, Grossmann et al. (Ref 19) devel-
oped a method that is based on the measurement
for the depth of hardening of round bars of dif-
ferent diameters. In this method, the depth of
hardening is measured as a ratio of unhardened
diameters (DU) to the total diameter (D) of
a bar. The diameter of the unhardened core
(DU), defined as the diameter with a microstruc-
ture of 50% martensite, is measured in terms
of microstructure or, more conveniently, as

hardness. If the carbon content is known, then
the depth of 50% martensite can be determined
from hardness measurements and a chart such
as that in Fig. 11. With 50% martensite, hard-
ness of the other 50% is influenced by hardness
effects of other alloying.
The unhardened core diameters (DU) are

plotted versus bar diameters (D) for different
quenching conditions (Fig. 12). As expected,
the unhardened diameter becomes greater when
quenching larger-diameter bars. For each of the
two different quench conditions in Fig. 12,
there is a critical diameter (D0) when DU = 0.
Moreover, Grossmann et al. also showed that
two steels, A and B, with high and low harden-
ability, respectively, could have the same criti-
cal size, D0, (DU = 0) as differently quenched
(A in oil, B in water), but that their respective
depths of hardening at all other equal sizes for
comparison would be different; that is, their
DU versus D or characteristic curves would
always differ. Also, the authors found that the
form of these characteristic curves was identi-
cal for a series of specimens and quenches
under one set of circumstances, covering the
range from high-velocity quenching of small
sizes of low-hardenability steels to mild
quenching of large specimens of deep-harden-
ing steels. The identity in form existed when
the product of the heat-transfer factor, H, and
the critical diameter, D, was a constant. So long
as HD is constant, all DU/D curves are the same
if the scale of plotting is correctly chosen. Thus,
one characteristic curve represents an entire
family when HDU is plotted against HD instead
of DU versus D. Then, all steels and all
quenches may be covered in a family of HDU

versus HD curves (detailed characteristic
curves), as in Fig. 13. Constant values of
DU/D are shown as dashed lines appropriately
marked.

Fig. 11 Hardness values for 50% martensite and 100% martensite conditions in quenched carbon steels as a function
of carbon. With 50% martensite, the hardness depends on the structure of the other 50% and residual or
alloying. Steel with more alloying would be at the top of the band. Source: Ref 20
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Thus, with a characteristic curve such as
those if Fig. 12, it is only necessary to match
its form to one of the curves of Fig. 13 to
find the HD0 and hence the H-value. Two
short methods are introduced for this purpose
involving the inclination of certain DU/D
value so that finally the knowledge of the depth
of hardening in two suitable sizes serves to
identify in a unique manner both the harden-
ability of the steel (DU/D) and the severity
of quench (heat-transfer factor, H). This can
be accomplished by a second shortcut, the log-
arithmic chart in Fig. 14.
In heat-transfer terms, the Grossmann num-

ber (H) is:

H ¼ h=2k

where k is the thermal conductivity, and h is the
interfacial heat-transfer coefficient, or the film
coefficient (Eq 1). Many variables influence
quench severity and Grossmann H-values.
Nonetheless, the charts and methods of Gross-
mann and his co-workers have important practi-
cal value, even though the method assumes that
the H-value is constant during the quench. The
calculation and methods are not rigorous with
respect to different steels in different sizes
(see, for example, the section “Carney Empiri-
cal Correlations” in this article). However, the
method clearly accounts for the general phe-
nomenon that as the size of the quenched bar
is increased, the proportion of unhardened core
increases more rapidly with a mild quench than
when the quench is more severe. It also clarifies
other circumstances, such as the persistence of
a shallow-hardened zone in exceedingly large
rounds, even of moderately low hardenability,
when the quench is very severe, and the little
change of its thickness (D – DU) with change
in diameter. Similarly, the abrupt disappearance
of a hardened rim in specimens of fairly small
size in steels quenched in mild media is clari-
fied. In turn, these data show how soft spots
are almost inevitable under certain conditions.
Surface conditions of the steel that influence
heat abstraction (scale thickness and texture),
as well as thermal diffusivities, are compre-
hended in the H-factor. Further, the influence
of agitation in removing vapor films, which
retard quenching, is also reflected in the numer-
ical value of H.

It is also useful to note that the product
H � D corresponds to the Biot number (Ref
21), which is a well-known dimensionless fac-
tor in heat transfer. The Biot number compares
the relative magnitudes of surface heat transfer
and internal conduction resistance to heat trans-
fer. A very low value of the Biot number means
that internal-conduction resistance is negligible
compared with surface heat-transfer resistance.
This in turn implies that the temperature will
be nearly uniform throughout the workpiece.
Therefore, the magnitude of the Biot number
shows the nonuniformity of temperature distri-
bution throughout the body of the workpiece
during quenching.
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The Grossmann numbers cover a range for
different quench conditions:

Mode of quench H-value

Cooling in still air 0.02
Moderate motion in oil 0.4–0.5
No motion in water 1.0
High-velocity oil 1.5
Moderate motion in warm brine 2.0
Moderate motion in water 3.0–4.0
High-velocity water 5.0 and up

These values can provide some practical guid-
ance, even though the quenchant velocities are
not well defined. From Fig. 15, it is noted that
there is very little practical difference between
H = 5 and an ideal quench (H = 1).

Ideal Critical Diameter

The Grossman H-factor provides a method
to quantify steel hardenability independently of
quench conditions. This is done bymathematically

relating the critical diameter (D0) to a theoretically
ideal quench, when the surface of the test bar is
immediately cooled to ambient temperature.
The Grossmann ideal critical diameter is the

diameter of a bar that can be quenched to
50% martensite in the center when the surface
is cooled at an ideal (infinite) rate. Although
ideal cooling cannot be carried out in practice,
one can mathematically extrapolate the situa-
tion for an ideal quench (H = 1), when the
quench is able to reduce the temperature of
the steel to the bath temperature in zero time
and hold it at this temperature during cooling
of the interior. In effect, ideal cooling is when
the quench is sufficiently severe that the heat-
removal rate is controlled by the thermal
diffusivity of the metal and not by the surface
heat-transfer rate.
Ideal critical diameters can provide a quanti-

tative measure of steel hardenability. Charts
by Grossmann and his co-workers also provide
a way of relating ideal diameters and critical
diameters under various levels of quench
severities (Fig. 15). As an example, consider
the two curves in Fig. 16 with hardness of

approximately 53 HRC at the 50% martensite
zone. In the Grossmann methods, first deter-
mine HD and H from Fig. 14, and then read
DI from Fig. 15. The H-value is approximately
2.3, and the critical diameter for this quench is
0.86 in., with a DI of approximately 1.22 in.
The method has practical significance,

because both DI values and H-values essentially
represent cooling rates that can be correlated
with positions on Jominy end-quench speci-
mens (Fig. 17). The Grossman H-number is a
measure of heat-extraction capability at the sur-
face and thus can be correlated with positions
along an as-quenched Jominy bar. The ideal
critical diameter also is a measure of the
required cooling rate at the center of a bar to
achieve 50% martensite transformation with
ideal cooling (H = 1) at the surface. Thus, DI

values also correlate with Jominy distances
(Jd) (Fig. 17c). The original correlation by
Grossmann and his co-workers was refined by
Carney, as indicated.

Hardenability Correlation Curves

The ability to correlate distance from the
quenched end in a Jominy bar with a unique
cooling rate extends the versatility of both
Jominy and Grossmann measures of hardenabil-
ity. Thus, for example, the Jominy distance
should be capable of being related to the DI

because both are measures of the cooling rate
to produce a specific structure (50% martensite).
Knowing Jd for a steel and the H-value of the
quenching medium, one can predict the depth
of hardening in any sized bar. Measuring cooling
rates is obviously impractical or, in many cases,
impossible, and so the unique correlation of
Jominy distance with cooling rates provides a
method of relating Jominy hardness values to
equivalent cooling rates and depth of hardening
within various section sizes and shapes.
The basic assumption is that equivalent

cooling rates at two positions in a steel bar will
exhibit the same hardness. For example, Fig. 18
illustrates the inflection point (which often corre-
sponds to 50% martensite) on the Jominy curve
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for two steels with different hardenability. The
Jominy curve of the steel with lower hardenabil-
ity (top) has an inflection point at 45 HRC. The
cooling rate at this point corresponds to a cool-
ing rate hardening to the half-radius position
(DU/D = 0.5) in a 100 mm (4 in.) diameter bar
(Fig. 18b). The steel with higher hardenability
(bottom) also has an inflection point of
45 HRC, but the Jominy distance (Jd) of the inflec-
tion point is greater (at the 24/16 in. position). This
corresponds to lower cooling rate for hardening,

and through hardening can be achieved in a
100 mm (4 in.) diameter bar with a quench
severity (H-value) shown in Fig. 18(d).
This process can be extended to develop the

Jominy equivalent cooling (Jec) rate chart in
Fig. 19. The practical use of this chart is to cor-
relate hardness values on an end-quench bar to
equivalent positions within round bars of various
sizes with different quench severities (H-values).
For example, the hardening of the two different
steels in Fig. 18 can illustrate the use of the chart

in Fig. 19. First consider the steel in Fig. 18(a),
which needs to be hardened to a half-radius
depth within a 100 mm (4 in.) diameter bar
(Fig. 18b). The required quench severity to
achieve this depth of hardening can be deter-
mined from Fig. 19 in conjunction with the
Jominy curve of the steel (Fig. 18a). The inflec-
tion on the Jominy curve is at the Jominy dis-
tance of 12/16 in. Then, reading up from the
12/16 position on the bottom graph in Fig. 19
(for bars with 4 in. diameters), the required
quench severity is approximately H = 1.5 for
hardening this steel to a half-radius depth.
Through hardening (50% martensite at the

center) of a 100 mm (4 in.) diameter bar is
not possible with the hardenability of the steel
in Fig. 18(a). Repeating the previous process
in Fig. 19 for full hardening, the required
quench severity would have to exceed that of
ideal cooling (H = 1) at the surface. However,
the higher-hardenability steel (Fig. 18c) can be
hardened at the center of a 100 mm (4 in.)
bar (Fig. 18d) with quench severity just a little
under H = 0.5. The inflection point of the
higher-hardenability steel is at a Jominy bar
position of 1.75 in., which (using the bottom
graph in Fig. 19) is equivalent to hardening
the center of a 100 mm (4 in.) diameter bar
with cooling intensity of just under H = 0.5.

Figures 19 and 20, for larger bar sections, pro-
vide a practical way of relating end-quench to
equivalent hardness within different-sized bars
and quench severities. Thus, with an end quench
for a given steel, the distribution of hardness
throughout the cross section can be estimated
for all of the given section sizes and severities.
The charts are especially useful for estimating
through-section strength, because the entire
hardness profile of the prospective steel (and,
to a degree, microstructure as well) can be pre-
dicted for rounds with different diameters from
one set of end-quench data. Instructions for the
procedure are given in the caption.
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With the Grossmann charts (Fig. 15, 17c) as
a basis, Lamont (Ref 14) used the basic princi-
ple of equivalent cooling as a function of
Jominy position (Table 2) to develop plots for
the fractional depth of hardening of sections
with different H-values. Figure 21 is an example
for through hardening and hardening to a half-
radius depth for bars of different diameters.
Similar charts were done by Lamont for other
hardening depths, as shown in Fig. 22 and 23 for
round bars. Similar charts are described in more
detail in the section “JominyEquivalenceCharts”
in this article. It should be noted that the Lamont
diagrams were based on the Grossmann plot of
Jd versus DI (Fig. 17c), which was subsequently
refined by Carney.
Carney Empirical Correlations (Ref 23).

D.J. Carney developed an improved curve for
correlating ideal critical diameter with Jominy
end-quench position (Fig. 17c). The Carney
corrections account for the variation of H with
different sizes and positions. From an analysis
of cooling rates and hardening characteristics
of round bars and end-quench specimens, more
reliable correlation curves based on 50, 80, and
95% martensite positions (instead of cooling
rates) were obtained for rounds and end-quench
specimens using moderate-to-good quenches in
oil and water. For example, Fig. 24 summarizes
the changes in H-value for positions with more
than 50% martensite.
Correlation curves of equal cooling times in

end-quench bars and in rounds are shown in
Fig. 25 for water- and oil-quenched specimens.
These curves do not agree with the calculated
curves of Lamont. Hardenability correlation
curves of Lamont are based on an assumption
of constant H by Grossmann and his co-work-
ers. The data from the Carney empirical corre-
lations are summarized in Table 3 and Fig. 26
and 27. For the steels investigated, equivalent
positions with more than 50% martensite
cooled at approximately the same rates. For
positions of greater than 50% martensite, a
thermal diffusivity value of 6.4 mm2/s (9.9 �
10�3 in.2/s) proved to be satisfactory. For posi-
tions of less than 50% martensite, the cooling
rates were affected by the variable diffusivity
of pearlite, ferrite, bainite, and martensite.
It is common practice to use published aver-

age H-values for a given quenchant and method
of quenching, such as severe, good, poor, or
still, rather than to actually measure the H-value.
By doing this and ignoring the variation of H
with size and position for a given quenching pro-
cedure, it is probable that the predicted depth of
hardening will be less than that actually obtained
in the smaller-sized rounds and will be much
greater than that actually obtained in the larger-
sized rounds. When this has happened, it has
meant that some heat treaters using a given
quenchant could have used a leaner alloy steel
for the smaller sections and should have used a
deeper-hardening alloy for the larger sections.

Other Hardenability Tests

The Jominy test has become the standard of
the industry, because it is informative,

Fig. 19 Correlation of Jominy equivalent hardness positions in end-quenched hardenability specimen for equivalent
cooling rates within various locations in round bars quenched in oil, water, and brine. The dashed line

shows the various positions in 12.7 to 102 mm (½ to 4 in.) diameter rounds that are equivalent to the J8 (8=16 in.)
position on the end-quench bar. To determine cross-sectional hardnesses from results of end-quench tests, pick out
the end-quench hardness at an appropriate point on the bottom line and extend an imaginary line upward to the
curved line that corresponds to the quenching severity needed to obtain that hardness for the given diameter of
round. See text for examples.
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relatively economical, and has good reproduc-
ibility (Fig. 28). The Jominy test is considered
to provide valid data on steels having an ideal
critical diameter (DI) in the range of from
approximately 25 to 150 mm (1 to 6 in.). The
DI can be less than 25 mm (1 in.), but this nor-
mally requires that Vickers hardness readings
be taken closer to the quenched end of the bar
and closer together than is possible using

standard Rockwell hardness measuring equip-
ment. Other hardenability tests are also used.
Carburized Hardenability Test. It is often

necessary to determine the hardenability of the
high-carbon case regions of carburized steels.
Such information is important in controlling
carburizing and quenching practice and in
determining the ability of a specific steel to meet
the microstructural and case depth requirements

of the carburized component manufactured from
the steel. Reference 25 contains Jominy curves
of several grades of carburized steels, such as
that illustrated in Fig. 29.
As a general rule, adequate core hardenability

does not ensure adequate case hardenability, espe-
cially when it is required to reheat for hardening
after carburizing rather than to quench directly
from the carburizing furnace. Two factors are
responsible for this fact. The first is that equal
alloying additions do not have the same effect on
the hardenability of all carbon levels of alloyed
steels. The second factor (as noted earlier) is that
the high-carbon case regions do not always
achieve full solution of alloy and carbides, as is
normally achieved in the austenite of the low-car-
bon core region, prior to quenching. Accordingly,
direct measurements of case hardenability are
very important whenever a carburizing steel must
be selected for a specific application.
Measurements of case hardenability are per-

formed as follows. A standard end-quench bar is
pack carburized for 9 h at 925 �C (1700 �F) and
end quenched in the usual manner. A comparison
bar is simultaneously carburized in the same pack
to determine carbon penetration. Successive layers
are removed from it and analyzed chemically to
determine the carbon content at various depths.
When a carbon-penetration curve is established,
depths to various carbon levels can be determined
in the Jominy bar, assuming that the distribution
of carbon in the end-quench specimen is the same
as in the carbon gradient bar. Longitudinal flats
are then carefully ground to various depths on the
end-quench bar (usually to carbon concentrations
of 1.1, 1.0, 0.9, or 0.8%, and, in some cases, to as
low as 0.6%), and hardenability is determined at
these carbon levels by hardness traverses.
In grinding, care must be exercised to avoid

overheating and tempering, and in conducting
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Fig. 21 Lamont diagrams of equivalent end-quenched Jominy positions with different quench severities and round bar diameters for hardening with 50% martensite at (a) center
position and (b) half-radius position of bar. Source: Ref 14
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hardness surveys, similar concern must be
shown to ensure that the hardness level corre-
sponds to a single carbon level by remaining in
the exact center of the flat. Rockwell A hardness
readings are preferable to Rockwell C readings

because they minimize the depth of indenter
penetration into softer subsurface layers. Rock-
well A values are converted into Rockwell C
values for plotting. In the higher-carbon layers
of carburized specimens, the hardness will be

influenced by the presence of retained austenite.
Therefore, it is often useful to evaluate the
microstructure/depth relationship by metallo-
graphically polishing and etching the ground
flats. The Jominy distance to some chosen level
of nonmartensitic transformation product can
then be used as a measure of hardenability.
The case hardenability of steels that are car-

burized and then reheated for hardening at tem-
peratures below 925 �C (1700 �F), such as
8620, 4817, and 9310, can also be determined
by using a modification of this technique.
The carburized end-quench specimens and
companion gradient bars are oil quenched
together from carburizing but are then reheated
in an atmosphere furnace to the desired austeni-
tizing temperature for a total of 55 to 60 min,
which should ensure at least 30 to 35 min at
temperature. The hardenability specimen is
then end quenched, and the carbon gradient
bar is oil quenched and tempered to facilitate
machining for carbon gradient determination,
as described previously. It is recommended that
case hardenability tests be performed on no
fewer than two test specimens. A more detailed
description of the case hardenability measure-
ment technique appears in SAE J406.

Table 3 Observed correlation of end-quench bar with center positions of rounds quenched
in oil and water

End-quench distance, 1=16 in. Ideal diameter, in.

Round size, equal half-
temperature time, in.

Round size, equal microstructures, in.

95%
martensite

80%
martensite

50%
martensite

Water Oil Water Oil Water Oil Water Oil

1 0.60 . . . . . . . . . . . . . . . . . . . . . . . .

2 1.00 0.70 0.40 0.40 0.25 0.40 0.25 0.55 0.25
4 1.75 1.25 0.80 0.75 0.45 0.75 0.50 1.0 0.50
8 2.75 2.05 1.50 1.45 0.80 1.60 0.95 1.65 1.0

12 3.65 2.80 2.15 1.95 1.15 2.05 1.35 2.10 1.45
16 4.50 3.50 2.80 2.30 1.50 2.40 1.75 2.60 1.85
24 5.75 4.60 3.45 2.75 2.05 2.90 2.40 3.10 2.45
32 6.70 5.40 4.30 . . . . . . . . . 2.90 . . . 2.95

Fig. 26 Equivalent Jominy positions with round bars
water quenched from 845 �C (1550 �F).

(a) 95% martensite. (b) 80% martensite. (c) 50% martensite.
Source: Ref 23

Fig. 27 Equivalent Jominy positions with round bars
oil quenched from 845 �C (1550 �F). (a) 95%

martensite. (b) 80% martensite. (c) 50% martensite. Source:
Ref 23
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standard Jominy system. Source: Ref 12, 17
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Air Hardenability Test. An air hardenability
test method is described in Ref 26. This test is
used to evaluate hardening performance when
either a steel is cooled at a rate slower than that
applied to the end-quench bar or when steels with
very high hardenability are being evaluated. A
25.4 mm (1.00 in.) test bar is placed in a fixture
with 100 mm (4 in.) length of the test bar length
exposed for exposure to still air during cooling.
The assembly is heated to the proper austenitizing
temperature, after which it is transferred to a con-
venient location for cooling in still air. This cool-
ing procedure results in very slow and ever
decreasing cooling rates along the length of the
test bars. Hardness is then measured at discrete
intervals along each test bar and plotted against
distance from the exposed end on charts specifi-
cally designed for this purpose.
Low-Hardenability Steels. In plain carbon

and very low-alloy steels, the cooling rate at
even the 1.6 mm (1=16 in.) position on a standard
Jominy bar may not be fast enough to produce
full hardening. Therefore, this test lacks dis-
crimination between these steels. Tests that
are more suited to very low-hardenability steels
include the hot-brine test and the surface-area-
center (SAC) test.
In the hot-brine test proposed by Grange

(Ref 27), test coupons are quenched in brine
maintained at a series of different temperatures.
As shown in Fig. 30, the resulting hardnesses
provide a very sensitive test of hardenability.
In the SAC test, a 25.4 mm (1.00 in.) round

bar is normalized by cooling in air and then is
reaustenitized for water quenching. Hardnesses
are measured on a specimen cut from the
center of the 100 mm (4 in.) length. Hardness
is determined on the surface, the center, and at
1.6 mm (1=16 in.) intervals from surface to cen-
ter. An area hardness is then computed as the
sum of the average hardness in each interval
� 1=16 (Fig. 31). The resulting set of three-digit
numbers, for example, SAC No. 63-52-42,
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Fig. 30 Typical results of the hot-brine hardenability
test. Steel composition: 0.18% C, 0.81%

Mn, 0.17% Si, and 1.08% Ni. Austenitized at 845 �C
(1550 �F). Grain size: 5 to 7. RT, room temperature.
Source: Ref 27

Fig. 31 Surface-area-center estimation of area
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indicates a surface hardness of 63 HRC, a
Rockwell-inch area of 52, and a center hardness
of 42 HRC. Testing details are given in SAE
J406.

Jominy Equivalence Charts

Once the Jominy curve has been determined,
the cooling rate in critical areas of quenched
parts must be estimated. The true measure of
applicability of any steel to a part requiring heat
treatment is the relation of its hardenability to
the critical cross section of the part at the time
it is heat treated. The term critical cross sec-
tion refers to that section of the part where
service stresses are highest and therefore
where the highest mechanical properties are
required. For example, if the part is a rough
forging 64 mm (2½ in.) in diameter at the crit-
ical cross section, which is later machined
to 50 mm (2 in.) in diameter, and the finished
part must be hardened to three-quarter-radius
(that is, 6.4 mm, or ¼ in., deep), then the
hardenability of the steel must be such that the
rough forging will harden 13 mm (½ in.) deep.
Several kinds of charts are used to determine

the Jominy equivalence of cooling rates within
a part of a given size and configuration. The
Lamont diagrams (Fig. 21, 22 to 23) and the
previously described charts in Fig. 19 and 20
are types of Jominy equivalence charts for
round bars. Basically, there are two methods
of determining Jominy equivalence:

� Method 1: The correlation of end-quench
hardness data with equivalent hardness (Jeh)
locations in variously quenched shapes

� Method 2: The correlation of end-quench
cooling rate data (Jec) with equivalent cool-
ing rate locations in variously quenched pro-
duction shapes.

Method 1 is the more accurate and preferred
method, because in practice it has been found
that, when cooling at the same rates, large sec-
tions produce somewhat lower hardnesses than
smaller sections, including end-quench and air
hardenability bars. This difference has been
attributed to two factors (Ref 23):

� Higher contraction stresses in large parts
accentuate the transformation of austenite.

� Quenching severity, H, decreases with an
increase in section size.

Also, in using the cooling rate method
(method 2), it is difficult to determine cooling
rates with a high degree of accuracy. Neverthe-
less, correlations that equate cooling conditions
along the end-quench bar (Jec) with those in
production shapes quenched in various liquid
media are also extremely useful when attempting
to establish the required hardenability and/or
quenching conditions for a production part.
One method of establishing the cooling rate is
to determine the Jominy equivalent distance,
which is outlined in Fig. 32.

Jominy Equivalent Hardness Method. The
Jominy equivalent hardness (Jeh) method is sum-
marized in Fig. 33. The basic method is as follows:

1. Select hardening and quenching conditions
that the production hardening equipment can
easily fulfill.

2. Select a low-hardenability steel, such as 8620,
4023, or 1040, and manufacture a quantity of
finished components: gears, bearings, shafts.

3. Quench a number of these components (in
the uncarburized condition) in the produc-
tion facility.

4. Measure the hardnesses obtained at all criti-
cal locations from the surface to the core.

5. Compare the measured hardness values at these
locations with equivalent hardness values pro-
duced at some end-quench (Jeh) location on a
Jominy bar made from the same heat and end
quenched from the same thermal conditions.

Fig. 32 Determination of Jominy equivalent condition (Jeq)
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6. The Jeh values obtained in this fashion define the
equal hardness cooling conditions for each loca-
tion in the production-quenched component.

7. Finally, select from available end-quench
data a steel that will produce the hardnesses
required at each critical Jeh location in the
finished production part. If end-quench data
are not available, calculate a suitable com-
position by one of the standard methods.

The chart in Fig. 19 (as previously described in
the section “Hardenability Correlation Curves”)
is another example of the equivalent hardness
criterion for round bars. Instructions for the
procedure are given in the caption. Similar
charts apply for other product shapes.
Rectangular or Hexagonal Bars and Plate.

Except in critical or borderline applications, size
relationships for rounds can be applied without
correction to square or hexagonal sections. The
charts for round bars (Fig. 19, 20) and also
Fig. 34 and 35 can be used for rectangular bars
in which the ratio of width to thickness (W/T)
is less than 4, but the value 1.4 times the thick-
ness should be used as the equivalent round.
Large plates cool considerably more slowly than
bars. The cooling-rate relationships shown in
Fig. 36 and 37 apply to these shapes.
Tubular Parts. The application of end-

quenched hardenability data to the selection of
steel for hollow cylindrical sections is based
largely on production experience with similar
parts. There has been some progress in equating
tubular sections to round bars and in developing

dimensionless temperature-time charts for long,
hollow cylinders. Hollomon and Zener (Ref 28)
determined by calculation the diameter of solid
steel cylinders that, when quenched in a given
medium, could be expected to have the same
hardness at the center as the minimum hardness
in the wall of hollow cylinders when quenched
in the same medium. The rule of thumb of dou-
bling the tube wall thickness to obtain the
diameter of an equivalent solid bar is a useful
first approximation.
Equivalent Cooling Rates. The cooling rate

can be determined based on knowledge of
the quenchant and the cross section of the part.
Figure 38 shows the correlation between cool-
ing rates along the end-quench hardenability
specimen and at four locations in round bars
up to 100 mm (4 in.) in diameter for both oil
and water quenching at 60 m/min (200 sfm).
The charts provide for various bar diameters
ranging from approximately 13 to 100 mm (½
to 4 in.). The cooling rates at the surface,
three-quarter-radius, half-radius, and center are
related to the cooling rates at an equivalent
distance from the end of a quenched Jominy
bar. Thus, the cooling rate at the center of a
50 mm (2 in.) diameter bar quenched in
water has a cooling rate equivalent to the value
at a distance of approximately 6=16 in. from the
end of the Jominy bar. The cooling rate at the
center of a 50 mm (2 in.) diameter bar
quenched in oil has a cooling rate
comparable to a point 10=16 in. from the water-
quenched end of a Jominy bar. Relationships

between bar diameter and other simple part
geometries such as squares and plates are
shown in Fig. 39.

Determining Hardenability
Requirements

The basic information needed to specify steel
with adequate hardenability includes:

� The as-quenched hardness required prior to
tempering to final hardness that will produce
the best stress-resisting microstructure

� The depth below the surface to which this
hardness must extend

� The quenching medium that should be used
to achieve hardening depth

For a specific application, the first decision is to
determine the carbon levels for the required
hardness. The desired as-quenched hardness is
a function of the hardness desired after temper-
ing (Fig. 40a). It is possible, as shown in
Fig. 40(b), to select steels that will produce
these hardnesses with less than 90% martensite.
To ensure optimum properties, common
practice is to select the steel with the lowest
carbon content that will produce the indicated
as-quenched hardness using the quenching
medium available (or one that can be made
available). Following this procedure, the struc-
tures possessing the indicated hardnesses
would be fully hardened; that is, they would
contain more than 90% martensite, which is a
common and practical definition of full hard-
ening and the one employed by the SAE com-
mittee. For components subjected to bending
in service, it is considered adequate to have
90% martensite at the three-quarter-radius
location. To ensure this, hardness levels are
specified at half-radius.
Depth of Hardening. The depth and per-

centage of martensite to which parts are hard-
ened may affect their serviceability, but it
always affects the hardenability required and
therefore the cost. In parts less highly stressed
in bending, hardening to 80% martensite at
three-quarter-radius of the part as finished may
be sufficient; in other parts, even less depth
may be required. The latter include principally
those parts designed for low deflection under
load, in which even the exterior regions are
only moderately stressed. In contrast, some
parts loaded principally in tension and others
operating at high hardness levels, such as
springs of all types, are usually hardened more
nearly through the section. In automobile leaf
springs, the leaves are designed with a low sec-
tion modulus in the direction of loading. The
allowable deflection is large, and most of the
cross section is highly stressed.
In general, hardening need be no deeper than

is required to provide the strength to sustain the
load at a given depth below the surface. There-
fore, parts designed to resist only surface wear,
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Fig. 33 Jominy equivalent hardness (J
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) criterion. Hardenability evaluation by Jominy equivalent hardness (J
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) rates

is done by comparing the hardnesses of (a) cross sections of parts receiving the established production
heat treatment to the hardnesses obtained on (b) end-quenched bars of the same steel. The equivalent Jominy cooling
rate (J
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) of the cross section also maps (in part c) to the Jominy distance (J

d
), which is directly related to cooling rate.

See text
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pure bending, or rolling contact often do not
justify the cost of providing the hardenability
required for hardening through the entire cross
section.

When service requirements mandate that
hardening must produce more than 80% mar-
tensite, the section size that can be hardened
to a prescribed depth decreases rapidly as the

percentage of martensite required increases.
For example, let us assume that 95% martensite
(51 HRC minimum hardness) is required in
8640H steel. Then the largest section size that

Legend

Quench
1 Brine, violent agitation

H
4.0

2 Water, 60 m/min (200 sfm) 1.5

3 Still water 1.0

4 Oil, 230 m/min (750 sfm) 0.8

Quench
5 Oil, 60 m/min (200 sfm)

H
0.5

6 Oil, 15 m/min (50 sfm) 0.35

7 Still Oil 0.20

Fig. 34 Correlation of Jominy equivalent cooling rates (J
ec
) of the end-quenched specimen with round bars quenched in oil, water, and brine. (a), (c), and (e) nonscaling

austenitizing atmosphere. (b), (d), and (f) austenitized in air
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can be hardened to the center in oil would be
16 mm (5=8 in.); a 25 mm (1 in.) section could
be hardened to only three-quarter-radius.
Again, on the basis of 95% martensite, the dee-
pest hardening of standard steels, 4340H, will
harden to the center of a 51 mm (2 in.) section;
on the basis of 80% martensite (45 HRC), a
92 mm (3 5=8 in.) round will harden to the center
in oil.
The aforementioned examples emphasize the

need for engineering judgment in requiring very
deep hardening or unusually high percentages
of martensite. When these requirements are
not wholly justified, the results are overspecifi-
cation of steel at higher cost and greater likeli-
hood of distortion and quench cracking.

Quenching Media. The cooling potential
of quenching media is a critical factor in
heat treating processes because of its contribu-
tion to attaining the minimum hardenability

requirement of the part or section being heat
treated. The cooling potential, a measure of
quenching severity, can be varied over a rather
wide range by:

Fig. 36 Correlation of equivalent cooling rates in the
end-quenched specimen and quenched plates

Fig. 35 Correlation of Jominy equivalent cooling rates (Jec) of the end-quenched hardenability specimen and round bars quenched in salt at 200 �C (400 �F)

Fig. 37 Correlation between Jec and center cooling rates in plates quenched at various severities
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� Selection of a particular quenching medium
� Control of agitation
� Additives that improve the cooling capabil-

ity of the quenchant

Any or all of these variables can be employed
to increase quenching severity and provide the
following advantages:

� Permit the use of less expensive (lower-
alloy) steels of lower hardenability

� Optimize the properties of the steel selected
� Permit the use of less expensive quenching

media
� Improve productivity and achieve cost

reductions as a result of shorter cycle times
and higher production rates

In practice, however, two other considera-
tions modify the selection of quenching
medium and quenching severity: the amount

of distortion that can be tolerated and the sus-
ceptibility to quench cracking.
In general, the more severe the quenchant and

the less symmetrical the part being quenched,
the greater the size and shape changes that result
from quenching and the greater the risk of quench
cracking. Consequently, although water quench-
ing is less costly than oil quenching, and water-
quenched steels are less expensive than those
requiring oil quenching, it is important that the
parts to be hardened be carefully reviewed to
determine whether the amount of distortion
and the possibility of cracking as a result of
water quenching will permit taking advantage
of the lower cost of water quenching. Oil, salt,
and synthetic water-polymer quenchants are
alternatives, but their use often requires steels
of higher alloy content to satisfy hardenability
requirements.
A rule regarding selection of a steel and

quenching medium for a given part is that the
steel should have a minimum hardenability not
exceeding that required by the quenching sever-
ity of the medium selected. The steel should
also contain the lowest carbon content compat-
ible with the required hardness and strength
properties. This rule is based on the fact that
the quench cracking susceptibility of steels
increases with a decrease in Ms temperature
and/or an increase in carbon content.
Table 4 lists typical quenching severity, or H,

values for the common quenching media and
conditions. The data in Table 4 are media con-
taining no additives. Considerable improvement
in the cooling capability of quenchants can be
obtained by such additions as water to hot salt,
proprietary additives to oil, and polyalkylene
glycol (polymer) to water. The polymer-water
mixtures polyacrylamide gel, polyvinyl pyrroli-
done, and polyvinyl alcohol can be made to
span the quenching severity range from oil to
water by simple variation of the glycol (polymer)
concentration in water. Also, because they are

Fig. 38 Equivalent cooling rates for round bars quenched in (a) water and (b) oil. Correlation of equivalent cooling
rates in the end-quenched hardenability specimen and quenched round bars free from scale. Data for
surface hardness are for mild agitation; other data are for 60 m/min (200 sfm).

Fig. 39 Relation between through-quenched bar dia-
meter and the through-quenched thickness of
plates and square bars
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free of fire hazards and obnoxious environmental
pollution agents, they have no adverse effect on
working conditions. The quenching severity of
these media should be tested at frequent intervals
because dragout and thermal breakdown may
affect their quenching efficiency.

Factors Affecting Hardenability

As noted, the hardenability of steel is governed
almost entirely by the chemical composition (car-
bon and alloy content) at the austenitizing temper-
ature, the austenite grain size, and other variables
such as austenitizing temperature, time at temper-
ature, and prior microstructure. Carbon affects the
hardness and also has an effect on hardenability
by decreasing the critical cooling rate formartens-
ite formation (Fig. 41). However, the hardenabil-
ity of carbon steel increases with an increase in
austenite grain size, where the effect becomes
more pronounced if the carbon content is
increased at the same time (Fig. 42). There are lim-
its to increasing grain size, because toughness is
degraded with larger grain size. Increases in grain
size also increase the possibility of quench crack-
ing.When the danger of quench cracking is remote
(no abrupt changes in section thickness) and engi-
neering considerations permit, it may sometimes
appear to be more practical to use a coarser-
grained steel rather than a fine-grained or more
expensive alloy steel to obtain hardenability.How-
ever, the use of coarser-grained steels usually
involves a serious sacrifice in notch toughness.
In terms of alloying, any dissolved element

in austenite (except for cobalt, Ref 20) retards
the nucleation or growth of diffusion-controlled
products during austenite decomposition. The
exception is when the chemical composition
of the austenite at the moment of quenching
may not be the same as that determined by
chemical analysis. For example, if carbides are
not dissolved at the austenitizing temperature,

then some carbon remains tied up in the car-
bides and is not available for martensitic hard-
ening. Thus, undissolved carbides can actively
decrease hardenability. This is especially
important in high-carbon (0.50 to 1.10%) and
alloy carburizing steels, which may contain
excess carbides at the austenitizing tempera-
ture. Casting and hot reduction practices may
also develop localized or periodic inhomogene-
ities within a given heat, further complicating
hardenability measurements.
In general, alloying elements can be sepa-

rated according to whether they are austenite
stabilizers, such as manganese, nickel, and cop-
per, or ferrite stabilizers (for example, g-loop
formers), such as molybdenum, silicon, tita-
nium, vanadium, zirconium, tungsten, and

niobium (Ref 30). Ferrite stabilizers require a
much lower alloying addition than the austenite
stabilizers for an equivalent increase in harden-
ability. However, with many of these ferrite sta-
bilizers, the competing process of carbide
precipitation in the austenite depletes the aus-
tenite of both carbon and alloy addition, thus
lowering hardenability. The precipitates also
produce grain refinement, which further decreases
hardenability.

Fig. 40 Curves for steel selection based on hardness. (a) Minimum as-quenched hardness to produce various final hardnesses after tempering. (b) Dependence of as-quenched
hardness on percentages of martensite and carbon

Table 4 Quenching severities (H) for various media and quenching conditions

Quenchant agitation

Typical flow rates Typical H-values

m/min sfm Air Mineral oil Water Brine

None 0 0 0.02 0.20–0.30 0.9–1.0 2.0
Mild 15 50 . . . 0.20–0.35 1.0–1.1 2.1
Moderate 30 100 . . . 0.35–0.40 1.2–1.3 . . .

Good 61 200 0.05 0.40–0.60 1.4–2.0 . . .

Strong 230 750 . . . 0.60–0.80 1.6–2.0 4.0
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In terms of alloying, usually the least expen-
sive means of increasing hardenability at a
given carbon content is by increasing the man-
ganese content. Chromium and molybdenum
also increase hardenability and are also among
the most economical elements per unit of
increased hardenability. Nickel is the most
expensive per unit but is warranted when
toughness is a primary consideration.
Boron can considerably improve hardenability,

the effect varying notably with the carbon content
of the steel. The full effect of boron on hardena-
bility is obtained only in fully deoxidized (alu-
minum-killed) steels. The effects of boron on
hardenability are unique in several respects:

� A very small amount of boron (approxi-
mately 0.001%) has a powerful effect on
hardenability.

� The effect of boron on hardenability is much
less in high-carbon than in low-carbon steels.

� Nitrogen and deoxidizers influence the
effectiveness of boron.

� High-temperature treatment reduces the
hardenability effect of boron.

In carburizing steels, the effect of boron on case
hardenability may be completely lost if nitro-
gen is abundant in the carburizing atmosphere.

The cost of boron is usually much less than that
of other alloying elements having approxi-
mately the same hardenability effect.
Hardenability also varies with interactions

between alloying elements. Important synergis-
tic effects can also occur when combinations
of alloying elements are used in place of single
elements. Some examples of known synergistic
combinations are nickel plus manganese,
molybdenum plus nickel, and silicon plus man-
ganese. Table 5 summarizes some general
effects of alloying on hardenability (along with
alloying effects on tempering, because most
hardened steels are tempered). More informa-
tion on the effects of alloying is in the compan-
ion publication, Heat Treating of Irons and
Steels, Volume 4B of the ASM Handbook
(Ref 32).

Variability in Jominy Data Sets
(Ref 33)

Under controlled conditions, the Jominy test
can provide acceptable, if not ideal, reproduc-
ibility (Fig. 28). However, even with controlled
conditions with the shown experimental

reproducibility, hardness at a fixed Jominy
depth near the inflection point of an H-steel in
controlled tests can typically be ±6 HRC. How-
ever, it is important to recognize the inherent
limitations of even well-established empirical
data such as Jominy end-quench hardenability
curves. For example, Fig. 43 shows sets of
Jominy curves selected from a large interna-
tional set for 8620 carburizing steels and
deep-hardening 4140 automotive steels of
almost the same nominal composition and grain
size. Such discrepancies could be attributed to
incorrectly reported chemistry, careless test
procedures, and/or unreported or uncontrolled
process variables. Likewise, continuous cooling
transformation curves also conceal comparable
empirical errors, because fractions transformed
and cooling histories are incompletely deter-
mined or ambiguous, and these deficiencies
can be expressed alternatively as an uncertainty
in the time scale of the superposed cooling
curves of factors reaching as high as four
(Ref 35, 36).
The foregoing comments pertain mainly to

shallow- and medium-hardening steels. Focusing
on deeper-hardening steels such as 4340
(Fig. 44), the idea of a Jominy depth of harden-
ing becomes rather indefinite. Even though

Table 5 Effects of alloy elements on hardenability and tempering of steels

Effect of alloy on hardenability during quenching Effect of alloy on tempering

Manganese contributes markedly to hardenability, especially in amounts greater than 0.8%. The
effect of manganese up to 1.0% is stronger in low- and high-carbon steels than in medium-
carbon steels.

Manganese increases the hardness of tempered martensite by retarding the coalescence of
carbides, which prevent grain growth in the ferrite matrix. These effects cause a substantial
increase in the hardness of tempered martensite as the percentage of manganese in the steel
increases.

Nickel is similar to manganese at low alloy additions but is less potent at the high alloy levels.
Nickel is also affected by carbon content, with the medium-carbon steels having the greatest
effect. There is an alloy interaction between manganese and nickel that must be taken into
account at lower austenitizing temperatures.

Nickel has a relatively small effect on the hardness of tempered martensite, which is essentially
the same at all tempering temperatures. Because nickel is not a carbide former, its influence
is considered to be due to a weak solid-solution strengthening.

Copper is usually added to alloy steels for its contribution to atmospheric-corrosion resistance
and at higher levels for precipitation hardening. The effect of copper on hardenability is
similar to that of nickel, and in hardenability calculations it has been suggested that the sum
of copper plus nickel be used with the appropriate multiplying factor of nickel.

Copper is precipitated out when steel is heated to approximately 425–650 �C (800–1200 �F)
and thus can provide a degree of precipitation hardening.

Silicon is more effective than manganese at low alloy levels and has a strengthening effect on
low-alloy steels. However, at levels greater than 1%, this element is much less effective than
manganese. The effect of silicon also varies considerably with carbon content and other
alloys present. Silicon is relatively ineffective in low-carbon steel but is very effective in
high-carbon steels.

Silicon increases the hardness of tempered martensite at all tempering temperatures. Silicon
also has a substantial retarding effect on softening at 316 �C (600 �F) and has been attributed
to the inhibiting effect of silicon on the conversion of E-carbide to cementite.

Molybdenum is most effective in improving hardenability. Molybdenum has a much greater
effect in high-carbon steels than in medium-carbon steels. The presence of chromium
decreases the multiplying factor, whereas the presence of nickel enhances the hardenability
effect of molybdenum.

Molybdenum retards the softening of martensite at all tempering temperatures. Above 540 �C
(1000 �F), molybdenum partitions to the carbide phase and thus keeps the carbide particles
small and numerous. In addition, molybdenum reduces susceptibility to tempering
embrittlement.

Chromium behaves much like molybdenum and has its greatest effect in medium-carbon steels.
In low-carbon steel and carburized steel, the effect is less than in medium-carbon steels but is
still significant. As a result of the stability of chromium carbide at lower austenitizing
temperatures, chromium becomes less effective.

Chromium, like molybdenum, is a strong carbide-forming element that can be expected to
retard the softening of martensite at all temperatures. Also, by substituting chromium for
some of the iron in cementite, the coalescence of carbides is retarded.

Vanadium is usually not added for hardenability in quenched and tempered structural steels
(such as ASTM A678, grade D) but is added to provide secondary hardening during
tempering. Vanadium is a strong carbide former, and the steel must be austenitized at a
sufficiently high temperature and for a sufficient length of time to ensure that the vanadium
is in solution and thus able to contribute to hardenability. Moreover, solution is possible only
if small amounts of vanadium are added.

Vanadium is a stronger carbide former than molybdenum and chromium and can therefore be
expected to have a much more potent effect at equivalent alloy levels. The strong effect of
vanadium is probably due to the formation of an alloy carbide that replaces cementite-type
carbides at high tempering temperatures and persists as a fine dispersion up to the A1

temperature.

Tungsten has been found to be more effective in high-carbon steels than in steels of low carbon
content (less than 0.5%). Alloy interaction is important in tungsten-containing steels, with
Mn-Mo-Cr having a greater effect on the multiplying factors than silicon or nickel additions.

Tungsten is also a carbide former and behaves like molybdenum in simple steels. Tungsten has
been proposed as a substitute for molybdenum in reduced-activation ferritic steels for nuclear
applications.

Titanium, niobium, and zirconium are all strong carbide formers and are usually not added to
enhance hardenability for the same reasons given for vanadium. In addition, titanium and
zirconium are strong nitride formers, a characteristic that affects their solubility in austenite
and hence their contribution to hardenability.

Titanium, niobium, and zirconium should behave like vanadium because they are strong
carbide formers.

Boron can considerably improve hardenability, the effect varying notably with the carbon
content of the steel. The full effect of boron on hardenability is obtained only in fully
deoxidized (aluminum-killed) steels.

Boron has no effect on the tempering characteristics of martensite, but a detrimental effect on
toughness can result from the transformation to nonmartensitic products.

Source: Ref 30, 31
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determination of DI from an experimental set of
critical diameters (D0) remains a valid concept,
this test option for deep-hardening steels is not
considered for cost reasons. The specification
and interpretation problem in this case is not
strongly associated with the shape of the curve
but with the extreme sensitivity of the hard-
nesses to the austenitizing temperature and time
actually used in the Jominy test. To a lesser
extent, this is also true for low-alloy steels. This
problem arises from the fact that the higher-car-
bon hardenable steels are invariably hypereu-
tectoid and therefore possess a substantial
volume fraction of very unstable, undissolved
carbides in the as-rolled condition. The qual-
ity-control officer and heat treater should be
critical of both the hardenability specifications
and the experimental Jominy curves received
for such grades. On the positive side, the heat
treater should be cognizant of the flexibility
afforded by minor variations in the austenitiz-
ing temperature.

Calculation of Steel Hardenability

The hardenability of steel is primarily a func-
tion of the composition (carbon, alloying ele-
ments, and residuals) and the grain size of the
austenite at the instant of quenching. If this
relationship can be determined quantitatively,
it should be possible to calculate the harden-
ability of steel from composition and grain size.
Such a technique was published by Grossmann
in 1942, based on his observation that harden-
ability could be expressed as the product of
a series of composition-related multiplying fac-
tors (Ref 37). The result of the calculation is an
estimate of the ideal Grossmann diameter (DI)
as a measure of inherent steel hardenability.
The equations most often are based on multipli-
cative factors.
The set of Grossmann factors, offered annu-

ally for many years in the June issue of Metal
Progress, are now included in the Appendixes
to ASTM Code A255-89 and SAE Standard
J406. Other methods are based on regression
equations and on calculation from thermody-
namic and kinetic first principles. To date,
no one prediction method has proved to be
universally applicable to all steel types; that
is, different predictors are more suited to steels
of given alloying systems, carbon contents,
and hardenability levels. In addition, it is
often necessary to fine-tune the predictions
based on the characteristics (residuals, melt
practice, and so on) of a particular steel
producer.
In the Grossmann method, ideal critical

diameter (based on a definition of 50%
martensite at the center of the specimen, with
H = 1) is calculated from steel composition
and austenite grain sizes. The following

equation is one expression for calculating the
ideal critical diameter:

DI ¼ DIbase � fMn � fSi � fCr � fMo � fV � fCu (Eq 2)

where f� is the multiplicative factor for the par-
ticular alloying element. One set of DI and
alloy factors is presented in Table 6. These
alloy factors were developed based on data
from medium-carbon steels of medium harden-
ability. The general procedure for calculating
the hardenability of a steel from the composi-
tion includes the following steps:

1. Determine the ASTM International grain
size

2. Obtain a chemical composition
3. Determine DIbase from the carbon content

and the grain size (Table 6)
4. Determine alloy factors (Table 6)
5. Multiply the factors according to Eq

2 to provide the calculated ideal critical
diameter

In Eq 2, the base DI (DIbase) is a function of
carbon content and grain size, with the multi-
plying factors (f) being independent of each
other (which is not always true). Kramer et al.
(Ref 29) subsequently determined carbon fac-
tors that were as much as three times larger
than those of Grossmann, while the manganese
factors were lower by approximately the same
ratio. Why this discrepancy?

Grossmann had to use end-quench bars of car-
bon steels containing some manganese so that he
could measure the base hardenability reproduc-
ibly. In the analysis, therefore, he had to separate
the effects of manganese and carbon in these

Fig. 43 Summary of reported Jominy tests by several laboratories on an (a) SAE 8620 steel and a (b) 4140 steel of approximately the same composition and grain size. Source:
Ref 34

Fig. 44 Typical Jominy curve for a high-hardenability
(4340) steel
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compositions, and this was done incorrectly.
Because Kramer and his group used pure iron-
carbon alloys as base compositions, they were
able to measure the low hardenabilities very sen-
sitively by quenching a series of small rounds.
As an interesting point, ideal critical dia-

meters to 50% martensite calculated by Gross-
mann agree very well with those factors
determined by Kramer for most practical com-
positions. However, to calculate hardenabilities
of low- and medium-carbon steels in which
complete solution of carbon and alloy can be
readily obtained, the Kramer factors are recom-
mended (Fig. 45, 46). Calculations with these
factors are accurate within ±15% at DI values
up to 114 mm (4.5 in.).
For steels with DI values greater than

114 mm (4.5 in.), the Kramer factors (as well
as all others) are not accurate enough for prac-
tical use for three reasons.
First, steels of high hardenability are primarily

bainitic, and the hardenability effects of several
elements (such asmolybdenum) are very different
when bainite is the first transformation product.
Second, when some solution and carbide-

forming elements (such as nickel and molybde-
num) are used together, they produce synergis-
tic hardenability effects; that is, the specific
effect of each alloying element is larger than
its effect when by itself in a composition.
Third, steels of high hardenability usually con-

tain large quantities of strong carbide-forming
elements that are often not completely dissolved.
Several hardenability-calculation techniques

have been based on the multiplying-factor prin-
ciple. One early example was a United States
Steel calculator in the 1970s (Ref 38). A Cli-
max Molybdenum calculator (Ref 39) was
reported to more accurately predict the harden-
ability in low- to medium-carbon steels. Meth-
ods for determining the ideal critical diameter
of an alloy from the composition and grain size
also have been compared for a large number of

steels (Ref 9). Properly used, hardenability cal-
culations can provide a valuable tool for
designing cost-effective alternative steels, for
deciding the disposition of heats in the mill
prior to rolling, and possibly for replacing the
costly and time-consuming measurement of
hardenability. For more details, see the article
“Hardenability Calculation of Carbon and
Low-Alloy Steels with Low or Medium Car-
bon” in this Volume.
Steel with High Carbon (Ref 40). High-

carbon (hypereutectoid) steels normally
contain large quantities of undissolved carbides
when hardened by commercial austenitizing
procedures. If these conditions were not
strictly controlled, it would not be possible to
derive a single factor for the hardenability
effect of an alloying element, because the
quantity of alloy and carbon in solution would
vary. Thus, prior structure; prior carbide size,
shape, and distribution; and austenitizing time
and temperature will influence the specific hard-
enability effect of a given quantity of alloy.
Although also influential, grain size is of less
importance because it does not vary greatly from
ASTM 6 to 8 when excess carbides are present.
In high-carbon steels, prior structure of nor-

malized steels range from 100% martensite to
100% lamellar carbides, two microstructures
that transform to austenite easily during reheat-
ing. Microstructures of annealed material, how-
ever, usually contain large spheroidal carbides
that are difficult to dissolve when the steel is
reheated for hardening. If the prior structure,
grain size, and temperature and time of austeni-
tizing are controlled very closely, the specific
hardenability effect of a given amount of alloy-
ing element can be reproduced enough to derive
multiplying factors for many elements at high
carbon levels.
For more information, see the article “Calcu-

lation of Hardenability in High-Carbon Steels”
in this Volume.

Calculation of Jominy Curves (Ref 33).
The development of linear regression formulas
to a set of hardnesses corresponding to selected
Jominy depths has been widely explored. This
can be fairly effective for a single grade,
provided the data set densely covers the chem-
istry limits and hardness bands. Such formulas,
however, cannot be used outside of this single-
grade context, so comprehensive information or
expert systems based on such procedures are
inherently inflexible and exaggerated. How-
ever, producers or users of a limited number
of grades may find this appropriate as an alter-
native to grade-selected Grossmann factors.
A comprehensive, if relatively crude, system

has been given for the HRC distribution in a
Jominy bar by Just (Ref 41), who developed a uni-
versal Jominy curve shape in terms of penetration
“E” in sixteenths of an inch and linearly regressed
the coefficients for the weight percent of all of the
constituents except carbon. A more recent exam-
ple is the section “Caterpillar Hardenability Cal-
culator (1E0024)” in the article “Hardenability
Calculation of Carbon and Low-Alloy Steels with
Low or Medium Carbon” in this Volume.

Steel Selection for Hardenability

To select the proper steel, one should first
check the maximum attainable hardness chart,

Table 6 Tabulated hardenability factors of steels as a function of carbon content, carbon
grain size, and selected alloying elements

Carbon, %

Base ideal diameter (DIbase) at following carbon grain size Alloying factor (fx) where element, x, is

No. 6 No. 7 No. 8 Mn Si Ni Cr Mo

0.05 0.0814 0.0750 0.0697 1.167 1.035 1.018 1.1080 1.15
0.10 0.1153 0.1065 0.0995 1.333 1.070 1.036 1.2160 1.30
0.15 0.1413 0.1315 0.1212 1.500 1.105 1.055 1.3240 1.45
0.20 0.1623 0.1509 0.1400 1.667 1.140 1.073 1.4320 1.60
0.25 0.1820 0.1678 0.1560 1.833 1.175 1.091 1.54 1.75
0.30 0.1991 0.1849 0.1700 2.000 1.210 1.109 1.6480 1.90
0.35 0.2154 0.2000 0.1842 2.167 1.245 1.128 1.7560 2.05
0.40 0.2300 0.2130 0.1976 2.333 1.280 1.146 1.8640 2.20
0.45 0.2440 0.2259 0.2090 2.500 1.315 1.164 1.9720 2.35
0.50 0.2580 0.2380 0.2200 2.667 1.350 1.182 2.0800 2.50
0.55 0.273 0.251 0.231 2.833 1.385 1.201 2.1880 2.65
0.60 0.284 0.262 0.241 3.000 1.420 1.219 2.2960 2.80
0.65 0.295 0.273 0.251 3.167 1.455 1.237 2.4040 2.95
0.70 0.306 0.283 0.260 3.333 1.490 1.255 2.5120 3.10
0.75 0.316 0.293 0.270 3.500 1.525 1.273 2.62 3.25
0.80 0.326 0.303 0.278 3.667 1.560 1.291 2.7280 3.40
0.85 0.336 0.312 0.287 3.833 1.595 1.309 2.8360 3.55
0.90 0.346 0.321 0.296 4.000 1.630 1.321 2.9440 3.70
0.95 . . . . . . . . . 4.167 1.665 1.345 3.0520 . . .

1.00 . . . . . . . . . 4.333 1.700 1.364 3.1600 . . .

Fig. 45 Kramer factors for carbon and ASTM Inter-
national grain size numbers are used with

Fig. 46 for calculating hardenabilities of low- and
medium-carbon steels, aluminum-killed. Source: Ref 29

Fig. 46 Alloy multiplying factors to be usedwith Fig. 45
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such as Table 1, using the carbon range that
will give the required surface hardness, from
the 95 or 99.9 % martensite column. The com-
mercially accepted range for surface hardness
after tempering is 5 HRC points or 40 HB
points (with Brinell numbers corresponding to
indent diameters in 0.05 mm, or 0.002 in.,
increments) (Ref 42).
The maximum attainable (as-quenched) sur-

face hardness depends on steel carbon content
and the hardenability of the steel. The maximum
section size that will harden through to the max-
imum surface hardness in oil is as follows:

Steel grade

Maximum section size

mm in.

1045 6.35 0.250
5140 19.0 0.750
4140 38.1 1.5
4340 76.1 3.0

Determining the expected core hardness
range can be determined by using the Jominy
equivalent chart in Fig. 19 and the hardenability
band for the steel being used (for example, Fig.
47 for 4140H steel). The Jominy equivalent
chart shows that a 50 mm (2 in.) round hard-
ened with a strong oil quench would create a
cooling rate at the surface that is equivalent to
the J4 (4=16 in.) position on a Jominy bar. The
equivalent cooling rates at the core would be
equivalent to the J8.5 Jominy distance. With a
4140H steel, the hardenability curve (Fig. 47)
corresponds to a surface hardness range of 51
to 59 HRC with a core hardness of 46 to
57 HRC. The actual hardness of a given heat
of steel would depend strictly on the specific

hardenability of that heat. To reduce the varia-
tion in hardening response and thus narrow
the surface and core hardness values that result
after heat treatment, the hardenability of the
steel chosen can be narrowed by either using
an H-steel or using a restricted hardenability
specification of an H-steel.
Most of the hardenable 1xxx-series carbon

steels have 0.60 to 0.90% Mn, although several
grades have higher and others have lower man-
ganese contents. Manganese has a marked effect
on hardenability. Even a difference of 0.25%
makes a significant difference on the end-quench
hardenability of 0.50% C steel (Fig. 48).
Considering the range of manganese that is

available in carbon steels, it follows that a wide
range of hardenability can exist (Fig. 49). For
example, 1541 steel frequently shows end-
quench hardenability values higher than the
minimum of the hardenability band for 1340
steel (Fig. 50). Thus, there is a gradual transi-
tion in hardenability from carbon grades to
alloy grades. Because many carbon steels are
produced from recycled scrap, residual ele-
ments in standard grades may vary.
There also are many applications for which

minimum, rather than maximum, hardenability
is needed, which accounts for the many low-
manganese grades melted. For example, it is
often desirable to produce thin layers of maxi-
mum hardness on shaft bearings or cam con-
tours. This is usually accomplished by
induction or flame hardening; however, if the
hardened zone is too deep, an unfavorable pat-
tern of residual stresses will be established,
with resultant cracking in quenching or prema-
ture failure in service. In one instance,
cams were made from standard 1050 steel

(0.60 to 0.90% Mn) and induction hardened
to 60 HRC to a depth of approximately
1.6 mm (1=16 in.). If the hardened zone became
as deep as 3.2 mm (1/8 in.), a significant number
of parts cracked. Cracking was eliminated by
using a modified grade of 1050 steel (0.30 to
0.60% Mn), which resulted in a shallower hard-
ened zone after induction hardening.
Alloy Steels. Because the sections treated are

often relatively large and because the alloying ele-
ments have the general effect of lowering the tem-
perature range at which martensite is formed, the
thermal and transformational stresses set up dur-
ing quenching tend to be greater in alloy steel
parts than those encountered in quenching the
necessarily smaller sections of plain carbon steels.
In general, the greater stresses result in distortion
and risk of cracking.
Alloying elements, however, have two func-

tions that tend to offset these disadvantages.
First, and probably most important, is the

Fig. 48 Effect of carbon andmanganese on end-quench
hardenability of 1050 steel. The steelswith 1.29

and 1.27%Mn contained 0.06% residual chromium. Steels
with 1.07 and 1.04% Mn contained 0.06 and 0.08%
residual chromium, respectively. No other residual
elements were reported.
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capacity to permit the use of a lower carbon
content for a given application. The decrease
in hardenability accompanying the decrease
in carbon content may be readily offset by
the hardenability effect of the added alloying
elements, and the lower carbon steel will
exhibit a much lower susceptibility to quench
cracking. This lower susceptibility results
from the greater plasticity of the lower-carbon
martensite and from the generally higher tem-
perature range at which martensite is formed
in the lower-carbon materials. Quench crack-
ing is seldom encountered in steel containing
0.25% C or less, and the susceptibility to
cracking increases progressively with increas-
ing carbon content.
The second function of the alloying ele-

ments in quenching is to permit slower rates
of cooling for a given section because of
increased hardenability, thereby generally
decreasing the thermal gradient and, in turn,
the cooling stress. It should be noted, however,
that this is not altogether advantageous,
because the direction, as well as the magni-
tude, of the stress existing after the quench is
important in relation to cracking. To prevent
cracking, surface stresses after quenching
should be either compressive or at a relatively
low tensile level. In general, the use of a less
drastic quench suited to the hardenability of
the steel will result in lower distortion and
greater freedom from cracking.
Furthermore, the increased hardenability of

these alloy steels may permit heat treatment
by austempering or martempering, and there-
fore, the level of adverse residual stress before
tempering may be held to a minimum. In aus-
tempering, the workpiece is cooled rapidly to
a temperature in the lower bainite region and
is held at that temperature so that the section
transforms completely to bainite. Because
transformation occurs at a relatively high tem-
perature and proceeds rather slowly, the stress
level after transformation is quite low, and dis-
tortion is minimal.

In martempering, the workpiece is cooled
rapidly to a temperature just above Ms, held
there until the piece attains a uniform tempera-
ture throughout, and then is cooled slowly (usu-
ally by air cooling) through the martensite
range. This procedure causes martensite to form
more or less simultaneously throughout the
entire section, thereby holding transformational
stresses at a very low level, which minimizes
distortion and the danger of cracking.
Example 1: Use of Hardenability Charts to

Verify that 4140H Steel Will Fulfill Hard-
ness Specifications for a 44.45 mm (1.75 in.)
Diameter Shaft. A shaft 44.45 mm (1.75 in.)
in diameter and 1.1 m (3½ ft) long is required in
a machine. The engineering analysis indicates
that the torsion requirements will approach a
maximum of 170MPa (25 ksi) and that the bend-
ing stresses will reach a maximum of 550 MPa
(80 ksi). Because several other parts in produc-
tion in the same plant are being made from
4140H steel, it is desired to know whether
4140H has enough hardenability for this shaft.
Because the shear stress in torsion is approxi-

mately one-half that in bending, the latter will be
the primary consideration. In bending, stresses
approach zero in the neutral axis; therefore, the
steel need not be hardened completely to the cen-
ter. This is helpful because the distribution of stress
in quenching will decrease the danger of quench
cracking and, after tempering, should leave the
exterior portion of the shaft in compression.
To withstand a fatigue load of 550 MPa

(80 ksi) in bending, a minimum hardness of
35 HRC is required. For this example, it will
be assumed that 35 HRC should be obtained
by tempering a structure that, as-quenched, con-
tains at least 80% martensite. From experience
with similar parts, it is known that the 80%
martensite structure should be present down to
the three-quarter-radius position in the shaft.
Because 4140H has a minimum carbon con-

tent of 0.37%, the first operation on the charts
(Fig. 51) is to find the as-quenched hardness
that corresponds to 0.37% C in an 80%

martensite structure. As shown in the top chart
of Fig. 51—the same data as in Fig. 1(d)—this
as-quenched hardness is 45 HRC.
The original question (whether 4140H is

appropriate for this part) can now be rephrased
to read: Will 4140H provide the required
minimum as-quenched hardness of 45 HRC
at three-quarter-radius in the 44.45 mm
(1.75 in.) diameter shaft? To determine the
answer to this question, enter the middle chart
of Fig. 51 (this is the same as Fig. 38b) at the
diameter level of 44.45 mm (1.75 in.) and
move horizontally to an intersection with the
3/4-radius curve. This intersection occurs at
the 6:5=16 position on the specimen. Then, move
down vertically into the bottom chart to an
intersection with the curve for minimum hard-
enability of 4140H. The intersection occurs at
49 HRC. Because no more than 45 HRC is
required, 4140H has more than enough harden-
ability for this part.

Hardenability Limits and H-Steels

Hardenability bands are Jominy curves
(based on much historical data) that describe
the range of hardenability for many grades of
carbon and alloy steels. Hardenability bands
also are used for the specification of H-steels,
which are steels produced to a specific harden-
ability band. These steels are designated by
the letter “H” following the composition code
or preceding the UNS designation.
The H-steels are guaranteed by the supplier

to meet these hardenability limits for a specified
range of chemical composition. The tighter
hardenability bands of four H-steels are com-
pared in Fig. 52 with the wider hardenability
bands of similar steel grades based on composi-
tion. The end-quench hardenability bands of H-
steels are summarized in Table 7.
When an H-steel is specified, the steel pro-

ducer shows on the shipping papers or by
some other acceptable means the hardenability
characteristics of the heat involved. The heat
hardenability is shown either by hardness values
at specified reference points or at the specified
distances from the quenched end of the test spec-
imen. No reading is reported below 20 HRC.
The heat hardenability is determined from either
a cast or a forged end-quench test bar.
Figure 53 shows the differences between

minimum hardenability curves for six series
of steels. In each series, alloy content is essen-
tially constant, and the effect of carbon content
on hardenability can be observed over a range
from 0.15 to 0.60%. The hardness effect is
shown by the vertical distance between the
curves at any position on the end-quench spec-
imen, that is, for any cooling rate. This effect
varies significantly, depending on the type
and amounts of alloying elements. For exam-
ple, referring to Fig. 53(d), (e) to (f), an
increase in carbon content from 0.35 to
0.50% in each of the three series of steels
causes hardness increases (in Rockwell C
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points) at four different end-quench positions,
as shown subsequently:

Series

Distance from quenched surface, in.

1=16 4=16 8=16 12=16

41xxH 8 10 17 20
51xxH 8 13 9 8
86xxH 8 12 18 12

The hardenability effect of carbon content is
read on the horizontal axis in Fig. 53. If the
inflection points of the curves are used to
approximate the position of 50% martensite
transformation, the effect of carbon content on
hardenability in 8650 versus 8630 steel can be
expressed as + 4=16; that is, the inflection point
is moved from the 5=16 position to the 9=16 posi-
tion. Similarly, with nominal carbon contents of
0.35 and 0.50%, the hardenability effect of car-
bon is seen to be less (2=16) in 51xx-series steels
and more (6=16) in 41xx steels.

Considering the combined hardening and
hardenability effects in terms of quenching
speed, the cooling rate (or quenching speed)
required to produce 45 HRC is affected more
by 0.15% C with certain combinations of
alloying elements than it is by other combina-
tions. For example, in a steel containing
0.75 Cr and 0.15 Mo (a 41xxH-series steel,
for example), increasing the carbon content
by 0.15% lowers the required or critical cool-
ing rate to obtain 45 HRC from 25 to 4.6 �C
(45 to 8.3 �F) per second, while in a steel con-
taining 0.75% Cr and no molybdenum (51xxH
series), the same increase in carbon content
lowers the cooling rate from 47 to 21 �C (85
to 37 �F) per second.
The practical significance of the effect of

carbon and alloy contents on cooling rate is
considerable. In a 50 mm (2 in.) diameter
bar of 4150 steel, a hardness of 45 HRC can
be obtained at half-radius using an oil quench

without agitation. In a 4135 steel bar of the
same diameter, to obtain the same hardness
at half-radius would require a strongly
agitated water quench. Comparing 32 mm
(1¼ in.) diameter bars of 5135 and 5150
steel, an agitated water quench will
produce a hardness of 45 HRC at half-radius
in the 5135 bar; the identical condition can
be obtained in the 5150 bar using an oil
quench with moderate agitation. Thus, an
increase or decrease in carbon content or an
alloying addition, such as 0.15% Mo, affects
the results obtained both in terms of the
quenching severity required and the section
size in which the desired results can be
obtained.
Figure 54 shows how steels are rated on

the basis of ideal critical diameter by expres-
sing the effect of carbon and alloy content on
the section size that will harden to 50% mar-
tensite at the center, assuming an ideal quench.
An ideal quench is defined as one that removes
heat from the surface of the steel as fast as it is
delivered to the surface. In general, the relation
between hardness and carbon content that is
important in practice is obscured in this rating
method because the steel is rated to a constant
microstructure. Hardness decreases continu-
ously with lower carbon contents.

H-Steels Classified by Hardness at
End-Quench Positions

Table 8 shows the location on the end-
quenched specimen of the low limit of the
H-band for six different hardness levels that
may be specified for as-quenched hardness:
55, 50, 45, 40, 35, and 30 HRC. The last
two levels apply primarily to the core hard-
ness of carburized parts. This table, which
includes most of the steels for which H-bands
have been established, has been devised to
work with the charts in Fig. 34 and 35 and
reduces the amount of chart-hopping that has
been needed in the past to examine all the
available steels for the purpose of selecting
one. The use of Fig. 34 and Table 8 is described
in the following example.
Example 2: Selection of a Steel with 38

mm (1½ in.) Diameter Section Equivalent
Having 45 HRC at Half-Radius. This exam-
ple traces the steps needed to select a steel that
will harden to 45 HRC at half-radius in a part
having a significant section equivalent to a
38 mm (1½ in.) diameter bar. First, it is
assumed that, to prevent distortion, the quench
will be in oil at 60 m/min (200 sfm) (H = 0.5)
and that a nonscaling atmosphere will be used
for heating to the austenitizing temperature.
Therefore, the chart for half-radius in Fig. 34
(c) is applicable.
The following steps will then lead to the

selection of a steel. First, trace horizontally
at the level of 1½ in. diameter to the curve
for oil quench at 60 m/min (200 sfm)

Fig. 51 Illustration of the use of hardenability data in steel selection. See text
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Fig. 52 Examples of hardenability bands of H-steels compared to the wider bands for similar steels made to chemical specification only

Table 7 End-quench hardenability bands for H-steels

Jominy position, 1=16 in.

Steel 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

1038H max 58 55 49 37 30 28 27 26 25 25 . . . 24 . . . 23 . . . 21 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1038H min 51 34 26 23 22 21 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1045H max 62 59 52 38 33 32 31 30 29 29 . . . 28 . . . 27 . . . 26 . . . 25 . . . 23 . . . 22 . . . 21 . . . . . . . . . . . . . . . . . . . . . . . .

1045H min 55 42 31 28 26 25 25 24 23 22 . . . 21 . . . 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1522H max 50 47 45 39 34 30 27 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1522H min 41 32 22 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1524H max 51 48 45 39 35 32 29 27 26 25 . . . 23 . . . 22 . . . 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1524H min 42 38 29 22 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1526H max 53 49 46 39 33 30 27 26 24 24 . . . 23 . . . 22 . . . 21 . . . 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1526H min 44 38 26 21 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1541H max 60 59 57 55 52 48 44 39 35 33 . . . 32 . . . 31 . . . 30 . . . 30 . . . 29 . . . 28 . . . 26 . . . . . . . . . . . . . . . . . . . . . . . .

1541H min 53 50 44 38 32 27 25 23 23 22 . . . 21 . . . 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

15B21H max 48 47 46 44 40 35 27 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

15B21H min 41 40 38 30 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

15B28H max 53 53 52 51 51 50 49 48 46 43 40 37 34 31 30 29 . . . 27 . . . 25 . . . 25 . . . 24 . . . 23 . . . 22 . . . 21 . . . 20
15B28H min 47 47 46 45 42 32 25 21 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

15B30H max 55 53 52 51 50 48 43 38 33 29 27 26 25 24 23 22 . . . 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

15B30H min 48 47 46 44 32 22 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

15B35H max 58 56 55 54 53 51 47 41 . . . 30 . . . 27 . . . 26 . . . 25 . . . . . . . . . 24 . . . . . . . . . 22 . . . . . . . . . 20 . . . . . . . . . . . .

15B35H min 51 50 49 48 39 28 24 22 . . . 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

15B37H max 58 56 55 54 53 52 51 50 . . . 45 . . . 40 . . . 33 . . . 29 . . . . . . . . . 27 . . . . . . . . . 25 . . . . . . . . . 23 . . . . . . . . . 21
15B37H min 50 50 49 48 43 37 33 26 . . . 22 . . . 21 . . . 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

15B41H max 60 59 59 58 58 57 57 56 55 55 54 53 52 51 50 49 . . . 46 . . . 42 . . . 39 . . . 36 . . . 34 . . . 33 . . . 31 . . . 31
15B41H min 53 52 52 51 51 50 49 48 44 37 32 28 26 25 25 24 . . . 23 . . . 22 . . . 21 . . . 21 . . . 20 . . . . . . . . . . . . . . . . . .

15B48H max 63 62 62 61 60 59 58 57 56 55 53 51 48 45 41 38 . . . 34 . . . 32 . . . 31 . . . 30 . . . 29 . . . 29 . . . 28 . . . 28
15B48H min 56 56 55 54 53 52 42 34 31 30 29 28 27 27 26 26 . . . 25 . . . 24 . . . 23 . . . 22 . . . 21 . . . 20 . . . . . . . . . . . .

15B62H max . . . . . . . . . . . . 65 65 64 64 64 63 63 63 62 62 61 60 . . . 58 . . . 54 . . . 48 . . . 43 . . . 40 . . . 37 . . . 35 . . . 34
15B62H min 60 60 60 60 59 58 57 52 43 39 37 35 35 34 33 33 . . . 32 . . . 31 . . . 30 . . . 30 . . . 29 . . . 28 . . . 27 . . . 26
1330H max 56 56 55 53 52 50 48 45 43 42 40 39 38 37 36 35 . . . 34 . . . 33 . . . 32 . . . 31 . . . 31 . . . 31 . . . 30 . . . 30
1330H min 49 47 44 40 35 31 28 26 25 23 22 21 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1340H max 60 60 59 58 57 56 55 54 52 51 50 48 46 44 42 41 . . . 39 . . . 38 . . . 37 . . . 36 . . . 35 . . . 35 . . . 34 . . . 34
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Table 7 (Continued)

Jominy position, 1=16 in.

Steel 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

1340H min 53 52 51 49 46 40 35 33 31 29 28 27 26 25 25 24 . . . 23 . . . 23 . . . 22 . . . 22 . . . 21 . . . 21 . . . 20 . . . 20
1345H max 63 63 62 61 61 60 60 59 58 57 56 55 54 53 52 51 . . . 49 . . . 48 . . . 47 . . . 46 . . . 45 . . . 45 . . . 45 . . . 45
1345H min 56 56 55 54 51 44 38 35 33 32 31 30 29 29 28 28 . . . 27 . . . 27 . . . 26 . . . 26 . . . 25 . . . 25 . . . 24 . . . 24
3310H(a) max 43 43 42 42 42 42 41 41 41 40 40 40 39 39 38 38 . . . 37 . . . 37 . . . 37 . . . 36 . . . 36 . . . 36 . . . 35 . . . 35
3310H(a) min 36 36 35 35 34 33 32 31 30 30 29 29 28 28 27 27 . . . 26 . . . 26 . . . 26 . . . 26 . . . 25 . . . 25 . . . 25 . . . 25
3316H(a) max 47 47 47 46 46 46 45 45 45 45 45 45 45 44 44 44 . . . 44 . . . 43 . . . 43 . . . 43 . . . 42 . . . 42 . . . 42 . . . 41
3316H(a) min 40 39 38 38 37 37 36 35 34 33 33 32 32 32 31 31 . . . 31 . . . 31 . . . 31 . . . 31 . . . 31 . . . 30 . . . 30 . . . 30
4028H max 52 50 46 40 34 30 28 26 25 25 24 23 23 22 22 21 . . . 21 . . . 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4028H min 45 40 31 25 22 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4032H max 57 54 51 46 39 34 31 29 28 26 26 25 24 24 23 23 . . . 23 . . . 22 . . . 22 . . . 21 . . . 21 . . . 20 . . . . . . . . . . . .

4032H min 50 45 36 29 25 23 22 21 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4037H max 59 57 54 51 45 38 34 32 30 29 28 27 26 26 26 25 . . . 25 . . . 25 . . . 25 . . . 24 . . . 24 . . . 24 . . . 23 . . . 23
4037H min 52 49 42 35 30 26 23 22 21 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4042H max 62 60 58 55 50 45 39 36 34 33 32 31 30 30 29 29 . . . 28 . . . 28 . . . 28 . . . 27 . . . 27 . . . 27 . . . 26 . . . 26
4042H min 55 52 48 40 33 29 27 26 25 24 24 23 23 23 22 22 . . . 21 . . . 20 . . . 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4047H max 64 62 60 58 55 52 47 43 40 38 37 35 34 33 33 32 . . . 31 . . . 30 . . . 30 . . . 30 . . . 30 . . . 29 . . . 29 . . . 29
4047H min 57 55 50 42 35 32 30 28 28 27 26 26 25 25 25 25 . . . 24 . . . 24 . . . 23 . . . 23 . . . 22 . . . 22 . . . 21 . . . 21
4118H max 48 46 41 35 31 28 27 25 24 23 22 21 21 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4118H min 41 36 27 23 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4120H max 48 47 44 41 37 34 32 30 29 28 27 26 25 25 24 24 . . . 23 . . . 23 . . . 23 . . . 23 . . . 23 . . . 22 . . . 22 . . . 22
4120H min 41 37 32 37 23 21 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4130H max 56 55 53 51 49 47 44 42 40 38 36 35 34 34 33 33 . . . 32 . . . 32 . . . 32 . . . 31 . . . 31 . . . 30 . . . 30 . . . 29
4130H min 49 46 42 38 34 31 29 27 26 26 25 25 24 24 23 23 . . . 22 . . . 21 . . . 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4135H max 58 58 57 56 56 55 54 53 52 51 50 49 48 47 46 45 . . . 44 . . . 42 . . . 41 . . . 40 . . . 39 . . . 38 . . . 38 . . . 37
4135H min 51 50 49 48 47 45 42 40 38 36 34 33 32 31 30 30 . . . 29 . . . 28 . . . 27 . . . 27 . . . 27 . . . 26 . . . 26 . . . 26
4137H max 59 59 58 58 57 57 56 55 55 54 53 52 51 50 49 48 . . . 46 . . . 45 . . . 44 . . . 43 . . . 42 . . . 42 . . . 41 . . . 41
4137H min 52 51 50 49 49 48 45 43 40 39 37 36 35 34 33 33 . . . 32 . . . 31 . . . 30 . . . 30 . . . 30 . . . 29 . . . 29 . . . 29
4140H max 60 60 60 59 59 58 58 57 57 56 56 55 55 54 54 53 . . . 52 . . . 51 . . . 49 . . . 48 . . . 47 . . . 46 . . . 45 . . . 44
4140H min 53 53 52 51 51 50 48 47 44 42 40 39 38 37 36 35 . . . 34 . . . 33 . . . 33 . . . 32 . . . 32 . . . 31 . . . 31 . . . 30
4142H max 62 62 62 61 61 61 60 60 60 59 59 58 58 57 57 56 . . . 55 . . . 54 . . . 53 . . . 53 . . . 52 . . . 51 . . . 51 . . . 50
4142H min 55 55 54 53 53 52 51 50 49 47 46 44 42 41 40 39 . . . 37 . . . 36 . . . 35 . . . 34 . . . 34 . . . 34 . . . 33 . . . 33
4145H max 63 63 62 62 62 61 61 61 60 60 60 59 59 59 58 58 . . . 57 . . . 57 . . . 56 . . . 55 . . . 55 . . . 55 . . . 55 . . . 54
4145H min 56 55 55 54 53 53 52 52 51 50 49 48 46 45 43 42 . . . 40 . . . 38 . . . 37 . . . 36 . . . 35 . . . 35 . . . 34 . . . 34
4147H max 64 64 64 64 63 63 63 63 63 62 62 62 61 61 60 60 . . . 59 . . . 59 . . . 58 . . . 57 . . . 57 . . . 57 . . . 56 . . . 56
4147H min 57 57 56 56 55 55 55 54 54 53 52 51 49 48 46 45 . . . 42 . . . 40 . . . 39 . . . 38 . . . 37 . . . 37 . . . 37 . . . 36
4150H max 65 65 65 65 65 65 65 64 64 64 64 63 63 62 62 62 . . . 61 . . . 60 . . . 59 . . . 59 . . . 58 . . . 58 . . . 58 . . . 58
4150H min 59 59 59 58 58 57 57 56 56 55 54 53 51 50 48 47 . . . 45 . . . 43 . . . 41 . . . 40 . . . 39 . . . 38 . . . 38 . . . 38
4161H max 65 65 65 65 65 65 65 65 65 65 65 64 64 64 64 64 . . . 64 . . . 63 . . . 63 . . . 63 . . . 63 . . . 63 . . . 63 . . . 63
4161H min 60 60 60 60 60 60 60 60 59 59 59 59 58 58 57 56 . . . 55 . . . 63 . . . 50 . . . 48 . . . 45 . . . 43 . . . 42 . . . 41
4320H max 48 47 45 43 41 38 36 34 33 31 30 29 28 27 27 26 . . . 25 . . . 25 . . . 24 . . . 24 . . . 24 . . . 24 . . . 24 . . . 24
4320H min 41 38 35 32 29 27 25 23 22 21 20 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4340H max 60 60 60 60 60 60 60 60 60 60 59 59 59 58 58 58 . . . 58 . . . 57 . . . 57 . . . 57 . . . 57 . . . 56 . . . 56 . . . 56
4340H min 53 53 53 53 53 53 53 52 52 52 51 51 50 49 49 48 . . . 48 . . . 46 . . . 45 . . . 44 . . . 43 . . . 42 . . . 41 . . . 40
E4340H max 60 60 60 60 60 60 60 60 60 60 60 60 60 59 59 59 . . . 58 . . . 58 . . . 58 . . . 57 . . . 57 . . . 57 . . . 57 . . . 57
E4340H min 53 53 53 53 53 53 53 53 53 53 53 52 52 52 52 51 . . . 51 . . . 50 . . . 49 . . . 48 . . . 47 . . . 46 . . . 45 . . . 44
4620H max 48 45 42 39 34 31 29 27 26 25 24 23 22 22 22 21 . . . 21 . . . 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4620H min 41 35 27 24 21 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4626H(a) max 51 48 41 33 29 27 25 24 23 22 22 21 21 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4626H(a) min 45 36 29 24 21 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4718H max 47 47 45 43 40 37 35 33 32 31 30 29 29 28 27 27 . . . 27 . . . 26 . . . 26 . . . 25 . . . 25 . . . 24 . . . 24 . . . 24
4718H min 40 40 38 33 29 27 25 24 23 22 22 21 21 21 20 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4720H max 48 47 43 39 35 32 29 28 27 26 25 24 24 23 23 22 . . . 21 . . . 21 . . . 21 . . . 20 . . . . . . . . . . . . . . . . . . . . . . . .

4720H min 41 39 31 27 23 21 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4815H max 45 44 44 42 41 39 37 35 33 31 30 29 28 28 27 27 . . . 26 . . . 25 . . . 24 . . . 24 . . . 24 . . . 23 . . . 23 . . . 23
4815H min 38 37 34 30 27 24 22 21 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4817H max 46 46 45 44 42 41 39 37 35 33 32 31 30 29 28 28 . . . 27 . . . 26 . . . 25 . . . 25 . . . 25 . . . 25 . . . 24 . . . 24
4817H min 39 38 35 32 29 27 25 23 22 21 20 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4820H max 48 48 47 46 45 43 42 40 39 37 36 35 34 33 32 31 . . . 29 . . . 28 . . . 28 . . . 27 . . . 27 . . . 26 . . . 26 . . . 25
4820H min 41 40 39 38 34 31 29 27 26 25 24 23 22 22 21 21 . . . 20 . . . 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

50B40H max 60 60 59 59 58 58 57 57 56 55 53 51 49 47 44 41 . . . 38 . . . 36 . . . 35 . . . 34 . . . 33 . . . 32 . . . 30 . . . 29
50B40H min 53 53 52 51 50 48 44 39 34 31 29 28 27 26 25 25 . . . 23 . . . 21 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

50B44H max 63 63 62 62 61 61 60 60 59 58 57 56 54 52 50 48 . . . 44 . . . 40 . . . 38 . . . 37 . . . 36 . . . 35 . . . 34 . . . 33
50B44H min 56 56 55 55 54 52 48 43 38 34 31 30 29 29 28 27 . . . 26 . . . 24 . . . 23 . . . 21 . . . 20 . . . . . . . . . . . . . . . . . .

5046H max 63 62 60 56 52 46 39 35 34 33 33 32 32 31 31 30 . . . 29 . . . 28 . . . 27 . . . 26 . . . 25 . . . 24 . . . 23 . . . 23
5046H min 56 55 45 32 28 27 26 25 24 24 23 23 22 22 21 21 . . . 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

50B46H max 63 62 61 60 59 58 57 56 54 51 47 43 40 38 37 36 . . . 35 . . . 34 . . . 33 . . . 32 . . . 31 . . . 30 . . . 29 . . . 28
50B46H min 56 54 52 50 41 32 31 30 29 28 27 26 26 25 25 24 . . . 23 . . . 22 . . . 21 . . . 20 . . . . . . . . . . . . . . . . . . . . . . . .

50B50H max 65 65 64 64 63 63 62 62 61 60 60 59 58 57 56 54 . . . 50 . . . 47 . . . 44 . . . 41 . . . 39 . . . 38 . . . 37 . . . 36
50B50H min 59 59 58 57 56 55 52 47 42 37 35 33 32 31 30 29 . . . 28 . . . 27 . . . 26 . . . 25 . . . 24 . . . 22 . . . 21 . . . 20
50B60H max . . . . . . . . . . . . . . . . . . . . . 65 65 64 64 64 63 63 63 62 . . . 60 . . . 58 . . . 55 . . . 53 . . . 51 . . . 49 . . . 47 . . . 44
50B60H min 60 60 60 60 60 59 57 53 47 42 39 37 36 35 34 34 . . . 33 . . . 31 . . . 30 . . . 29 . . . 28 . . . 27 . . . 26 25
5120H max 48 46 41 36 33 30 28 27 25 24 23 22 21 21 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5120H min 40 34 28 23 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5130H max 56 55 53 51 49 47 45 42 40 38 37 36 35 34 34 33 . . . 32 . . . 31 . . . 30 . . . 29 . . . 27 . . . 26 . . . 25 . . . 24
5130H min 49 46 42 39 35 32 30 28 26 25 23 22 21 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5132H max 57 56 54 52 50 48 45 42 40 38 37 36 35 34 34 33 . . . 32 . . . 31 . . . 30 . . . 29 . . . 28 . . . 27 . . . 26 . . . 25
5132H min 50 47 43 40 35 32 29 27 25 24 23 22 21 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5135H max 58 57 56 55 54 52 50 47 45 43 41 40 39 38 37 37 . . . 36 . . . 35 . . . 34 . . . 33 . . . 32 . . . 32 . . . 31 . . . 30
5135H min 51 49 47 43 38 35 32 30 28 27 25 24 23 22 21 21 . . . 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5140H max 60 59 58 57 56 54 52 50 48 46 45 43 42 40 39 38 . . . 37 . . . 36 . . . 35 . . . 34 . . . 34 . . . 33 . . . 33 . . . 32
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Table 7 (Continued)

Jominy position, 1=16 in.

Steel 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

5140H min 53 52 50 48 43 38 35 33 31 30 29 28 27 27 26 25 . . . 24 . . . 23 . . . 21 . . . 20 . . . . . . . . . . . . . . . . . . . . . . . .

5147H max 64 64 63 62 62 61 61 60 60 59 59 58 58 57 57 56 . . . 55 . . . 54 . . . 53 . . . 52 . . . 51 . . . 50 . . . 49 . . . 48
5147H min 57 56 55 54 53 52 49 45 40 37 35 34 33 32 32 31 . . . 30 . . . 29 . . . 27 . . . 26 . . . 25 . . . 24 . . . 22 . . . 21
5150H max 65 65 64 63 62 61 60 59 58 56 55 53 51 50 48 47 . . . 45 . . . 43 . . . 42 . . . 41 . . . 40 . . . 39 . . . 39 . . . 38
5150H min 59 58 57 56 53 49 42 38 36 34 33 32 31 31 30 30 . . . 29 . . . 28 . . . 27 . . . 26 . . . 25 . . . 24 . . . 23 . . . 22
5155H max . . . 65 64 64 63 63 62 62 61 60 59 57 55 52 51 49 . . . 47 . . . 45 . . . 44 . . . 43 . . . 42 . . . 41 . . . 41 . . . 40
5155H min 60 59 58 57 55 52 47 41 37 36 35 34 34 33 33 32 . . . 31 . . . 31 . . . 30 . . . 29 . . . 28 . . . 27 . . . 26 . . . 25
5160H max . . . . . . . . . 65 65 64 64 63 62 61 60 59 58 56 54 52 . . . 48 . . . 47 . . . 46 . . . 45 . . . 44 . . . 43 . . . 43 . . . 42
5160H min 60 60 60 59 58 56 52 47 42 39 37 36 35 35 34 34 . . . 33 . . . 32 . . . 31 . . . 30 . . . 29 . . . 28 . . . 28 . . . 27
51B60H max . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 65 64 64 63 . . . 61 . . . 59 . . . 57 . . . 55 . . . 53 . . . 51 . . . 49 . . . 47
51B60H min 60 60 60 60 60 59 58 57 54 50 44 41 40 39 38 37 . . . 36 . . . 34 . . . 33 . . . 31 . . . 30 . . . 28 . . . 27 . . . 25
6118H max 46 44 38 33 30 28 27 26 26 25 25 24 24 23 23 22 . . . 22 . . . 21 . . . 21 . . . 20 . . . . . . . . . . . . . . . . . . . . . . . .

6118H min 39 36 28 24 22 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

6150H max 65 65 64 64 63 63 62 61 61 60 59 58 57 55 54 52 . . . 50 . . . 48 . . . 47 . . . 46 . . . 45 . . . 44 . . . 43 . . . 42
6150H min 59 58 57 56 55 53 50 47 43 41 39 38 37 36 35 35 . . . 34 . . . 32 . . . 31 . . . 30 . . . 29 . . . 27 . . . 26 . . . 25
81B45H max 63 63 63 63 63 63 62 62 61 60 60 59 58 57 57 56 . . . 55 . . . 53 . . . 52 . . . 50 . . . 49 . . . 47 . . . 45 . . . 43
81B45H min 56 56 56 56 55 54 53 51 48 44 41 39 38 37 36 35 . . . 34 . . . 32 . . . 31 . . . 30 . . . 29 . . . 28 . . . 28 . . . 27
8617H max 46 44 41 38 34 31 28 27 26 25 24 23 23 22 22 21 . . . 21 . . . 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

8617H min 39 33 27 24 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

8620H max 48 47 44 41 37 34 32 30 29 28 27 26 25 25 24 24 . . . 23 . . . 23 . . . 23 . . . 23 . . . 23 . . . 22 . . . 22 . . . 22
8620H min 41 37 32 27 23 21 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

8622H max 50 49 47 44 40 37 34 32 31 30 29 28 27 26 26 25 . . . 25 . . . 24 . . . 24 . . . 24 . . . 24 . . . 24 . . . 24 . . . 24
8622H min 43 49 34 30 26 24 22 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

8625H max 52 51 48 46 43 40 37 35 33 32 31 30 29 28 28 27 . . . 27 . . . 26 . . . 26 . . . 26 . . . 26 . . . 25 . . . 25 . . . 25
258625H min 45 41 36 32 29 27 25 23 22 21 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

8627H max 54 52 50 48 45 43 40 38 36 34 33 32 31 30 30 29 . . . 28 . . . 28 . . . 28 . . . 27 . . . 27 . . . 27 . . . 27 . . . 27
8627H min 47 43 38 35 32 29 27 26 24 24 23 22 21 21 20 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

8630H max 56 55 54 52 50 47 44 41 39 37 35 34 33 33 32 31 . . . 30 . . . 30 . . . 29 . . . 29 . . . 29 . . . 29 . . . 29 . . . 29
8630H min 49 46 43 39 35 32 29 28 27 26 25 24 23 22 22 21 . . . 21 . . . 20 . . . 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

86B30H max 56 55 55 55 54 54 53 53 52 52 52 51 51 50 50 49 . . . 48 . . . 47 . . . 45 . . . 44 . . . 43 . . . 41 . . . 40 . . . 39
86B30H min 49 49 48 48 48 48 48 47 46 44 42 40 39 38 36 35 . . . 34 . . . 32 . . . 31 . . . 29 . . . 28 . . . 27 . . . 26 . . . 25
8637H max 59 58 58 57 56 55 54 53 51 49 47 46 44 43 41 40 . . . 39 . . . 37 . . . 36 . . . 36 . . . 35 . . . 35 . . . 35 . . . 35
8637H min 52 51 50 48 45 42 39 36 34 32 31 30 29 28 27 26 . . . 25 . . . 25 . . . 24 . . . 24 . . . 24 . . . 24 . . . 23 . . . 23
8640H max 60 60 60 59 59 58 57 55 54 52 50 49 47 45 44 42 . . . 41 . . . 39 . . . 38 . . . 38 . . . 37 . . . 37 . . . 37 . . . 37
8640H min 53 53 52 51 49 46 42 39 36 34 32 31 30 29 28 28 . . . 26 . . . 26 . . . 25 . . . 25 . . . 24 . . . 24 . . . 24 . . . 24
8642H max 62 62 62 61 61 60 59 58 57 55 54 52 50 49 48 46 . . . 44 . . . 42 . . . 41 . . . 40 . . . 40 . . . 39 . . . 39 . . . 39
8642H min 55 54 53 52 50 48 45 42 39 37 34 33 32 31 30 29 . . . 28 . . . 28 . . . 27 . . . 27 . . . 26 . . . 26 . . . 26 . . . 26
8645H max 63 63 63 63 62 61 61 60 59 58 56 55 54 52 51 49 . . . 47 . . . 45 . . . 43 . . . 42 . . . 42 . . . 41 . . . 41 . . . 41
8645H min 56 56 55 54 52 50 48 45 41 39 37 35 34 33 32 31 . . . 30 . . . 29 . . . 28 . . . 28 . . . 27 . . . 27 . . . 27 . . . 27
86B45H max 63 63 62 62 62 61 61 60 60 60 59 59 59 59 58 58 . . . 58 . . . 58 . . . 57 . . . 57 . . . 57 . . . 57 . . . 56 . . . 56
86B45H min 56 56 55 54 54 53 52 52 51 51 50 50 49 48 46 45 . . . 42 . . . 39 . . . 37 . . . 35 . . . 34 . . . 32 . . . 32 . . . 31
8650H max 65 65 65 64 64 63 63 62 61 60 60 59 58 58 57 56 . . . 55 . . . 53 . . . 52 . . . 50 . . . 49 . . . 47 . . . 46 . . . 45
8650H min 59 58 57 57 56 54 53 50 47 44 41 39 37 36 35 34 . . . 33 . . . 32 . . . 31 . . . 31 . . . 30 . . . 30 . . . 29 . . . 29
8655H max . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 65 64 64 63 63 62 . . . 61 . . . 60 . . . 59 . . . 58 . . . 57 . . . 56 . . . 55 . . . 53
8655H min 60 59 59 58 57 56 55 54 52 49 46 43 41 40 39 38 . . . 37 . . . 35 . . . 34 . . . 34 . . . 33 . . . 33 . . . 32 . . . 32
8660H max . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 . . . 64 . . . 64 . . . 63 . . . 62 . . . 62 . . . 61 . . . 60 . . . 60
8660H min 60 60 60 60 60 59 58 57 55 53 50 47 45 44 43 42 . . . 40 . . . 39 . . . 38 . . . 37 . . . 36 . . . 36 . . . 35 . . . 35
8720H max 48 47 45 42 38 35 33 31 30 29 28 27 26 26 25 25 . . . 24 . . . 24 . . . 23 . . . 23 . . . 23 . . . 23 . . . 22 . . . 22
8720H min 41 38 35 30 26 24 22 21 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

8740H max 60 60 60 60 59 58 57 56 55 53 52 50 49 48 46 45 . . . 43 . . . 42 . . . 41 . . . 40 . . . 39 . . . 39 . . . 38 . . . 38
8740H min 53 53 52 51 49 46 43 40 37 35 34 32 31 31 30 29 . . . 28 . . . 28 . . . 27 . . . 27 . . . 27 . . . 27 . . . 26 . . . 26
8822H max 50 49 48 46 43 40 37 35 34 33 32 31 31 30 30 29 . . . 29 . . . 28 . . . 27 . . . 27 . . . 27 . . . 27 . . . 27 . . . 27
8822H min 43 42 39 33 29 27 25 24 24 23 23 22 22 22 21 21 . . . 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

9260H max . . . . . . 65 64 63 62 60 58 55 52 49 47 45 43 42 40 . . . 38 . . . 37 . . . 36 . . . 36 . . . 35 . . . 35 . . . 35 . . . 34
9260H min 60 60 57 53 46 41 38 36 36 35 34 34 33 33 32 32 . . . 31 . . . 31 . . . 30 . . . 30 . . . 29 . . . 29 . . . 28 . . . 28
9310H max 43 43 43 42 42 42 42 41 40 40 39 38 37 36 36 35 . . . 35 . . . 35 . . . 34 . . . 34 . . . 34 . . . 34 . . . 33 . . . 33
9310H min 36 35 35 34 32 31 30 29 28 27 27 26 26 26 26 26 . . . 26 . . . 25 . . . 25 . . . 25 . . . 25 . . . 25 . . . 24 . . . 24
94B15H max 45 45 44 44 43 42 40 38 36 34 33 31 30 29 28 27 . . . 26 . . . 25 . . . 24 . . . 23 . . . 23 . . . 22 . . . 22 . . . 22
94B15H min 38 38 37 36 32 28 25 23 21 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

94B17H max 46 46 45 45 44 43 42 41 40 38 36 34 33 32 31 30 . . . 28 . . . 27 . . . 26 . . . 25 . . . 24 . . . 24 . . . 23 . . . 23
94B17H min 39 39 38 37 34 29 26 24 23 21 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

94B30H max 56 56 55 55 54 54 53 53 52 52 51 51 50 49 48 46 . . . 44 . . . 42 . . . 40 . . . 38 . . . 37 . . . 35 . . . 34 . . . 34
94B30H min 49 49 48 48 47 46 44 42 39 37 34 32 30 29 28 27 . . . 25 . . . 24 . . . 23 . . . 23 . . . 22 . . . 21 . . . 21 . . . 20
15B21RH max 47 46 44 42 37 30 24 22 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

15B21RH min 42 41 39 33 24 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

15B35RH max 57 55 54 53 50 46 42 36 32 28 . . . 25 . . . 24 . . . 23 . . . . . . . . . 22 . . . . . . . . . 20 . . . . . . . . . . . . . . . . . . . . . . . .

15B35RH min 52 51 50 49 41 33 28 24 23 21 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

3310RH max 42 42 42 41 41 41 40 40 39 39 39 39 38 38 37 37 . . . 36 . . . 36 . . . 35 . . . 35 . . . 35 . . . 34 . . . 34 . . . 34
3310RH min 37 37 37 36 36 35 33 33 32 32 31 31 30 30 29 29 . . . 28 . . . 28 . . . 27 . . . 27 . . . 27 . . . 26 . . . 26 . . . 26
4027RH max 51 48 43 37 32 28 26 24 23 22 22 21 21 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4027RH min 46 42 34 28 24 22 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4118RH max 47 44 38 33 29 27 25 24 23 22 21 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4118RH min 42 38 30 25 22 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4120RH max 47 45 41 38 34 31 29 28 26 25 24 23 23 22 22 21 . . . 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4120RH min 42 39 35 30 26 24 22 21 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4130RH max 55 54 52 49 46 44 41 39 37 35 33 32 32 31 31 31 . . . 30 . . . 30 . . . 30 . . . 29 . . . 29 . . . 28 . . . 28 . . . 27
4130RH min 50 48 44 40 36 34 32 30 28 27 26 26 26 25 25 25 . . . 24 . . . 23 . . . 23 . . . 22 . . . 22 . . . 21 . . . 21 . . . 20
4140RH max 59 59 59 59 58 57 56 55 54 53 52 52 51 50 50 49 . . . 48 . . . 47 . . . 46 . . . 45 . . . 44 . . . 43 . . . 42 . . . 41
4140RH min 54 54 54 53 52 51 50 49 48 46 44 43 42 41 40 39 . . . 38 . . . 37 . . . 37 . . . 36 . . . 35 . . . 35 . . . 34 . . . 33
4145RH max 62 62 61 61 60 60 59 59 58 58 58 57 57 56 56 55 . . . 54 . . . 53 . . . 52 . . . 51 . . . 51 . . . 50 . . . 50 . . . 49

(continued)
(a) Formerly standard steels
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Table 7 (Continued)

Jominy position, 1=16 in.

Steel 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32

4145RH min 57 57 56 56 55 55 54 53 52 52 51 50 49 48 47 46 . . . 44 . . . 43 . . . 42 . . . 40 . . . 40 . . . 39 . . . 38 . . . 37
4161RH max 65 65 65 65 65 65 65 65 65 65 65 64 64 64 63 63 . . . 62 . . . 62 . . . 61 . . . 60 . . . 59 . . . 58 . . . 57 . . . 57
4161RH min 60 60 60 60 60 60 60 60 60 60 60 59 59 59 58 57 . . . 56 . . . 54 . . . 53 . . . 51 . . . 49 . . . 47 . . . 46 . . . 45
4320RH max 47 46 44 41 39 36 34 32 31 29 28 26 25 24 24 23 . . . 22 . . . 22 . . . 21 . . . 21 . . . 21 . . . 21 . . . 21 . . . 21
4320RH min 42 40 37 34 31 29 27 25 24 23 22 21 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4620RH max 47 44 40 37 32 29 27 25 24 23 22 21 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4620RH min 42 37 30 27 24 21 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4820RH max 47 47 46 45 43 41 40 38 36 35 34 33 32 31 30 29 . . . 28 . . . 27 . . . 26 . . . 25 . . . 25 . . . 25 . . . 24 . . . 23
4820RH min 42 42 41 40 36 33 32 30 28 27 26 25 24 24 23 23 . . . 22 . . . 22 . . . 21 . . . 20 . . . 20 . . . . . . . . . . . . . . . . . .

50B40RH max 59 59 58 58 57 56 55 54 52 50 49 47 45 44 41 38 . . . 36 . . . 34 . . . 33 . . . 32 . . . 31 . . . 30 . . . 29 . . . 28
50B40RH min 54 54 53 53 52 50 47 43 38 35 33 32 31 30 29 28 . . . 26 . . . 24 . . . 23 . . . 22 . . . 21 . . . 20 . . . . . . . . . . . .

5130RH max 55 53 51 49 46 44 42 39 37 35 34 33 32 31 30 29 . . . 28 . . . 27 . . . 26 . . . 25 . . . 24 . . . 23 . . . 22 . . . 21
5130RH min 50 47 44 41 37 35 33 31 29 27 26 25 24 23 22 21 . . . 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5140RH max 59 58 57 55 53 51 48 46 44 43 41 40 39 37 36 35 . . . 34 . . . 33 . . . 32 . . . 31 . . . 30 . . . 30 . . . 29 . . . 29
5140RH min 54 53 51 49 45 41 38 36 34 33 32 31 30 29 28 27 . . . 26 . . . 25 . . . 24 . . . 23 . . . 22 . . . 21 . . . 20 . . . . . .

5160RH max 65 65 65 65 64 63 62 60 58 56 55 53 51 50 48 47 . . . 44 . . . 43 . . . 42 . . . 41 . . . 40 . . . 39 . . . 39 . . . 38
5160RH min 60 60 60 59 58 57 54 50 45 42 40 39 38 37 36 36 . . . 35 . . . 34 . . . 33 . . . 32 . . . 31 . . . 30 . . . 29 . . . 29
8620RH max 47 45 41 38 34 31 29 28 26 25 24 23 23 22 22 21 . . . 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

8620RH min 42 39 35 30 26 24 22 21 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

8622RH max 49 47 45 41 38 35 32 30 29 28 27 26 25 24 24 23 . . . 23 . . . 22 . . . 22 . . . 22 . . . 22 . . . 22 . . . 22 . . . 22
8622RH min 44 41 37 32 29 27 24 22 21 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

8720RH max 47 45 43 40 36 33 31 29 28 27 26 25 25 24 24 23 . . . 23 . . . 22 . . . 22 . . . 21 . . . 20 . . . . . . . . . . . . . . . . . .

8720RH min 42 39 37 32 28 26 24 23 22 21 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

8822RH max 49 48 47 43 40 37 35 33 32 31 30 30 29 28 28 27 . . . 27 . . . 26 . . . 26 . . . 26 . . . 26 . . . 25 . . . 25 . . . 25
8822RH min 44 43 40 35 31 29 27 26 25 25 24 23 23 23 22 22 . . . 21 . . . 20 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

9310RH max 42 42 42 41 41 40 40 39 38 37 37 36 35 34 34 33 . . . 33 . . . 32 . . . 32 . . . 32 . . . 32 . . . 32 . . . 31 . . . 31
9310RH min 37 36 36 35 34 33 32 31 30 29 29 28 28 28 28 27 . . . 27 . . . 26 . . . 26 . . . 26 . . . 26 . . . 26 . . . 25 . . . 25

(a) Formerly standard steels

Fig. 53 Effect of carbon content on the minimum end-quench hardenability of six series of alloy H-steels. The number adjacent to each curve indicates the carbon content of the
steel, to be inserted in place of xx in alloy designation.
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(curve 5). From the point of intersection with
this curve, trace vertically to the x-axis to
determine the location on the end-quenched
bar that has the same cooling rate as the
point at half-radius in the 1½ in. round.
This location is 6:5=16 from the quenched end
of the bar. Then turn to the section of Table
8 that gives the location of 45 HRC on the
end-quenched bar for the various H-steels. Here
it is found that four steels will produce 45 HRC
at 6:5=16 from the end of the bar: 8640, 8740,
5150, and 94B30. If some additional harden-
ability is not undesirable, steels that will pro-
duce 45 HRC at 7=16 can be included—4137,
8642, 6145, and 50B40. Steel 9261 is also in
the same category, but it would not be applica-
ble, because it is a spring steel used only
when the as-quenched hardness must be as high
as 50 to 55 HRC. Therefore, eight steels are
available that will meet the hardenability
requirements of the stipulated specification.
From knowledge of other characteristics of
these steels, including machinability, forge-
ability, crackability, distortion, availability,
and cost, the selector can decide which of
these eight will be the most desirable for
the part in question.Fig. 54 Effect of carbon content on ideal critical diameter, calculated for the minimum chemical composition of

each grade

Table 8 Classification of H-steels according to minimum hardness at various distances from quenched end

Distance from
quenched end, 1=16 in.

H-steels with a minimum hardenability curve
that intersects the specified hardness at the

indicated distance from the quenched end of the
hardenability specimen

Typical values(a) obtained by the use of Fig. 34 bar diameter (in.) for equivalent cooling rate at:

Three-quarter-radius Half-radius Center

Oil at 200 sfm;
H = 0.5

Water at 200 sfm;
H = 1.5

Oil at 200 sfm;
H = 0.5

Water at
200 sfm; H = 1.5

Oil at 200 sfm;
H = 0.5

Water at
200 sfm; H = 1.5

30 HRC
2½ 8617, 4118, 4620, 5120, 1038, 1522, 4419 0.4 1.5 . . . 1.1 . . . 0.8
3 4812, 4027, 1042, 1045, 1146, 1050, 1524,

1526, 4028, 6118
0.6 1.8 . . . 1.2 0.3 0.95

3½ 4720, 6120, 8620, 4032 0.7 2.05 0.5 1.4 0.45 1.1
4 4815, 8720, 4621, 8622, 1050(b) 0.9 2.35 0.7 1.5 0.6 1.3
4½ 46B12, 4817, 4320, 8625, 5046 1.05 2.6 0.8 1.6 0.7 1.45
5 4037, 1541, 4718, 8822 1.2 2.9 0.9 1.8 0.85 1.6
5½ 94B15, 8627, 4042, 1541, 15B35 1.4 3.2 1.1 1.9 1.0 1.7
6 94B17 . . . . . . . . . . . . . . . . . .

6½ 4820, 1330, 4130, 8630, 1141 1.7 3.8 1.4 2.2 1.25 2.0
7 9130, 5130, 5132, 4047 1.85 . . . 1.5 2.4 1.35 2.1
7½ 1335, 50B46, 15B37 2.0 . . . 1.7 2.5 1.5 2.2
8 5135 2.1 . . . 1.8 2.7 1.6 2.35
9½ 1340 2.5 . . . 2.2 3.3 1.9 2.7
10 8635, 5140, 4053, 50B40 2.6 . . . 2.3 3.4 2.0 2.8
11 4640 2.8 . . . 2.4 3.7 2.15 3.0
12 8637, 1345, 50B44, 5145, 94B30 3.05 . . . 2.6 3.9 2.3 3.2
14 50B50 . . . . . . . . . . . . . . . . . .

16 4135, 5147, 8645, 8740 3.85 . . . 3.3 . . . 2.8 3.85
20 4063 . . . . . . 3.6 . . . . . . . . .

22 4068, 50B60, 5155, 86B30, 9260 . . . . . . 3.7 . . . . . . . . .

24 4137, 5160, 6150, 81B45, 51B60, 8650 . . . . . . 3.85 . . . . . . . . .

32 4140 . . . . . . . . . . . . . . . . . .

35 HRC
1½ 8617 . . . 0.9 . . . 0.8 . . . 0.45
2 4812, 4118, 4620, 5120, 1038, 1522, 4419,

6118

. . . 1.2 . . . 0.9 . . . 0.65

2½ 4028, 4720, 8620, 4027, 1042, 1045, 1146,
1050, 1524, 1526

0.4 1.5 . . . 1.1 . . . 0.8

3 9310, 46B12, 4320, 6120, 8720, 4621,
8622, 8625, 4032, 4815

0.6 1.8 . . . 1.2 0.3 0.95

3½ 4815, 4817, 94B17, 5046, 1050(b), 4781,
8822

0.7 2.05 0.5 1.4 0.45 1.1

(continued)
(a) If based on equivalent hardness, actual bar diameter will be less. (b) High residual alloy
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Table 8 (Continued)

Distance from
quenched end, 1=16 in.

H-steels with a minimum hardenability curve
that intersects the specified hardness at the

indicated distance from the quenched end of the
hardenability specimen

Typical values(a) obtained by the use of Fig. 34 bar diameter (in.) for equivalent cooling rate at:

Three-quarter-radius Half-radius Center

Oil at 200 sfm;
H = 0.5

Water at 200 sfm;
H = 1.5

Oil at 200 sfm;
H = 0.5

Water at
200 sfm; H = 1.5

Oil at 200 sfm;
H = 0.5

Water at
200 sfm; H = 1.5

4 8627, 4037 0.9 2.35 0.7 1.5 0.6 1.3
4½ 94B15, 4042, 1541 1.05 2.6 0.8 1.6 0.7 1.45
5 4820, 1330, 4130, 5130, 8630, 5132, 1141,

50B46, 4047, 15B35, 94B17
1.2 2.9 0.9 1.8 0.85 1.6

5½ 1335 1.4 3.2 1.1 1.9 1.0 1.7
6 5135 1.55 3.5 1.2 2.1 1.1 1.85
6½ 15B37 . . . . . . . . . . . . . . . . . .

7 8635, 1340, 5140, 4053 1.85 . . . 1.5 2.4 1.35 2.1
8 4063, 1345, 5145 2.1 . . . 1.8 2.7 1.6 2.35
8½ 8637 2.2 . . . 1.9 2.9 1.7 2.45
9 4640, 4068, 50B40 2.35 . . . 2.0 3.1 1.8 2.6
9½ 8640, 50B44, 5150 2.5 . . . 2.2 3.3 1.9 2.7
10 8740, 9260 . . . . . . . . . . . . . . . . . .

10½ 4135,50B50 2.7 . . . 2.35 3.5 2.1 2.9
13 4137 3.25 . . . 2.8 . . . 2.45 3.4
16 4140, 6150, 81B45, 86B30 3.85 . . . 3.3 . . . 2.8 3.85

40 HRC
1 5120, 6120 . . . 0.65 . . . 0.6 . . . 0.3
1½ 4118, 4620, 4320, 4720, 8620, 8720, 1038,

1522, 1526, 4621

. . . 0.9 . . . 0.8 . . . 0.45

2 8622, 8625, 4027, 1045, 1524, 4028, 4718 . . . 1.2 . . . 0.9 . . . 0.65
2¼ 1146 0.3 1.3 . . . 1.0 . . . 0.7
2½ 4820, 8627, 4032, 1042, 1050 0.4 1.5 . . . 1.1 . . . 0.8
3 4037, 8822 0.6 1.8 . . . 1.2 0.3 0.95
3½ 4130, 5130, 8630, 5046, 1050(b), 1541 0.7 2.05 0.5 1.4 0.45 1.1
4 1330, 5132, 4042 0.9 2.35 0.7 1.5 0.6 1.3
4½ 5135, 1141, 4047 1.05 2.6 0.8 1.6 0.7 1.45
5 1335, 50B46, 15B35 1.2 2.9 0.9 1.8 0.85 1.6
5½ 8635, 5140, 4053, 15B37 1.4 3.2 1.1 1.9 1.0 1.7
6 1340, 9260, 4063 1.55 3.5 1.2 2.1 1.1 1.85
6½ 8637, 5145, 1345 1.7 3.8 1.4 2.2 1.25 2.0
7 4640, 4068 1.85 . . . 1.5 2.4 1.35 2.1
7½ 8640, 5150 2.0 . . . 1.7 2.5 1.5 2.2
8 4135, 8740, 50B40 2.1 . . . 1.8 2.7 1.6 2.35
8½ 6145, 9261, 50B44, 5155 2.2 . . . 1.9 2.9 1.7 2.45
9 4137, 8642, 5147, 50B50, 94B30 2.35 . . . 2.0 3.1 1.8 2.6
9½ 8742, 8645, 5160, 9262 2.5 . . . 2.2 3.3 1.9 2.7
10½ 6150, 50B60 2.7 . . . 2.35 3.5 2.1 2.9
11 4140 2.8 . . . 2.4 3.7 2.15 3.0
11½ 81B45, 8650, 5152 2.9 . . . 2.5 3.8 2.25 3.1
12 86B30 . . . . . . . . . . . . . . . . . .

13 51B60 3.25 . . . 2.8 . . . 2.45 3.4
14 8655 3.45 . . . 2.95 . . . 2.6 3.55
15 4142 3.65 . . . 3.1 . . . 2.7 3.7
15½ 8750 3.75 . . . 3.2 . . . 2.75 3.8
18 4145, 8653, 8660 . . . . . . 3.45 . . . . . . . . .

19 9840, 86B45 . . . . . . 3.45 . . . . . . . . .

20 4147 . . . . . . 3.6 . . . . . . . . .

24 4337, 4150 . . . . . . 3.85 . . . . . . . . .

32 4340 . . . . . . . . . . . . . . . . . .

36+ E4340, 9850 . . . . . . . . . . . . . . . . . .

45 HRC
1 4027, 4028, 8625 . . . . . . . . . . . . . . . . . .

1½ 8627, 1038 . . . 0.9 . . . 0.8 . . . 0.45
2 4032, 1042, 1146, 1045 . . . 1.2 . . . 0.9 . . . 0.65
2½ 4130, 5130, 8630, 4037, 1050, 5132 0.4 1.5 . . . 1.1 . . . 0.8
3 1330, 5046, 1541 0.6 1.8 . . . 1.2 0.3 0.95
3¼ 1050(b) 0.65 1.9 . . . 1.3 0.4 1.05
3½ 1335, 5135, 4042, 4047 0.7 2.05 0.5 1.4 0.45 1.1
4 8635, 1141 0.9 2.35 0.7 1.5 0.6 1.3
5 8637, 1340, 5140, 50B46, 4053, 9260,

15B37
1.2 2.9 0.9 1.8 0.85 1.6

5½ 5145, 4063 1.4 3.2 1.1 1.9 1.0 1.7
6 4135, 4640, 4068, 1345 1.55 3.5 1.2 2.1 1.1 1.85
6½ 8640, 8740, 5150, 94B30 1.7 3.8 1.4 2.2 1.25 2.0
7 4137, 8642, 6145, 9261, 50B40 1.85 . . . 1.5 2.4 1.35 2.1
7½ 8742, 50B44, 5155 2.0 . . . 1.7 2.5 1.5 2.2
8 8645, 5147 2.1 . . . 1.8 2.7 1.6 2.35
8½ 4140, 6150, 5160, 9262, 50B50 2.2 . . . 1.9 2.9 1.7 2.45
9 50B60 2.35 . . . 2.0 3.1 1.8 2.6
9½ 81B45, 8650, 86B30 2.5 . . . 2.2 3.3 1.9 2.7
10 5152 2.6 . . . 2.3 3.4 2.0 2.8
11 51B60, 8655 2.8 . . . 2.4 3.7 2.15 3.0

(continued)
(a) If based on equivalent hardness, actual bar diameter will be less. (b) High residual alloy
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Table 8 (Continued)

Distance from
quenched end, 1=16 in.

H-steels with a minimum hardenability curve
that intersects the specified hardness at the

indicated distance from the quenched end of the
hardenability specimen

Typical values(a) obtained by the use of Fig. 34 bar diameter (in.) for equivalent cooling rate at:

Three-quarter-radius Half-radius Center

Oil at 200 sfm;
H = 0.5

Water at 200 sfm;
H = 1.5

Oil at 200 sfm;
H = 0.5

Water at
200 sfm; H = 1.5

Oil at 200 sfm;
H = 0.5

Water at
200 sfm; H = 1.5

11½ 4142 2.9 . . . 2.5 3.8 2.25 3.1
12 8750 3.05 . . . 2.6 3.9 2.3 3.2
13 8653, 8660 3.25 . . . 2.8 . . . 2.45 3.4
14 9840, 4145 3.45 . . . 2.95 . . . 2.6 3.55
16 86B45, 4147 3.85 . . . 3.3 . . . 2.8 3.85
17 4337 . . . . . . 3.35 . . . . . . . . .

18 4150 . . . . . . 3.45 . . . . . . . . .

22 4340 . . . . . . 3.7 . . . . . . . . .

26 4161 . . . . . . . . . . . . . . . . . .

30 E4340 . . . . . . . . . . . . . . . . . .

36 9850 . . . . . . . . . . . . . . . . . .

50 HRC
1 4032, 5132, 1038 . . . 0.65 . . . 0.6 . . . 0.3
1½ 1335, 5135, 8635, 4037, 1042, 1146, 1045 . . . 0.9 . . . 0.8 . . . 0.45
2 4135, 1541, 15B35, 15B37 . . . 1.2 . . . 0.9 . . . 0.65
2¼ 1050(b) 0.3 1.3 . . . 1.0 . . . 0.7
2½ 4042 0.4 1.5 . . . 1.1 . . . 0.8
3 8637, 5140, 5046, 4047 0.6 1.8 . . . 1.2 0.3 0.95
3½ 4137, 1141, 1340 0.7 2.05 0.5 1.4 0.45 1.1
4 4640, 5145, 50B46 0.9 2.35 0.7 1.5 0.6 1.3
4½ 8640, 8740, 4053, 9260 1.05 2.6 0.8 1.6 0.7 1.45
5 8642, 4063, 1345, 50B40 1.2 2.9 0.9 1.8 0.85 1.6
5½ 8742, 6145, 5150, 4068 1.4 3.2 1.1 1.9 1.0 1.7
6 4140, 8645 1.55 3.5 1.2 2.1 1.1 1.85
6½ 9261, 50B44, 5155 1.7 3.8 1.4 2.2 1.25 2.0
7 5147, 6150 1.85 . . . 1.5 2.4 1.35 2.1
7½ 5160, 9262, 50B50 2.0 . . . 1.7 2.5 1.5 2.2
8 4142, 81B45, 8650 2.1 . . . 1.8 2.7 1.6 2.35
8½ 5152, 50B60 2.2 . . . 1.9 2.9 1.7 2.45
9½ 4337, 8750, 8655 2.5 . . . 2.2 3.3 1.9 2.7
10 4145, 51B60 2.6 . . . 2.3 3.4 2.0 2.8
10½ 9840 2.7 . . . 2.35 3.5 2.1 2.9
11 8653, 8660 2.8 . . . 2.4 3.7 2.15 3.0
11½ 8645 2.9 . . . 2.5 3.8 2.25 3.1
12 86B45 . . . . . . . . . . . . . . . . . .

13 4340, 4147 3.25 . . . 2.8 . . . 2.45 3.4
14 4150 3.45 . . . 2.95 . . . 2.6 3.55
20 E4340 . . . . . . 3.6 . . . . . . . . .

22 9850, 4161 . . . . . . 3.7 . . . . . . . . .

55 HRC
1 1141, 1042, 4042, 4142, 1045, 1146, 1050

(b), 8642

. . . 0.65 . . . 0.6 . . . 0.3

1½ 50B46 . . . 0.9 . . . 0.8 . . . 0.45
2 8742, 5046, 4047, 5145 . . . 1.2 . . . 0.9 . . . 0.65
2½ 6145 0.4 1.5 . . . 1.1 . . . 0.8
3 4145, 8645, 1345 0.6 1.8 . . . 1.2 0.3 0.95
3½ 86B45, 5147, 4053, 9260 0.7 2.05 0.5 1.4 0.45 1.1
4½ 5150, 4063 1.05 2.6 0.8 1.6 0.7 1.45
5 81B45, 6150, 9261, 5155 1.2 2.9 0.9 1.8 0.85 1.6
5½ 8650, 5152, 4068 1.4 3.2 1.1 1.9 1.0 1.7
6 50B50 1.55 3.5 1.2 2.1 1.1 1.85
6½ 5160, 9262 1.7 3.8 1.4 2.2 1.25 2.0
7 4147, 8750, 8655 1.85 . . . 1.5 2.4 1.35 2.1
7½ 50B60 2.0 . . . 1.7 2.5 1.5 2.2
9 8653, 51B60, 8660 2.35 . . . 2.0 3.1 1.8 2.6
9½ 4150 2.5 . . . 2.2 3.3 1.9 2.7
17 9850 . . . . . . 3.35 . . . . . . . . .

(a) If based on equivalent hardness, actual bar diameter will be less. (b) High residual alloy
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10. B. Liščić, Hardenability, Steel Heat
Treatment: Metallurgy and Technologies,
G.E. Totten, Ed., CRC Press, 2007,
p 213–276

11. L.C.F. Canale, L. Albano, G.E. Totten, and
L. Meekisho, Hardenability of Steel, Com-
prehensive Materials Processing, G.
Krauss, Ed., Elsevier Ltd., Kidlington,
U.K., 2013, p 1–63

12. W.E. Jominy and A.L. Boegehold, A Hard-
enability Test for Carburizing Steels,
Trans. ASM, Vol 26, 1938, p 574–606

13. W.E. Jominy, Hardenability Tests, Harden-
ability of Alloy Steels (Medium- and Low-
Alloy Steels up to 5% Alloy), The American
Society for Metals, 1939, p 66–94

14. J.L. Lamont, How to Estimate Hardening
Depth in Bars, Iron Age, Vol 152, Oct 14,
1943, p 64–70

15. C.E.Bates, J.HeatTreat.,Vol 6, 1988, p27–45
16. M.A. Grossmann et al., Hardenability of

Steel, Metals Handbook, American Society
for Metals, 1948, p 494

17. G.T. Brown and B.A. James, The Accurate
Measurement, Calculation and Control of
Steel Hardenability, Metall. Trans., Vol 4,
1973, p 2245–2256

18. T.F. Russell, “SomeMathematical Considera-
tions on the Heating and Cooling of Steels,”
Special Report 14, Iron and Steel Institute,
U.K., 1936, p 149–187

19. M.A. Grossmann, M.A. Asimov, and
S.F. Urban, Hardenability, Its Relation-
ship to Quenching and Some Quantitative
Data, Hardenability of Alloy Steels,
American Society for Metals, 1939,
p 237–249

20. H.W. Paxton and E.C. Bain, Alloying
Elements in Steel, American Society for
Metals, 1964

21. J.P. Holman, Heat Transfer, McGraw-Hill
Kogakusha, Ltd., Tokyo, 1976, p 114–115

22. R. Kern, Distortion and Cracking, II: Dis-
tortion from Quenching, Heat Treat.,
March 1985, p 41–45

23. D.J. Carney, Another Look at Quenchants,
Cooling Rates and Hardenability, Trans.
ASM, Vol 46, 1954, p 882–927

24. Practical Data for Metallurgists, 17th ed.,
Timken

25. Atlas: Hardenability of Carburized Steels,
Climax Molybdenum, 1960

26. C.F. Jatczak, Effect of Microstructure and
Cooling Rate on Secondary Hardening of
Cr-Mo-V Steels, Trans. ASM, Vol 58,
1965, p 195

27. R.A. Grange, Estimating the Hardenability
of Carbon Steels, Metall. Trans., Vol 4,
Oct 1973, p 2231

28. J.H. Hollomon and C. Zener, Quenching
and Hardenability of Hollow Cylinders,
Trans. ASM, Vol 33, 1944, p 1

29. I.R. Kramer, S. Siegel, and J.G. Brooks,
Factors for the Calculation of Harden-
ability, Trans. AIME, Vol 167, 1946,
p 670

30. A.R. Marder, Heat-Treated Alloy Steels,
Encyclopedia of Materials Science and
Engineering, Vol 3, M.B. Bever, Ed., Per-
gamon Press and MIT Press, 1986,
p 2111–2116

31. R.W.K. Honeycombe, Steels—Microstruc-
ture and Properties, Edward Arnold, Lon-
don, 1982

32. Heat Treating of Irons and Steels, Vol 4B,
ASM Handbook, ASM International, to be
published in 2014

33. J.S. Kirkaldy, Quantitative Prediction of
Transformation Hardening in Steels, Heat
Treating, Vol 4, ASM Handbook, ASM
International, 1991, p 20–32

34. J.S. Kirkaldy and S.E. Feldman, Optimiza-
tion of Steel Hardenability Control, J. Heat
Treat., Vol 1, 1989, p 57–64

35. G.T. Eldis, A Critical Review of Data
Sources for Isothermal and Continuous
Cooling Transformation Diagrams,
Hardenability Concepts with Applications
to Steel, D.V. Doane and J.S. Kirkaldy,
Ed., Metallurgical Society of AIME, 1978,
p 126–157

36. P. Maynier, J. Dollet, and P. Bastien, Predic-
tion of Microstructure via Empirical Formu-
lae Based on CCT Diagrams, Hardenability
Concepts with Applications to Steel, D.V.
Doane and J.S. Kirkaldy, Ed., Metallurgical
Society of AIME, 1978, p 163–178

37. M.A. Grossmann, Hardenability Calculated
from Chemical Composition, Trans. AIME,
Vol 150, 1942, p 227

38. “Hardenability Slide Rule,” U.S. Steel
Corp., 1970

39. “Hardenability Index Slide Rule,” Climax
Molybdenum Company

40. C.F. Jatczak, Determining Hardenability
from Composition, Met. Prog., Vol 100
(No. 3), Sept 1971, p 60

41. E. Just, Met. Prog., Nov 1969, p 87–88
42. J.L. Dossett, Make Sure Your Specified

Heat Treatment Is Achievable, Heat Treat.
Prog., March/April 2007, p 23

Hardness and Hardenability of Steels / 59



Hardenability Calculation of
Carbon and Low-Alloy Steels with
Low or Medium Carbon

Introduction

Hardenability of steel is the property that
determines the depth and distribution of hard-
ness induced by quenching. The extent and
depth of hardening of steel parts are critically
important material and process design para-
meters, and thus, hardenability is usually the sin-
gle most important factor in the selection of steel
for heat treated parts. It describes the ability of
steel to harden by martensite formation and is
related to parameters such as austenitizing tem-
perature, cooling rates after austenitizing, and
part size and shape. Hardenability also is often
referred to as the inverse measure of the required
quench severity, allowing production of a mar-
tensitic structure from quenching of austenitized
steel to avoid diffusion-controlled transformation
products such as pearlite and bainite.
Hardenability is a composition-dependent

property of steel, and it depends on carbon content
and other alloying elements as well as the grain
size of the austenite phase. As such, methods have
beendeveloped tocalculate hardenability from the
composition of steels. The relative importance and
influenceof the various alloying elements is calcu-
lated by determining the equivalent carbon con-
tent of the steel. One benefit of computational
hardenability is the ability to use a finite amount
of experimentally measured data (based on the
Jominy procedure alongwith grain size and chem-
istry data) to predict the hardenability behavior of
awide variety of steels. Themore practical advan-
tage of computational hardenability is its potential
in customizing a heat treatment process to suit
specific customer demands of desired hardness
profiles in a finished heat.
This article provides an overview of predic-

tive procedures to determine hardenability of
shallow-hardening, low-carbon steels, plain
carbon, and low-alloy medium-carbon steels.
Discussion of the hardenability of carburized
steels is covered in a separate article. Harden-
ability of high-carbon (carburized) steels has
some unique hardenability features that warrant
a specialized treatment (see the article “Calcula-
tion of Hardenability in High-Carbon Steels” in
this Volume). Sufficient background, detail, and
references are provided in this article to enable

the reader to adequately understand and practice
the methods discussed.
This article also provides background on the

subject of hardenability and its practice from an
experimental measurement and quantification
point of view. An overview is given on a wide
range of testing procedures used to determine
and quantify steel hardenability, ranging from
classical fracture and etching, Grossmann harden-
ability, and Jominy end-quench testing to manual
and computerized computational methods. It then
uses this as a backdrop for the implementation of
the core concepts of hardenability in a variety of
predictive tools for calculating hardenability.

Principles of
Computational
Hardenability

L.L. Meekisho, Portland State University

Continuous cooling transformations (CCTs)
are at the heart of understanding and quantifying
steel heat treatment. Hardenability is one of the
common targets of heat treatment practice. It is
defined as the ability of a ferrous material to
acquire hardness after austenitization followed
by quenching. Most heat treatment processes
involve heating steel into the austenite tempera-
ture range, then cooling it through a predeter-
mined path to achieve target transformation
products. Phase-transformation products and
their corresponding mechanical and metallurgi-
cal properties are dependent on the cooling rate.
By way of illustration, consider a eutectoid steel
subjected to two different cooling rates, as
shown in Fig. 1. In the figure, it is noteworthy
that the time scale is based on a logarithmic
scale, with which it enables the tracking of cool-
ing times in the order of hours. It is noteworthy
as well that the nearly C-shaped dashed curves
denote the start and finish loci of the pearlite
phase transformation under isothermal condi-
tions. The solid curves represent the start and

finish loci under continuous cooling conditions.
With CCTs, pearlite transformations take place
at lower temperatures and delayed times com-
pared to isothermal transformations.
The ability of a material to reach a certain hard-

ness is associatedwith the highest hardness attain-
able by that material, which in turns depends on
the carbon content of thematerial. Strictly, carbon
content here refers to the carbon dissolved in
the austenite phase following the austenitization
process, because this is the carbon that plays the
dominant role in the austenite-to-martensite trans-
formation. The term hardenability is attributed
to the definition by Krauss (Ref 2) as the relative
ability of a ferrous alloy to form martensite
when quenched from a temperature above the
upper critical temperature (Ac3), the austenitizing
temperature.
During quenching, cooling rates at the surface

are expected to be naturally higher than rates in
the core of steel parts of appreciable size. These
cooling rates are also proportional to the quench
severity or the rate of the cooling process, which
in turn determine the phase-transformation pro-
ducts. Figure 2 shows different cooling rates
associated with a eutectoid steel depicting com-
mon heat treating trajectories and associated
transformation products. The cooling path
depicted by the dashed line corresponds to the
so-called critical cooling rate. Any cooling faster
rate than the critical cooling rate (i.e., to the left of
the dashed line) produces a martensitic structure,
while slower rates produce structures that contain
some pearlite.
The theoretical concepts and practical impli-

cations of critical cooling rates and critical bar
diameters have been studied experimentally
and documented extensively by numerous stud-
ies, including Ref 1 to 3. These are complicated
interdisciplinary phenomena, which make them
natural candidates for the implementation of
predictive/modeling methods discussed in later
sections of this article. Such investigations
involve determining the depth profile of a struc-
ture comprised of 50% martensite and 50%
pearlite results, which in turn is influenced by
several factors, including steel chemistry, austen-
ite grain size, quench bath severity, and the diam-
eter of the bar. In the illustration shown in Fig. 3,
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the 25mm (1 in.) diameter bar has the unique dis-
tribution of the 50%-50% martensite-pearlite
structure only in the middle of the bar, with
higher martensite content toward the surface.
This diameter is termed the critical diameter.
Smaller-diameter bars of the same steel material
subjected to the same quenching conditions will
exhibit through-thickness high-hardness marten-
sitic structure, while bars of larger diameters
treated similarly will have soft core centers con-
sisting of pearlite and a hard martensite shell. It
can be surmised that the steel represented by
Fig. 3 has a moderate hardenability because its
critical diameter is 25 mm (1 in.). If alloying ele-
ments are added to the steel in reference, it would
increase its hardenability level and, correspond-
ingly, its critical diameter.
The critical diameter, D, of steel gives a

measure of the hardenability of the steel; how-
ever, this in turn is influenced by the rate of
heat removal, which is embedded in the type
of quench system used. To have a uniform ref-
erence basis with regard to types of quenching,
general heat treatment practice adopted the use
of a standard cooling medium in hardenability
measurements. This standard is commonly
referred to as the ideal quench, because it uses
a hypothetical quench medium that has the
assumed ability to cool the surface temperature
of the steel to and maintain it at the temperature
of the quench bath. The critical diameter of
quenched steel bars subjected to ideal quench
conditions is accordingly referred to as the ideal
critical diameter (referred to as DI or DI in
other sections of this article). A summary of
critical diameter (D), ideal critical diameters
(DI), and associated rates of cooling (H) is
represented in Table 1 and Fig. 4 as good
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Fig. 3 Schematic of hardness (Rockwell C) test traverses
made on a series of steel bars of the same

composition but with different diameters. Adapted from
Ref 1

Table 1 Severity of quench (H ) values for
typical quench conditions

H-value Quenching condition

0.20 Poor oil quench, no agitation
0.35 Good oil quench, moderate agitation
0.50 Very good oil quench, good agitation
0.70 Strong oil quench, violent agitation
1.00 Poor water quench, no agitation
1.50 Very good water quench, strong agitation
2.00 Brine quench, no agitation
5.00 Brine quench, violent agitation
1 Ideal quench

Source: Ref 1
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benchmarks for the computational hardenability
modeling community.

Modeling Approaches to
Hardenability of Steels

The hardenability of steels is a function of the
carbon content and other alloying elements as
well as the grain size of the austenite phase.
The relative importance and influence of the var-
ious alloying elements is calculated by determin-
ing the equivalent carbon content of the steel. In
general, the higher the carbon content, the higher
the hardenability. Alloying elements such as
nickel, manganese, chromium, and molybdenum
tend to increase the depth of hardening.
As noted, hardenability is also often referred to

as the inverse measure of the required quench
severity. Therefore, hardenability (and thus the
chemical composition of steel) plays a key role
in determining critical cooling rates to produce a
martensitic structure. The fluid used to quench
the material directly influences the cooling rate,
because the thermal conductivities and specific
heats are dependent on the carbon content and
other alloying elements.Liquids suchasbrine (salt
solution in water) and water have a much higher
cooling rate capability than air and oil. Addition-
ally, when the fluid is agitated, its cooling rate
capability increases quite significantly. The geom-
etry of the part being quenched also affects the
cooling rate; specifically, given two samples of
equal volume, the one with higher surface area
will cool faster. This concept can be extended to
a load of components being quenched at the same
time, for which it can be surmised that the smaller
the load, the higher the likelihood of even quench-
ing for the load (Ref 5, 6).

The hardenability of ferrous alloys is usually
measured by the Jominy test: a round metal bar
of standard size (ASTM A255) is heated in a
furnace until it is transformed to 100% austenite,
then quickly transferred to a Jominy quench tank
where it is quenched on one end with room-
temperature water. A typical physical setup of
the Jominy hardenability measurements is shown
in Fig. 5. Necessarily, the cooling rate will
be highest at the quenched end and will de-
crease with distance toward the end exposed to
room-temperature air. Hardenability is then
determined by measuring the hardness along
the bar in 1.6 mm (1=16 in.) steps, and it can be
surmised that the farther away from the
quenched end the hardness extends, the higher
the hardenability for the alloy under study.
The literature is rich with documentation of
hardenability studies, both experimentally as
well as with computational modeling.
Considerations of quantitative prediction of

hardenability of steels must take into account the
fact that even though the Jominy testing proce-
dure and data extraction is well established
by an ASTM International standard, there is sig-
nificant spread of hardness versus depth. Figure
6 shows the Jominy hardenability results for
SAE 8620 steel samples of the same grain
size, conducted in different laboratory testing
conditions. Differences in test equipment, ambi-
ent conditions, and operator effectiveness in
transferring specimens from the furnace to the test
stand could have played a role in the data scatter.
Similar trends were reported for 4140 steel

(Ref 8, 9). Such discrepancies, which are widely
reportedly in the literature, may be attributed to
several things, including errors in reporting the
correct steel chemistry, careless and erroneous
test procedures, or process control.

Hardenability data extracted from Jominy
test curves are closely related to CCT curves
and isothermal transformation (IT) curves. The
CCT and IT curves are at the core knowledge
of metallurgy. Hardness profiles of a Jominy
test specimen, which are determined by micro-
structures that evolve from the differential
cooling rates, can be constructed from CCT
and IT curves superimposed on the same
set of axes, as shown in Fig. 7 (Ref 10). This
type of construction gives good insight on
ways to develop mechanisms for predicting
mechanical properties of arbitrarily shaped
components.
Prediction of hardenability in steels is a

complicated process. It involves an interdisci-
plinary approach to quantifying fairly complex
transient thermal fields that drive microstruc-
ture developments, and mechanical response
and transformation behavior, as indicated by
Fig. 8 (Ref 7, 9).
Several works can be cited in the literature

that represent varying degrees of success in
implementing models that predict steel alloy
hardenability. The hardenability factors attribu-
ted to the work of Grossman (Ref 11) were, for
a long time, the de facto standard. Subsequent
work by Kirkaldy (Ref 12) addressed several
shortcomings of Grossman’s models and, to
date, serves as the benchmark against which
hardenability models are compared.
Finite-element analysis (FEA) techniques

have been embraced by many investigators as
a tool for tackling the challenges of modeling
hardenability of alloy steels. Li et al. (Ref 13)

Fig. 5 Typical Jominy specimen specifications quench test setup

Fig. 6 Summary of reported Jominy tests by several lab-
oratories on SAE 8620 steel of approximately the

same chemical composition and grain size. Source: Ref 7
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developed a computational model for predicting
steel hardenability. This model was formulated
to predict the hardness distribution in end-
quenched bars of heat treatable steels by incor-
porating a thermodynamics model to compute
phase equilibria in multicomponent Fe-C-M
systems, a finite-element model to simulate
the heat transfer induced by end quenching of
Jominy bars, and a reaction kinetics model for
austenite decomposition. This effort required
the development of several subroutines that
were incorporated into a commercial FEA pro-
gram, ABAQUS. This study concluded that
the model in reference was in good agreement
with, and added some improvement and reli-
ability to, the work of Kirkaldy (Ref 12).
Malikizadi (Ref 14) used an FEA program

alongside the commercial computing software
MATLAB to simulate the cooling behavior

and microstructure development of powder
metallurgy steels. A significant effort of this
work focused on the comparison of predicted
hardenability behavior to well-established
experimental-based benchmarks.
Just (Ref 15) used the correlation of average

carbon and alloy steel compositions to develop
equations for computing hardenability profiles.
To accomplish this predictive modeling tool,
Just used multiple regression analysis to deter-
mine the effect of changing an individual alloy-
ing element at a time while keeping all the
other variables constant. Necessarily, this
method is not reliable in predicting steel harden-
ability with good precision. The author recom-
mends that this method is good largely for
assisting the alloy designer in determining the
steel to select for a particular application and
for assisting the metallurgist in ways to tweak

the melt. Examples of hardnesses on the Rock-
well C scale predicted by this method are:

J1 ¼ 52ð%CÞ þ 1:4ð%CrÞ þ 1:9ð%MnÞ þ HRC 33

J6 ¼ 89ð%CÞ þ 23ð%CrÞ þ 7:4ð%NiÞ þ 24ð%MnÞ
þ 34ð%MoÞ þ 4:5ð%SiÞ � HRC 30

J22 ¼ 74ð%CÞ þ 18ð%CrÞ þ 5:2ð%NiÞ þ 16ð%MnÞ
þ 21ð%VÞ þ 4:5ð%SiÞ � HRC 29

where subscripts 1, 6, and 22 in the previous

equations represent the distances of 1
=16,

6
=16,

and 22
=16 in. from the quenched end. In a

follow-up study, Just modified to accommodate
nonlinear behavior of the chemical composition
of steels, for which experiments indicated that
as alloying element content increased, their
effect on hardenability decreased.
Results of Just’s hardenability predictions were

in good agreement with measurements for a wide
variety of standard SAE-grade steels. Implementa-
tion of multiple regression algorithms was con-
ducted by other investigators. Siebert et al. (Ref 16)
proposed a procedure for first establishing cool-
ing rates at various locations along the Jominy
bar, then transforming the time axis such that
time zero corresponds to the Ae3 temperature.
Corresponding cooling rate curves were then
related to proper CCT start curves. The critical
cooling rate was taken to be the point at which
hardness began to drop. The pearlite volume
fraction associated with each cooling rate was
converted to a percent martensite and then to
a corresponding hardness. The results of this
study involving an SAE 4068 steel are shown in
Fig. 9, from which it is noteworthy that experi-
mental results (dashed curve) compared very
favorably with predicted results in the range of
0 to 50% martensite for the ASTM grain size
range of 4 to 12.
Sarmiento et al. (Ref 17) applied several numer-

ical prediction tools to improve the SAE J 406
(Ref 18) hardenability predictor. To accomplish
their hardenability prediction improvements, Sar-
miento et al. used numerical codes IN-PHATRAN
and INDUCTER-B, which were developed for
modeling of heat treatment processes, duly modi-
fied to predict the spatial distribution of hardness
in steel hardenability samples. Hardness predic-
tion results initially did not fare well with other
established predictors, such as CAT, STECAL,
AMAX, and Minitech. Upon applying least-
squares fitting procedures on their predicted data,
the result was a significant improvement of the
SAE J 406 hardenability predictor. Effectively,
the improved SAE J 406 predictor resulted in
J-curves that tracked right between the J 406-
predicted results and experimentally determined
results for a variety of steels.
The use of computer technology, such as

data-acquisition systems and software, has
greatly enhanced the ease and reliability of
computing the predicted hardenability of steels.
Commercial software products such as Mini-
tech Predictor (Ref 7) are available in the pub-
lic domain. Typical input data for Minitech
are the Jominy hardness, chemical composition,

Fig. 7 Relationship of continuous cooling transformation and isothermal transformation curves of a eutectoid steel
showing four cooling paths—A, B, C, and D—and corresponding transformation products. Source: Ref 10
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and estimated grain size. A typical initial curve
of hardness versus distance predicted by Mini-
tech, along with the initial computed data
points, is shown in Fig. 10(a) (Ref 7). This
clearly indicates a significant separation
between measured and predicted results. To
improve the reliability of the numerically pro-
cessed data, effective carbon content and grain
size were adjusted in an iterative manner to
minimize the weighted root mean square devia-
tion from the experimental data. The final best-
fit data points are shown plotted alongside
experimental data in Fig. 10(b) (Ref 7).

With the aid of computer-aided Minitech
computations, computed Jominy hardness
curves can be used confidently in place of
experimentally measured Jominy hardness
curves. This is a particularly potent tool when
dealing with steels that are difficult or nearly
impossible to test, for example, SAE 8620H.
Practical applications of the reliable predic-

tion of hardenability in refining steelmaking pro-
cesses abound. As an example, a steel customer
has a desired Jominy hardness trajectory of steel
by specifying three points within an H-band for
SAE 8620H, as shown in Fig. 11(a). With

Minitech, the customer’s specifications are
refined to the final heat, as shown in Fig. 11(b).
Brooks (Ref 20) conducted an analysis similar

to that of Siebert et al. (Ref 16), which amounted
to a refinement of Just’s (Ref 15) original regres-
sion analysis. Brooks’ equations for computing
hardness at various Jominy distances as a function
of steel chemical composition are summarized in
Table 2. The numbers beside the element symbols
represent the amount of that element in weight
percent. Grain size was not included in Brooks’
regression analysis, but it was in the range of
ASTM 8 to 12; ranges of chemistries in this work
are summarized in Table 3.
Neural networks application for the

simulation of hardenability in steels is another
modeling tool that has seen a fair amount of
activity in the computational hardenability
research literature. Dobranski et al. (Ref 21)
developed a modeling technique for predicting
the hardenability of steels based on the chemical
composition of steels. Their work was based on
multilayer feed-forward neural networks whose
learning rule was based on the error propagation
algorithm. Their technique employed more than
500 neural networks, with various numbers of
hidden layers and hidden neutrons. They used a
large number of iterations (100 to 10,000),
resulting in a robust modeling tool that was used
successfully to predict the hardenability of a
wide range of steel chemistries as well as a large
variation of heats of carburization.

Caterpillar Hardenability
Calculator (1E0024)

Mohammed Maniruzzaman and
Matthew T. Kiser, Caterpillar Inc.

Hardenability of a steel alloy refers to the
relative ability of the alloy to transform to mar-
tensite when quenched from the austenite phase

Fig. 8 General system overview of a program for predicting the thermomechanical behavior of low-alloy steels. TTT,
time-temperature transformation. Source: Ref 9
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field. It is commonly measured as a depth below
the surface at which steel of a given composi-
tion can be quenched to attain a specified hard-
ness, as, for example, 50 HRC, or to yield a
specific microstructure, such as 50% martensite
and 50% other transformation products. Harden-
ability is influenced by the austenite grain size,
carbon content, and alloy content.
The Caterpillar 1E0024 Hardenability Calcu-

lator is a personal computer-based program that
calculates the Jominy curve based on the steel
composition. The method used in the calculator
is based on the ideal critical diameter (DI )
estimation as a function of steel chemistry,
using Grossmann’s method for characterizing
hardenability. The DI represents the diameter
of a round steel bar that will harden at the
center to 50% martensite when subjected to an
ideal quench (i.e., Grossmann quench intensity
H = 1). H = 1 is a hypothetical quench inten-
sity at which the surface temperature of the
quenched bar reduces to the quenchant temper-
ature instantaneously.
Caterpillar refined the carbon multiplying fac-

tors used in Grossmann’s method by using many
years of steel mill heat data. It uses a boron factor
that is a function of both carbon and alloy content
to provide increased accuracy of the calculatedDI

and separate dividing factors for boron and non-
boron steels to account for the inherent shape dif-
ference of Jominy hardenability curves. This
increased accuracy was the result of the analysis
of thousands of heats of both boron and nonboron
AISI 15xx-, 41xx-, 50xx-, and 86xx-series steels.
The resulting calculator is valid forDI ranges from
25 to 177.5 mm (1.0 to 7.0 in.), with alloy factors
for boron steel up to 26, and the composition
ranges shown in Table 4.
The predicted results of 1E0024 are applica-

ble to low- andmedium-carbon steel. It assumes
the austenite grain size of 7 (ASTM number),
because a high percentage of steel mill heats
conform to this size. For design purposes, the
calculated DI and Jominy hardenability curves
are valid only within the DI, alloy factor, and
chemical composition ranges stated earlier. For
estimating purposes for higher-alloy steels,
hardenability multiplying factors have been
included for calculating theDIwithin the chem-
ical composition ranges shown in Table 5.
The method used to calculate the DI and

Jominy curve in the Caterpillar Hardenability
Calculator is similar to the procedure described
in SAE J406 and ASTMA 255-10. The Caterpil-
lar Hardenability Calculator also permits compar-
ison of the predicted hardenability of two

compositions, displaying and/or printing both the
calculated results and plotted Jominy hardenabil-
ity curves. Screenshots of the program input and
output are shown in Fig. 12.
The following sections describe the method for

boron and nonboron steels, with calculation
examples for 8645 steel and 86B45 steel. In addi-
tion to theDI, alloy factor, and boron factor, it also
calculates the carbon equivalent (Ceq) by using the
following equation, which is an important indica-
tor factor for the weldability of steel:

Ceq ¼ wC þ wMn

6
þ ðwCr þ wMo þ wVÞ

5
þ ðwNi þ wCuÞ

15

where wi is the weight percent of alloying
element i.
A copy of the Caterpillar Hardenability

Calculator (version 1.1a) is available upon writ-
ten request to A518 Design Control, Caterpillar
Inc., Advanced Materials Technology, Bldg.
MM2, 901 Washington St., East Peoria, IL
61630. This program can also be obtained from
the Society of Automotive Engineers (as the
EA406 Hardenability Prediction Calculator) by
contacting the Society of Automotive Engi-
neers, Customer Service Department, 400 Com-
monwealth Dr., Warrendale, PA 15096-0001.
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Fig. 11 (a) Customer specifications of hardenability within an H-band for SAE 8620H. (b) Jominy curve for finished
heat. Source: Ref 19

Table 2 Brooks’ equations for hardness prediction
See Table 3 for composition ranges for these equations.

Jominy distance, 1/16 in. Hardness, HRC

1 204C + 4.3Si + 8.32Cu � 241.3C2B + 11.03
2 207.9C + 7.06Cu � 246.3C2 + 400MnB + 9.94
3 226.3C + 2.28Mn + 6.15Cu � 281.7C2 + 7.43 � 103C3B + 4.176
4 7.02Ni � 13.07 + 23.9 � 103CB � 9.01 � 108CB2 + 47.76
5 17.88Ni � 11.76Cr + 33.8 � 103CB � 19 � 106CB2 + 5.29 � 103MnB + 39.8
6 41.73Ni � 80.32MnS + 23.5 � 103CB � 23.1 � 106CB2 + 10.27 � 103MnB + 32.9
7 8.46Mn � 115.6S + 64.4Ni + 26.7Cr � 17.4 � 106CB2 + 12.47 � 103Mn2B + 18.1
8 14.34Mn � 80.34S + 68.77Ni + 36.84Cr � 16.13 � 106CB2 + 9.89 � 103Mn2B + 7.7
9 27.15 Mn + 136.9P + 69.06Ni + 33.6Cr + 1.715Mn2B � 9.329
12 14.01Mn + 87.59P + 31.33.Ni + 21.17Cr + 70.76Mo + 5.49
16 22.93C + 9.173Mn + 50.54P + 16.36Ni + 13.29Cr + 57.44 + 1.696
20 29.11C + 10.41Mn + 1.02Ni + 12.71Cr + 50.43Mo � 2.93

Source: Ref 20

Table 3 Composition ranges for Brooks’
equations

Element Composition range, %

Carbon 0.28–0.46
Manganese 0.8–1.4
Silicon 0.13–0.39
Nickel 0.00–0.28
Chromium 0.05–0.25
Molybdenum 0.01–0.06
Copper 0.08–0.22
Boron 0.0001–0.0019

Table 4 Limiting values of chemical
composition used in the Caterpillar
Hardenability Calculator

Element Range, wt%

Carbon 0.10–0.70
Manganese 0.50–1.65
Silicon 0.15–0.60
Chromium 1.35 max
Nickel 1.50 max
Molybdenum 0.55 max
Vanadium 0.20 max

Table 5 Maximum composition ranges in
the Caterpillar Hardenability Calculator (for
melting process)

Element Range, wt%

Carbon 0.00–0.90
Manganese 0.00–1.95
Silicon 0.00–2.40
Chromium 0.00–2.50
Nickel 0.00–3.50
Molybdenum 0.00–0.55
Copper 0.00–0.55
Vanadium 0.00–0.20
Zirconium 0.00–0.25
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DI Calculation for Nonboron Steels

Grossmann first introduced a detailed
method to calculate DI for a steel of known
chemistry and austenite grain size by consider-
ing the effect of carbon and other alloying
elements. He determined the effect of individ-
ual alloying elements and expressed the effect
as a factor depending upon the amount of alloy-
ing elements. The DI of alloy steel was then
predicted by multiplying the DI of plain carbon
steel with the factors for each alloying element.
A detailed review of the method is discussed in
Ref 20.
In the Caterpillar Hardenability Calculator,

factors of all alloying elements except carbon
are combined into a single factor as an alloy
factor (AF) defined as:

AF ¼ fMn � fSi � fNi � fCr � fMo � fCu

� fV � fZr (Eq 1)

where fx is associated with the individual alloy-
ing element denoted by the subscript “x.”

The DI of the alloy steel, expressed in
inches, is calculated by using the following
equation:

DI ¼ fc � AF (Eq 2)

where fC is the factor associated with carbon
level.
The equations in the following lists are used

to estimate the multiplying factor of individual
alloying elements used in alloy steel as a func-
tion of weight percent of corresponding alloy-
ing elements (where wi is the weight percent
of alloying element i ). Multiplying factors for
carbon ( fC) at levels of weight percent carbon
(wC) are:

Multiplying factors for alloying elements are:

The multiplying factors for both vanadium
and zirconium were taken from Ref 22,
but they are known to be less precise for
vanadium as a result of variations in the

solubility of vanadium carbides. A data table
of alloy multiplying factors as a function of
weight percent alloy content is presented in
Table 6.

Fig. 12 Screenshots of Caterpillar Hardenability Calculator showing data input and results of a typical calculation

Hardenability factors for carbon (Eq 3)

Carbon level Carbon multiplying factor

wC � 0:39 fC ¼ 0:54� wC

0:39 < wC � 0:55 fC ¼ 0:171þ 0:001 wC þ 0:265 w2
C

0:55 < wC � 0:65 fC ¼ 0:115þ 0:268 wC � 0:038 w2
C

0:65 < wC � 0:75 fC ¼ 0:143þ 0:2 wC

0:75 < wC � 0:9 fC ¼ 0:062þ 0:409 wC � 0:135 w2
C

Hardenability factors of alloying elements (Eq 4)

Alloy level Alloy multiplying factor

wMn � 1:20 fMn ¼ 3:3333 wMn þ 1:0 ðEq 4aÞ
1:20 < wMn � 1:95 fMn ¼ 5:1wMn � 1:12 ðEq 4bÞ
wSi � 2:40 fSi ¼ 0:7 wSi þ 1:0 ðEq 5Þ
wNi � 1:50 fNi ¼ 0:363 wNi þ 1:0 ðEq 6aÞ
1:50 < wNi � 3:50 fNi ¼ 0:32111 þ 1:4501 wNi

�0:6119 w2
Ni þ 0:1253 w3

Ni ðEq 6bÞ
wCr � 2:50 fCr ¼ 2:16 wCr þ 1:0 ðEq 7Þ
wMo � 0:55 fMo ¼ 3:0 wMo þ 1:0 ðEq 8Þ
wCu � 0:55 fCu ¼ 0:365 wCu þ 1:0 ðEq 9Þ
wV � 0:2 fV ¼ 1:73 wV þ 1:0 ðEq 10Þ
wZr � 0:25 fZr ¼ 2:53 wZr þ 1:0 ðEq 11Þ
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Table 6 Multiplying factors as a function of weight percent alloy

0.005
0.011
0.016
0.022
0.027
0.032
0.038
0.043
0.049
0.054
0.059
0.065
0.070
0.076
0.081
0.086
0.092
0.097
0.103
0.108
0.113
0.119
0.124
0.130
0.135
0.140
0.146
0.151
0.157
0.162
0.167
0.173
0.178
0.184
0.189
0.194
0.200
0.205
0.211
0.214
0.216
0.218
0.220
0.223
0.225
0.228
0.230
0.233
0.235
0.238
0.240
0.243
0.246
0.249
0.252
0.253
0.255
0.258
0.260
0.262
0.264
0.267
0.269
0.271
0.273
0.275
0.277
0.279
0.281
0.283
0.285
0.287
0.289
0.291
0.293
0.295

1.033
1.067
1.100
1.133
1.167
1.200
1.233
1.267
1.300
1.333
1.367
1.400
1.433
1.467
1.500
1.533
1.567
1.600
1.633
1.667
1.700
1.733
1.767
1.800
1.833
1.867
1.900
1.933
1.967
2.000
2.033
2.067
2.100
2.133
2.167
2.200
2.233
2.267
2.300
2.333
2.367
2.400
2.433
2.467
2.500
2.533
2.567
2.600
2.633
2.667
2.700
2.733
2.766
2.800
2.833
2.866
2.900
2.933
2.966
3.000
3.033
3.066
3.100
3.133
3.166
3.200
3.233
3.266
3.300
3.333
3.366
3.400
3.433
3.466
3.500
3.533

1.004
1.007
1.011
1.015
1.018
1.022
1.025
1.029
1.033
1.036
1.040
1.044
1.047
1.051
1.054
1.058
1.062
1.065
1.069
1.073
1.076
1.080
1.083
1.087
1.091
1.094
1.098
1.102
1.105
1.109
1.113
1.116
1.120
1.123
1.127
1.131
1.134
1.138
1.142
1.145
1.149
1.152
1.156
1.160
1.163
1.167
1.171
1.174
1.178
1.182
1.185
1.189
1.192
1.196
1.200
1.203
1.207
1.211
1.214
1.218
1.221
1.225
1.229
1.232
1.236
1.240
1.243
1.247
1.250
1.254
1.258
1.261
1.265
1.269
1.272
1.276

1.007
1.014
1.021
1.028
1.035
1.042
1.049
1.056
1.063
1.070
1.077
1.084
1.091
1.098
1.105
1.112
1.119
1.126
1.133
1.140
1.147
1.154
1.161
1.168
1.175
1.182
1.189
1.196
1.203
1.210
1.217
1.224
1.231
1.238
1.245
1.252
1.259
1.266
1.273
1.280
1.287
1.294
1.301
1.308
1.315
1.322
1.329
1.336
1.343
1.350
1.357
1.364
1.371
1.378
1.385
1.392
1.399
1.406
1.413
1.420
1.427
1.434
1.441
1.448
1.455
1.462
1.469
1.476
1.483
1.490
1.497
1.504
1.511
1.518
1.525
1.532

1.022
1.043
1.065
1.086
1.108
1.130
1.151
1.173
1.194
1.216
1.238
1.259
1.281
1.302
1.324
1.346
1.367
1.389
1.410
1.432
1.454
1.475
1.497
1.518
1.540
1.562
1.583
1.605
1.626
1.648
1.670
1.691
1.713
1.734
1.756
1.778
1.799
1.821
1.842
1.864
1.886
1.907
1.929
1.950
1.972
1.994
2.015
2.037
2.058
2.080
2.102
2.123
2.145
2.166
2.188
2.210
2.231
2.253
2.274
2.296
2.318
2.339
2.361
2.382
2.404
2.426
2.447
2.469
2.490
2.512
2.534
2.555
2.577
2.598
2.620
2.642

1.030
1.060
1.090
1.120
1.150
1.180
1.210
1.240
1.270
1.300
1.330
1.360
1.390
1.420
1.450
1.480
1.510
1.540
1.570
1.600
1.630
1.660
1.690
1.720
1.750
1.780
1.810
1.840
1.870
1.900
1.930
1.960
1.990
2.020
2.050
2.080
2.110
2.140
2.170
2.200
2.230
2.260
2.290
2.320
2.350
2.380
2.410
2.440
2.470
2.500
2.530
2.560
2.590
2.620
2.650

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

1.004
1.007
1.011
1.015
1.018
1.022
1.026
1.029
1.033
1.037
1.040
1.044
1.047
1.051
1.055
1.058
1.062
1.066
1.069
1.073
1.077
1.080
1.084
1.088
1.091
1.095
1.099
1.102
1.106
1.110
1.113
1.117
1.120
1.124
1.128
1.131
1.135
1.139
1.142
1.146
1.150
1.153
1.157
1.161
1.164
1.168
1.172
1.175
1.179
1.183
1.186
1.190
1.193
1.197
1.201

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

1.017
1.035
1.052
1.069
1.087
1.104
1.121
1.138
1.156
1.173
1.190
1.208
1.225
1.242
1.260
1.277
1.294
1.311
1.329
1.346

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

1.022
1.047
1.072
1.097
1.122
1.147
1.172
1.197
1.222
1.247
1.272
1.297
1.322
1.347
1.372
1.397
1.422
1.447
1.472
1.497
1.522
1.547
1.572
1.597
1.622

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...
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...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.1
0.11
0.12
0.13
0.14
0.15
0.16
0.17
0.18
0.19
0.2
0.21
0.22
0.23
0.24
0.25
0.26
0.27
0.28
0.29
0.3
0.31
0.32
0.33
0.34
0.35
0.36
0.37
0.38
0.39
0.4
0.41
0.42
0.43
0.44
0.45
0.46
0.47
0.48
0.49
0.5
0.51
0.52
0.53
0.54
0.55
0.56
0.57
0.58
0.59
0.6
0.61
0.62
0.63
0.64
0.65
0.66
0.67
0.68
0.69
0.7
0.71
0.72
0.73
0.74
0.75
0.76

Alloy, wt%
C 

(grain size 7) Mn Ni Si Cr Mo Cu V Zr

0.297
0.299
0.301
0.303
0.305
0.307
0.308
0.310
0.312
0.314
0.316
0.317
0.319
0.321
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...

...
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...
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...

...

...
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...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

3.566
3.600
3.633
3.666
3.700
3.733
3.766
3.800
3.833
3.866
3.900
3.933
3.966
4.000
4.033
4.066
4.100
4.133
4.166
4.200
4.233
4.266
4.300
4.333
4.366
4.400
4.433
4.466
4.500
4.533
4.566
4.600
4.633
4.666
4.700
4.733
4.766
4.800
4.833
4.866
4.900
4.933
4.966
5.000
5.051
5.102
5.153
5.204
5.255
5.306
5.357
5.408
5.459
5.510
5.561
5.612
5.663
5.714
5.765
5.816
5.867
5.918
5.969
6.020
6.071
6.122
6.173
6.224
6.275
6.326
6.377
6.428
6.479
6.530
6.581
6.632

1.280
1.283
1.287
1.290
1.294
1.298
1.301
1.305
1.309
1.312
1.316
1.319
1.323
1.327
1.330
1.334
1.338
1.341
1.345
1.348
1.352
1.356
1.359
1.363
1.367
1.370
1.374
1.378
1.381
1.385
1.388
1.392
1.396
1.399
1.403
1.407
1.410
1.414
1.417
1.421
1.425
1.428
1.432
1.436
1.439
1.443
1.446
1.450
1.454
1.457
1.461
1.465
1.468
1.472
1.476
1.479
1.483
1.486
1.490
1.494
1.497
1.501
1.505
1.508
1.512
1.515
1.519
1.523
1.526
1.530
1.534
1.537
1.541
1.545
1.547
1.552

1.539
1.546
1.553
1.560
1.567
1.574
1.581
1.588
1.595
1.602
1.609
1.616
1.623
1.630
1.637
1.644
1.651
1.658
1.665
1.672
1.679
1.686
1.693
1.700
1.707
1.714
1.721
1.728
1.735
1.742
1.749
1.756
1.763
1.770
1.777
1.784
1.791
1.798
1.805
1.812
1.819
1.826
1.833
1.840
1.847
1.854
1.861
1.868
1.875
1.882
1.889
1.896
1.903
1.910
1.917
1.924
1.931
1.938
1.945
1.952
1.959
1.966
1.973
1.980
1.987
1.994
2.001
2.008
2.015
2.022
2.029
2.036
2.043
2.050
2.057
2.064

2.663
2.685
2.706
2.728
2.750
2.771
2.793
2.814
2.836
2.858
2.879
2.901
2.922
2.944
2.966
2.987
3.009
3.030
3.052
3.074
3.095
3.117
3.138
3.160
3.182
3.203
3.225
3.246
3.268
3.290
3.311
3.333
3.354
3.376
3.398
3.419
3.441
3.462
3.484
3.506
3.527
3.549
3.570
3.592
3.614
3.635
3.657
3.678
3.700
3.722
3.743
3.765
3.786
3.808
3.830
3.851
3.873
3.894
3.916
3.938
3.959
3.981
4.002
4.024
4.046
4.067
4.089
4.110
4.132
4.154
4.175
4.197
4.218
4.240
4.262
4.283
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...

...
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...

...

...

...

...

...

...

...

...

...

...

...

0.77
0.78
0.79
0.8
0.81
0.82
0.83
0.84
0.85
0.86
0.87
0.88
0.89
0.9
0.91
0.92
0.93
0.94
0.95
0.96
0.97
0.98
0.99
1
1.01
1.02
1.03
1.04
1.05
1.06
1.07
1.08
1.09
1.1
1.11
1.12
1.13
1.14
1.15
1.16
1.17
1.18
1.19
1.2
1.21
1.22
1.23
1.24
1.25
1.26
1.27
1.28
1.29
1.3
1.31
1.32
1.33
1.34
1.35
1.36
1.37
1.38
1.39
1.4
1.41
1.42
1.43
1.44
1.45
1.46
1.47
1.48
1.49
1.5
1.51
1.52

Alloy, wt%
C 

(grain size 7) Mn Ni Si Cr Mo Cu V Zr

(continued)
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Table 6 (Continued)
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...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

6.683
6.734
6.785
6.836
6.887
6.938
6.989
7.040
7.091
7.142
7.193
7.244
7.295
7.346
7.397
7.448
7.499
7.550
7.601
7.652
7.703
7.754
7.805
7.856
7.907
7.958
8.009
8.060
8.111
8.162
8.213
8.264
8.315
8.366
8.417
8.468
8.519
8.570
8.621
8.672
8.723
8.774
8.825

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

1.556
1.561
1.565
1.570
1.574
1.579
1.583
1.588
1.593
1.597
1.602
1.606
1.611
1.615
1.620
1.624
1.629
1.633
1.638
1.643
1.647
1.652
1.656
1.661
1.666
1.670
1.675
1.679
1.684
1.689
1.693
1.698
1.703
1.708
1.712
1.717
1.722
1.727
1.732
1.736
1.741
1.746
1.751
1.756
1.761
1.766
1.771
1.776
1.781
1.786
1.791
1.797
1.802
1.807
1.812
1.818
1.823
1.828
1.834
1.839
1.845
1.850
1.856
1.861
1.867
1.872
1.878
1.884
1.890
1.896
1.901
1.907
1.913
1.919
1.925
1.932

2.071
2.078
2.085
2.092
2.099
2.106
2.113
2.120
2.127
2.134
2.141
2.148
2.155
2.162
2.169
2.176
2.183
2.190
2.197
2.204
2.211
2.218
2.225
2.232
2.239
2.246
2.253
2.260
2.267
2.274
2.281
2.288
2.295
2.302
2.309
2.316
2.323
2.330
2.337
2.344
2.351
2.358
2.365
2.372
2.379
2.386
2.393
2.400
2.407
2.414
2.421
2.428
2.435
2.442
2.449
2.456
2.463
2.470
2.477
2.484
2.491
2.498
2.505
2.512
2.519
2.526
2.533
2.540
2.547
2.554
2.561
2.568
2.575
2.582
2.589
2.596

4.305
4.326
4.348
4.370
4.391
4.413
4.434
4.456
4.478
4.499
4.521
4.542
4.564
4.586
4.607
4.629
4.650
4.672
4.694
4.715
4.737
4.758
4.780
4.802
4.823
4.845
4.866
4.888
4.910
4.931
4.953
4.974
4.996
5.018
5.039
5.061
5.082
5.104
5.126
5.147
5.169
5.190
5.212
5.234
5.255
5.277
5.298
5.320
5.342
5.363
5.385
5.406
5.428
5.450
5.471
5.493
5.514
5.536
5.558
5.579
5.601
5.622
5.644
5.666
5.687
5.709
5.730
5.752
5.774
5.795
5.817
5.838
5.860
5.882
5.903
5.925
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...

...

...

...

...

...

1.53
1.54
1.55
1.56
1.57
1.58
1.59
1.6
1.61
1.62
1.63
1.64
1.65
1.66
1.67
1.68
1.69
1.7
1.71
1.72
1.73
1.74
1.75
1.76
1.77
1.78
1.79
1.8
1.81
1.82
1.83
1.84
1.85
1.86
1.87
1.88
1.89
1.9
1.91
1.92
1.93
1.94
1.95
1.96
1.97
1.98
1.99
2
2.01
2.02
2.03
2.04
2.05
2.06
2.07
2.08
2.09
2.1
2.11
2.12
2.13
2.14
2.15
2.16
2.17
2.18
2.19
2.2
2.21
2.22
2.23
2.24
2.25
2.26
2.27
2.28

Alloy, wt%
C 

(grain size 7) Mn Ni Si Cr Mo Cu V Zr
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1.938
1.944
1.950
1.956
1.963
1.969
1.976
1.982
1.989
1.995
2.002
2.009
2.016
2.023
2.030
2.037
2.044
2.051
2.058
2.065
2.072
2.080
2.087
2.095
2.102
2.110
2.118
2.125
2.133
2.141
2.149
2.157
2.165
2.174
2.182
2.190
2.199
2.207
2.216
2.224
2.233
2.242
2.251
2.260
2.269
2.278
2.287
2.297
2.306
2.315
2.325
2.335
2.344
2.354
2.364
2.374
2.384
2.395
2.405
2.415
2.426
2.436
2.447
2.458
2.469
2.480
2.491
2.502
2.513
2.524
2.536
2.547
2.559
2.571
2.583
2.595

2.603
2.610
2.617
2.624
2.631
2.638
2.645
2.652
2.659
2.666
2.673
2.680
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5.946
5.968
5.990
6.011
6.033
6.054
6.076
6.098
6.119
6.141
6.162
6.184
6.206
6.227
6.249
6.270
6.292
6.314
6.335
6.357
6.378
6.400
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2.29
2.3
2.31
2.32
2.33
2.34
2.35
2.36
2.37
2.38
2.39
2.4
2.41
2.42
2.43
2.44
2.45
2.46
2.47
2.48
2.49
2.5
2.51
2.52
2.53
2.54
2.55
2.56
2.57
2.58
2.59
2.6
2.61
2.62
2.63
2.64
2.65
2.66
2.67
2.68
2.69
2.7
2.71
2.72
2.73
2.74
2.75
2.76
2.77
2.78
2.79
2.8
2.81
2.82
2.83
2.84
2.85
2.86
2.87
2.88
2.89
2.9
2.91
2.92
2.93
2.94
2.95
2.96
2.97
2.98
2.99
3
3.01
3.02
3.03
3.04

Alloy, wt%
C 

(grain size 7) Mn Ni Si Cr Mo Cu V Zr

(continued)
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DI Calculation for Boron Steels

The presence of boron in a very small con-
centration, such as 0.001 wt%, in low-carbon
steel retards the formation of primary ferrite
and pearlite and thereby influences the harden-
ability of alloy steel (Ref 23). The carbon level
and amount of alloy influence the boron effect,
with the effectiveness of boron decreasing with
increasing carbon and alloy content.
The boron factor is usually defined as:

fB ¼ DIMeasured from Jominy data and carbon centent

DICalculated from composition excluding boron

(Eq 12)

In 1E0024, boron factors are defined as a func-
tion of alloy factor and carbon level. Alloy factor
is defined as a product of the multiplying factors
of all alloying elements in the steel, excluding
boron, as shown in Eq 1. A set of fifth-degree poly-
nomial equations is developed from nonlinear
regression analysis of Jominy data of numerous
boron steels and nonboron steels of similar compo-
sitions and is presented in Table 7. Linear interpo-
lation is used to calculate the boron factorwhen the
estimated alloy factor of a given alloy chemistry
falls between two listed alloy factors. The critical
ideal diameter of boron steel,DIB, is calculated as:

DIB ¼ DICalculated without boron � fB (Eq 13)

A data table of boron factors as a function of
percent carbon and alloy factor is also pre-
sented in Table 8.

Estimation of Jominy Curves from
Compositions

Jominy curves for alloy steel can be calculated
from the DI. Based on the experimentally

determined Jominy curve, a correlation has been
developed between the initial hardness (IH), the
hardness at various distances from the quenched
end of the Jominy bar (expressed as distance hard-
ness, DH), and the ideal critical diameter (DI).
Initial hardness, IH, corresponds to hardness

at the location of 1.6 mm (1/16 in.) from the
quenched end of the Jominy bar, where the
microstructure is assumed to be 100% martens-
ite and is estimated as a function of carbon by
using the following polynomial equation:

IHðHRCÞ ¼ 33:087þ 50:723 wC þ 33:662 w2
C

� 2:7048 w3
C � 107:02 w4

C

þ 43:523 w5
C (Eq 14)

Hardness corresponding to 50% martensite
(MH) is estimated using the following equation:

MHðHRCÞ ¼ 21:93þ 27:153 wC þ 226:89 w2
C

� 717:17 w3
C þ 958:62 w4

C

� 491:25 w5
C (Eq 15)

Tabulated data of IH (100% martensite) and
MH (50% martensite) as a function of percent
carbon are presented in Table 9.
The relationship between Jominy distance for

50% martensite and DI can be expressed by the
following equations:

DIðinchÞ ¼ 0:0156þ 0:54358 x� 0:0292133 x2

þ 0:001186 x3 � 2:696E� 0:5 x4

þ 2:49 E� 0:7 x5 (Eq 16)
or

DIðmmÞ ¼ 0:5203þ 8:7522 x� 0:3003 x2

þ 0:00778 x3 � 0:0001123 x4

þ 6:5978 E� 0:7 x5 (Eq 17)

Table 6 (Continued)
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2.607
2.619
2.631
2.644
2.656
2.669
2.682
2.694
2.707
2.721
2.734
2.747
2.760
2.774
2.788
2.801
2.815
2.829
2.843
2.858
2.872
2.887
2.901
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3.05
3.06
3.07
3.08
3.09
3.1
3.11
3.12
3.13
3.14
3.15
3.16
3.17
3.18
3.19
3.2
3.21
3.22
3.23
3.24
3.25
3.26
3.27

Alloy, wt%
C 

(grain size 7) Mn Ni Si Cr Mo Cu V Zr
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2.916
2.931
2.946
2.961
2.976
2.991
3.007
3.023
3.038
3.054
3.070
3.086
3.103
3.119
3.136
3.152
3.169
3.186
3.203
3.220
3.238
3.255
3.273

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

3.28
3.29
3.3
3.31
3.32
3.33
3.34
3.35
3.36
3.37
3.38
3.39
3.4
3.41
3.42
3.43
3.44
3.45
3.46
3.47
3.48
3.49
3.5

Alloy, wt%
C 

(grain size 7) Mn Ni Si Cr Mo Cu V Zr

Table 7 Equations for boron factor calculation

Alloy factor Carbon level, wt% Equations

5 wC > 0.85
wC ≤ 0.85
wC > 0.81
wC ≤ 0.81
wC > 0.77
wC ≤ 0.77
wC > 0.73
wC ≤ 0.73
wC > 0.67
wC ≤ 0.67
wC > 0.63
wC ≤ 0.63
wC > 0.59
wC ≤ 0.59
wC > 0.55
wC ≤ 0.55
wC > 0.53
wC ≤ 0.53

fB = 1
fB = 13.121 – 101.16 wC + 383.76 wC

2 – 729.9 wC
3  + 675.13 wC

4  – 242.44 wC
5

fB = 1
fB = 10.318 – 70.135 wC + 248.92 wC

2 – 454.75 wC
3  + 411.02 wC

4 – 146.47 wC
5

fB = 1
fB = 10.542 – 80.631 wC + 320.36 wC

2 – 653.01 wC
3 + 655.52 wC

4 – 257.51wC
5

fB = 1
fB = 9.034 – 64.879 wC + 252.92 wC

2 – 515.53 wC
3 + 522.33 wC

4 – 208.46 wC
5

fB = 1
fB = 8.0941 – 55.906 wC + 219.38 wC

2 – 466.23 wC
3 + 504.97 wC

4 – 219.45 wC
5

fB = 1
fB = 9.0484 – 77.438 wC + 362.81 wC

2 – 895.73 wC
3 + 1101.9 wC

4 – 532.49 wC
5

fB = 1
fB = 6.9212 – 48.238 wC + 207.29 wC

2 – 507.17 wC
3 + 644.04 wC

4 – 328.39 wC
5

fB = 1
fB = 7.24 – 55.334 wC + 254.54 wC

2 – 655.33 wC
3 + 867.43 wC

4 – 459.59 wC
5

fB = 1
fB = 7.1116 – 56.58 wC + 273.26 wC

2 – 740.01 wC
3 + 1021.5 wC

4 – 559.45 wC
5

7

9

11

13

15

18

22

26
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where x is the J-position in 1
=16 in. for English

units (Eq 16) or in millimeters for SI units
(Eq 17). Equations 12 and 16 (or 17) along with
the measured Jominy data can be used to esti-
mate the actual product boron factor. A detailed
description of the procedure is presented in
ASTM A255-10.
Jominy distance hardness (DH) is calculated as:

DHJx ¼
IH

DFJx

(Eq 18)

where DF is the dividing factor, which is a func-
tion ofDI; and the subscript Jx is the Jominy posi-
tion. In English units, “x” denotes the x-sixteenth
of an inch, such as J2means 2=16 in. A set of poly-
nomial equations that are used to define the
relationship for nonboron and boron steels is
presented in Tables 10 to 13. A set of tabular
data is also presented in Tables 14 to 17.

Calculation Example for 8645 Steel

The DI and hardenability curve calculations
for nonboron steel SAE 8645 are presented here
to illustrate the use of tables and equations.

For the DI calculation, multiplying factors from
Table 6 are:

Ideal critical diameter is then calculated as
follows:

DI ¼ 0:22� 3:5� 1:105� 1:145� 1:864� 1:45

DI ¼ 2:639 in: ð67:03 mmÞ

For estimating the hardenability curve, ini-
tial hardness (IH) at J = 1/16 in. (or 1.6 mm)
is 58 HRC from Table 9 for steel with
0.43 wt% C. Hardness for other Jominy posi-
tions (or distance hardness, DH) is determined
by dividing IH by the corresponding IH/DH or

dividing factors from Table 14 (inches) or
Table 15 (millimeters) for nonboron steel. It
should be noted that the DI should be rounded
to the nearest 0.1 in. (or 2.5 mm) to use the
data from the table. For DI = 2.6 in. (67.5 mm)
with IH = 58 HRC:

Table 8 Boron factor as a function of percent carbon and alloy factor

%C

Alloy factor

%C

Alloy factor

5 7 9 11 13 15 18 22 26 5 7 9 11 13 15 18 22 26

0.10
0.11
0.12
0.13
0.14
0.15
0.16
0.17
0.18
0.19
0.20
0.21
0.22
0.23
0.24
0.25
0.26
0.27
0.28
0.29
0.30
0.31
0.32
0.33
0.34
0.35
0.36
0.37
0.38
0.39
0.40
0.41
0.42
0.43
0.44
0.45
0.46
0.47
0.48
0.49
0.50

6.18
5.76
5.38
5.04
4.72
4.44
4.19
3.96
3.75
3.57
3.4
3.26
3.12
3.01
2.9
2.81
2.73
2.66
2.59
2.54
2.48
2.44
2.4
2.36
2.32
2.29
2.26
2.23
2.2
2.17
2.15
2.12
2.09
2.06
2.04
2.01
1.98
1.95
1.92
1.89
1.86

5.38
5.07
4.78
4.52
4.28
4.06
3.86
3.68
3.51
3.36
3.22
3.1
2.98
2.88
2.78
2.7
2.62
2.55
2.49
2.43
2.38
2.33
2.28
2.24
2.2
2.16
2.13
2.1
2.07
2.04
2.01
1.98
1.95
1.93
1.9
1.88
1.85
1.82
1.8
1.77
1.75

5.09
4.77
4.48
4.22
3.98
3.76
3.57
3.4
3.24
3.1
2.97
2.86
2.76
2.67
2.59
2.51
2.45
2.39
2.33
2.28
2.24
2.2
2.16
2.12
2.09
2.05
2.02
1.99
1.96
1.93
1.9
1.87
1.84
1.81
1.78
1.75
1.73
1.7
1.67
1.64
1.61

4.61
4.34
4.1
3.88
3.68
3.5
3.34
3.19
3.05
2.93
2.82
2.72
2.63
2.55
2.47
2.4
2.34
2.28
2.23
2.18
2.14
2.1
2.06
2.02
1.98
1.95
1.92
1.88
1.85
1.82
1.79
1.76
1.73
1.71
1.68
1.65
1.62
1.59
1.57
1.54
1.51

4.28
4.05
3.84
3.65
3.47
3.31
3.16
3.03
2.91
2.8
2.7
2.6
2.52
2.44
2.37
2.3
2.24
2.18
2.13
2.08
2.04
1.99
1.95
1.91
1.87
1.84
1.8
1.77
1.74
1.7
1.67
1.64
1.62
1.59
1.56
1.53
1.51
1.48
1.46
1.43
1.41

4.14
3.88
3.65
3.44
3.25
3.09
2.94
2.81
2.7
2.59
2.5
2.42
2.34
2.27
2.21
2.15
2.1
2.05
2
1.96
1.92
1.88
1.84
1.8
1.76
1.72
1.69
1.65
1.62
1.58
1.55
1.52
1.49
1.46
1.43
1.41
1.38
1.36
1.33
1.31
1.29

3.72
3.54
3.37
3.21
3.07
2.94
2.82
2.71
2.61
2.52
2.43
2.35
2.28
2.21
2.15
2.09
2.03
1.98
1.93
1.88
1.83
1.79
1.74
1.7
1.66
1.63
1.59
1.55
1.52
1.49
1.46
1.43
1.4
1.37
1.35
1.32
1.3
1.28
1.26
1.24
1.22

3.68
3.48
3.3
3.14
2.99
2.86
2.74
2.63
2.53
2.44
2.35
2.28
2.2
2.14
2.07
2.02
1.96
1.91
1.86
1.81
1.76
1.72
1.68
1.64
1.6
1.56
1.52
1.49
1.45
1.42
1.39
1.36
1.33
1.31
1.28
1.26
1.23
1.21
1.19
1.17
1.14

3.54
3.35
3.18
3.02
2.88
2.75
2.63
2.53
2.43
2.34
2.26
2.19
2.11
2.05
1.99
1.93
1.87
1.82
1.76
1.71
1.67
1.62
1.57
1.53
1.49
1.45
1.41
1.37
1.33
1.3
1.26
1.23
1.2
1.17
1.14
1.12
1.09
1.07
1.04
1.02
1

0.51
0.52
0.53
0.54
0.55
0.56
0.57
0.58
0.59
0.60
0.61
0.62
0.63
0.64
0.65
0.66
0.67
0.68
0.69
0.70
0.71
0.72
0.73
0.74
0.75
0.76
0.77
0.78
0.79
0.80
0.81
0.82
0.83
0.84
0.85

1.83
1.8
1.77
1.74
1.71
1.68
1.65
1.62
1.59
1.56
1.54
1.51
1.49
1.46
1.44
1.42
1.4
1.38
1.36
1.35
1.33
1.32
1.3
1.29
1.27
1.26
1.24
1.22
1.2
1.18
1.16
1.13
1.09
1.05
1

1.72
1.7
1.67
1.65
1.62
1.6
1.57
1.55
1.52
1.5
1.48
1.45
1.43
1.41
1.39
1.37
1.35
1.32
1.3
1.28
1.26
1.24
1.22
1.2
1.18
1.15
1.13
1.1
1.08
1.05
1.01
1
1
1
1

1.59
1.56
1.53
1.51
1.48
1.46
1.44
1.42
1.39
1.37
1.36
1.34
1.32
1.3
1.29
1.27
1.26
1.24
1.22
1.2
1.19
1.17
1.14
1.12
1.08
1.05
1.01
1
1
1
1
1
1
1
1

1.49
1.46
1.44
1.42
1.39
1.37
1.35
1.33
1.31
1.29
1.27
1.25
1.23
1.21
1.2
1.18
1.16
1.14
1.12
1.1
1.07
1.05
1.02
1
1
1
1
1
1
1
1
1
1
1
1

1.39
1.37
1.34
1.32
1.3
1.28
1.26
1.24
1.22
1.2
1.18
1.16
1.13
1.11
1.08
1.05
1.02
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1.28
1.26
1.24
1.23
1.21
1.2
1.18
1.16
1.14
1.12
1.09
1.06
1.02
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1.2
1.18
1.16
1.14
1.12
1.1
1.08
1.05
1.02
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1.12
1.1
1.07
1.05
1.02
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

…
…
…
…
…
…

…
…
…
…
…
…

…
…
…
…
…
…

…
…
…
…
…
…

…
…
…
…
…
…

…
…
…
…
…
…

…
…
…
…
…
…

…
…
…
…
…
…

…
…
…
…
…
…

…
…
…
…
…
…

Element wt% Multiplying factors (from Table 6)

Carbon 0.43 0.22
Manganese 0.75 3.5
Silicon 0.15 1.105
Nickel 0.40 1.145
Chromium 0.40 1.864
Molybdenum 0.15 1.45
Copper 0 . . .

Vanadium 0 . . .

Zirconium 0 . . .

J-distance,
1/16 in.

IH/DH ratio or dividing factor
for 2.6 in. DI

Distance hardness
(DH ), HRC

1 . . . 58
2 1 58
3 1.05 55
4 1.15 50
5 1.29 45
12 1.94 30
32 2.68 22

J-distance,
mm

IH/DH ratio or dividing factor
for 67.5 mm DI

Distance hardness
(DH ), HRC

1.5 . . . 58
3 1 58
5 1.04 56
7 1.15 50
9 1.36 43
20 1.92 30
50 2.62 22
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Calculation Example for Boron
Steel (86B45)

For boron steel 86B45, the DI and harden-
ability curve calculations are different than
that of the previous example for 8645 steel.
For the DI calculation, multiplying factors
from Table 6 are as follows for 86B45:

Thus:

DIWithout boron ¼ 0:22� 3:5� 1:105� 1:145� 1:865
� 1:45

DIWithout boron ¼ 2:639 in: ð67:03 mmÞ

The alloy factor (AF) is:

AF ¼ 3:5� 1:105� 1:145� 1:3864� 1:45

AF ¼ 12

With an alloy factor of 12, the boron factor ( fB)
of 1.65 is determined from Table 8 by linear
interpolation of the boron factors of 1.71 and
1.59 for, respectively, AF = 11 and AF = 13
with 0.43 wt% C as follows:

fBðAF ¼ 12; 0:43Wt%CÞ ¼ 1:59þ
ð1:71� 1:59Þ

2
¼ 1:65

The ideal critical diameter is thus:

DIB ¼ DI � fB ¼ 2:639� 1:65

DIB ¼ 4:35 in: ð110:5 mmÞ � 4:4 in: ð110 mmÞ
For estimating the hardenability curve,

the initial hardness (IH) at J = 1/16 in. (or 1.6 mm)
is (similar to 8645) 58 HRC from Table 9 for steel
with 0.43 wt% C. Hardness for other Jominy
positions (or distance hardness, DH) is deter-
mined by dividing IH by the corresponding IH/
DH or dividing factors from Table 16 (inches)
or Table 17 (millimeters) for boron steel. It
should be noted that the DI should be rounded
to the nearest 0.1 in. (or 2.5 mm) to use the data
from the table. For DI = 4.4 in. (110.0 mm) with
IH = 58 HRC

Regression Analysis of
Hardenability in Europe

Volker Block, Saarstahl AG,
Völklingen, Germany

As noted, the calculation of hardenability
can save time and money in predicting harden-
ability from a production heat. Calculated

Table 9 Initial (100%) and 50%martensite
hardness as a function of percent carbon

%C%C

Initial 
hardness,

HRC

50%
martensite
hardness,

HRC

Initial 
hardness,

HRC

50%
martensite
hardness,

HRC

0.1
0.11
0.12
0.13
0.14
0.15
0.16
0.17
0.18
0.19
0.2
0.21
0.22
0.23
0.24
0.25
0.26
0.27
0.28
0.29
0.3
0.31
0.32
0.33
0.34
0.35
0.36
0.37
0.38
0.39
0.4
0.41
0.42
0.43
0.44
0.45
0.46
0.47
0.48
0.49
0.5

38
39
40
40
41
41
42
43
43
44
44
45
46
46
47
47
48
49
49
50
50
51
52
52
53
53
54
55
55
56
56
57
57
58
58
59
59
60
60
61
61

26
27
27
28
29
29
30
30
31
31
32
33
33
34
34
35
36
36
37
37
38
38
39
39
40
40
41
41
42
42
43
43
44
44
45
45
45
46
46
47
47

0.51
0.52
0.53
0.54
0.55
0.56
0.57
0.58
0.59
0.6
0.61
0.62
0.63
0.64
0.65
0.66
0.67
0.68
0.69
0.7
0.71
0.72
0.73
0.74
0.75
0.76
0.77
0.78
0.79
0.8
0.81
0.82
0.83
0.84
0.85
0.86
0.87
0.88
0.89
0.9
  …

62
62
62
63
63
63
64
64
64
65
65
65
65
65
65
66
66
66
66
66
66
66
66
66
65
65
65
65
65
64
64
64
63
63
62
62
61
61
60
60
…

48
48
48
49
49
50
50
50
51
51
51
52
52
52
53
53
53
53
54
54
54
54
54
54
54
54
54
54
54
53
53
53
52
52
51
50
49
48
47
46
…

Element wt% Multiplying factors (from Table 6)

Carbon 0.43 0.22
Manganese 0.75 3.5
Silicon 0.15 1.105
Nickel 0.40 1.145
Chromium 0.40 1.864
Molybdenum 0.15 1.45
Copper 0 . . .

Vanadium 0 . . .

Zirconium 0 . . .

Boron Yes . . .

Table 10 Dividing factor (DF ) for distance hardness of nonboron steel in English units

J-distance,
1/16 in.

Ideal critical
diameter (DI), in. DF or initial hardness/distance hardness (IH/DH ) ratio

2 1
4.68956 – 11.0081 DI + 13.8329 DI2  – 8.80266 DI3 + 2.78692 DI4 – 0.348793 DI5

1
2.34904 – 0.282541 DI – 1.42995 DI2 + 1.16697 DI3 – 0.33813 DI4 + 0.0340258 DI5

1
5.66795 – 6.14648 DI + 3.52874 DI2 – 1.06026 DI3 + 0.163013 DI4 – 0.0101538 DI5

1
4.52902 – 2.90739 DI + 0.986608 DI2 – 0.163588 DI3 + 0.012095 DI4 – 0.000257202 DI5

1
4.39435 – 2.16072 DI + 0.560273 DI2 – 0.0814472 DI3 + 0.00840098 DI4 – 0.000530827 DI5

1
4.15002 – 1.43154 DI + 0.00235893 DI2 + 0.112947 DI3 – 0.0237546 DI4 + 0.00150903 DI5

1
4.44473 – 1.79085 DI + 0.246168 DI2 + 0.0337785 DI3 – 0.0118874 DI4 + 0.000841843 DI5

1
4.95421 – 2.43521 DI + 0.629832 DI2 – 0.0791415 DI3 + 0.00399154 DI4 – 0.0000120363 DI5

1
5.3161 – 2.80977 DI + 0.841834 DI2 – 0.141781 DI3 + 0.0130138 DI4 – 0.000512388 DI5

1
5.63649 – 2.89264 DI + 0.903086 DI2 – 0.17297 DI3 + 0.0188104 DI4 – 0.00086593 DI5

5.83176 – 2.99646 DI + 0.940882 DI2 – 0.17734 DI3 + 0.0183885 DI4 – 0.0007900148 DI5

6.06952 – 3.15198 DI + 0.992968 DI2 – 0.180096 DI3 + 0.0172029 DI4 – 0.000664079 DI5

7.32018 – 4.60605 DI + 1.68442 DI2 – 0.338443 DI3 + 0.0345114 DI4 – 0.00138927 DI5

7.81382 – 5.10022 DI + 1.92141 DI2 – 0.394591 DI3 + 0.040784 DI4 – 0.00165327 DI5

9.18138 – 6.69048 DI + 2.75891 DI2 – 0.611613 DI3 + 0.0677165 DI4 – 0.00293074 DI5

9.27904 – 6.21461 DI + 2.33158 DI2 – 0.469723 DI3 + 0.0472664 DI4 – 0.00186035 DI5

8.62857 – 5.16125 DI + 1.81214 DI2 – 0.35489 DI3 + 0.035687 DI4 – 0.001434 DI5

3

4

5

6

7

8

9

10

12

14
16
18
20
24
28
32

DI > 2.1
DI ≤ 2.1
DI > 3.1
DI ≤ 3.1
DI > 4.1
DI ≤ 4.1
DI > 4.4
DI ≤ 4.4
DI > 5.0
DI ≤ 5.0
DI > 5.3
DI ≤ 5.3
DI > 5.6
DI ≤ 5.6
DI > 5.6
DI ≤ 5.6
DI > 6.1
DI ≤ 6.1
DI > 6.6
DI ≤ 6.6

…
…
…
…
…
…
…

J-distance,
1/16 in.

IH/DH ratio or dividing factor
for 4.4 in. DI

Distance hardness
(DH), HRC

1 . . . 58
2 1 58
3 1 58
4 1 58
5 1.01 57
12 1.26 46
32 2.17 27

J-distance,
mm

IH/DH ratio or dividing factor for
110.0 mm DI

Distance hardness
(DH), HRC

1.5 . . . 58
3 1 58
5 1 58
7 1 58
9 1.06 55
20 1.45 40
50 2.48 23
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hardenability also helps to reduce the scatter-
band of results from the measurement of hard-
enability (Fig. 13). Various test parameters
affect the dispersions of results from the
Jominy end-quench test, and replacement (or
supplementing) hardness measurement with
calculation of hardenability based on chemical
composition allows the reduction of dispersions
due to test conditions.

This section describes a program within the
Steel Institute VDEh working group to derive
the formulas for the calculation of hardenability
and how cooperative formulas, valid for several
steel producers, are received. In the early
1980s, many methods and formulas for the cal-
culation of hardenability existed in Europe. All
steel producers had their own formulas, so that
the acceptance of calculated values by the

customers was low. In 1986, a working group
of four German steel producers within the Steel
Institute VDEh was founded to develop
calculations of hardenability based on chemical
composition. Within this working group, sev-
eral methods for the calculation of hardenabil-
ity were tested. Among these methods, the
multiple linear regression method revealed the
best potential. Although it is a very simple

Table 11 Dividing factor (DFB) for distance hardness of boron steel in English units

J-distance, 1/16 in. Ideal critical diameter of boron (DIB), in. DFBor initial hardness/distance hardness (IH/DH ) ratio

2 DIB > 2.5
DIB ≤ 2.5

DIB > 2.9
DIB ≤ 2.9

DIB > 3.5
DIB ≤ 3.5

DIB > 4.4
DIB ≤ 4.4

DIB > 4.9
DIB ≤ 4.9

DIB > 5.2
DIB ≤ 5.2

DIB > 5.6
DIB ≤ 5.6

DIB > 5.8
DIB ≤ 5.8

DIB > 6.1
DIB ≤ 6.1

DIB > 6.6
DIB ≤ 6.6

DIB > 6.9
DIB ≤ 6.9

1
26.3659 – 63.9376 DIB + 64.5141 DIB

2 –  32.4046 DIB
3 + 8.08566 DIB

4 –  0.801282 DIB
5

1
11.1118 – 23.185 DIB + 21.5865 DIB

2 –  10.0461 DIB
3 + 2.32282 DIB

4 –  0.212967 DIB
5

1
28.5063 – 46.7047 DIB + 31.9047 DIB

2 –  10.9128 DIB
3 + 1.86573 DIB

4 – 0.127476 DIB
5

1
24.5637 – 33.7061 DIB +  19.3462 DIB

2 –  5.52133 DIB
3 + 0.780889 DIB

4  –  0.0437473 DIB
5

1
5.32872 + 1.00334 DIB – 3.67571 DIB

2 + 1.70752 DIB
3 – 0.310244 DIB

4 + 0.0201755 DIB
5

1
5.34598 + 0.988092 DIB – 3.15067 DIB

2 + 1.33727 DIB
3  – 0.222853 DIB

4 + 0.0133182 DIB
5

1
2.61398 + 4.69071 DIB –  4.71552 DIB

2 + 1.58031 DIB
3  –  0.228445 DIB

4 + 0.012192 DIB
5

1
3.8094 + 2.96446 DIB – 3.58846 DIB

2 + 1.22906 DIB
3 – 0.177306 DIB

4 + 0.00938121 DIB
5

1
11.7514 – 8.15904 DIB + 2.57305 DIB

2 – 0.42384 DIB
3 + 0.0367906 DIB

4 – 0.00135613 DIB
5

1
10.9458 – 6.42904 DIB + 1.729 DIB

2 – 0.241867 DIB
3 + 0.0176917 DIB

4 – 0.000547832 DIB
5

1
14.8683 – 10.1637 DIB + 3.327 DIB

2 – 0.594795 DIB
3 + 0.0563926 DIB

4 – 0.00221015 DIB
5

14.1027 – 7.94906 DIB + 1.93841 DIB
2 – 0.223573 DIB

3 + 0.0108383 DIB
4 – 0.00010342 DIB

5

11.2953 – 4.46248 DIB + 0.412863 DIB
2 + 0.0909664 DIB

3 – 0.020345 DIB
4 + 0.00109529 DIB

5

7.14753 + 0.354995 DIB – 1.61359 DIB
2 + 0.49403 DIB

3 – 0.0587857 DIB
4 + 0.00250946 DIB

5

12.4479 – 4.7358 DIB + 0.442135 DIB
2 + 0.0815263 DIB

3 – 0.018158 DIB
4 + 0.000938336 DIB

5

27.5099 – 20.4594 DIB + 6.97578 DIB
2 – 1.25184 DIB

3 + 0.115427 DIB
4 – 0.00432751 DIB

5

43.3562 – 35.3425 DIB + 12.5823 DIB
2 – 2.2982 DIB

3 + 0.211959 DIB
4 – 0.00785122 DIB

5

3

4

5

6

7

8

9

10

12

14

16 …

…

…

…

…

…

18

20

24

28
32

Table 12 Dividing factor (DF ) for distance hardness of nonboron steel in SI units

J-distance, mm Ideal critical diameter (DI ), mm DF orinitial hardness/distance hardness (IH/DH ) ratio

3 1
0.170547 + 0.173925 DI – 0.0109291 DI2 + 0.000313863 DI3 – 0.00000432086 DI 4 + 0.0000000231674 DI5

1
3.03987 – 0.0855161 DI – 0.00138048 DI2 – 0.00000998717 DI3 + 0.0000000264963 DI4 + 5.46044 × 10–12 DI5

1
4.32366 – 0.134451 DI + 0.00228151 DI2 – 0.000019625 DI3 + 0.0000000835338 DI4– 0.000000000138456 DI5

1
4.46324 – 0.0992003 DI + 0.00119387 DI2 – 0.00000740686 DI3 + 0.0000000226087 DI4– 2.46815 × 10–11 DI5

1
4.40915 – 0.0792024 DI + 0.000674319 DI2 – 0.00000197223 DI3 – 0.00000000321758 DI4 + 2.08025 × 10–11 DI5

1
4.60261 – 0.0820023 DI + 0.000718416 DI2 – 0.000002528 DI3 + 0.000000000230089 DI4 + 1.25368 × 10–11 DI5

1
5.01595 – 0.0957695 DI + 0.00095624 DI2 – 0.00000462213 DI3 + 0.00000000892787 DI4 – 8.74859 × 10–13 DI5

5.51133 – 0.10431 DI + 0.00115299 DI2 – 0.00000751801 DI3 + 0.0000000275126 DI4 – 4.31101 × 10–11 DI5

6.15369 – 0.127486 DI + 0.00157885 DI2 – 0.0000112233 DI3 + 0.0000000421359 DI4 – 0.000000000064246 DI5

7.16001 – 0.171328 DI + 0.0024282 DI2 – 0.0000191259 DI3 + 0.000000076732 DI4 – 0.000000000121571 DI5

8.46964 – 0.229424 DI + 0.00354915 DI2 – 0.0000297166 DI3 + 0.000000124831 DI4 – 0.000000000205434 DI5

9.13657 – 0.252296 DI + 0.00394419 DI2 – 0.0000333383 DI3 + 0.000000141462 DI4 – 0.000000000235541 DI5

8.84696 – 0.223317 DI + 0.00325787 DI2 – 0.000026293 DI3 + 0.00000010819 DI4 – 0.000000000176244 DI5

8.10202 – 0.171039 DI + 0.00212643 DI2 – 0.0000152754 DI3 + 0.0000000578179 DI4 – 0.000000000087989 DI5

…
…
…
…
…
…
…

DI > 52.5
DI ≤ 52.5
DI > 105
DI ≤ 105
DI > 125
DI ≤ 125
DI > 135
DI ≤ 135
DI > 140
DI ≤ 140
DI > 150
DI ≤ 150
DI > 155
DI ≤ 155

5

7

9

11

13

15

20
25
30
35
40
45
50
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method, the calculation results showed good
significance. The derived equations can be used
with any calculation software and any
calculator.
Derivation of Formulas. To ensure a

uniform procedure for the derivation of the
formulas, the working group defined several
guidelines. These guidelines are published
in the SEP1664 (06/2004), which has nearly
the status of a DIN specification. To obtain
the best results using the multiple linear
regression method, steel grades are divided
into steel families, such as MnCr-alloyed
case-hardening steels or NiCrMo-alloyed
case-hardening steels. The universe of data
for the regression analysis consists of a data-
base of measured hardness values (Rockwell
C) in the Jominy end-quench test (according
to ISO 642) and the chemical compositions
of the heats.
The hardness at a given distance (d, in milli-

meters) from the quenched end of a Jominy
specimen is the target value of the multiple lin-
ear regression model. An equation is derived
for the calculation of the hardness for each
Jominy distance (Jd), such that:

Jd ½HRC� ¼ Function ðchemical compositionÞ
¼ Constantþ a1xðwt% CÞ þ a2xðwt% SiÞ

þ . . .

In populating the database for regression analy-
sis, the SEP1664 (Ref 24) gives the following
recommendations:

� The elements carbon, silicon, manganese,
phosphorus, sulfur, chromium, molybdenum,

nickel, aluminum, and nitrogen must be
considered.

� Any other element that influences harden-
ability must also be considered.

� The minimum amount of heats for a suffi-
cient significance of the derived formulas
should be equal to the square of number of
elements in the regression universe.

Experience has shown that 200 heats are suffi-
cient for a good significance of calculation
results. Normally, a higher number of heats will
not bring a significant improvement of calcula-
tion results.
To obtain cooperative formulas for a steel

family, 50 heats from each steel producer,
including measured hardness and chemical
composition, are taken to fill up the regres-
sion universe. As a control universe, another
20 heats are used. Due to the derivation
of these cooperative formulas, the specific
formulas of the different steel producers
for a steel family have been replaced by
one set of equations that is valid for all
the steel producers (Ref 24–36). This led
to a good acceptance of the formulas by
the customers. So, an increasing number of
customers in Europe accept calculated hard-
ness values on the basis of the cooperative
formulas.
Assessment of the Formulas. For assess-

ment of the formulas, three residual dispersions
are defined in the SEP1664:

� Residual dispersion SA is built for each
Jominy distance and all heats.

� Residual dispersion SS is built for each heat.

� Residual dispersion SG is built for all dis-
tances and all heats.

The dispersion SA reveals the quality of
the equations for each Jominy distance, the
dispersion SS helps to find heats with
strange measured hardness values, and SG
allows assessment of the complete set of
equations.
To guarantee trustworthy results concerning

the calculated hardness values, these disper-
sions must meet the following requirements:

� SA should be smaller or comparable to the
standard deviation of measurement.

� The percentage of heats with SS > 4 HRC
should be smaller than 5%.

� SG should be smaller than 2 HRC for steels
without steep decline in hardness.

These dispersions are calculated for the
regression universe and a control universe.
The control universe is built up with melts,
which were not in the regression universe.
If one of these universes hurts the
requirements for the three types of dispersion,
the derivation for the considered steel family
must be repeated with a new arranged regres-
sion universe.
To describe this method of assessment, the

set of equations for CrNiMo case-hardening
steels is given as an example. The results for
the three dispersions are shown in Fig. 14.
The residual dispersions SA for all Jominy
distances of both regression and control uni-
verses lie below 2 HRC, that is, below the

Table 13 Dividing factor (DFB) for distance hardness of boron steel in SI units

J-distance, mm Ideal critical diameter of boron (DIB), mm DFBor initial hardness/distance hardness (IH/DH) ratio

3

5

7

9

11

13

15

20

25

30

35

40

45

50

1
–  7.44914 + 0.865852 DIB

 –  0.0344068 DIB
2
 + 0.000671203 DIB

3 –  0.00000646154 DIB
4
 + 0.0000000246154 DIB

5

1
–  0.0786286 + 0.192924 DIB

 –  0.00833546 DIB
2
 + 0.000155518 DIB

3
 –  0.00000135556 DIB

4
 + 0.00000000454711 DIB

5

1
17.3759 – 0.917265 DIB + 0.0207515 DIB

2
 –  0.00023599 DIB

3
 + 0.00000134895 DIB

4
 –  0.00000000310646 DIB

5

1
12.401 – 0.468682 DIB + 0.00767674 DIB

2
 –  0.0000619712 DIB

3
 + 0.000000245123 DIB

4
 –  0.000000000378588 DIB

5

1
11.6875 – 0.36703 DIB + 0.00494941 DIB

2
 –  0.0000323202 DIB

3
 +0.000000100462 DIB

4
 –  0.000000000115393 DIB

5

1
10.509  – 0.275509 DIB + 0.00296424 DIB

2 –  0.0000136307 DIB
3 + 0.0000000197461 DIB

4
 + 0.000000000014985 DIB

5

1
10.227 – 0.238757 DIB + 0.00217091 DIB

2
 – 0.00000649911 DIB

3
 – 0.0000000102394 DIB

4
 + 6.42594 × 10–11 DIB

5

1
12.0019 – 0.289503 DIB + 0.00321898 DIB

2
 – 0.0000187998 DIB

3
 + 0.0000000573608 DIB

4
 – 7.29343 × 10–11 DIB

5

12.7759 – 0.267261 DIB + 0.00240278 DIB
2

 – 0.0000100713 DIB
3
 + 0.0000000172914 DIB

4
 – 4.94824 × 10–12 DIB

5

11.4394  – 0.175773 DIB + 0.000641712 DIB
2
 + 0.00000514585 DIB

3
 – 0.000000044737 DIB

4
 + 9.20061 × 10–11 DIB

5

10.0009 – 0.099856 DIB 
 – 0.000621697 DIB

2
 + 0.000014892 DIB

3
 – 0.0000000807801 DIB

4
 + 0.00000000014357 DIB

5

21.5687 – 0.57096 DIB +0.00707779 DIB
2
 – 0.0000471456 DIB

3 + 0.000000164959 DIB
4 – 0.000000000239499 DIB

5

43.7678 – 1.47943 DIB + 0.0218008 DIB
2
 – 0.000164441 DIB

3
 + 0.000000624269 DIB

4
 –  0.000000000947543 DIB

5

47.0305 – 1.565 DIB + 0.0226057 DIB
2

 – 0.00016697 DIB
3
 + 0.000000621257 DIB

4
 –  0.000000000926214 DIB

5

…

…

…

…

…

…

DIB > 70
DIB ≤ 70

DIB > 80
DIB ≤ 80

DIB > 100
DIB ≤ 100

DIB > 135
DIB ≤ 135

DIB > 150
DIB ≤ 150

DIB > 160
DIB ≤ 160

DIB > 165
DIB ≤ 165

DIB > 170
DIB ≤ 170
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dispersions of the measurement. The disper-
sion SA of the control universe is comparable
with or even lower than SA of the regression
universe. Only 1.39% of the heats of the
regression universe show an SS greater than
4 HRC, and no heat of the control universe
exceeds the value of 4 HRC. The dispersion
SG is clearly below the required 2 HRC for
both universes. Thus, all requirements are ful-
filled, and the set of equations (Table 18) can

be accepted. In a further step, a new set of
equations is tested by the steel producers of
the working group for some months. If there
are no problems in the test phase, the formulas
are published.
Using the Formulas. The regression model

has some restrictions, as follows:

� The formulas are only valid in the chemical
range of the regression universe (Table 19).

� The coefficients of the equations are empiri-
cally derived and do not have a theoretical
basis in materials science.

� The multiple linear regression model
assumes that there are no interactions
between the chemical elements. The step-
wise multiple linear regression method cre-
ates a coefficient in the formulas only for
elements with a significant effect on the tar-
get variable. The contribution to hardness of

Table 14 Initial hardness/distance hardness (IH/DH ) ratio as a function of ideal critical diameter (DI ) in inches for nonboron steel

2 3 4 5 6 7 8 9 10 12 14 16 18 20 24 28 32

1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
3.0
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
4.0
4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
5.0
5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9
6.0
6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
7.0

1.15
1.12
1.1
1.08
1.07
1.05
1.04
1.03
1.02
1.02
1.01
1.01
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1.5
1.42
1.35
1.29
1.24
1.19
1.16
1.13
1.11
1.09
1.08
1.07
1.07
1.06
1.06
1.05
1.05
1.04
1.04
1.03
1.02
1.01
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

2.14
1.99
1.85
1.74
1.64
1.56
1.49
1.43
1.37
1.33
1.29
1.26
1.23
1.21
1.18
1.17
1.15
1.13
1.12
1.11
1.1
1.09
1.08
1.07
1.06
1.05
1.05
1.04
1.03
1.03
1.02
1.01
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

2.46
2.32
2.2
2.09
1.99
1.89
1.81
1.73
1.66
1.6
1.54
1.48
1.44
1.39
1.35
1.32
1.29
1.26
1.23
1.21
1.19
1.17
1.15
1.13
1.12
1.11
1.09
1.08
1.07
1.06
1.05
1.04
1.03
1.02
1.01
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

2.72
2.6
2.48
2.38
2.27
2.18
2.09
2
1.92
1.85
1.78
1.72
1.65
1.6
1.55
1.5
1.45
1.41
1.37
1.34
1.31
1.28
1.25
1.23
1.2
1.18
1.17
1.15
1.14
1.12
1.11
1.1
1.09
1.08
1.07
1.06
1.05
1.04
1.03
1.02
1.01
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

2.81
2.7
2.59
2.48
2.38
2.28
2.19
2.1
2.02
1.94
1.87
1.8
1.74
1.68
1.62
1.57
1.52
1.48
1.44
1.4
1.37
1.34
1.31
1.28
1.26
1.24
1.22
1.2
1.18
1.17
1.15
1.14
1.13
1.12
1.1
1.09
1.08
1.07
1.06
1.05
1.04
1.03
1.02
1.01
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

2.92
2.8
2.69
2.58
2.47
2.37
2.28
2.19
2.11
2.03
1.95
1.89
1.82
1.76
1.7
1.65
1.6
1.56
1.52
1.48
1.44
1.41
1.38
1.35
1.32
1.3
1.28
1.26
1.24
1.22
1.2
1.18
1.17
1.15
1.14
1.13
1.11
1.1
1.09
1.08
1.07
1.06
1.05
1.04
1.03
1.02
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

3.07
2.94
2.81
2.69
2.58
2.47
2.37
2.28
2.19
2.11
2.03
1.96
1.9
1.83
1.77
1.72
1.67
1.62
1.58
1.54
1.5
1.47
1.43
1.4
1.37
1.35
1.32
1.3
1.28
1.25
1.24
1.22
1.2
1.18
1.17
1.15
1.14
1.13
1.11
1.1
1.09
1.08
1.07
1.06
1.05
1.04
1.03
1.02
1
1
1
1
1
1
1
1
1
1
1
1
1

3.22
3.07
2.94
2.81
2.69
2.58
2.47
2.38
2.29
2.2
2.12
2.05
1.98
1.91
1.85
1.8
1.74
1.69
1.65
1.61
1.56
1.53
1.49
1.46
1.43
1.4
1.37
1.35
1.32
1.3
1.28
1.26
1.24
1.22
1.21
1.19
1.18
1.16
1.15
1.14
1.12
1.11
1.1
1.09
1.08
1.07
1.06
1.05
1.04
1.03
1.02
1
1
1
1
1
1
1
1
1
1

3.49
3.34
3.2
3.07
2.95
2.83
2.73
2.62
2.53
2.44
2.35
2.27
2.2
2.13
2.06
2
1.94
1.88
1.83
1.78
1.73
1.68
1.64
1.6
1.56
1.53
1.49
1.46
1.43
1.4
1.37
1.35
1.32
1.3
1.28
1.26
1.24
1.22
1.21
1.19
1.18
1.17
1.15
1.14
1.13
1.12
1.11
1.1
1.09
1.08
1.08
1.07
1.05
1.04
1.03
1.02
1
1
1
1
1

  ... ...   ...   ...   ...   ...   ...

DI, in.

Jominy end-quench distance, 1/16 in.

  ...

3.32
3.19
3.06
2.94
2.83
2.73
2.63
2.54
2.45
2.37
2.3
2.22
2.16
2.09
2.03
1.97
1.92
1.87
1.82
1.77
1.73
1.69
1.65
1.61
1.58
1.54
1.51
1.48
1.45
1.42
1.39
1.37
1.35
1.32
1.3
1.28
1.26
1.24
1.23
1.21
1.2
1.18
1.17
1.16
1.15
1.14
1.13
1.12
1.11
1.1
1.09
1.08
1.07
1.06
1.05
1.04
1.03
1.02
1.01

...

3.44
3.3
3.17
3.05
2.94
2.83
2.73
2.64
2.55
2.47
2.39
2.32
2.25
2.19
2.13
2.07
2.02
1.97
1.92
1.87
1.83
1.79
1.75
1.71
1.68
1.64
1.61
1.58
1.55
1.52
1.49
1.46
1.44
1.41
1.39
1.36
1.34
1.32
1.3
1.28
1.26
1.24
1.22
1.21
1.19
1.18
1.16
1.15
1.13
1.12
1.11
1.1
1.09
1.08
1.07
1.06
1.05
1.04
1.03

  ...
  ...

3.53
3.37
3.22
3.09
2.96
2.85
2.74
2.65
2.56
2.47
2.4
2.32
2.26
2.19
2.14
2.08
2.03
1.98
1.94
1.89
1.85
1.81
1.77
1.73
1.7
1.66
1.63
1.6
1.57
1.54
1.51
1.48
1.45
1.42
1.4
1.37
1.35
1.32
1.3
1.28
1.26
1.24
1.22
1.2
1.19
1.17
1.16
1.14
1.13
1.12
1.11
1.1
1.09
1.08
1.07
1.06
1.05
1.04

  ...
  ...
  ...

3.5
3.35
3.21
3.07
2.95
2.84
2.74
2.65
2.56
2.48
2.41
2.34
2.27
2.21
2.16
2.1
2.05
2.01
1.96
1.92
1.87
1.83
1.79
1.76
1.72
1.68
1.65
1.62
1.58
1.55
1.52
1.49
1.46
1.43
1.4
1.37
1.35
1.32
1.3
1.28
1.25
1.23
1.22
1.2
1.18
1.17
1.15
1.14
1.13
1.12
1.11
1.1
1.09
1.08
1.07
1.06
1.05

  ...
  ...
  ...

3.79
3.61
3.45
3.3
3.17
3.04
2.93
2.83
2.74
2.65
2.57
2.5
2.43
2.37
2.31
2.25
2.2
2.15
2.1
2.05
2.01
1.96
1.92
1.87
1.83
1.79
1.75
1.71
1.68
1.64
1.6
1.57
1.54
1.5
1.47
1.44
1.41
1.39
1.36
1.34
1.32
1.3
1.28
1.26
1.25
1.23
1.22
1.21
1.2
1.19
1.18
1.17
1.15
1.14
1.12
1.1
1.08

  ...
  ...
  ...
  ...
  ...

3.67
3.51
3.37
3.24
3.12
3
2.9
2.81
2.72
2.64
2.57
2.5
2.43
2.37
2.31
2.26
2.21
2.16
2.11
2.07
2.02
1.98
1.94
1.9
1.86
1.82
1.78
1.75
1.71
1.67
1.64
1.6
1.57
1.54
1.51
1.48
1.45
1.42
1.39
1.37
1.34
1.32
1.3
1.28
1.26
1.24
1.23
1.21
1.2
1.18
1.17
1.16
1.15
1.14
1.13

  ...
  ...
  ...
  ...
  ...

3.77
3.63
3.49
3.36
3.24
3.13
3.03
2.93
2.84
2.76
2.68
2.61
2.54
2.48
2.41
2.36
2.3
2.25
2.2
2.15
2.1
2.06
2.01
1.97
1.93
1.89
1.85
1.82
1.78
1.75
1.71
1.68
1.65
1.62
1.59
1.56
1.53
1.5
1.48
1.45
1.43
1.41
1.38
1.36
1.34
1.32
1.3
1.28
1.26
1.25
1.23
1.21
1.19
1.17
1.15
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elements with coefficients equal to zero may
be considered in the constant as well as in
the coefficient of an element with which it
interacts.

� Chemical compositions that are underrepre-
sented in the regression universe may lead
to bad calculation results.

Up to now, there exist thirteen sets of equa-
tions for the following steels:

� Case-hardening steels:
� Manganese-chromium alloyed
� Manganese-chromium alloyed (high

hardenability)

� Molybdenum-chromium alloyed
� Chromium-nickel-molybdenum alloyed
� Chromium-nickel alloyed
� Manganese-chromium-boron alloyed

� Quenched and tempered steels:
� Chromium alloyed
� Chromium-molybdenum alloyed

Table 15 Initial hardness/distance hardness (IH/DH) ratio as a function of ideal critical diameter (DI) in millimeters
for nonboron steel

DI, mm

Jominy end-quench distance, mm

3 5 7 9 11 13 15 20 25 30 35 40 45 50

25.0
27.5
30.0
32.5
35.0
37.5
40.0
42.5
45.0
47.5
50.0
52.5
55.0
57.5
60.0
62.5
65.0
67.5
70.0
72.5
75.0
77.5
80.0
82.5
85.0
87.5
90.0
92.5
95.0
97.5

100.0
102.5
105.0
107.5
110.0
112.5
115.0
117.5
120.0
122.5
125.0
127.5
130.0
132.5
135.0
137.5
140.0
142.5
145.0
147.5
150.0
152.5
155.0
157.5
160.0
162.5
165.0
167.5
170.0
172.5
175.0
177.5

1.13
1.11
1.09
1.07
1.06
1.05
1.04
1.03
1.02
1.02
1.01
1.01
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1.62
1.54
1.47
1.41
1.35
1.3
1.26
1.22
1.19
1.16
1.13
1.11
1.1
1.08
1.07
1.06
1.05
1.04
1.04
1.03
1.03
1.03
1.02
1.02
1.02
1.02
1.02
1.01
1.01
1.01
1.01
1.01
1.01
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

2.11
1.99
1.88
1.78
1.69
1.61
1.54
1.48
1.42
1.37
1.33
1.29
1.26
1.23
1.21
1.18
1.16
1.15
1.13
1.12
1.11
1.1
1.09
1.08
1.07
1.07
1.06
1.05
1.05
1.04
1.04
1.03
1.03
1.02
1.02
1.02
1.01
1.01
1.01
1.01
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

2.62
2.5
2.38
2.27
2.17
2.07
1.99
1.91
1.83
1.76
1.7
1.64
1.58
1.53
1.48
1.44
1.4
1.36
1.33
1.3
1.27
1.24
1.22
1.2
1.18
1.16
1.14
1.13
1.11
1.1
1.09
1.08
1.07
1.06
1.05
1.04
1.04
1.03
1.03
1.02
1.02
1.01
1.01
1.01
1.01
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

2.82
2.7
2.58
2.48
2.37
2.28
2.19
2.1
2.02
1.95
1.87
1.81
1.75
1.69
1.63
1.58
1.54
1.49
1.45
1.41
1.38
1.35
1.32
1.29
1.26
1.24
1.22
1.2
1.18
1.16
1.15
1.13
1.12
1.11
1.1
1.08
1.07
1.07
1.06
1.05
1.04
1.04
1.03
1.02
1.02
1.01
1.01
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

2.96
2.84
2.72
2.61
2.51
2.41
2.31
2.22
2.14
2.06
1.99
1.92
1.85
1.79
1.74
1.68
1.63
1.59
1.54
1.5
1.46
1.43
1.4
1.37
1.34
1.31
1.29
1.27
1.24
1.22
1.21
1.19
1.17
1.16
1.15
1.13
1.12
1.11
1.1
1.09
1.08
1.07
1.06
1.05
1.04
1.04
1.03
1.02
1.02
1.01
1
1
1
1
1
1
1
1
1
1
1
1

3.15
3.01
2.89
2.76
2.65
2.54
2.44
2.35
2.26
2.17
2.1
2.02
1.95
1.89
1.83
1.77
1.72
1.67
1.63
1.58
1.54
1.51
1.47
1.44
1.41
1.38
1.35
1.33
1.31
1.28
1.26
1.24
1.23
1.21
1.19
1.18
1.16
1.15
1.14
1.12
1.11
1.1
1.09
1.08
1.07
1.06
1.05
1.04
1.03
1.03
1.02
1.01
1.01
1
1
1
1
1
1
1
1
1

  ...   ...   ...   ...   ...   ...   ...
  ...
  ...
  ...
  ...
  ...
  ...
3.68
3.54
3.41
3.29
3.18
3.07
2.97
2.88
2.79
2.7
2.62
2.55
2.48
2.41
2.35
2.29
2.23
2.17
2.12
2.07
2.02
1.98
1.93
1.89
1.85
1.81
1.77
1.73
1.7
1.67
1.63
1.6
1.57
1.54
1.52
1.49
1.47
1.44
1.42
1.4
1.38
1.36
1.34
1.33
1.31
1.3
1.28
1.27
1.26
1.25
1.24
1.23
1.22
1.21
1.2

  ...
  ...
3.11
2.99
2.88
2.77
2.67
2.57
2.48
2.4
2.32
2.24
2.17
2.1
2.04
1.98
1.92
1.87
1.82
1.77
1.72
1.68
1.64
1.6
1.57
1.53
1.5
1.47
1.44
1.41
1.39
1.36
1.34
1.32
1.29
1.27
1.26
1.24
1.22
1.21
1.19
1.18
1.16
1.15
1.14
1.13
1.12
1.11
1.1
1.09
1.08
1.07
1.06
1.05
1.05
1.04
1.03
1.02
1.01
1
1

  ...
  ...
  ...

3.2
3.08
2.96
2.85
2.75
2.66
2.57
2.48
2.4
2.33
2.26
2.19
2.13
2.08
2.02
1.97
1.92
1.87
1.83
1.79
1.75
1.71
1.67
1.64
1.6
1.57
1.54
1.51
1.48
1.46
1.43
1.41
1.38
1.36
1.34
1.31
1.29
1.27
1.25
1.24
1.22
1.2
1.19
1.17
1.16
1.14
1.13
1.12
1.1
1.09
1.08
1.07
1.06
1.05
1.04
1.03
1.02
1.01

  ...
  ...
  ...
  ...

3.28
3.15
3.03
2.92
2.81
2.71
2.62
2.54
2.46
2.39
2.32
2.26
2.2
2.14
2.09
2.04
1.99
1.95
1.9
1.86
1.82
1.78
1.75
1.71
1.67
1.64
1.61
1.58
1.55
1.51
1.49
1.46
1.43
1.4
1.38
1.35
1.33
1.31
1.28
1.26
1.24
1.22
1.21
1.19
1.17
1.16
1.15
1.13
1.12
1.11
1.1
1.09
1.08
1.07
1.06
1.05
1.04

  ...
  ...
  ...
  ...

3.52
3.37
3.23
3.1
2.98
2.87
2.77
2.68
2.6
2.52
2.45
2.38
2.32
2.26
2.2
2.15
2.1
2.06
2.01
1.97
1.92
1.88
1.84
1.81
1.77
1.73
1.7
1.66
1.63
1.59
1.56
1.53
1.5
1.47
1.44
1.41
1.39
1.36
1.34
1.32
1.3
1.28
1.26
1.24
1.23
1.21
1.2
1.19
1.18
1.17
1.16
1.15
1.14
1.13
1.12
1.11
1.1

  ...
  ...
  ...
  ...
  ...
  ...
3.41
3.27
3.14
3.03
2.92
2.82
2.73
2.65
2.57
2.5
2.43
2.37
2.31
2.25
2.2
2.15
2.1
2.05
2.01
1.96
1.92
1.88
1.84
1.8
1.76
1.73
1.69
1.65
1.62
1.59
1.55
1.52
1.49
1.46
1.43
1.41
1.38
1.36
1.34
1.32
1.3
1.28
1.26
1.25
1.23
1.22
1.21
1.2
1.19
1.17
1.16
1.15
1.14
1.12
1.1

  ...
  ...
  ...
  ...
  ...
  ...
3.55
3.41
3.28
3.16
3.05
2.95
2.85
2.76
2.68
2.6
2.53
2.46
2.4
2.34
2.28
2.22
2.17
2.12
2.07
2.03
1.98
1.94
1.9
1.86
1.82
1.78
1.74
1.71
1.67
1.64
1.61
1.58
1.55
1.52
1.49
1.46
1.44
1.42
1.39
1.37
1.35
1.33
1.32
1.3
1.29
1.27
1.26
1.24
1.23
1.22
1.21
1.2
1.18
1.17
1.15
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� Unalloyed carbon
� Manganese-chromium-boron alloyed
� Alloyed chain steels
� Chromium-vanadium alloyed
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Table 16 Initial hardness/distance hardness (IH/DH ) ratio as a function of ideal critical diameter (DI ) in inches for boron steel

DI, in.

Jominy end-quench distance, 1/16 in.

2 3 4 5 6 7 8 9 10 12 14 16 18 20 24 28 32

1.5
1.6
1.7
1.8
1.9
2.0
2.1
2.2
2.3
2.4
2.5
2.6
2.7
2.8
2.9
3.0
3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8
3.9
4.0
4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
5.0
5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8
5.9
6.0
6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
7.0

1.1
1.08
1.07
1.06
1.05
1.04
1.03
1.02
1.02
1.02
1.01
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1.14
1.12
1.1
1.09
1.08
1.07
1.06
1.05
1.04
1.04
1.03
1.03
1.03
1.02
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1.88
1.65
1.47
1.34
1.25
1.19
1.14
1.11
1.09
1.08
1.07
1.06
1.05
1.05
1.04
1.04
1.03
1.03
1.02
1.02
1.01
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

2.52
2.2
1.95
1.74
1.58
1.46
1.36
1.29
1.24
1.2
1.17
1.15
1.14
1.13
1.12
1.11
1.1
1.09
1.08
1.07
1.06
1.05
1.04
1.04
1.03
1.02
1.02
1.02
1.01
1.01
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

2.91
2.7
2.5
2.31
2.13
1.97
1.83
1.7
1.58
1.48
1.4
1.32
1.26
1.21
1.17
1.13
1.11
1.09
1.08
1.07
1.06
1.06
1.06
1.06
1.05
1.05
1.04
1.04
1.03
1.03
1.02
1.01
1.01
1.01
1.02
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

3.23
3.02
2.82
2.63
2.45
2.28
2.12
1.98
1.84
1.72
1.61
1.52
1.43
1.36
1.3
1.25
1.2
1.17
1.14
1.11
1.1
1.08
1.08
1.07
1.06
1.06
1.06
1.05
1.05
1.05
1.04
1.04
1.03
1.02
1.02
1.01
1.01
1.02
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

  ...   ...   ...   ...   ...   ...   ...   ...   ...   ...   ...
  ...
  ...
  ...
  ...
  ...
  ...
  ...
  ...
  ...
  ...
  ...
  ...

4.27
4.01
3.78
3.57
3.39
3.22
3.07
2.94
2.82
2.71
2.61
2.52
2.44
2.36
2.29
2.23
2.17
2.11
2.06
2.01
1.96
1.91
1.87
1.82
1.78
1.74
1.7
1.67
1.63
1.6
1.56
1.53
1.5
1.47
1.44
1.41
1.38
1.35
1.32
1.29
1.25
1.21
1.17

  ...
  ...
  ...
  ...
  ...
  ...
  ...
  ...
  ...
  ...
4.23
4
3.78
3.59
3.41
3.25
3.1
2.97
2.84
2.73
2.63
2.53
2.44
2.36
2.28
2.21
2.15
2.09
2.03
1.98
1.92
1.88
1.83
1.79
1.75
1.71
1.67
1.63
1.6
1.57
1.54
1.51
1.48
1.45
1.43
1.4
1.38
1.35
1.32
1.3
1.27
1.24
1.21
1.17
1.13

  ...
  ...
  ...
  ...
  ...
  ...
  ...
  ...
  ...

4.03
3.84
3.66
3.49
3.33
3.18
3.04
2.9
2.78
2.66
2.55
2.45
2.36
2.27
2.19
2.11
2.04
1.97
1.91
1.86
1.8
1.76
1.71
1.67
1.63
1.6
1.56
1.53
1.5
1.47
1.45
1.42
1.4
1.37
1.35
1.32
1.3
1.28
1.25
1.23
1.21
1.19
1.16
1.14
1.12
1.1

  ...
  ...
  ...
  ...
  ...
  ...
  ...
  ...
  ...

3.62
3.46
3.3
3.15
3.01
2.88
2.75
2.63
2.51
2.4
2.3
2.21
2.12
2.04
1.96
1.89
1.82
1.76
1.71
1.66
1.61
1.57
1.53
1.5
1.47
1.44
1.41
1.39
1.36
1.34
1.32
1.3
1.28
1.26
1.24
1.23
1.21
1.19
1.17
1.15
1.13
1.12
1.1
1.08
1.07
1.05

  ...
  ...
  ...
  ...
  ...
  ...
  ...
  ...

3.63
3.45
3.28
3.12
2.97
2.83
2.7
2.57
2.46
2.35
2.25
2.16
2.07
1.99
1.92
1.85
1.79
1.73
1.68
1.63
1.58
1.54
1.5
1.47
1.44
1.41
1.38
1.36
1.33
1.31
1.29
1.27
1.25
1.23
1.22
1.2
1.18
1.17
1.15
1.13
1.12
1.11
1.09
1.08
1.07
1.06
1.05

  ...
  ...
  ...
  ...
  ...
  ...

3.86
3.65
3.45
3.27
3.09
2.93
2.78
2.65
2.52
2.4
2.29
2.19
2.1
2.01
1.93
1.86
1.8
1.74
1.68
1.63
1.58
1.54
1.5
1.47
1.43
1.4
1.37
1.35
1.32
1.3
1.28
1.26
1.24
1.22
1.2
1.19
1.17
1.16
1.14
1.13
1.11
1.1
1.09
1.08
1.07
1.06
1.05
1.05
1.04

  ...
  ...
  ...
  ...
  ...

3.69
3.48
3.29
3.11
2.95
2.79
2.65
2.52
2.4
2.29
2.19
2.09
2.01
1.93
1.85
1.78
1.72
1.66
1.6
1.55
1.5
1.46
1.42
1.38
1.35
1.32
1.29
1.26
1.24
1.21
1.19
1.18
1.16
1.14
1.13
1.12
1.11
1.1
1.09
1.08
1.07
1.07
1.06
1.05
1.04
1.04
1.03
1.01
1
1

  ...
  ...
  ...
  ...

3.33
3.15
2.98
2.82
2.67
2.54
2.41
2.29
2.18
2.08
1.99
1.9
1.82
1.75
1.68
1.62
1.56
1.51
1.47
1.42
1.38
1.35
1.31
1.28
1.26
1.23
1.21
1.19
1.17
1.15
1.14
1.12
1.11
1.1
1.09
1.08
1.07
1.06
1.05
1.05
1.04
1.03
1.03
1.02
1.02
1.01
1
1
1
1
1

  ...
  ...
  ...
3.08
2.88
2.7
2.53
2.38
2.24
2.12
2
1.9
1.8
1.72
1.64
1.57
1.5
1.45
1.4
1.35
1.31
1.27
1.24
1.21
1.19
1.17
1.15
1.13
1.11
1.1
1.09
1.08
1.07
1.06
1.06
1.05
1.05
1.04
1.04
1.04
1.03
1.03
1.02
1.02
1.01
1
1
1
1
1
1
1
1
1
1

  ...
  ...
3
2.84
2.68
2.53
2.38
2.24
2.11
1.99
1.87
1.77
1.67
1.59
1.51
1.44
1.38
1.33
1.28
1.24
1.21
1.18
1.16
1.14
1.13
1.12
1.11
1.1
1.09
1.09
1.08
1.07
1.07
1.06
1.05
1.04
1.04
1.03
1.02
1.02
1.01
1.01
1.02
1
1
1
1
1
1
1
1
1
1
1
1

  ...

2.99
2.83
2.67
2.51
2.36
2.21
2.08
1.95
1.83
1.72
1.62
1.53
1.44
1.37
1.31
1.26
1.21
1.18
1.14
1.12
1.1
1.09
1.08
1.07
1.07
1.06
1.06
1.06
1.06
1.06
1.05
1.05
1.05
1.04
1.03
1.03
1.02
1.01
1.01
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
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Table 17 Initial hardness/distance hardness (IH/DH ) ratio as a function of ideal critical diameter (DI ) in millimeters for boron steel

DI, mm

Jominy end-quench distance, mm

3 5 7 9 11 13 15 20 25 30 35 40 45 50

1.25
1.21
1.18
1.14
1.12
1.09
1.08
1.06
1.05
1.04
1.03
1.03
1.02
1.02
1.01
1.01
1.01
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

1.92
1.73
1.57
1.45
1.35
1.28
1.22
1.17
1.14
1.11
1.09
1.08
1.07
1.06
1.06
1.05
1.05
1.05
1.04
1.04
1.03
1.03
1.02
1.01
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

2.56
2.34
2.14
1.97
1.83
1.7
1.59
1.49
1.41
1.35
1.29
1.24
1.2
1.17
1.14
1.12
1.11
1.1
1.09
1.08
1.07
1.07
1.06
1.06
1.06
1.05
1.05
1.05
1.04
1.04
1.03
1.03
1.03
1.02
1.02
1.01
1.01
1.01
1.01
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

...  
 
2.96
2.75
2.57
2.4
2.24
2.1
1.97
1.86
1.75
1.66
1.57
1.5
1.43
1.37
1.32
1.27
1.23
1.2
1.17
1.15
1.13
1.11
1.09
1.08
1.07
1.07
1.06
1.06
1.05
1.05
1.05
1.04
1.04
1.04
1.04
1.04
1.03
1.03
1.03
1.02
1.02
1.01
1.01
1
1
1
1
1
1
1
1
1
1
1

  
   
   
   
   
2.68
2.52
2.37
2.23
2.1
1.99
1.88
1.78
1.7
1.62
1.55
1.48
1.43
1.38
1.33
1.29
1.26
1.23
1.2
1.18
1.16
1.14
1.13
1.12
1.11
1.1
1.09
1.08
1.08
1.07
1.07
1.06
1.05
1.05
1.04
1.04
1.03
1.03
1.02
1.02
1.02
1.01
1.01
1.01
1.01
1.01
1
1
1
1
1

   
   
   
   
  
  
3.18
3.01
2.85
2.7
2.56
2.43
2.32
2.21
2.11
2.01
1.93
1.85
1.78
1.71
1.65
1.59
1.54
1.49
1.45
1.41
1.37
1.34
1.31
1.28
1.25
1.23
1.21
1.19
1.17
1.15
1.14
1.13
1.11
1.1
1.09
1.08
1.07
1.06
1.05
1.05
1.04
1.03
1.03
1.02
1.02
1.01
1
1
1
1

   
   
  
   
   
 
   
   
   
3.26
3.09
2.94
2.79
2.66
2.53
2.42
2.31
2.21
2.11
2.03
1.95
1.87
1.81
1.74
1.69
1.63
1.58
1.54
1.5
1.46
1.43
1.39
1.36
1.34
1.31
1.29
1.27
1.25
1.23
1.21
1.19
1.18
1.16
1.15
1.14
1.12
1.11
1.1
1.09
1.07
1.06
1.05
1.04
1.03
1.02
1.01

4.29
4.02
3.78
3.57
3.38
3.21
3.06
2.92
2.8
2.69
2.59
2.5
2.42
2.34
2.27
2.21
2.15
2.09
2.03
1.98
1.93
1.88
1.84
1.8
1.75
1.71
1.68
1.64
1.61
1.58
1.55
1.52
1.49
1.47
1.44
1.42
1.4
1.37
1.35
1.32
1.3
1.27
1.23
1.19
1.14

40.0
42.5
45.0
47.5
50.0
52.5
55.0
57.5
60.0
62.5
65.0
67.5
70.0
72.5
75.0
77.5
80.0
82.5
85.0
87.5
90.0
92.5
95.0
97.5

100.0
102.5
105.0
107.5
110.0
112.5
115.0
117.5
120.0
122.5
125.0
127.5
130.0
132.5
135.0
137.5
140.0
142.5
145.0
147.5
150.0
152.5
155.0
157.5
160.0
162.5
165.0
167.5
170.0
172.5
175.0
177.5

1.07
1.06
1.05
1.04
1.03
1.03
1.02
1.02
1.02
1.01
1.01
1.01
1.02
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

...
... ...

...
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...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...

...
2.64
2.44
2.26
2.1
1.96
1.83
1.71
1.61
1.53
1.45
1.38
1.32
1.27
1.23
1.19
1.16
1.13
1.11
1.09
1.08
1.07
1.06
1.05
1.04
1.04
1.04
1.03
1.03
1.03
1.03
1.03
1.02
1.02
1.02
1.02
1.02
1.02
1.01
1.01
1.01
1.01
1.01
1.01
1
1
1
1
1
1
1
1
1
1
1

3.45
3.28
3.13
2.98
2.84
2.71
2.59
2.47
2.37
2.27
2.18
2.09
2.01
1.94
1.87
1.81
1.75
1.7
1.65
1.61
1.56
1.53
1.49
1.46
1.43
1.4
1.38
1.35
1.33
1.31
1.29
1.27
1.25
1.24
1.22
1.2
1.18
1.17
1.15
1.13
1.12
1.1
1.08
1.07
1.05
1.04

3.7
3.53
3.37
3.22
3.08
2.95
2.82
2.7
2.59
2.48
2.38
2.29
2.2
2.12
2.05
1.98
1.91
1.86
1.8
1.75
1.7
1.66
1.62
1.58
1.55
1.52
1.49
1.46
1.44
1.41
1.39
1.37
1.34
1.32
1.3
1.28
1.26
1.24
1.22
1.2
1.18
1.16
1.14
1.12
1.1
1.08

3.87
3.67
3.49
3.32
3.17
3.02
2.89
2.77
2.66
2.55
2.46
2.37
2.28
2.21
2.13
2.07
2.01
1.95
1.89
1.84
1.8
1.75
1.71
1.67
1.64
1.6
1.57
1.54
1.51
1.48
1.45
1.43
1.41
1.38
1.36
1.34
1.31
1.29
1.27
1.25
1.22
1.2
1.17
1.14
1.11

4.07
3.83
3.62
3.43
3.26
3.11
2.98
2.86
2.75
2.65
2.56
2.48
2.41
2.34
2.27
2.21
2.16
2.1
2.05
2.01
1.96
1.91
1.87
1.83
1.79
1.75
1.72
1.68
1.65
1.62
1.59
1.56
1.53
1.51
1.48
1.45
1.43
1.4
1.37
1.33
1.29
1.25
1.2
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tungsstählen, HTM, Vol 47 (No. 3), 1992,
p 183–188 (in German)

31. S.J. Engineer, H. Rohloff, and H.-J. Wie-
land, Härtbarkeit von borlegierten Edel-
baustählen, Stahl Eisen, Vol 114 (No. 11),
1994, p 121–124 (in German)

32. R. Caspari, H. Gulden, B. Kontiokari,
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Distance to the quenched end, mm

1.5 3 5 7 9 11 13 15 20 25 30 40

1.5 3 5 7 9 11 13 15 20 25 30 40

0.83

1.39

5.02

0.75 0.89 1.35 1.60 1.67 1.66 1.69

1.52

1.55 1.49 1.43 1.38

0.90

1.25

3.34

0.78 0.77 1.28 1.65 1.70 1.66 1.25 1.10 1.43 0.99

SA, HRC

SG, HRC

max Ss, HRC Ss > 4 HRC: 1.4%

Ss > 4 HRC: 0% 

Control
universe

SA, HRC

SG, HRC

max Ss, HRC

Fig. 14 Residual dispersions for regression and control universe of Cr-Ni-Mo case-hardening steels

Table 18 Regression analysis coefficients for Cr-Ni-Mo-alloyed case-hardening steels

J,
mm Constant

Coefficients of elements

C Si Mn P S Cr Mo Ni Al Cu N

31.326
30.373
20.405
2.542

−12.350
−20.891
−24.844
−26.523
−26.257
−23.850
−22.970
−21.156

65.799
60.416
67.366
91.732

113.634
123.811
130.575
122.742
105.032
92.430
82.291
74.165

0.000
2.484
2.121
0.000
2.742
5.381
5.046
6.361
6.550
6.809
6.691
6.587

0.000
0.000
1.713
4.445
5.996
7.346
7.350
9.120
9.953
9.575

10.027
9.909

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

61.729
55.798
51.676
0.000

0.000
0.000

26.459
52.466
44.306
26.830
0.000
0.000
0.000
0.000
0.000
0.000

0.988
0.843
2.268
5.644
8.558

10.670
11.832
12.838
13.378
13.253
13.081
12.621

0.000
0.000
0.000
0.000
0.000
0.000
0.000
8.416

16.103
16.460
15.763
10.106

0.000
0.655
3.939
8.286

11.000
11.837
12.159
9.861
7.311
6.278
6.358
7.345

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
2.451
1.778
0.000
3.794
6.370
6.947
8.454
9.540

10.173
9.623
7.956

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

1.5
3
5
7
9

11
13
15
20
25
30
40
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Table 19 Limiting values of chemical composition in regression analysis of steel hardenability in the SEP 1664

Steel Type C Si Mn P S Cr Ni Mo Cu Al N Ti B V

min
max

0.220
0.468

0.02
0.36

0.59
0.97

0.005
0.037

0.003
0.038

0.800
1.240

0.010
0.280

0.005
0.090

0.0170
0.3200

0.012
0.062

0.0060
0.0148

…
…

…
…

…
…

min
max

0.160
0.457

0.100
0.350

0.580
0.920

0.0050
0.0280

0.0030
0.0590

0.809
1.222

0.050
0.340

0.120
0.284

0.0500
0.4900

0.006
0.052

0.0050
0.0208

…
…

…
…

…
…

min
max

0.320
0.560

0.11
0.32

0.50
0.90

0.004
0.033

0.005
0.042

0.030
0.290

0.030
0.200

0.005
0.090

0.0290
0.3400

0.015
0.052

0.0050
0.0156

…
…

…
…

…
…

min
max

0.277
0.420

0.18
0.44

1.02
1.66

0.008
0.037

0.003
0.038

0.260
0.620

0.020
0.220

0.006
0.080

0.0100
0.2500

0.021
0.080

0.0025
0.0108

0.010
0.060

0.0016
0.0044

…
…

min
max

0.168
0.280

0.14
0.26

0.80
1.40

0.006
0.017

0.001
0.016

0.480
0.870

0.450
1.110

0.170
0.605

0.0110
0.2100

0.021
0.045

0.0046
0.0147

…
…

…
…

…
…

min
max

0.480
0.564

0.147
0.350

0.818
1.065

0.0038
0.0220

0.0010
0.0320

0.950
1.140

0.018
0.242

0.002
0.093

0.0100
0.2400

0.001
0.042

0.0035
0.0140

…
…

…
…

0.085
0.159

min
max

0.130
0.231

0.02
0.38

1.02
1.48

0.006
0.033

0.002
0.044

0.820
1.290

0.020
0.300

0.010
0.090

0.0400
0.3500

0.012
0.063

0.0060
0.0180

…
…

…
…

…
…

min
max

0.100
0.230

0.15
0.35

0.41
1.09

0.004
0.025

0.001
0.060

0.740
2.030

0.800
2.010

0.004
0.100

0.0100
0.4000

0.018
0.058

0.0049
0.0160

…
…

…
…

…
…

min
max

0.110
0.240

0.030
0.579

0.450
1.100

0.0050
0.0340

0.0010
0.0520

0.460
1.920

0.800
1.790

0.070
0.440

0.0070
0.2700

0.009
0.051

0.0060
0.0170

…
…

…
…

…
…

min
max

0.170
0.263

0.06
0.40

0.68
0.97

0.005
0.023

0.002
0.039

0.400
1.010

0.015
0.648

0.160
0.467

0.0075
0.3200

0.013
0.054

0.0040
0.0161

…
…

…
…

…
…

min
max

0.197
0.280

0.14
0.37

1.07
1.40

0.006
0.028

0.010
0.042

1.005
1.400

0.020
0.265

0.004
0.097

0.0110
0.3170

0.014
0.040

0.0071
0.0172

…
…

…
…

…
…

min
max

0.120
0.200

0.15
0.39

1.01
1.30

0.005
0.033

0.014
0.037

0.929
1.291

0.020
0.300

0.000
0.120

0.0100
0.3100

0.012
0.059

0.0036
0.0246 0.005

0.0010
0.005

…
…

…

Manganese-chromium 
  alloyed

Manganese-chromium-
  boron alloyed

Chromium-
  nickel-
  molybdenum alloyed

Chromium-vanadium 
  alloyed

Unalloyed carbon

Chromium-nickel
  alloyed

Manganese-
  chromium-
  boron alloyed

Molybdenum-
  chromium alloyed

Manganese-chromium 
  alloyed (high 
  hardenability)

Case hardening

Quenched and tempered

Case hardening

Case hardening

Quenched and tempered

Case hardening

Case hardening

Case hardening

Quenched and tempered

Alloyed chain steels

Quenched and tempered

Quenched and tempered

Quenched and tempered

Chromium alloyed

Chromium-molybdenum 
  alloyed
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Calculation of Hardenability in
High-Carbon Steels
Adapted from the work of C.F. Jatczak*

HARDENABILITY of steel depends on car-
bon content and other alloying elements, as
well as the grain size of the austenite phase.
As such, methods have been developed to cal-
culate hardenability from the composition of
steels. Calculation of hardenability is expressed
in terms of the ideal critical diameter (DI),
which is very relatable to the heat treating
response of a given component/application
being produced from a given or proposed type
and/or heat of steel (see also the article “Hard-
ness and Hardenability of Steels” in this
Volume).
This article describes the calculation of high-

carbon (carburized) steel hardenability. The
methodology described in this article is based
on the work of C.F. Jatczak (Ref 1–5) for
high-carbon steels. Jatczak’s work on high-
carbon hardenability uses a DI value based the
criterion of a 10% nonmartensitic transforma-
tion—meaning that the DI value is equated
with the diameter of bar that will achieve 90%
martensite at its center when quenched in an
“ideal” medium (i.e., a medium that could
instantly cool the surface temperature of the
bar to the temperature of the medium). This cri-
terion for defining DI values of high-carbon
hardenability differs from that of DI values for
low- and medium-carbon steels (where DI

values are based on criterion of 50% martensi-
tic transformation at the bar center). The differ-
ent DI criteria thus are sometimes noted as
DI-50% values or DI-90%. Hardenability calcula-
tion of low- and medium-carbon steels is
described in the preceding article “Hardenabil-
ity Calculation of Carbon and Low-Alloy Steels
with Low or Medium Carbon” in this Volume.
The system uses the following empirical

equation from Grossmann (Ref 6) to predict
hardenability from composition:

DI ¼ BaseDIð Þ � fMn � fSi � fCr
� fNi . . . and so forth (Eq 1)

Multiplying factors (MF) for the hardenabil-
ity effects of manganese, silicon, chromium,
nickel, molybdenum, aluminum, and boron at
high carbon levels were derived for a pure iron
or alloy-free base for austenitizing conditions
ranging from 800 to 925 �C (1475 to
1700 �F). Base factors were also determined
for carbon in the range of 0.60 to 1.10%.
The MFs are presented in both tabular

(Tables 1A, 1B, 2) and graphical form and
can be used to predict hardenability from com-
position for homogeneous high-carbon steels as
well as the case hardenability of high-carbon
regions in carburizing grades. Case hardenabil-
ity can be calculated for both the single-quench
practice, wherein the steel is hardened by direct
or delay quenching from carburizing, and the
double-quench practice, wherein the steel is
reheated for hardening to some lower tempera-
ture after a prior air cooling (normalizing) or
quenching from the carburizing treatment. The
accuracy of hardenability prediction using these
factors has been found to be within �10% of
the measure hardenability at ideal critical dia-
meters as high as 660 mm (26 in.).

Background

This writing was adapted directly from the
work of C.F. Jatczak described in Ref 1 to 5,
which was aimed at the calculation and control
of hardenability at high carbon levels. In all
instances, the Grossmann (Ref 6) system for
characterizing hardenability in terms of DI

was employed to establish the specific harden-
ability effects of manganese, silicon, chro-
mium, nickel, molybdenum, and boron at
carbon levels ranging from roughly 0.75 to
1.10% in singly and multiply alloyed composi-
tions quenched from 800, 830, 855, and
925 �C (1475, 1525, 1575, and 1700 �F). These
austenitizing temperatures encompass the range

of commercial hardening conditions to which
such hypereutectoid compositions as tool steels,
1.0% C bearing steels, and the case regions of
carburizing grades are normally subjected.
When quenched from such temperatures, all

of these materials normally contain excess or
undissolved carbide particles, which means that
the quantity of alloy and carbon in solution
could vary with the condition of treatment and
prior structure. Thus, prior carbide size, shape,
and distribution as well as austenitizing time
and temperature would be expected to influence
the hardenability effect of a given quantity of
alloy and carbon. Grain size could also be influ-
ential but to a lesser degree, because it does not
vary greatly from ASTM 6 to 9 when excess
carbides are present, and its effect is generally
small, particularly if bainite rather than pearlite
limits the hardenability (Ref 7).
As a rule, homogeneous high-carbon alloy

steels are usually spheroidize annealed for
machining prior to hardening, whereas carbur-
izing grades are either normalized (i.e., air
cooled) or quenched in oil directly from carbur-
izing before reheating for hardening. The initial
quench from the carburizer may also be the
final hardening treatment itself. The latter three
conditions produce case microstructures in
which the austenite transformation product
may range from 100% martensite (with excess
carbides and retained austenite) to 100% lam-
ellar carbide of variable interlamellar spacing.
All of these prior transformation products
transform to austenite rather easily during
reheating for hardening (Ref 8). During cool-
ing, however, the undissolved carbides will
nucleate pearlite prematurely and act to reduce
hardenability, but they do not affect the bainite
reaction significantly.
By contrast, the spheroidize-annealed prior

structures also contain carbides, but these are
present as large spheroids that are much more
difficult to dissolve when the steel is reheated
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Table 1A Multiplying factors for the calculation of case hardenability of carburizing steels and the hardenability of high-carbon steels
hardened after a prior normalize or quench treatment
See also Table 1B

Percent

Mn*(a) Si*(a) Cr*(a)
Chromium carburized

steels(b)

800 �C
(1475 �F)

830 �C
(1525 �F)

855 �C
(1575 �F)

925 �C
(1700 �F)

800 �C
(1475 �F)

830 �C
(1525 �F)

855 �C
(1575 �F)

925 �C
(1700 �F)

800 �C
(1475 �F)

830 �C
(1525 �F)

855 �C
(1575 �F)

925 �C
(1700 �F)

925 �C
(1700 �F)

0.05 1.02 1.04 1.04 1.04 1.02 1.04 1.04 1.04 1.02 1.04 1.04 1.04 1.04
0.10 1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.06 1.06
0.15 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10
0.20 1.14 1.14 1.14 1.14 1.14 1.14 1.14 1.14 1.14 1.14 1.14 1.14 1.14
0.25 1.18 1.18 1.18 1.18 1.18 1.18 1.18 1.18 1.18 1.18 1.18 1.18 1.18
0.30 1.26 1.26 1.27 1.26 1.19 1.19 1.20 1.24 1.22 1.22 1.24 1.23 1.30
0.35 1.31 1.32 1.33 1.33 1.20 1.20 1.21 1.33 1.26 1.27 1.28 1.31 1.41
0.40 1.35 1.38 1.39 1.39 1.21 1.21 1.21 1.40 1.28 1.32 1.33 1.39 1.49
0.45 1.41 1.44 1.45 1.44 1.22 1.22 1.22 1.48 1.31 1.35 1.36 1.44 1.59
0.50 1.45 1.47 1.48 1.47 1.23 1.23 1.24 1.54 1.33 1.38 1.39 1.47 1.67
0.55 1.48 1.53 1.53 1.53 1.24 1.24 1.25 1.61 1.34 1.41 1.41 1.52 1.75
0.60 1.52 1.58 1.58 1.56 1.25 1.25 1.26 1.67 1.35 1.43 1.44 1.56 1.84
0.65 1.55 1.61 1.62 1.59 1.26 1.26 1.27 1.72 1.36 1.46 1.46 1.61 1.89
0.70 1.59 1.65 1.67 1.61 1.27 1.27 1.28 1.78 1.38 1.47 1.47 1.66 1.95
0.75 1.62 1.69 1.72 1.66 1.28 1.28 1.29 1.84 1.39 1.49 1.48 1.73 2.00
0.80 1.65 1.73 1.76 1.71 1.29 1.29 1.30 1.88 1.39 1.51 1.50 1.76 2.05
0.85 1.67 1.76 1.81 1.75 1.31 1.31 1.31 1.93 1.40 1.51 1.51 1.81 2.09
0.90 1.69 1.81 1.86 1.81 1.32 1.32 1.32 1.96 1.41 1.52 1.52 1.86 2.12
0.95 1.73 1.85 1.89 1.91 1.33 1.33 1.32 1.99 1.41 1.53 1.53 1.92 2.15
1.00 1.75 1.88 1.93 2.00 1.34 1.34 1.33 2.00 1.41 1.54 1.54 1.96 2.18
1.05 1.78 1.92 1.98 2.09 1.35 1.34 1.34 2.01 1.41 1.55 1.54 2.00 2.21
1.10 1.80 1.96 2.00 2.19 1.35 1.35 1.34 2.01 1.41 1.56 1.55 2.06 2.24
1.15 1.82 2.02 2.04 2.28 1.36 1.36 1.35 2.04 1.41 1.56 1.56 2.08 2.27
1.20 . . . 2.07 2.09 2.33 1.36 1.37 1.35 2.05 1.41 1.58 1.57 2.12 2.29
1.25 . . . 2.14 2.16 2.40 1.38 1.38 1.36 2.06 1.41 1.59 1.58 2.15 2.32
1.30 . . . 2.21 2.23 2.45 1.39 1.39 1.38 2.07 1.41 1.59 1.58 2.18 2.35
1.35 . . . 2.29 2.33 2.49 1.40 1.40 1.39 2.08 1.41 1.59 1.59 2.21 2.39
1.40 . . . 2.37 2.42 2.55 1.41 1.41 1.40 2.09 1.42 1.61 1.59 2.23 2.44
1.45 . . . 2.50 2.54 2.59 1.42 1.43 1.41 2.10 1.43 1.61 1.59 2.24 2.47
1.50 . . . 2.58 2.62 2.62 1.43 1.45 1.43 2.11 1.44 1.61 1.59 2.25 2.50
1.55 . . . . . . . . . 2.66 1.45 1.46 1.45 . . . 1.45 1.62 1.60 2.26 2.53
1.60 . . . . . . . . . 2.69 1.47 1.47 1.46 . . . 1.45 1.62 1.61 2.27 2.55
1.65 . . . . . . . . . 2.72 1.48 1.49 1.48 . . . 1.46 1.63 1.62 . . . 2.57
1.70 . . . . . . . . . 2.75 1.50 1.51 1.51 . . . 1.47 1.64 1.64 . . . 2.60
1.75 . . . . . . . . . 2.79 1.52 1.53 1.53 . . . 1.47 1.65 1.65 . . . . . .

1.80 . . . . . . . . . 2.82 1.54 1.55 1.55 . . . 1.48 1.67 1.67 . . . . . .

1.85 . . . . . . . . . 2.86 1.57 1.58 1.58 . . . 1.49 1.68 1.69 . . . . . .

1.90 . . . . . . . . . 2.89 1.60 1.60 1.60 . . . 1.52 1.69 1.70 . . . . . .

1.95 . . . . . . . . . 2.93 1.62 1.62 1.62 . . . 1.54 1.72 1.72 . . . . . .

2.00 . . . . . . . . . 2.95 1.66 1.66 1.65 . . . 1.56 1.74 1.74 . . . . . .

(a) These are factors applicable to single-alloy compositions and to ALL multiple-alloy steels when quenching from 925 �C (1700 �F); however, when heat treating from 800–855 �C (1475–1575 �F), use only for those multi-
alloy compositions that do not have a combined Ni and Mo content above 1.0 and 0.15%, respectively. For example, a steel with 1.5 Mn, 2.0 Ni, but 0 Mo conforms to this rule. (b) When hardening directly from carburizing,
use the chromium carburized steels factor in place of Cr*.

Table 1B Multiplying factors for the calculation of case hardenability of carburizing steels and the hardenability of high-carbon steels
hardened after a prior normalize or quench treatment
See also Table 1A

Percent

Ni*(a) Mo*(a) Al Multialloy Si(b)

800 �C
(1475 �F)

830 �C
(1525 �F)

855 �C
(1575 �F)

925 �C
(1700 �F)

800 �C
(1475 �F)

830 �C
(1525 �F)

855 �C
(1575 �F)

925 �C
(1700 �F)

800 ! 925 �C
(1475 ! 1700 �F)

800 �C
(1475 �F)

830 �C
(1525 �F)

855 �C
(1575 �F)

925 �C
(1700 �F)

0.05 1.00 1.00 1.00 1.00 1.05 1.05 1.05 1.13 1.02 1.01 1.04 1.04 1.04
0.10 1.01 1.01 1.01 1.01 1.10 1.10 1.10 1.27 1.05 1.06 1.06 1.06 1.06
0.15 1.03 1.03 1.02 1.03 1.15 1.15 1.17 1.42 1.08 1.10 1.10 1.10 1.10
0.20 1.04 1.04 1.04 1.04 1.20 1.20 1.26 1.56 1.12 1.14 1.14 1.14 1.14
0.25 1.05 1.05 1.05 1.05 1.24 1.24 1.35 1.73 1.15 1.18 1.18 1.18 1.18
0.30 1.07 1.07 1.07 1.07 1.29 1.29 1.45 1.90 1.18 1.26 1.26 1.27 1.27
0.35 1.09 1.09 1.09 1.11 1.34 1.34 1.55 2.09 1.22 1.31 1.32 1.33 1.36
0.40 1.11 1.11 1.11 1.14 1.39 1.39 1.65 2.27 1.27 1.35 1.36 1.36 1.46
0.45 1.12 1.13 1.12 1.16 1.44 1.44 1.75 2.45 1.31 1.41 1.40 1.40 1.54
0.50 1.13 1.14 1.13 1.18 1.49 1.49 1.86 2.64 1.35 1.45 1.45 1.45 1.67
0.55 1.14 1.15 1.14 1.20 1.54 1.54 1.97 2.82 1.40 1.47 1.48 1.47 1.80
0.60 1.15 1.16 1.15 1.22 1.60 1.60 2.09 3.03 1.45 1.49 1.50 1.49 1.92
0.65 1.16 1.17 1.16 1.24 1.66 1.66 2.21 3.26 1.48 1.52 1.53 1.52 2.06
0.70 1.16 1.18 1.17 1.25 1.72 1.72 2.32 3.52 1.53 1.54 1.55 1.54 2.21

(continued)

(a) These are factors applicable to single-alloy compositions and to ALL multiple-alloy steels when quenching from 925 �C (1700 �F); however, when heat treating from 800–855 �C (1475–1575 �F), use only for those
multialloy compositions that do not have a combined Ni and Mo content above 1.0 and 0.15%, respectively. For example, a steel with 1.5 Mn, 2.0 Ni, but 0 Mo conforms to this rule. 1(b) When the Ni and Mo contents exceed 1.0
and 0.15% together, use these multialloy factors for Ni, Mn, and Si with Cr*, Mo, and Al.
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for hardening. It is therefore obvious that
for any fixed austenitizing condition of temper-
ature and time (plus grain size), the amount of
alloy and carbon dissolved would be less when
starting with a spheroidized rather than a

normalized or quenched prior structure. It has
been demonstrated, however, that despite this
handicap, a spheroidized prior structure will
actually yield higher hardenability than a prior
normalized structure, at least for austenitizing
conditions up to roughly 855 �C (1575 �F).
The reasons commonly noted are:

� The larger carbides are not efficient nuclei
for early pearlite formation upon cooling as
are fine and lamellar carbides.

� They are present in a lower numerical
concentration.

It would appear then that the task of developing
singular multiplying factors for a given quantity
of alloy and carbon would be impossible under
such conditions of nonhomogeneous solution
at temperature and/or erratic nucleation upon
cooling.
Fortunately, with strict control of austenitiz-

ing temperature and time, the solution of car-
bon and alloy can be reproduced with
sufficient consistency to permit derivation of
multiplying factors with satisfactory precision
for either prior structure condition.
The hardenability effects of manganese, sili-

con, chromium, nickel, molybdenum, and
boron were studied in 1.0% C compositions
austenitized at 800, 830, 855, and 925 �C
(1475, 1525, 1575, and 1700 �F) for 40 min at
temperature. Multiplying factors were derived
for both prior structure states: spheroidize
annealed and normalized. In the process, a
number of low-carbon counterparts of many of
the 1.0% C analyses were also prepared, then

carburized for up to 8 h at 925 �C (1700 �F),
oil quenched, and fully assessed for case hard-
enability at the 1.0% C level at all of the afore-
mentioned reheat conditions. Very good
agreement was obtained between the case hard-
enability results of the carburized steels and the
basic hardenability of the 1.0% C counterparts
when quenched from the normalized prior
structure. It was thus confirmed that all multi-
plying factor data obtained with prior normal-
ized 1.0% C steels could be used to calculate
the hardenability of all carburizing grades
that are reheated for hardening following
carburizing.
To account for those steels that are hardened

by direct quenching from carburizing and in
which better solution of alloy and carbon could
be expected because of the longer carburizing
or soak times, additional low-carbon specimens
were carburized at 925 �C (1700 �F) for 16 h,
then end quenched directly and again compared
to their 1.0% C counterparts austenitized for
40 min at 925 �C (1700 �F). In all singly and
multiply alloyed series, the agreement was
more than satisfactory, except for the steels
containing significant amounts of chromium. It
was later observed (Ref 3) that the solution of
chromium and carbon in steels quenched
directly from the carburizer was greater than in
similar steels reheated for 40 min at 925 �C
(1700 �F); consequently, factors for chromium
were developed for use with direct-quenched
carburizing grades.
Although multiplying factors were also

determined for steels that are spheroidize
annealed prior to hardening, a different

Table 1B (Continued)

Percent

Ni*(a) Mo*(a) Al Multialloy Si(b)

800 �C
(1475 �F)

830 �C
(1525 �F)

855 �C
(1575 �F)

925 �C
(1700 �F)

800 �C
(1475 �F)

830 �C
(1525 �F)

855 �C
(1575 �F)

925 �C
(1700 �F)

800 ! 925 �C
(1475 ! 1700 �F)

800 �C
(1475 �F)

830 �C
(1525 �F)

855 �C
(1575 �F)

925 �C
(1700 �F)

0.75 1.17 1.18 1.18 1.26 1.80 1.80 2.44 3.80 1.57 1.56 1.56 1.56 2.35
0.80 1.18 1.19 1.19 1.27 1.87 1.87 2.55 4.08 1.61 1.58 1.58 1.58 2.51
0.85 1.19 1.19 1.20 1.29 1.92 1.92 2.67 4.40 1.65 1.59 1.59 1.59 2.68
0.90 1.20 1.20 1.21 1.31 2.07 2.07 2.78 4.80 1.70 . . . . . . . . . . . .

0.95 1.21 1.21 1.22 1.34 2.18 2.18 2.91 5.20 1.73 . . . . . . . . . . . .

1.00 1.22 1.23 1.23 1.35 2.33 2.33 3.03 5.50 1.77 . . . . . . . . . . . .

1.05 1.22 1.24 1.23 1.36 . . . . . . . . . . . . 1.80 . . . . . . . . . . . .

1.10 1.23 1.24 1.24 1.37 . . . . . . . . . . . . 1.84 . . . . . . . . . . . .

1.15 1.24 1.25 1.25 1.39 . . . . . . . . . . . . 1.87 . . . . . . . . . . . .

1.20 1.25 1.26 1.25 1.41 . . . . . . . . . . . . 1.90 . . . . . . . . . . . .

1.25 1.26 1.27 1.26 1.43 . . . . . . . . . . . . 1.93 . . . . . . . . . . . .

1.30 1.26 1.28 1.26 1.45 . . . . . . . . . . . . 1.95 . . . . . . . . . . . .

1.35 1.27 1.29 1.27 1.48 . . . . . . . . . . . . 1.97 . . . . . . . . . . . .

1.40 1.28 1.30 1.28 1.52 . . . . . . . . . . . . 1.99 . . . . . . . . . . . .

1.45 1.29 1.31 1.29 1.56 . . . . . . . . . . . . 2.00 . . . . . . . . . . . .

1.50 1.31 1.32 1.31 1.58 . . . . . . . . . . . . 2.00 . . . . . . . . . . . .

1.55 1.32 1.33 1.32 1.62 . . . . . . . . . . . . . . . . . . . . . . . . . . .

1.60 1.33 1.34 1.33 1.66 . . . . . . . . . . . . . . . . . . . . . . . . . . .

1.65 1.34 1.35 1.35 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1.70 1.35 1.36 1.36 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1.75 1.37 1.37 1.37 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1.80 1.38 1.39 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1.85 . . . 1.41 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1.90 . . . 1.43 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1.95 . . . 1.45 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2.00 . . . 1.49 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

(a) These are factors applicable to single-alloy compositions and to ALL multiple-alloy steels when quenching from 925 �C (1700 �F); however, when heat treating from 800–855 �C (1475–1575 �F), use only for those multi-
alloy compositions that do not have a combined Ni and Mo content above 1.0 and 0.15%, respectively. For example, a steel with 1.5 Mn, 2.0 Ni, but 0 Mo conforms to this rule. (b) When the Ni and Mo contents exceed 1.0 and
0.15% together, use these multialloy factors for Ni, Mn, and Si with Cr*, Mo, and Al.

Table 2 Multiplying factors for carbon
(ASTM 5 to 9 grain size range)

Percent
800 �C

(1475 �F)
830 �C

(1525 �F)
855 �C

(1575 �F)
925 �C

(1700 �F)

0.60 0.77 0.79 0.79 0.79
0.65 0.795 0.81 0.82 0.82
0.70 0.82 0.83 0.85 0.85
0.75 0.83 0.845 0.875 0.875
0.80 0.83 0.86 0.90 0.90
0.85 0.80 0.85 0.91 0.93
0.90 0.73 0.81 0.90 0.935
0.91 0.715 0.785 0.89 0.935
0.92 0.70 0.765 0.88 0.93
0.93 0.685 0.745 0.87 0.92
0.94 0.675 0.73 0.86 0.91
0.95 0.66 0.71 0.85 0.90
0.96 0.65 0.70 0.835 0.89
0.97 0.64 0.69 0.825 0.875
0.98 0.625 0.675 0.81 0.86
0.99 0.62 0.665 0.795 0.845
1.00 0.61 0.655 0.78 0.83
1.01 0.60 0.645 0.76 0.815
1.02 0.595 0.64 0.74 0.80
1.03 0.59 0.63 0.725 0.79
1.04 0.58 0.625 0.71 0.78
1.05 0.575 0.62 0.695 0.77
1.06 0.57 0.61 0.68 0.76
1.07 0.565 0.605 0.67 0.75
1.08 0.56 0.60 0.655 0.74
1.09 0.557 0.595 0.645 0.735
1.10 0.555 0.59 0.64 0.73
Avg grain
size

8–9 7–8 6–7 5–7
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empirical method for calculation of hardenabil-
ity from composition was devised and adopted
(Ref 1). This method involves the use of multi-
plying factors derived for the prior normalized
condition and the further use of a statistically
determined conversion curve for converting
the normalized DI value so obtained to an
annealed DI value (Fig. 1).
The calculation methodology uses the basic

DI calculation format from Grossmann (Eq 1).
As noted, Jatczak’s experimental work (Ref
1–5) describing the generation of the elemental
multiplying factors uses the criterion of a 10%
nonmartensitic transformation DI (the diameter
of a bar that will achieve 90% martensite at
its center when quenched in an ideal medium,
i.e., one that could hypothetically lower instan-
taneously the surface temperature of the bar to
that of the medium). This is denoted as DI-90.
This is in contrast to the common system for
calculating the DI at low- and medium-carbon
steels, that is, DI-50, which employs a 50%
transformation criterion.
The relationship between DI and J-distance

in a Jominy bar is shown in Fig. 2. This curve
was developed by Carney (Ref 9) and modified
slightly by Jatczak to better represent the heat-
transfer parameters of a microstructure of 90%
martensite with 10% untransformed product.
For purposes of reference, experimental Jominy
curves are shown in Fig. 3 to 6 for some carbur-
ized steels.

Derivation of Multiplying Factors

Although DI values were generated to three
different structure criteria of 1, 10, and 50%
transformed product, multiplying factors were
determined using only the criterion of 10%
nonmartensitic transformation (90% martensite

and austenite). This criterion was adopted for
this purpose in preference to the other two
structure criteria for the following reasons:

1. A 10% transformation can be more precisely
measured than the more desirable but hard-
to-measure 1% or full-hard condition.

2. It is more practical for high-carbon steels
than a 50% or half-hard structure because it
correlates closely to a desired hardness of
60 to 62 HRC (Ref 1, 11).

3. It can clearly define whether pearlite or bai-
nite limits the hardenability.

4. Should synergistic effects occur between ele-
ments in multiple-alloyed steels, the specific
reasons for their occurrence can be more eas-
ily deduced because of the reason 3.

The latter could not be readily accom-
plished if instead a mixture of pearlite and
bainite were present, such as may occur if a
50% transformation were the selected crite-
rion. Although only the 10% criterion was
used, an empirical relationship between the
three criteria is given in Fig. 7. It should be
noted that a different relationship applies
when bainite rather than pearlite limits the
hardenability. This was also recognized by
Hollomon (Ref 7).

Multiplying Factors

Multiplying factors for manganese, silicon,
chromium, nickel, molybdenum, and aluminum
are presented in Tables 1A and 1B with carbon
factors in Table 2. Factors to be used for boron
in high-carbon steels are shown in Fig. 8 (Ref 2,
12, 13).
Graphical presentations of the multiplying

factors for manganese, silicon, chromium,

nickel, molybdenum, and aluminum for the
830 and 925 �C (1525 and 1700 �F) quench
conditions are given in Fig. 9 and 10. Similar
data for the 800 and 855 �C (1475 and 1575 �F)
conditions may be observed in Fig. 11 to 13,
where theMFs are plotted individually by element
to show the influence of austenitizing temperature
on the specific hardenability effect. Additionally,
a graphical display of the carbon factors for all
quench conditions is given in Fig. 14. Here, the
data have been plotted against a background of
similar data derived by Kramer (Ref 14) in
medium-carbon steels. Kramer’s data have simi-
larly been inscribed for the other elements in
Fig. 11 to 13.
As a rule, the MFs disclosed in Fig. 9

through 13 were principally determined in com-
positions to which only singular-alloy additions
were made and which were generally pearlitic
in initial transformation behavior. Conse-
quently, these MFs may certainly be applied
to the calculation of hardenability of all singly
alloyed high-carbon compositions as well as
to those multialloyed compositions that
remain pearlitic when quenched from these
austenitizing conditions. To illustrate, the
single- and multialloyed compositions that
are satisfactorily covered by this rule are all
analyses containing less that 0.15% Mo and/
or less than 2% total of nickel plus manga-
nese and also less than 2% Mn, Cr, or Ni
when present individually. All of the factors
in Fig. 9 through 13 and Tables 1A, 1B,
and 2 also apply to the calculation of case
hardenability of similar carburizing composi-
tions that are rehardened from these tempera-
tures following air cooling or quenching
from the carburizer.
For steels containing more molybdenum,

nickel, manganese, and chromium than the
aforementioned percentages, the measured

Fig. 1 Correlation between hardenability based on normalized and spheroidize-
annealed prior structures in alloyed 1.0% C steels. Source: Ref 1

Fig. 2 Relationship between Jominy distance and ideal critical diameter, D
I
. Source:

Ref 3
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hardenability was always higher than calcula-
tions made using the single-alloy MFs (except
at the 925 �C, or 1700 �F, condition). This
was due to two causes:

1. Such steels became bainitic rather than
pearlitic.

2. Synergistic hardenability effects were found
to occur between certain elements when
present together.

The second effect was specifically noted
between nickel and manganese at quenching
conditions between 800 and 855 �C (1475 and
1575 �F) and especially in steels that were
made bainitic with 0.15% or more molybdenum
and contained more than 1.0% Ni.
Nickel acts to increase the activity of carbon,

which tended to produce greater-than-normal
solution of carbon and carbide-forming ele-
ments when excess carbides were present. Later,
silicon was also noted to have a similar effect
in molybdenum (bainitic) steels (Ref 4, 11).

Fig. 3 Jominy hardenability of carburized carbon steel. All bars normalized at 925 �C (1700 �F). Core: austenitized
20 min at 925 �C (1700 �F). Case: pack carburized 9 h at 925 �C (1700 �F), direct quenched. Source: Ref 10

Fig. 4 Jominy hardenability of carburized 8620 steel. (a) Reheat quench. All bars normalized at 925 �C (1700 �F). Core: austenitized 20 min at 845 �C (1550 �F). Case: pack
carburized 9 h at 925 �C (1700 �F), box cool; reheated 20 min at 845 �C (1550 �F), quenched. (b) Direct quench. All bars normalized at 925 �C (1700 �F). Core:
austenitized 20 min at 925 �C (1700 �F). Case: pack carburized 9 h at 925 �C (1700 �F), direct quenched. Source: Ref 10

Fig. 5 Hardenability of carburized 9310 from two Jominy specimens. (a) All bars normalized at 925 �C (1700 �F). Core: austenitized 20 min at 845 �C (1550 �F). Case: pack
carburized 16 h at 925 �C (1700 �F), air cooled; reheated 40 min at 845 �C (1550 �F). (b) Reheat quench. All bars normalized at 925 �C (1700 �F). Core: austenitized
20 min at 845 �C (1550 �F). Case: pack carburized 9 h at 925 �C (1700 �F), air cooled; reheated 40 min at 800 �C (1475 �F), quenched. Source: Ref 10

84 / Introduction to Steel Heat Treating



Fig. 6 Jominy hardenability of carburized 16MnCr5 German steel. (a) Direct quench. All bars normalized at 925 �C (1700 �F). Core: austenitized 20 min at 920 �C (1690 �F). Case:
pack carburized 9 h at 920 �C (1690 �F), direct quench. (b) All bars normalized at 925 �C (1700 �F). Core: austenitized 20 min at 860 �C (1580 �F). Case: pack carburized
(Goerig CMD 12) 9 h at 900 �C (1850 �F), box cooled; reheated in compound to 860 �C (1580 �F), quenched. Source: Ref 10

Fig. 7 Ideal critical diameter (D
I
) relationship between 1, 10, and 50% structure

criteria. P, pearlite; B, bainite. Source: Ref 5
Fig. 8 Multiplying factors for boron at 830 and 925 �C (1525 and 1700 �F) when

hardenability criterion is 10% transformation. Source: Ref 5

Fig. 9 Multiplying factors for calculation of hardenability at high carbon levels when
quenched from 830 �C (1525 �F) when composition contains more than 1%
Ni and 0.15% Mo. Source: Ref 5

Fig. 10 Multiplying factors for calculation of hardenability at high carbon levels when
quenched from 925 �C (1700 �F). Source: Ref 5
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The sum total of these interactions was that the
combined effects for manganese and nickel
were always much larger than indicated from
consideration of their individual effects.
The presence of synergistic effects precludes

the use of individual MFs for manganese and
nickel, because independence of alloying-
element effects is implicit in the Grossmann
multiplying factor approach. This difficulty,
however, is successfully surmounted by the
expedient of computing combined nickel and
manganese factors for use in conjunction with
the other individual factors. The revised values
for the nickel and manganese factors to be used
for steels containing more than 1.0% Ni and
0.15% Mo and quenched between 800 and
855 �C (1475 and 1575 �F) are given in Fig. 15.
By contrast, many of the single- and almost

all of the multialloyed high-carbon composi-
tions are initially bainitic (at 10% transforma-
tion) when either quenched directly from
carburizing or requenched from 925 �C (1700 �F).
They also contain much less undissolved car-
bide. Consequently, synergistic effects are not
as readily apparent. Instead, each individual
element shows a higher hardenability effect
(except for aluminum) than noted at the lower
temperatures for any given amount of alloy—in
particular, note silicon in Fig. 13. Thus, all

925 �C (1700 �F) factors listed in Tables 1A, 1B,
and 2 and Fig. 10 apply to all single- and multial-
loyed high-carbon steels within the limits of alloy
content shown. In addition, they also apply to the
calculation of case hardenability in carburizing
grades quenched from 925 �C (1700 �F), with
one precaution: that the chromium factor labeled
“carburizing steels” be used when quenching
directly from carburizing.
The factors in Tables 1A, 1B, and 2, and

Fig. 8 through 15 can also be used for high-car-
bon steels that are spheroidize annealed prior to
hardening. However, the calculated DI value
will have to be converted to an annealed DI

using Fig. 1.

Use of the Multiplying Factors

Procedure 1. For the calculation of case
hardenability of carburizing steels hardened by
direct quenching from the carburizer (925 �C,

or 1700 �F), use the factors in Tables 1A, 1B,
and 2 as follows:

1. If composition is pearlitic, that is, contains
less than 1.0% Ni and 0.15% Mo, use the
factors Mn*, Si*, Ni*, Mo*, and Al with
the chromium carburized steels factor from
Tables 1A and 1B. Multiply these together
with proper factors for carbon and boron
chosen from Table 2 and Fig. 8.

2. If composition is bainitic, that is, contains
more than 1.0% Ni and 0.15% Mo, again use
the factors Mn*, Ni*, Mo*, Al, and chromium
carburized steels, but use the multialloyed sili-
con factor in Tables 1A and 1B. Use the proper
carbon and boron factors from Table 2 and
Fig. 8.

Procedure 2. For the calculation of case
hardenability of carburizing steels that are nor-
malized or quenched from carburizing and then
reheated to 925 �C (1700 �F) for hardening, and
for the hardenability of hypereutectoid steels
that are to be normalized prior to rehardening
from 925 �C (1700 �F), follow procedure 1
but use the regular Cr* factor listed in
Table 1A. This is a seldom-used practice.
Procedure 3. For the calculation of case

hardenability of carburizing steels and/or high-
carbon steels that are normalized or quenched
prior to rehardening from 800 to 855 �C (1475
to 1575 �F), use the following factors:

1. If composition is pearlitic, use the factors
labeled Mn*, Si*, Cr*, Ni*, Mo*, and Al in
Tables 1A and 1B with the appropriate car-
bon and boron factors in Table 2 and Fig. 8.

2. If bainitic, use the factors Cr*, Mo*, and Al
with the multialloyed silicon factor in
Tables 1A and 1B, the appropriate combined
factors for nickel and manganese from
Fig. 15, and carbon factors (Table 2) and
boron factors (Fig. 8).

Procedure 4. For the calculation of harden-
ability of high-carbon steels hardened from a
spheroidize-annealed prior structure, use proce-
dure 3 and then convert the DI value obtained to
the annealed DI value using Fig. 1.
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Limitations of the Multiplying
Factors

Limitations of the multiplying factors include:

1. The reheat time at the austenitizing tempera-
ture during rehardening of prior normalized
or spheroidize-annealed high-carbon steels
and carburizing steels should be reasonably
close to the 35 to 40 min used here.

2. Although grain-size variations need not
be taken into consideration with these fac-
tors, it is recognized that slight variations
in hardenability due to variation in grain size
may exist, particularly in pearlitic steels.

3. The boron factors in Fig. 8 apply for boron
additions protected with titanium, alumi-
num, and zirconium. A lower effect will
likely result if other boron alloys are used
(Ref 15).
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Quenching of Steel
G.E. Totten, Portland State University
J.L. Dossett, Consultant
N.I. Kobasko IQ Technologies, Inc.

QUENCHING OF STEEL is the rapid cool-
ing of steel from a suitable elevated tempera-
ture. This generally is accomplished by
immersion of the hot steel into a vaporizable
fluid such as water; petroleum, vegetable, or
animal oil; aqueous polymer solution; or an
aqueous (salt) solution. Other quenching media
include molten salt, fluidized bed, or gas,
although forced air is sometimes used. As a
result of the quenching process, production
parts must develop an acceptable as-quenched
microstructure and, in critical areas, mechanical
properties that will meet minimum specifica-
tions after the parts are tempered.
The effectiveness of the quenching process

depends on the cooling characteristics of the
quenching medium relative to the hardenability
of the steel. Thus, results may be varied by
varying the steel composition or the agitation,
quenchant temperature, or the quenching
medium. The design of the quenching system
and the thoroughness with which the system is
maintained contribute to the success of the pro-
cess. Part design also contributes to the
mechanical properties and distortion that will
result from a particular quenchant and process.
The rate of heat extraction attributable to a

quenching medium is greatly modified by the
manner or condition in which the quenching
medium is used. These modifications have
resulted in the assignment of specific names to
various quenching methods, such as direct, time,
selective, spray, fog, and interrupted quenching:

� Direct quenching: This is the most widely
usedmethod of treating steel.When carburized
work is quenched from the carburizing temper-
ature or from a slightly lower temperature, the
term direct quenching is used to distinguish
this method from the more indirect practice
of carburizing, slow cooling, reheating, and
quenching. Direct quenching practice is rela-
tively simple and economical, and distortion
of carburized parts is usually less frequent with
direct quenching than with reheating and
quenching, particularly on smaller parts.

� Time quenching: This form of quenching is
used when the cooling rate of the part being
quenched is changed abruptly at some time

during the cooling cycle. The change in
cooling rate may comprise either an increase
or a decrease, depending on which is needed
to attain desired results. The usual practice is
to lower the temperature of the part by
quenching in a medium (for instance, water)
for a short time until the part has cooled
below the nose of the time-temperature
transformation curve, and then to remove
the part for quenching in a second medium
(for instance, oil), so that it cools more
slowly through the martensite transformation
range. In many applications, the second
medium is still-air. Time quenching is most
often used for minimizing distortion, crack-
ing, and dimensional change. It should be
used with caution because successful appli-
cation depends greatly on the skill of the
operator.

� Selective quenching: This process is used
when areas of a part are selected to remain
relatively unaffected by the quenching
medium. This can be accomplished by insu-
lating the area to be protected or by allowing
the quenchant to contact only those areas of
the part that are to be quenched.

� Spray quenching: Streams of quenching liquid
are directed at high pressure, up to 825 kPa
(120 psi), to local areas of the workpiece in
spray quenching practice. The cooling rate is
fast and uniform over the entire temperature
range of the quenching cycle because of the
large volume of coolant used and because all
of the coolant makes direct contact with the
part being quenched. The velocity of the
stream removes any vapor bubbles and creates
spray droplets, which are available for heat
transfer. However, low-pressure spraying, in
effect a flood-type flow, is preferred with cer-
tain polymer quenchants.

� Fog quenching: This procedure uses a fine
fog or mist of liquid droplets and a carrier
gas as the cooling agents. Although similar
to spray quenching, fog quenching is less
effective, because the quenching mist or
fog is not readily adapted to rapid removal
or replacement by the cooler fog or mist
once it has been heated by contact with the
part being quenched.

Quenching systems have two components:
the quenching medium and the equipment used
to perform the hardening operation. In this
article, an overview of common quenching
media and process variables encountered in
the heat treating plant is provided, including
quenchant evaluation, classification, selection,
and maintenance.

Mechanism of Quenching

Several factors are involved in the mecha-
nism of quenching:

� Internal conditions of the workpiece that
affect the diffusion of heat to the surface

� Surface and other external conditions that
affect the removal of heat

� Heat-extracting potential of the quenching
fluid at the fluid temperatures and pressures
being used

� Changes in the heat-extracting potential of
the fluid caused by variation in agitation,
temperature, or pressure

An unagitated quenchant experiences unavoi-
dable movement as a result of immersion of
the hot work into the fluid, turbulence surround-
ing the hot steel surface due to nucleate boiling
of the fluid, and convection currents. Although
this relatively minimal degree of agitation of
the fluid eventually dissipates the accumulated
heat to the surrounding liquid, localized volumes
of liquid may be heated excessively, or may
even vaporize, which may affect the uniformity
of the quenching process.
The inherent nonuniformity of the surface

rewetting process that occurs when quenching
into a vaporizable fluid without the use of addi-
tives is shown when hot steel is quenched into
water. Figure 1 shows that water does not effec-
tively wet the surface of steel during the
quenching process (Ref 1). In fact, at least three
distinctly different cooling regimes, with dra-
matically different heat-transfer characteristics,
are present on the surface simultaneously, which
will produce thermal gradients potentially suffi-
cient to increase distortion.
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Cooling Curves. The most useful way of
accurately describing the complex mechanism
of quenching is to develop a time-temperature
cooling curve for the quenching fluid under con-
trolled conditions. The cooling curve is desirable
because it is sensitive to many of the factors that
may affect the cooling ability of the quenchant.
Time-temperature cooling curves, such as

those shown in Fig. 2, may be obtained by
quenching a hot testpiece of the same steel of
which the parts are made, into a sample of the
quenching fluid. Alternatively, an austenitic
stainless steel or Inconel test specimen is used
to avoid soaking or the necessity for a protec-
tive atmosphere. The test specimen is typically
a round bar where the length is at least
four times the diameter (a so-called infinite cyl-
inder that minimizes end-cooling effects).
Cooling curves are generated by inserting ther-
mocouples into the desired locations of the test
specimens. Two common thermocouple config-
urations are test probes with thermocouples
inserted into the geometric center or alterna-
tively with thermocouples located at the center
and surface (or within 1 to 2 mm, or 0.04 to
0.08 in., under the surface) at midlength. The
time-temperature behavior of the cooling pro-
cess is measured using a high-speed recorder,
data logger, or by use of a computer equipped
with an analog/digital board. The resulting
time-temperature curve indicates the heat-trans-
fer characteristics of the quenching fluid.
Steel hardening requires preheating of steel to

an alloy-specific austenitizing temperature in the
range of 750 to 1100 �C (1380 to 2010 �F), at
which point the steel is quenched (cooled) in a
defined way to obtain the desired mechanical
properties, such as hardness and tensile strength.
Most vaporizable quenchants used for this pro-
cess exhibit boiling temperatures between 100
and 300 �C (212 and 570 �F) at atmospheric
pressure. When steel is quenched at these tem-
peratures, the rewetting of the surface is usually
time-dependent, which influences the cooling
process and achievable hardness.
G.J. Leidenfrost described the rewetting pro-

cess approximately 250 years ago (Ref 2). The
Leidenfrost temperature is defined as the sur-
face temperature where the vapor film (full-film
boiling) collapses and the surface is wetted by

the liquid (nucleate boiling). Literature reports
water temperatures for this event to be 150
to 300 �C (300 to 570 �F) (Ref 3–6). It is appar-
ent that the Leidenfrost temperature is influenced
by a variety of factors, some of which cannot be
quantified precisely even today (2013) (Ref 7).
An example of a typical surface and center

cooling curve for a quenchant is shown in
Fig. 2. Four stages of heat transfer from the sur-
face of the hot probe into the cooler vaporizable
liquid are evident.
Stage A0 in Fig. 2 illustrates the first effects

of immersion. Sometimes called the initial liq-
uid contact stage, this stage is characterized
by the explosive or sudden formation of vapor
bubbles (shock-film boiling), which is due to
the very large temperature difference between
the hot metal surface and the much cooler
quenchant. Initially, small vapor bubbles are
formed that grow in size until they detach from
the steel surface and form a vapor blanket (full-
film boiling) that surrounds the hot metal
surface (Ref 8). The duration of stage A0 is typ-
ically approximately 0.1 s and is relatively
unimportant in the evaluation of heat-transfer
characteristics due to the relatively large
amount of heat removed over such a short time.
Shock-film boiling is detectable only when
extremely sensitive equipment is used, and it
cannot be detected when the liquid is viscous,
contains entrained gases, or when the quench-
ant bath temperature approaches the boiling
point of the liquid. Thus, this important cooling
process is typically not observed in most cool-
ing curve analyses.
Stage A, called the vapor blanket cooling

stage, is characterized by the Leidenfrost phe-
nomenon, namely, the formation of an unbro-
ken vapor blanket that surrounds the testpiece.
It occurs when the supply of heat from the sur-
face of the testpiece exceeds the amount of heat
needed to form the maximum vapor per unit
area of the piece. This stage is one of slow
cooling, because the vapor envelope acts as an
insulator, and cooling occurs principally by
radiation through the vapor film. However, as
Fig. 1 shows, for a non-steady-state cooling

process, the surface temperature for all portions
of the surface area of the part are not equal to
the Leidenfrost temperature. When the vapor
blanket (full-film boiling) collapses, wetting
begins by nucleate boiling due to the influence
of lateral heat conduction relative to the surface
(Ref 2). This is due to the simultaneous pres-
ence of various heat-transfer conditions during
vapor blanket cooling (or film boiling, FB),
nucleate boiling (NB), and convective cooling
(conv) with significantly varying heat-transfer
coefficients: aFB (100 to 250 W/m2 � K), aNB
(10 to 20 kW/m2 � K), and aconv (approximately
700 W/m2 � K) (Ref 1).
In quenchants such as plain water or conven-

tional (slow) petroleum oil with minimal agita-
tion, the film-boiling (vapor blanket) stage may
be prolonged. This prolongation, which varies
with the degree to which the complexity of
the part being quenched encourages vapor
entrapment and with the temperature of the
quench water, results in uneven hardness and
unfavorable distribution of stress. This may
cause distortion, cracking, or soft spots. To
obtain reproducible results, especially with water
quenching, the temperature, agitation, and con-
tamination must be controlled. Water at a tem-
perature of 15 to 25 �C (55 to 75 �F) may
provide uniform quenching speed and reproduc-
ible results. However, as illustrated in Fig. 3,
the surface cooling power of water decreases
rapidly as water temperature increases. (This
behavior also is demonstrated in Fig. 4.)
Hot water may be used because it is tradi-

tionally believed that decreased quench severity
will result in decreased distortion. The opposite
effect may be obtained because cooling power
decreases as the boiling point is approached,
especially in the critical region where distortion
is facilitated due to the formation of the rela-
tively unstable vapor blanket of approximately
30 to 60 �C (85 to 140 �F). As the temperature
is further increased, the vapor blanket becomes
more stable, and surface cooling resembles that
of steam. In addition, however, film boiling is
stabilized and may be present over the metal
surface intermittently, leading to substantially

Fig. 1 Quench of a 25 mm diameter � 100 mm
(1.0 in. diameter � 4 in.) cylinder of a CrNi

steel into water at 30 �C (85 �F) with an agitation rate of
0.3 m/s (1 ft/s). Courtesy of H.M. Tensi, Technical
University of Munich

Fig. 2 Typical surfaceandcenter coolingcurves indicating
the different heat-transfer mechanisms (stages) from

the hot metal to the cooler vaporizable liquid quenchant

Fig. 3 Relationship between the surface cooling power of
water with mild agitation and water temperature
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increased thermal gradients and increased dis-
tortion and cracking potential. For this reason,
agitation is especially important in water
quenching, because it ruptures the vapor blan-
ket that is formed, disperses vapor bubbles from
the surface of the parts, and directs cooler water
against the workpiece. It has been shown that
intensive cooling of the steel surface will elim-
inate vapor blanket formation, resulting in
increased hardness, improved fatigue, and sub-
stantially reduced distortion
Stage A is not detectable in aqueous solu-

tions of nonvolatile solutes (at approximately
5% concentration), such as potassium chloride,
lithium chloride, sodium hydroxide, or sulfuric
acid. Cooling curves for these solutions start
immediately with stage B. When saturated solu-
tions of barium hydroxide, calcium hydroxide,
or other slightly soluble materials; solutions
containing finely dispersed solids; or colloidal
solutions in water are used, films are deposited
on the testpiece during the A-stage, and typi-
cally a prolongation of both the A- and C-stages
results. This condition usually causes a more
violent action in stage B. Solutions of some col-
loids or gels, including water-soluble polymers
such as polyvinyl alcohol, gelatin, soap, and
starch, form a gelatinous envelope outside the
vapor blanket formed in stage A. The presence
of this gel envelope prolongs the A-stage and
succeeding stages.
Stage B, the vapor transport cooling stage

(nucleate boiling) produces the highest rate of
heat transfer and begins when the temperature
of the surface metal has been sufficiently
reduced to allow the continuous vapor film to
collapse; violent boiling of the quenching liquid
then occurs and heat is removed from the metal
at a very rapid rate, largely as heat of vaporiza-
tion. The transition temperature between A- and
B-stage cooling is the Leidenfrost temperature.
The boiling point of the quenchant determines
the conclusion of this stage. Size and shape of
the vapor bubbles are important in controlling
duration of stage B, as well as the cooling rate
developed within it.
Stage C is called the liquid cooling stage (con-

vective cooling); the cooling rate in this stage is
slower than that developed in stage B. Stage C
begins when the temperature of the metal surface
is reduced to the boiling point (or boiling range)
of the quenching liquid. Below this temperature,
boiling stops and slow cooling occurs by con-
duction and convection. The difference in tem-
perature between the boiling point of the liquid
and the bath temperature is a major factor influ-
encing the rate of heat transfer. Viscosity also
affects cooling rate in stage C.
Tensi Classification of Surface-Cooling

Modes of Heat Transfer. Tensi studied the
rewetting behavior of a broad range of quench-
ing media by combining time-temperature cool-
ing curves to characterize surface heat transfer
with time-conductance curves to characterize
rewetting behavior. Typically, as the steel sur-
face is wetted by the quenchant after vapor
blanket collapse, conductance will increase. In

the laboratory, conductance is measured by
heating the probe to 850 �C (1560 �F) and then
immersing it into the quenching medium of
interest (Ref 9, 10). When the metal is covered
by a vapor film, the resistance between the
metal surface and the quenching fluid is high.

When the vapor film breaks, the surface con-
ductance increases in proportion to the relative
amount of the surface that is wetted. The varia-
tion of probe conductance with respect to total
immersion time is measured. Typical time-
conductance curves are shown in Fig. 5 along

Fig. 4 Cooling curves illustrating the effect of temperature and quench severity (cooling power)
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Fig. 5 Illustration of four common rewetting profiles when quenching steel from the austenitization temperature.
(a) Slow wetting typically encountered during a water quench. (b) Explosive wetting with rapidly ascending

bubbles, and metal surface permanently wetted by the fluid (polymer quenchant 1). (c) Explosive wetting with large
bubbles remaining on the surface, with polymer depositions remaining on the metal surface (polymer quenchant 2 at
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with corresponding time-temperature cooling
curves for the same probe quenched in the same
manner (Ref 9–11).
Four modes of heat transfer were found to

characterize the different quenching media stud-
ied by Tensi, which are illustrated in Fig. 5 and
are characterized as (Ref 9):

� First heat-transfer mode: Where full-film
boiling and nucleate boiling are present
at the same time on the probe surface
(Fig. 5a). The rewetting front accompanying
the transition from full-film (vapor-film)
boiling, which occurs during the cooling
process, typically moves axially along the
metal surface during cooling (Ref 12).

� Second heat-transfer mode: Where the first
step is characterized by film boiling occur-
ring over the entire metal surface (Fig. 5b).
At a certain point in time, nucleate boiling
instantaneously replaces film boiling. When
boiling ceases, convection heat transfer
occurs (Ref 12).

� Third heat-transfer mode: In Fig. 5(c), some
localized areas of the metal surface are cov-
ered by the vapor film (blanket), while at the
same time, other areas experience nucleate
boiling (Ref 12).

� Fourth heat-transfer mode: Film boiling
and nucleate boiling periodically replace
each other during quenching of a steel part
in liquid medium, as shown in Fig. 5(d)
(Ref 12, 13).

Each heat-transfer mode possesses a specific
boundary condition when analyzing the heat
transfer that is occurring computationally. For
this reason, it is impossible to determine which
heat-transfer mode is occurring at the surface of
a test probe when the probe that is used to study
this process contains only one thermocouple at
the center, as is characteristic of most commer-
cially available equipment at the present time.
To properly solve this problem, the test probe
should be instrumented with multiple thermo-
couples located on the surface or preferably
near the surface and at positions below the sur-
face (Ref 12–15). For evaluation of heat
flux densities and heat-transfer coefficients,
numerous methods of solving inverse problems
have been developed, although they mostly
refer to the second type of heat-transfer
mode. Computational methodology is discussed
subsequently.

Quenching Process Variables

Thus far, the mechanism of quench cooling
has been discussed. Quench processes, how-
ever, are affected by a number of variables,
including the quenchant, agitation, bath temper-
ature, and workpiece temperature. Additional
coverage on quenchants and quenching system

design is provided in Heat Treating of Irons
and Steels, Volume 4B of ASM Handbook
(Ref 16). Other prominent variables are briefly
discussed here.
Agitation is externally produced movement

of the quenching liquid relative to the part,
which is achieved either by agitation of the liq-
uid by propeller, pump, vibration, and so on
(Ref 17, 18), or moving the part, or both in
combination (Ref 19). This activity has an
extremely important influence on the heat-
transfer characteristics of the quenching liquid.
It causes an earlier mechanical disruption of
the vapor blanket in stage A and produces
smaller, more frequently detached vapor bub-
bles during the vapor transport cooling stage
(stage B). It mechanically disrupts or dislodges
gels and solids, whether they are on the
surface of the testpiece or suspended at the edge
of the vapor blanket, thus producing faster
heat transfer in liquid cooling (stage C). In
addition to the aforementioned effects, agitation
also brings cool liquid to replace heat-laden
liquid.
Temperature of Quenchant. The tempera-

ture of the liquid may markedly affect its ability
to extract heat (Ref 1, 11, 12). As an example,
water temperature is very important because it
loses its cooling power as it approaches its boil-
ing point (Ref 11, 20). In oil, this effect is not

as pronounced, because oil becomes less vis-
cous as the temperature is increased. This thin-
ning’ of the oil offsets the temperature rise by a
substantial amount (Ref 20).
Workpiece Temperature. Increasing the

temperature of the testpiece has relatively lit-
tle effect on its ability to transfer heat to the
quenchant. Typically, the rate of heat transfer
may increase because a greater temperature
difference exists. Heat transfer may be
affected due to more rapid surface oxidation
of the steel at higher temperatures, especially
when carbon steel and alloy steels are heated
in air (Ref 21–23). Initially, an increase in
the cooling rate may be observed due to an
increase in surface roughness and therefore
an increase in surface area. This increased
surface area creates more nucleation sites for
bubble formation, thus facilitating nucleate
boiling and more rapid heat transfer, as shown
in Fig. 6 (Ref 23). However, Fig. 6 also
shows that increases in the thickness of the
oxide layer due to increased austenitization
temperatures or increased residence times, or
both, may result in the creation of an oxide
layer that is sufficiently thick to lead to an
insulating effect due to poorer thermal trans-
port properties, reducing the overall heat-
transfer rate from the cooling steel surface
(Ref 22).
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Fig. 6 Illustration of the formation of (a) a cooling rate accelerating light oxide scale on the surface of steel and (b) a
sufficiently thick insulating oxide layer that results in decreased (and often nonuniform) cooling rate reduction.
Source: Ref 23

94 / Steel Quenching Fundamentals and Processes



Metallurgical Aspects

The testing of quenching media can be clas-
sified into two categories: tests of hardening
power (metallurgical response) and tests of
cooling power (thermal response). The two
properties are not the same, because hardening
power also is related to the size, microstructure,
and composition of the steel being quenched.
This section provides a selected overview of
common metallurgical response tests to deter-
mine the ability to achieve the desired as-
quenched microstructure.
Steel is quenched to control the transformation

of austenite to the desired microconstituents.
Two types of transformation diagrams are typi-
cally used to illustrate transformation products

formed upon cooling. One type is the time-tem-
perature transformation (TTT) diagram, which
is also called an isothermal transformation dia-
gram (Ref 24, 25). It is developed by heating
small samples of steel to the austenitizing tem-
perature and then rapidly cooling to a tempera-
ture intermediate between the austenitizing and
martensite start (Ms) temperatures, followed by
holding for a fixed period of time (holding time)
until the transformation is complete, at which
point the transformation products—ferrite, pearl-
ite, bainite, and martensite—are determined (see
also the article “Introduction to Steel Heat Treat-
ment” in this Volume).
This is done repeatedly until a TTT diagram

is constructed. The TTT diagrams can only be
read along the isotherms shown, and these

diagrams strictly apply only to those transfor-
mations conducted at constant temperature.
One of the critically important parameters for
which TTT diagrams are used is in determining
the cooling rate necessary to completely
through harden steel. Furthermore, TTT dia-
grams provide some insight into the effect of
alloying elements on phase transformation upon
quenching. This is illustrated by comparing the
TTT diagrams for AISI 1045 carbon steel with
AISI 5140, 4140, and 4340 low/medium-alloy
steels shown in Fig. 7. Based on the position
of the pearlite transformation, it is evident that
the increasing order of hardenability of the steel
alloys shown is:

1045< 5140< 4140< 4340

Fig. 7 Comparison of time-temperature transformation diagrams for AISI (a) 1045, (b) 5140, (c) 4140, and (d) 4340 steels
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When a heat treatment process is not con-
ducted isothermally, the second type of trans-
formation diagram is formed, which involves
heating steel test specimens to the austenitizing
temperature for the alloy of interest and then
continuously cooling the test specimen in a
quenching bath at a temperature and cooling
rate suitable for the alloy and section size being
treated. Steel test specimens may be cooled at
different specified rates, and the proportion of
transformation products formed after cooling
to various temperatures intermediate between
the austenitizing and Ms temperatures are deter-
mined; a continuous-cooling transformation
(CCT) diagram is then constructed. Note that
bainite transformations are not shown in CCT
diagrams. The CCT diagrams provide data on
the temperatures for each phase transformation,
the amount of phase transformation product
obtained for each cooling rate with respect to
time, and the cooling rate necessary to obtain
martensite. The CCT diagrams can only be read
along the isotherms for different cooling rates.
The CCT diagrams are used to predict

the microstructural transformation products
obtained after quenching. These curves also
provide cooling rate information for the surface
and core of a section of the steel alloy being
quenched. The CCT diagrams may be obtained
by various methods (including from Jominy
data obtained with a Jominy bar instrumented
with surface thermocouples, so that as-
quenched microstructures are then correlated
with cooling rates calculated from the thermo-
couple data). This is an example of how steel
hardenability can be used with CCT curves to
predict steel transformation using different
quenching media.

As Fig. 8 shows, the relative effects of com-
position on steel hardenability can be observed
directly from the CCT diagram. For example,
low-hardenability steels such as AISI 1045
transform very quickly to ferrite and pearlite
or bainite. As steel hardenability increases,
such as from AISI 5140 to 4140 to 4340, the
transformation curves occur at lower tempera-
tures and are displaced further to the right as
hardenability increases. Typically, high-hard-
enability steels transform from austenite to
predominantly martensite over a wide range
of part thicknesses and quenching cooling
rates.
As described in the article “Introduction to

Steel Heat Treatment” in this Volume, CCT
and TTT diagrams differ in that longer times
are required for transformation to begin. Often
this delay in transformation shown in CCT
curves displaces the bainitic transformation
regions, making it more difficult to observe rel-
ative to TTT curves. It is also important to note
that CCT and TTT curves are different repre-
sentations. Transformation products are shown
in CCT curves at the bottom of the diagram
and at the right side of the TTT diagram. Phase
changes are indicated by CCT diagrams, but
TTT diagrams illustrate the actual transforma-
tion phase (Ref 26).
Both TTT and CCT diagrams are character-

ized by the presence of a nose (also commonly
referred to as a shoulder or knee) that represents
the point where pearlite first starts to form. The
cooling rate at the nose of the transformation
curve is defined as the critical cooling rate of
a steel, which is “the slowest cooling rate at
which the steel can be cooled and yet
completely harden” (Ref 27), or the slowest

cooling rate that will produce 100% martensite.
Martensite is often the desired as-quenched
microstructure. To obtain the maximum amount
of martensite, the cooling rate must be suffi-
ciently fast to avoid the nose of the TTT or
CCT curve of the steel being quenched. If the
cooling rate is too slow to miss the nose of the
curve, some transformation to bainite, pearlite,
or ferrite will occur, with a corresponding
decrease in the amount of martensite formed
and the hardness developed. The pearlite nose
is typically shifted down and to the right in a
CCT diagram, relative to the depiction in a
TTT diagram, which indicates that more time
is available for martensite transformation than
is shown on the corresponding TTT diagram.
In fact, one error of TTT diagrams relative to
CCT diagrams is that they typically indicate a
faster cooling rate than is actually necessary to
form 100% martensite on quenching (Ref 26).
Therefore, because TTT or CCT diagrams rep-
resent very different cooling processes, the
corresponding critical cooling rates will also
be different, which explains why the procedure
by which the critical cooling rate is calculated
must also be provided.
Typical microstructures that may be obtained

are depicted by the four curves in Fig. 9.
Curve 1 (water quench) illustrates a relatively
rapid cooling rate. The nose of the pearlite
transformation curve is largely avoided, result-
ing in essentially 100% martensite formation.
Curve 2 (oil quench) illustrates a relatively
moderate cooling rate. Part of the cooling pro-
cess occurs within the pearlite transformation
region, resulting in the formation of mixed
microstructures, in this case, approximately
50% martensite and 50% pearlite. Such
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processes are conventionally referred to as split
transformations. The relatively slower cooling
rate depicted by curve 3 (normalizing) results
in the formation of fine pearlite, while the
fourth curve (full anneal) represents even
slower cooling, resulting in the formation of
coarse pearlite.
Figure 10 shows the use of a CCT diagram in

conjunction with cooling curves for a water,
petroleum oil, and an aqueous polymer quench-
ant to quench a low-hardenability AISI 1045
steel (Ref 28). These data show that quenching
into water occurs sufficiently fast that no diffu-
sional transformation occurs and only martens-
ite is formed. However, quenching into a
petroleum oil produces cooling rates that are
inadequate to form martensite and austenite is
transformed into ferrite and pearlite. The
exotherm (temperature increase) observed with
oil quenching occurs because of the latent heat
released during phase transformation. The inter-
mediate cooling rate obtained with the aqueous
polymer quenchant resulted in the formation
of approximately 85% martensite with the
remaining 15% being retained austenite. These
predictions were validated experimentally and
this work illustrates the value of the use of steel
transformation diagrams with cooling time-
temperature behavior of the quenchant being
used.
Carbon Content and Hardenability. The

maximum hardness obtainable in a steel
quenched at a sufficient rate to avoid the nose
of the TTT curve depends only on the carbon
content. Steels must contain greater than
approximately 0.3% C to be hardenable by heat
treatment to form martensitic structures. The
relation of carbon content and percentage of
martensite formed to as-quenched hardness is
shown in Table 1 (Ref 29).
The cooling rate (quenching efficiency) nec-

essary to obtain a fully martensitic structure
depends on the hardenability of the steel and
the thickness and shape of the part. The term
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Table 1 Effect of carbon concentration and martensite content on the as-quenched
hardness of steel

Carbon, %

Hardness, HRC

99% martensite 95% martensite 90% martensite 80% martensite 50% martensite

0.10 38.5 32.9 30.7 27.8 26.2
0.12 39.5 34.5 32.3 29.3 27.3
0.14 40.6 36.1 33.9 30.8 28.4
0.16 41.8 37.6 35.3 32.3 29.5
0.18 42.9 39.1 36.8 33.7 30.7
0.20 44.2 40.5 38.2 35.0 31.8
0.22 45.4 41.9 39.6 36.3 33.0
0.24 46.6 43.2 40.9 37.6 34.2
0.26 47.9 44.5 42.2 38.8 35.3
0.28 49.1 44.8 43.4 40.0 36.4
0.30 50.3 47.0 44.6 41.2 37.5
0.32 51.5 48.2 45.8 42.3 38.5
0.34 52.7 49.3 46.9 43.4 39.5
0.36 53.9 50.4 47.9 44.4 40.5
0.38 55.0 51.4 49.0 45.4 41.5
0.40 56.1 52.4 50.0 46.4 42.4
0.42 57.1 53.4 50.9 47.3 43.4
0.44 58.1 54.3 51.8 48.2 44.3
0.46 59.1 55.2 52.7 49.0 45.1
0.48 60.0 56.0 53.5 49.8 46.0
0.50 60.9 56.8 54.3 50.6 46.8
0.52 61.7 57.5 55.0 51.3 47.7
0.54 62.5 58.2 55.7 52.0 48.5
0.56 63.2 58.9 56.3 52.6 49.3
0.58 63.8 59.5 57.0 53.2 50.0
0.60 64.3 60.0 57.5 53.8 50.7

Source: Ref 29
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hardenability should not be confused with hard-
ness, which is a material property that is pro-
portional to strength. Hardness is dependent
only on the carbon content of the steel, whereas
hardenability refers to the ability to achieve a
certain hardness at a certain depth, which
depends on both the carbon content and the
presence and amount of alloying elements.
The actual depth of hardness depends on:

� Size and shape of the cross section
� Hardenability of the material
� Quenching conditions

Dossett has shown that the maximum section
size that will through harden to the maximum
attainable surface hardness is dependent on both
carbon content and hardenability. Table 2 shows
the variation of the maximum section size that is
through hardened for four different steel alloys
with increasing hardenability: 1045 < 5140 <
4140 < 4340 (Ref 30).
Depending on the carbon content and harden-

ability of the steel, the cooling rate should be
fast enough so that a high percentage of mar-
tensite will be produced in critically stressed
areas of the part. Lower percentages of mar-
tensite are often acceptable in areas subject to
lower stresses in service. Higher percentages
of martensite in the as-quenched structure will
produce higher fatigue and impact properties
after tempering.
The effect of quenching conditions on the

depth of hardening is not only dependent on
the quenchant being used and its physical and
chemical properties but also on process para-
meters such as bath temperature and agitation,
which was discussed previously.
Table 3 shows hardenability data for a num-

ber of through-hardened gear steels made to
the minimum composition range for that grade
(Ref 31). For comparison, the critical cooling
rate in this example was taken as the cooling
rate at 705 �C (1300 �F). In addition, the hard-
ness at 60% martensite and the maximum diam-
eter that will through harden in a so-called mild
quench are also summarized for these steels.
Mild agitation has been traditionally defined
using Grossmann quench severity (H-values).
A mildly agitated oil is reported to exhibit
H-values of 0.30 to 0.35, and mildly agitated
water exhibits H-values of 1.0 to 1.1. A still-
water quench at 30 �C (85 �F) is defined as
H = 1.0 (Ref 32). As discussed earlier, the crit-
ical cooling rate was defined in this example as

that cooling rate that is just sufficient to pro-
duce a fully martensitic structure for the steel
alloy composition under consideration.
As-quenched hardness not only depends on

section size but also on shape. Round bars,
square bars, and plates exhibit different depths
of hardening, which is dependent on the total
surface area exposed to the quenchant. The
total surface area significantly affects heat
extraction during quenching and therefore the
depth of hardening. This is why rectangular-
shaped bars achieve a relatively lower depth
of hardening than round bars of the same
cross-sectional size (Ref 33). Figure 11 can be
used to convert the diameter or thickness of
square bars and plates to the equivalent diame-
ter of the circular cross-sectional size (Ref 11).
The equivalent diameter is considered to be the
diameter of a circle that can be transcribed in
the section of interest.
Alternatively, Aerospace Standard AS 1260

(Ref 34) can be used to convert the diameter
or thickness of square bars and plates to the
equivalent diameter of a round bar. However,
it is important to note that while it is possible
to use these charts to approximate the size of
a cross section that will provide equivalent
hardness to another shape when quenched into
a medium of known quench severity, the differ-
ence decreases as the quench severity increases.
Therefore, it is important to validate these
approximations experimentally. Validation is
also important because the effective H-value
may vary somewhat with different-sized bars,
steel compositional differences, in cases where
very low depths of hardening are anticipated,
if there may be scale on the bars, or if the ther-
mal diffusivity varies significantly due to alloy
content (Ref 35).
A third method involving the use of Kondrat-

jev form (shape) factors is discussed subse-
quently (Ref 36).
Steel hardenability is dependent on grain size

and steel composition and may be defined in
terms of the ideal critical diameter (DI), which

is the largest bar diameter that can be quenched
to produce 50% martensite at the center after
quenching in an ideal quench, that is, under
infinite quenching severity. This is a micro-
structural definition, and there is no reference
to hardness (Ref 37). An ideal quench reduces
the surface temperature of the austenitized steel
to the quenching bath temperature instanta-
neously (Ref 38). Under these conditions, the
cooling rate at the center of a round bar
depends only on the thermal diffusivity of the
steel. However, it is important to note the limi-
tation of the use of hardness measurements to
determine the position where 50% martensite
occurs, because this does not account for non-
martensitic structures that may be formed, such
as pearlite or bainite, with each contributing
differently to the overall as-quenched hardness.
It is typically difficult to quantitatively assess

martensite content microscopically as 100%
martensite content is approached. However, tra-
ditionally it has been known that it was possible

Table 2 Effect of hardenability on
maximum section size through hardened
to maximum attainable surface hardness

Steel grade

Maximum section size

mm in.

1045 6.35 0.250
5140 19.0 0.750
4140 38.1 1.5
4340 76.1 3.0

Table 3 Typical gear steel hardenability data(a)

Steel alloy,
AISI

Hardness at 60%
martensite, HRC

Critical cooling rate at
705 �C (1300 �F)

Maximum diameter of
round that will
through harden

Mildly agitated
quenching
medium(b)�C/s �F/s mm in.

1045 50.5 220(c) 400(c) 13(d) 0.5(d) Water
1060 54 70(c) 125(c) 30(d) 1.2(d) Water
1335 46 110 195 25 1.0 Water
2340 49 70 125 15 0.6 Oil
3140 49 70 125 15 0.6 Oil
4047 52 110 195 25 1.0 Water

10 0.4 Oil
4130 44 170 305 18 0.7 Water
4140 49 31 56 25 1.0 Oil
4340 49 5.5 10 71 2.8 Oil
5145 51 70 125 15 0.6 Oil
5210 60 17 30 33 1.3 Oil
6150 53 43 77 20 0.8 Oil

(a) Each steel grade was made to the minimum composition range. (b) Mild agitation has been traditionally defined using Grossmann quench severity
(H-values). Mildly agitated oil is reported to exhibit H-values of 0.30–0.35, and mildly agitated water exhibits H-values of 1.0–1.1. A still-water
quench at 30 �C (85 �F) is defined as H = 1.0. (c) Estimated values. (d) Data obtained from a nominal composition instead of the minimum specifi-
cation range. Source: Ref 32

Fig. 11 Relationship between through-quenched round
bar diameter and through-quenched thickness
of plates and square bars. Source: Ref 11
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to identify 50% martensite (also known as half-
hardening, Ref 39) with reasonable precision
etching because the hardness gradient is typi-
cally sharp in this region, and therefore, it
may be well correlated with the position where
the dark martensitic microstructure begins
(Ref 40). Grossmann et al. further refined this
criterion by stating that the reference point for
hardening was 50% martensite when subjected
to an infinite quench (Ref 41).
It is important to know the actual DI of the

steel being heat treated and quenched, because
it provides an important process limitation. It
is impossible to obtain hardness greater than
the DI of the steel, regardless of the quenchant
being used. The DI values for many steels
may be determined experimentally using sev-
eral cylindrical bars of different diameters
(Ref 42, 43). The length is typically 4 to 5 times
the diameter of the bars, to minimize end-cooling
effects. The objective is to determine the bar
diameter with 50% martensite, which is the criti-
cal diameter (Dcrit). However, the value of Dcrit

is quenchant-dependent and will vary as the
quench severity is varied. Therefore, the Gross-
mann quench severity value (H) is used. Values
of H that have been traditionally used are shown
in Table 4. Conventionally, H = 1.0 in.�1 for a
still-water quench at room temperature is used as
the reference. For most commonly used tradi-
tional commercial quenching systems, H-values
vary between 0.2 and 5.0 in.�1 (except for inten-
sive quenching, which is considerably greater, >7
to 8 in.�1).
Using the H-values shown in Table 4 and

Fig. 12 (Ref 43), it is possible to determine
the ideal critical diameter, DI, where 50% mar-
tensite is formed at the center of the steel bar
when subjected to an ideal quench. An ideal
quench refers to cooling the surface of the steel
at an infinitely rapid rate, which assumes H = 1
where Dcrit = DI. Refer to the line for H = 1
in Fig. 12. If one assumes a value of H for the
quenching system that may be selected from
Table 4, and D0 is measured, then Fig. 12
may be used to determine the DI for the steel
independent of the quenching medium used.
The DI values for many steels are also read-

ily calculated manually or by using simple-to-
use software available from various steel produ-
cers (Ref 46). Ranges of DI values for common
steels are provided in Table 5 (Ref 45).
Hardenability Bands (H-Steels). As dis-

cussed previously, steel hardenability is

dependent on composition, which varies within
specified limits for each steel grade. However,
there is a normal variation in hardenability that
may be encountered for any grade of steel
within its compositional specification limits,
and, in some cases, tighter control of the com-
position is necessary for an application where
that steel may be used. To reduce the variability
in hardening response and thus narrow the sur-
face and core hardness values after heat treat-
ment, the hardenability of the steel alloy
selected can be narrowed by either using an
H-steel or by using a restricted (R-steel) hard-
enability specification of an H-steel (Ref 30).
Therefore, many steels are also available as an
H-grade that possesses tighter compositional
control, and the control is specified by the max-
imum and minimum allowable hardenability
(see the article “Hardness and Hardenability of
Steels” in this Volume for more details on H-
steels).

One method of establishing the allowable
hardenability variation for each steel grade is
to provide minimum and maximum DI values
for each grade of steel, such as those shown in
Table 5. Alternatively, the most common
method used to establish the allowable harden-
ability variation for a range of steels is based
on Jominy end-quench curve data. For each
H-grade steel composition, there exists a maxi-
mum and minimum Jominy curve. Specifications
such as SAE J1268 provide for the maximum
and minimum Jominy curves corresponding to
these compositional limits (Ref 47). Therefore,
for each grade of steel, there exists an accept-
able range of hardenabilities exemplified by a
so-called hardenability (H) band. Typically,
the H-bands become broader as the steel hard-
enability increases.
It is important to note that for the same com-

position, the Jominy H-bands for as-cast and
wrought steel will be the same. However, the

Table 4 Grossmann H-values for different
quenching media

Quenching conditions Air Oil Water Brine

No circulation 0.02 0.25–0.30 0.9–1.0 2
Mild circulation . . . 0.30–0.35 1.0–1.1 2–2.2
Moderate circulation . . . 0.35–0.40 1.2–1.3 . . .

Good circulation . . . 0.40–0.50 1.4–1.5 . . .

Strong circulation 0.05 0.5–0.8 1.6–2.0 . . .

Violent circulation . . . 0.8–1.1 4 5

Source: Ref 44 Fig. 12 Charts for the interconversion of critical diameter and ideal critical diameter if the Grossmann hardenability
(H) value is known. (a) For small bars. (b) For large bars. Source: Ref 45
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presence of residual elements that exhibit sub-
stantial effects on hardenability, such as chro-
mium, may cause a significant broadening in
the H-band, and therefore, the potential pres-
ence of such residual elements must be moni-
tored carefully.
When even greater hardenability control is

required beyond that afforded by the H-grade,
to provide more controlled heat treatment
response and dimensional control, then a spe-
cial grade of steel with restricted hardenability
(RH-grade) is typically specified (Ref 48). Gen-
erally, the hardness range for RH-grade steels
will not exceed 5 HRC at the initial position
on the end-quench hardenability bar (J = 0)
and not greater than 65% of the hardness range
for standard H-band steels according to SAE
J1268 (Ref 47) in the inflection region. The
RH hardenability band usually follows the
middle of the corresponding standard H-band
(Ref 48).

Quench Severity

Quench severity refers to the ability to
extract heat from hot steel and is expressed in
terms of a dimensionless Grossmann (HD)
value. Grossmann developed the term HD,
which was a quantitative representation of
quench severity and which was correlated to
heat transfer by (Ref 49):

HD ¼ hR ¼ Bi ¼ �

�

� �
R

where:

� H is the heat-transfer equivalent (Grossmann
H-value) consisting of the ratio of the heat-

transfer coefficient (h/2) to thermal conduc-
tivity, indicating the heat dissipation rate
from the hot steel to the quenching medium
(in.�1).

� D is the bar diameter (in.).
� R is the radius to any point in the cross sec-

tion of a cylindrical bar (in.).
� Bi is the Biot number, which is a dimension-

less number that represents the ratio of the
resistance to heat transfer from the inside of
the body to the surface of the body (Ref 50).

For simplification, it is usually assumed that
the thermal conductivity is temperature inde-
pendent. In this case, the H-value depends only
on the heat-transfer coefficient at the surface of
the body (h) and therefore on the cooling prop-
erties of the quenchant.
Instead of the Biot number, Grossmann et al.

used the termHD, a dimensionless number, to indi-
cate quench severity, andH as a heat-transfer factor.
By combining terms, the simple form of this equa-
tion that is encountered most often is:

H ¼ h

2�

These calculations presume that the heat-
transfer coefficient is constant throughout the
entire cooling process, which is usually not
the case, especially for vaporizable quenchants
such as water and oil, where the cooling mech-
anism changes as the steel cools from full-film
boiling (vapor blanket cooling) to nucleate
boiling to convective cooling, with each cool-
ing process characterized by a very different
heat-transfer coefficient. However, the Gross-
mann description of quenching continues to be
used today (2013), approximately 75 years later
(Ref 49). Table 4 provides a summary of

H-values for different quenching media and
degrees of agitation reported previously by
Grossmann (Ref 44). Aronov et al. (Ref 50)
came to the conclusion that Grossman factor
H is generalized Biot number Biv.
One practical method of determining the

quench severity in the heat treatment shop
is to quench so-called H-bars. This is a
method developed by Grossmann that was
based on the observation that as the bar
diameter (D) is increased, the diameter of
the unhardened core (DU) increases more
rapidly with increasing quench severity (Ref
51, 52). While the method can be used with
a single H-bar, it is recommended that at
least two (or more) steel bars of increasing
diameter be quenched. As noted earlier, the
length of the round bars should be at least
4 to 5 times the length.
The H-bars are austenitized, quenched, and

sectioned to determine the unhardened diameter
(DU) by hardness measurements or microstruc-
ture. The unhardened core contains 50% mar-
tensite (or less), and this diameter is the
critical diameter DU. A plot of DU/D is
prepared for several bar diameters. The DU/D
curve is superimposed on Fig. 13 to determine
the best fit. The HD value is obtained from
the plot and divided by the bar diameter (in.)
to obtain the value of H (in.�1) for the quench-
ing system used, which includes quenchant,
agitation system, and so on.
Although it is possible to determine H-values

by quenching steel bars, it is often inconvenient
because the procedure is time-consuming and
requires sacrificing the steel test bars of differ-
ent diameters. Unless substantial quantities of
steel bars with different diameters and with
the required composition and grain size are
available, it is difficult to compare H-value
variations over time, because normal lot-to-lot
variations in steel composition necessarily pro-
duce data scatter. Furthermore, several steels
with different hardenabilities are required to
obtain test precision when evaluating quenchants
ranging from agitated water and brines to poorly
agitated oils. Therefore, an alternative method
for determining the H-value that does not require
sacrificing and metallographic characterization
of steel test specimens is desirable.
One method for easily obtaining experimen-

tal Grossmann H-values was originally reported
by Monroe and Bates, who described the use of
cooling curve analysis using a type 304 stain-
less steel probe to estimate H-values based
on a finite-difference heat-transfer program
(Ref 54). Cooling curves were collected for
the cylindrical type 304 stainless steel test bars,
where the length was at least four times the
diameter, with a type K thermocouple inserted
into the geometric center of the probe. The
probe diameters were 13, 25, 38, and 50 mm
(0.5, 1.0, 1.5, and 2.0 in.). The calculated
time-temperature profiles were analyzed
to determine the cooling rate at 705 �C
(1300 �F) as a function of imposed quench
severity and bar diameter. These data were

Table 5 Ideal critical diameter (DI) ranges for various steel alloys

Steel DI range Steel DI range Steel DI range

1045 0.9–1.3 4135H 2.5–3.3 8625H 1.6–2.4
1090 1.2–1.6 4140H 3.1–4.7 8627H 1.7–2.7
1320H 1.4–2.5 4317H 1.7–2.4 8630H 2.1–2.8
1330H 1.9–2.7 4320H 1.8–2.6 9632H 2.2–2.9
1335H 2.0–2.8 4340H 4.6–6.0 8635H 2.4–3.4
1340H 2.3–3.2 X4620H 1.4–2.2 8637H 2.6–3.6
2330H 2.3–3.2 4620H 1.5–2.2 8640H 2.7–3.7
2345 2.5–3.2 4621H 1.9–2.6 8641H 2.7–3.7
2512H 1.5–2.5 4640H 2.6–3.4 8642H 2.8–3.9
2515H 1.8–2.9 4812H 1.7–2.7 8645H 3.1–4.1
2517H 2.0–3.0 4815H 1.8–2.8 8647H 3.0–4.1
3120H 1.5–2.3 4817H 2.2–2.9 8650H 3.3–4.5
3130H 2.0–2.8 4820H 2.2–3.2 8720H 1.8–2.4
3135H 2.2–3.1 5120H 1.2–1.9 8735H 2.7–3.6
3140H 2.6–3.4 5130H 2.1–2.9 8740H 2.7–3.7
3340 8.0–10.0 5132H 2.2–2.9 8742H 3.0–4.0
4032H 1.6–2.2 5135H 2.2–2.9 8745H 3.2–4.3
4037H 1.7–2.4 5140H 2.2–3.1 8747H 3.5–4.6
4042H 1.7–2.4 5145H 2.3–3.5 8750H 3.8–4.9
4042H 1.8–2.7 5150H 2.5–3.7 9260H 2.0–3.3
4047H 1.7–2.4 5152H 3.3–4.7 9261H 2.6–3.7
4053H 1.7–2.4 5160H 2.8–4.0 9262H 2.8–4.2
4063H 1.8–2.7 6150H 2.8–3.9 9437H 2.4–3.7
4068H 1.7–2.4 8617H 1.3–2.3 9440H 2.4–3.8
4130H 1.8–2.6 8620H 1.6–2.3 9442H 2.8–4.2
4132H 1.8–2.5 8622H 1.6–2.3 9445H 2.8–4.4

Source: Ref 43, 45
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analyzed statistically to fit the cooling rate
data obtained for the different probe dia-
meters, and the following equation was devel-
oped (Ref 55):

H ¼ AXC exp BXC
� �

where H is the Grossmann H-value (heat-trans-
fer equivalent as defined previously), X is the
cooling rate in �F/s at 705 �C (1300 �F), and
A, B, C, and D are statistical modeling para-
meters summarized in Table 6 (Ref 55).
The use of this model and type 304 stainless

steel probes and the cooling rate curves
obtained from the experimental time-temperature
cooling curve data provides a nondestructive
and reproducible determination of H-values
provided by various quenchant media.
In addition to experimental methods for

determining H-values, it is also possible to cal-
culate them based on heat-transfer properties
by various methods, such as those described in
Ref 50, 54, and 56.
Jominy End-Quench Test (ASTM A255).

This Jominy end-quench test was developed
by Jominy and Boegehold and first reported in
1938 (Ref 57). The end-quench test is still in
common use today (2013) and is the basis of
many national standards, including ASTM
A255 (Ref 58), SAE J406 (Ref 59), JIS G
0561 (Ref 60), DIN 50191 (Ref 61), and ISO
642:1999 (Ref 62).

The Jominy end-quench consists of heating a
25 mm (1 in.) round by 100 mm (4 in.) long bar
to the desired hardening temperature and then
withdrawing heat from one end of the bar by
the use of a water-jet quench. The bar is then
ground along its length to 0.4 mm (0.015 in.)
below the surface, and hardness readings along
the flat are taken 1.6 mm (1=16 in.) apart. Most
carbon and low-alloy steels are heated in the
range of 870 to 900 �C (1600 to 1650 �F). It
is important that precautions be taken to pre-
vent decarburizing and scaling during the time
the Jominy test bar is heated. Hardenability is
expressed in terms of the distance from the
quenched end to a given hardness (Ref 63,
64). Further details relating to the development
and different uses of the Jominy tests are
provided in the article “Hardness and Harden-
ability of Steels” in this Volume.

The Jominy end-quench test provides valid
data for steels with an ideal diameter (DI) of
approximately 25 to 160 mm (1 to 6 in.). The
DI may be less than 25 mm, although this
requires Vickers hardness measurements closer
to the quenched end and closer together than
is typically possible with Rockwell hardness-
measuring equipment. Also, Weinman et al.
have reported that Jominy end-quench cooling
curves do not correlate well with oil-quenched
round bar results when appreciable amounts of
pearlite and ferrite are formed (Ref 65).
From each Jominy curve, it is possible to

determine the so-called Jominy equivalent cool-
ing rate, which is the cooling rate at 704 �C
(1300 �F) for each Jominy position (Ref 66,
67). The 704 �C temperature is used because
the Jominy equivalent cooling rate is approxi-
mately independent of the steel composition,

Fig. 13 Grossmann’s interrelationship between quench severity (HD), bar diameter (D), and depth of hardening (DU/D). Source: Ref 53

Table 6 Statistical modeling parameters for Grossmann H-value determination using
instrumented type 304 stainless steel probes(a)

Cylindrical probe diameter(b) Curve-fitting parameters

mm in. A B C D

13 0.5 0.002802 0.1857 � 10�7 1.201 2.846
25 1.0 0.002348 0.2564 � 10�9 1.508 4.448
38 1.5 0.002309 0.5742 � 10�9 1.749 5.076
50 2.0 0.003706 0.03456 � 10�10 1.847 6.631

(a) A type K thermocouple is press-fitted or soldered to the geometric center of the probe. (b) Infinite probe dimensions, where the length of the bar is
at least four times the diameter to minimize end-cooling effects. Source: Ref 55
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because the thermophysical properties of car-
bon and low-alloy steels are very similar at
this temperature, although not identical (Ref 68).
It should be noted that although the cooling
rate at 704 �C is traditionally used, there are
reports that the cooling rate over the tempera-
ture interval of 700 to 500 �C (1290 to 930
�F) is more preferred (Ref 66). Jominy equiva-
lent cooling rates are often shown along with
hardness and Jominy position correlations, or,
alternatively, if the hardness and Jominy posi-
tion are known, the corresponding Jominy
equivalent cooling rate can be determined from
Fig. 14. However, the Jominy equivalent cool-
ing rate corresponds to the distance from the
quenched end at the surface. The cooling rate
in the center of the bar is dependent on the
bar diameter. Nevertheless, the amount of mar-
tensite formed dictates steel hardness, and hard-
ness is a function of the cooling rate. Thus, if
the hardness is known at any position, the
Jominy equivalent cooling rate can be
determined.
Boegehold used Jominy bar test data with a

series of curves to construct a Jominy equiva-
lent cooling rate chart, such as that shown in
Fig. 15, that interrelates bar diameter and
Grossmann quench severity (H-value) to pre-
dict the hardness of round bars at the surface,
midradius (½R) and center (R) (Ref 63, 64).
This is done by using Fig. 15 and the following
procedure (Ref 69):

1. Select the family of curves for the size of the
round bar to be quenched.

2. The curve most representative of the H-
value of the quenching medium to be used
is then identified.

3. From these data, the Jominy distance from
the curve of the desired position on the
selected round bar size is determined.

4. From the Jominy distance, the hardness is
determined from the Jominy curve.

Fig. 14 Correlation of Jominy equivalent cooling rate
and Jominy distance. Cooling rates are

surface cooling rates at each position where hardness is
measured on the Jominy bar. Because the cooling rate is
essentially independent of steel composition, this curve
can be used for any carbon or low-alloy steel. Fig. 15 Jominy equivalent cooling rate by round (RD) bar size and quench severity. Source: Ref 69
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Jominy Hardenability to Round Bar Hard-
ness Transformation—Rushman Approach.
Rushman developed an approach to predict the
as-quenched hardness of a steel bar of known
hardenability by using the Jominy diagram for
the steel of interest, a two-diameter test bar
shown in Fig. 16 and a modified Grossmann
chart shown in Fig. 17 (Ref 70). The two-diam-
eter test bar is used to evaluate the quenchant
under actual production conditions. The test
bar is austenitized with the production load of
parts, typically in the same basket with the parts
being heat treated, and then quenched.
Although the test bar may be machined from
the same alloy as the parts being produced,
more typically, to keep the size of the test bar
small, it is machined from a low-hardenability
steel. The largest diameter of the test bar is
selected so that the as-quenched hardness will
fall on the sloping portion of the Jominy curve
for that steel. After austenitizing and quench-
ing, the two-diameter bar is sectioned and the
hardnesses at the center are determined at three
points: at the center of each diameter and at the
common point. These hardness values are used
with Fig. 17.
The Grossmann diagram relates the DI value

to Jominy distances (Ref 70). This well-known
diagram may be modified by extending the
lines indicating quench severity (H-values)
to a common point, as shown in Fig. 17
(Ref 71). This common point may be used to
define specific quench severities of a quenchant
in a tank in the heat treating shop. The use of
this approach to evaluate the quench severity
is now illustrated.
For the Rushman approach, the Jominy curve

(hardenability) for the steel and the bar diame-
ter are known. For example, assume that the
hardness of the steel at 5=16 in. from the
quenched end of a Jominy bar is HRC = 45. If
a 25 mm (1 in.) bar were quenched into the tank
and the resulting hardness was HRC = 45, then
H = 0.5. Because all of the H-value lines on the
Grossmann chart converge at a common point,
the measured hardness and the common point
determine the line on the modified Grossmann
chart. Figure 17 illustrates the use of this
approach to determine the quench severities of
three commercial quench systems: still water,
oil, and salt at 840 �C (450 �F) (Ref 71).
In practice, it was found that for some

steel alloys, the two-step bar proposed by Rush-
man (Ref 71) became too long to be useful.
Therefore, a test variant was developed that
involved the use of two test bars keeping the

length/diameter ratio at 6. In addition, when
AISI 1141 was used, it was found that center
segregation was encountered. However, after
changing to AISI 1040, no problems were
encountered. Determination of H-values is most
useful on new or unknown quench systems.
More often, instead of Rushman bars, test pins
were used to assure that the quench systems
were in proper control. (Refer to the section
“Maintenance of Quenching Installations” in
this article for the use of test pins.)
There are many cases when it is necessary to

characterize quenchants and quench systems in
the heat treating shop where the various avail-
able laboratory tests are inadequate. In such
cases, the Rushman test or some variant pro-
vides a satisfactory alternative. Relatively
recently, Guisbert described the successful use
of the Rushman test as a control procedure for
quenching systems used for the production of
gears (Ref 72).

Tests and Evaluation of Quenching
Media

In the previous section, various tests that
have been successfully used for quenchant and
quenchant system characterization were dis-
cussed. In this section, an overview of quenchant
characterization using cooling-power (thermal
response) tests is provided. These tests are clas-
sified as either hardening-power or cooling-
power tests.
Hardening-Power Tests. The final criterion

for selection of a quenchant is its hardening
power, that is, its ability to develop a specified
hardness in a given material/section size combi-
nation, under certain conditions of the quench-
ant selection, agitation, and bath temperature.
Major factors influencing hardness obtained on
quenching include:

� Type (water, salt solutions, oil, aqueous
polymer, and concentration, if applicable)
of quenchant

� Quenchant bath temperature
� Agitation and mass flow of quenchant
� Material composition, structure, and thermal

history of the metal component
� Section size, geometry, and surface condi-

tion of the metal component

Cooling-Power Tests. Because hardening-
power tests are time-consuming and relatively
difficult to perform, the heat treating industry
has developed simple, reproducible cooling-
power tests for the evaluation of quenching
media. Four tests that have been used for this
purpose include:

� Interval method, or 5 s test
� Magnetic test
� Hot wire test
� Cooling curve test (or basic thermocouple

test)

Interval Test. This method, also known as the
5 s test, is a rapid method of comparing the
cooling power of quenchants. In this test, a
2 L (0.5 gal) sample of an oil is placed in an
insulated container, and the oil temperature is
noted. A bar of metal (usually stainless steel)
weighing approximately 250 g (8.8 oz) is
heated to 815 �C (1500 �F) and quenched for
5 s. The oil sample is then stirred to ensure tem-
perature equalization throughout the bath, and
the temperature rise is noted to the nearest tenth
of a degree Celsius. This process is repeated for
a series of test bars. Finally, a bar of the same
metal and size is fully quenched in a second
2 L sample of oil, and the rise in temperature
is noted. Quenching power of the oil is com-
puted according to the following equation:

A

B
� 100 ¼ % quench speed

Fig. 16 Two-diameter test bar recommended by Rus-
hman. Source: Ref 71

Fig. 17 Modified Grossmann diagram to be used in conjunction with Rushman’s two-diameter test bar illustrated in
Fig. 16. Source: Ref 71
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where A represents the average rise in oil tem-
perature for the 5 s quench bars, and B repre-
sents the maximum temperature rise of the oil
sample for the fully quenched specimen.
The 5 s test is used for determining gross

changes in quenching oil, because it is expedi-
ent and requires no special equipment. A dura-
tion of 5 s in quenching, however, constitutes
only a comparison in the higher-temperature
region of the quench, and this may be mislead-
ing because it encompasses only a portion of
the cooling curve, namely, the vapor blanket
and vapor transport stages.
Magnetic Test (Also Known as the GM

Quenchometer Test). This test makes use of
the properties of metals that lose their magnetism
when heated above the Curie temperature (histor-
ically designated as themagnetic limit) and regain
their magnetismwhen cooled below this tempera-
ture. The magnetic test was devised to provide a
means of comparing the heat-extraction rates of
oil, molten salt, water, or other quenching media.
The test method involves the heating of a 22 mm
(7=8 in.) diameter pure nickel ball, weighing
approximately 50 g (1.8 oz), to 835 �C (1625
�F) in either air or a controlled atmosphere
(Ref 73, 74). The Curie temperature of nickel
is 354 �C (670 �F). This test was developed into
ASTM D3520 (Ref 75), which specifically uses
a chromium-diffused nickel ball to eliminate
the need for a protective atmosphere, to avoid
marked alteration of surface finish due to oxida-
tion (Ref 76). However, similar tests have been
reported using various iron-nickel alloy balls as
well (Ref 77). After uniformity of temperature
is attained, the heated ball is quenched in a
200 mL sample of quenchant located within a
magnetic field. As the nickel ball cools through
the Curie temperature, it becomes magnetic
and is attracted to the magnetic field. The
time required for the nickel ball to cool from
835 �C (1625 �F) to the Curie temperature,
which is 354 �C (670 �F), is a measure of the
cooling power of the quenching medium. The
Curie temperature of nickel is below the nose
of the isothermal transformation diagrams for
most steels. Thus, with this method, quenching
media can be compared for steels as well as
for other metals. The faster the cooling power
of the medium, the shorter the time required
for the nickel to regain its magnetism.
A modification of the magnetic quench test has

been used to study the influence of circulation and
heat on the cooling power of quenching oils. A
device known as the electronic quenchometer is
installed directly in the quenching system so that
results are obtained from the actual quenching
process conditions of media, temperature, and
agitation (Ref 76). Figure 18 provides an illustra-
tion of a GM Quenchometer typically used for
laboratory testing (Ref 78).
The GM Quenchometer times obtained

according to ASTM D3520 have long been used
throughout the heat treating industry in the
United States to classify petroleum oil-based
quenchants as slow, medium, and fast. These
classifications are summarized in Table 7 (Ref

78). Although the GM Quenchometer test has
been a common test for evaluating and classify-
ing quench oils, it is occasionally difficult to
obtain reproducible test results. In addition, the
GM Quenchometer times, which are based on
a relatively limited portion of the total time-tem-
perature cooling process, often cannot be related
to as-quenched hardness or cracking properties.
The test is limited to defining the heat-removal
rate over the high-temperature portion of the
time-temperature cooling curve (Ref 79, 80).
The deficiencies of the use of GM Quench-

ometer data were illustrated by a study con-
ducted on three so-called 10 s petroleum oil
quenchants. An attempt was made to correlate
these cooling times with cooling curve analysis
data performed with a 13 mm (0.5 in.) diameter
by 127 mm (5.0 in.) cylindrical type 304 stain-
less steel probe with a type K thermocouple
inserted to a depth of 76 mm (3.0 in.) at the geo-
metric center. The study was conducted with a
proprietary agitation system that was capable of
providing linear flow rates past the cooling probe
of 38 and 61 m/min (125 and 200 ft/min). The
probe was heated to 845 �C (1550 �F), at which
time it was immersed into the petroleum quench
oil bath maintained at 65 �C (150 �F) with a
cooling coil. The cooling rate data obtained are
summarized in Table 8 (Ref 81).

These data show that the cooling rates
throughout the cooling process varied consider-
ably, especially at the higher probe temperatures
of 705 and 345 �C (1300 and 650 �F), which
means that although the GM Quenchometer
times were approximately the same, the overall
cooling properties afforded by these three
quench oils were very different. Similar results
were obtained in other studies that showed poor
or no correlation between GM Quenchometer
times and cooling curve behavior (Ref 79, 80).
This indicates that cooling curves provide much
more reliable and insightful data.
Hot Wire Test. This method of quenchant

evaluation consists of heating a nichrome or
cupron wire (of standard gage and electrical
resistance) by means of an electrical current in
a small quantity (100 to 200 mL) of quenchant.
The quenchant tested usually is at quenching
temperature, and the wire is supported by two
copper or brass electrodes. Heating of the wire
is accomplished by steadily increasing the cur-
rent by means of a rheostat. The cooling power
of the quenchant is indicated by the maximum
current reading, as measured by an ammeter.
Quenchants capable of extracting heat faster
permit the passage of higher currents through
the wire and thus register higher current values
(Ref 82). A correlation between the hot wire
test and the GM Quenchometer test results
(times) is shown in Fig. 19 (Ref 83).

Cooling Curve Test

As has been shown thus far, the primary func-
tion of a quenchant is to control heat-transfer
rates from parts during the quenching process
and to produce the desired microstructure and
mechanical properties, including hardness, ten-
sile and fatigue strength, and toughness. Simulta-
neously, the quenching process should control
residual stresses and minimize distortion and
cracking potential. As the heat treating industry
becomes more competitive, monitoring of the
quenching process becomes increasingly impor-
tant. Consistency checks are vitally important
to identify variations in quench severity and to
qualify new quenchants and quench processes.

Table 7 Classification of quenchants by
GM Quenchometer times

Quenchant GM Quenchometer time, s

Fast oil 8–10
Medium oil 11–14
Slow oil 15–20
Martempering oil 18–25
Deionized water 2.0
9% aqueous solution of NaCl 1.5

Table 8 Comparison of quench cooling
rates for three fast oils having a GM
Quenchometer value of approximately 10 s

Quench oil
sample No.

Agitation rate Cooling rate, �F/s/s, at:

m/min ft/min
705 �C

(1300 �F)
345 �C
(650 �F)

205 �C
(400 �F)

1 38 125 207 44.2 18.4
2 38 125 129.8 55.8 19.2
3 38 125 175.5 75.2 20.6
4 38 125 195.5 85.3 22.6
1 61 200 230 58.9 24.6
2 61 200 155.8 64.9 24.6
3 61 200 217 74.5 20.6
4 61 200 231.3 78 17.3

Note: The 13 � 127 mm (0.5 � 5 in.) type 304 stainless steel probe was
heated to 845 �C (1550 �F) and then immersed into the petroleum
quench oil shown at a bath temperature of 65 �C (150 �F) with the flow
rate shown. Source: Ref 81

Fig. 18 Illustration of a GM Quenchometer typically
used for quench oil testing
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Quench severity can be quantified by harden-
ing-power tests, such as determination of cross-
sectional hardness surveys (U-curves) and Jominy
end-quench tests using procedures such as the
Rushman test and other variations.However, these
traditional tests are time-consuming and relatively
expensive. Furthermore, metallurgical response
tests vary with normal variations in the chemistry
of the steel test specimens. As a consequence,
development of alternative test procedures has
been, and continues to be, of considerable interest.
A quenchant may be characterized by

methods other than direct hardness measure-
ments on test specimens or parts. A common
alternative procedure is to measure the cooling
power of quenchants. Although various methods
have been developed and continue to be used,
such as the hot wire test and the GM Quench-
ometer (nickel) ball test, as a group, these meth-
ods are rather limited, and great care must be
taken with respect to data interpretation. Of the
various test procedures developed thus far, cool-
ing curve analysis has generally been accepted
as the most useful means of quenchant charac-
terization (Ref 84, 85–87). Cooling curves are
particularly sensitive to factors that affect the
ability of quenchants to extract heat and include
the effects of bath temperature, agitation, and
concentration, where relevant.
The next section covers the methodology

involved in obtaining cooling curves, the cur-
rently accepted standardized methods of test-
ing, and the use of newer methods of cooling
curve data interpretation that more properly
reflect the quenching process. In the latter case,
various calculation examples are provided.
Cooling Curves. A cooling curve is a time-

temperature diagram of the cooling process,
which involves interfacial heat transfer from

the surface of the hot metal into the cooler
quenching medium. The shape of the cooling
curve is indicative of the various cooling
mechanisms involved when cooling a metal test
specimen preheated to the steel austenitization
temperature in the quenching medium. Figure 20

illustrates three stages of cooling upon immer-
sion of a hot probe into a vaporizable quench-
ant, including full-film boiling (vapor blanket
or A-stage cooling), nucleate boiling (B-stage
cooling), and convective (C-stage) cooling.
Shock-film boiling (A0-stage cooling) is not
observed in this case due to the very short dura-
tion and relative insensitivity of the probe used
to acquire the data shown (Ref 88). Each of
these boiling processes involves very different
overall cooling mechanisms, which were dis-
cussed previously.
The transition from film boiling to nucleate

boiling is classically known as the Leidenfrost
temperature and is independent of the initial
temperature of the metal being quenched, as
shown in Fig. 21 (Ref 89).
From the measured cooling curve, it is possi-

ble to calculate the cooling rate curve as a func-
tion of time or temperature. The time required
to cool to any temperature, the temperature at
any time, and the time to cool over any temper-
ature range can be readily calculated also.
Often these calculations are performed using
readily available spreadsheet software and the
initial time-temperature data obtained from
the analysis. Figure 22 illustrates various com-
mon representations of cooling curve data
(Ref 89).
Cooling Curve Data Acquisition. Tradi-

tionally, high-speed recorders were used to
obtain time-temperature data. More recently,
data loggers or computer desktop or laptop com-
puters equipped with an analog/digital device to
convert the experimental analog signal coming
from the thermocouple (millivolts) into a digital
signal for subsequent numerical processing
have been used (Ref 90). For most cooling curve
analysis work, common data-acquisition rates

Fig. 19 Correlation of hot wire test times with GM
Quenchometer times for various petroleum-
based quench oils
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vary between 5 and 20 Hz (datapoints/second).
The data-acquisition rate is selected to provide
a smooth, unclipped cooling rate curve
(Fig. 23). Excessive data-acquisition rates may
produce unnecessarily noisy data.
The Probe. The earliest reference to the use

of cooling curve analysis of quenchant cooling
behavior was first published by Le Chatelier
in 1904 (Ref 91) and followed by Haedicke
in the same year (Ref 92). Many variations
of cooling curve analyses, most of which
involve a variety of probe sizes and designs,
have been successfully used since the

publications by Le Chatelier and Haedicke.
Details of a number of these procedures are
described in Ref 93.
A wide range of probe shapes and materials

have been used since Le Chatelier’s 18 by
18 mm (0.7 by 0.7 in.) square iron bar with
a thermocouple at the geometric center
(Ref 91), including spheres, plates, rings, coils,
round disks, and production parts (Ref 89).
Probes have been constructed of various mate-
rials, including steel alloys, stainless steel,
Inconel 600, and silver. Currently, the most
common probe materials for standardized
cooling curve analysis procedures include
Inconel 600 and silver. Type 304 stainless
steel is used to a lesser extent. Actual steel
alloy probes are not used for routine cooling
curve analyses, because they are not reusable
due to surface oxidation, corrosion, or crack-
ing. Table 9 provides a comparison of the ther-
mal conductivity and thermal diffusivity of
various materials at room temperature (Ref
94). Such data are necessary when calculating
heat-transfer coefficients.
Currently, the most common probe in use

worldwide is the so-called Wolfson probe,
which is a 12.5 mm (0.5 in.) diameter by
60 mm (2.4 in.) cylindrical Inconel 600 probe
with a type K thermocouple inserted to the geo-
metric center, as illustrated in Fig. 24 (Ref 95).
This probe is the basis of international stan-
dards, including ISO 9950 (Ref 92), ASTM
D6200 (Ref 96), ASTM D6482 (Ref 97),
ASTM D6549 (Ref 98), and the Chinese
National Standard JB/T 7951-2004 (Ref 99).
The temperature-dependent thermophysical pro-
perties for Inconel 600 are shown in Table 10
(Ref 100). Inconel 600 was selected as the
probe material for these international and
national standards because:

� The thermal conductivity is much closer to
steel than silver.

� Small probe size is suited to routine use for
quality-control monitoring of quenchants
with limited quantities of quenching fluid
(approximately 2 L or less).

� There are no phase transformations with
Inconel during quenching.

� An Inconel 600 probe, while less sensitive
than silver to cooling curve transitions, pro-
vides a more stable thermocouple signal
with less noise.

However, some in the industry strongly favor
the use of silver as the probe material. A
standard 10 mm (0.4 in.) diameter by 30 mm
(1.2 in.) cylindrical silver probe with a surface
thermocouple located at 15 mm (0.6 in.)
from the end is used for JIS K 2242:1980
(Ref 101). However, more recently, this
silver probe standard was replaced by JIS
2242:2012 (Ref 102), where the surface ther-
mocouple design was replaced by a center ther-
mocouple placement, as shown in Fig. 25.
This is the same probe used for ASTM D7646
(Ref 103).
Note the following changes:

� The title of the new JIS K 2242 was changed
from “Heat Treating Oils” to “Heat Treating
Fluids” to accommodate both petroleum oils
and aqueous polymer quenchants.

� The reference oils for the new JIS K 2242
include both the traditional dioctyl phthalate
and a petroleum oil. The specifications for
the new reference oil in JIS K 2242 are:
kinematic viscosity at 40 �C (105 �F): 19.8
to 24.2 mm2/s (0.031 to 0.038 in.2/s); viscos-
ity index: 95 to 105; Cleveland open-cup
flash point: 211 to 219 �C (412 to 426 �F).
The required cooling curve parameters for
the JIS K 2242 reference oil are: characteris-
tic temperature: 500 � 10 �C (930 � 18 �F);
cooling time from 800 to 400 �C (1470 to
750 �F): 5.2 � 0.3 s.

Other silver probes are equipped with ther-
mocouples within the probe and located at the
geometric center. These probes include the
cylindrical 10 mm (0.4 in.) diameter by 30 mm
(1.2 in.) probe with the thermocouple at the
geometric center specified in both ASTM
D7646 (Ref 103) and the Chinese SH/T0220-
92 standard (Ref 104), as well as the AFNOR
NFT 60178 cylindrical 12.5 mm (0.5 in.) diam-
eter by 50 mm (2.0 in.) silver probe (Ref 105).
Temperature-dependent thermal conductivity
values for silver (W/m � K) may be calculated
over the temperature range of 100 to 1234 K
using the following multiple linear regression
equation (Ref 106):

K ¼ aTb ect ed=t

where a = 230.9532, b = 0.113561, c � 104 =
�3.19146, d = 17.17667, and temperature (T)
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is absolute in Kelvin. The specific heat capac-
ity of silver (cal/g � K) as a function of
temperature may also be calculated by a mul-
tiple linear regression equation of the same
form, where a = 0.475069, b = �0.35933,
c = 0.000571, and d = �77.0249 (Ref 107).
The thermal diffusivity for silver metal at
22 �C (72 �F) has been reported to be 1.61
cm2/s (0.25 in.2/s) (Ref 108). A tabulation
of the temperature-dependent thermophysical
properties for silver has been reported by
Narazaki et al. and is shown in Table 11
(Ref 109).
One of the problems encountered with the

relatively small Inconel 600 probe shown in
Fig. 24 and the silver probe shown in Fig. 25
is that it is very difficult to obtain good interla-
boratory repeatability and reproducibility.
One of the reasons for this problem, especially
when quenching into vaporizable quenchants,
is that vapor may become entrapped at the bot-
tom of the probe upon immersion, which does
not transition to nucleate boiling at the same
time as boiling transitions over the remainder
of the probe surface. Another observed poten-
tial difficulty is that the sharp edge at the
bottom of the probe may also contribute
to nonuniform vapor film breakage, which
Narazaki called the edge effect, which was
most pronounced when quenching in water
(Ref 110).

This problem has been studied in consider-
able detail. For example, Narazaki et al. studied
the effect of probe shape on the instabilities of
full-film boiling and transition boiling, includ-
ing a hemispherical probe tip (Ref 110) as well
as a spherical probe (Ref 111). Neither alterna-
tive to the flat-tipped probe design produced
the same problem of entrapment of vapor at
the probe tip as did the flat probe tip. Zhang
performed a wide range of fundamental studies
and also demonstrated the problems of vapor
entrapment at the bottom of flat surfaces
during quenching, in addition to confirming
the edge effect on vapor film rupture reported
by Narazaki (Ref 112, 113). Luebben et al.
(Ref 114, 115) and Hernandez-Morales et al.
(Ref 116, 117) also demonstrated this problem
and recommended alternative probe designs
to substantially alleviate or eliminate this
problem, which leads to variability of cooling
curve results. Partially, as a result of this
study, Frerich and Luebben recommended a
chamfered probe tip to minimize vapor pocket
entrapment at the probe tip during quenching
(Ref 118).
Currently, there is increased emphasis on the

calculation of heat-transfer coefficients and heat
flux to better and more fully characterize the
overall heat-transfer process involved in
quenching. This has led to the increased use
of small probes with near-surface thermocou-
ples, such as that shown in Fig. 26 (Ref 116).
It has also been shown that when quenching
into vaporizable liquids, there is a movement
of the rewetting front of the surface as the steel
cools, as can be seen in Fig. 1. By locating ther-
mocouples along the probe body, the movement
of the wetting front can be measured by

determining the rewetting time (Ref 119, 120).
Rewetting times may be determined by using
multiple thermocouple probes and is an impor-
tant parameter for characterizing hardness
(Ref 120) and distortion and cracking potential
(Ref 121). Furthermore, the time-temperature
data collected can be used to calculate surface
heat-transfer coefficients and critical heat flux
densities. Recently, an Inconel 600 probe using
the design as recommended by Tensi, shown in
Fig. 27, was used to calculate heat transfer and
critical heat flux densities for vegetable and
petroleum oil quenchants, with excellent results
(Ref 122). (It is noteworthy that vegetable oils
typically exhibit little or no film boiling relative
to petroleum oils.)
Although there is increasing recognition

of the importance of the use of near-surface
thermocouples to accurately predict surface
temperatures during quenching, there is not
a consensus on the design of the probe tip,
because the shape of the probe tip can affect
the stability of the initial surface vapor film.
To address this problem, Hernández-Morales
et al. studied the effect of probe tip design
on fluid flow and stability of vapor film for-
mation and breakage on the probe surface
and concluded that the conical shape
provided the least perturbation of fluid flow
during quenching (Ref 117). Figure 28 pro-
vides an illustration of this optimized probe
design.
Using video analysis of the quenching pro-

cess occurring on the probe surface, Luebben
et al. were also concerned with the problems
of the flat surface of the probe tip, and they
developed a probe with a chamfered tip design,
depicted in Fig. 29 (Ref 123).

Table 9 Approximate thermal conductivity
and thermal diffusivity of various materials
at room temperature

Material
Thermal conductivity(a),

J/s � cm � K
Thermal diffusivity(b),

106 m2/s

Silver 407 165
Inconel 600 14.9 3.4
Austenitic steel 15 3.8
Ferritic steel 19 5.1
AISI 1040 steel 55 14.3
Iron 75 21

(a) Thermal conductivity is a measure of the ability of a material to con-
duct heat. (b) Thermal diffusivity is the thermal conductivity of a mate-
rial divided by its density and specific heat capacity at constant pressure
and is a measure of thermal inertia (rate at which heat is conducted
through a material).
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Fig. 24 Schematic illustration of the probe originally reported for cooling curve analysis in ISO 9950 (Ref 95) and
ASTM D6200 (Ref 96) and which is used in a number of other national standards

Table 10 Temperature-dependent
thermophysical values for Inconel 600

Thermal conductivity Specific heat Density

Temperature,
�C

K, W/
m�K

Temperature,
�C

C, J/
kg�K

Temperature,
�C

r, kg/
m3

50 13.4 50 451 20 8400
100 14.2 100 467 100 8370
150 15.1 200 491 200 8340
200 16.0 300 509 300 8300
250 16.9 400 522 400 8270
300 17.8 500 533 500 8230
350 18.7 600 591 600 8190
400 19.7 700 597 700 8150
450 20.7 800 602 800 8100
500 21.7 900 611 900 8060
700 25.9 . . . . . . . . . . . .

900 30.1 . . . . . . . . . . . .
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Whatever probe material is used, it is essen-
tial to assure thermocouple contact throughout
the temperature range where data are being
acquired. Data derived from the resulting
cooling curves are used to calculate heat-transfer
coefficients and temperature distributions

throughout the quenching process (Ref 124,
125). Accurate calculations require accurate
time-temperature data. This means that the
actual temperature must be measured with
minimal time lag. The most significant contribu-
tors to time-lag delay in temperature measurement

are thermocouple size, materials of con-
struction, and thermocouple contact with the
probe body throughout the quenching process
(Ref 124).
The sheathed thermocouple, where a metal

sheath protects a thermocouple wire, is the most
widely used today (2013). Sheathed thermo-
couple variables include dimensions, junction
design, and sheath and insulating materials.
Most thermocouples used for steel heat treat-
ing may be used over the temperature range
of �200 to 1200 �C (�330 to 2190 �F)
(Ref 124). The best thermocouple response
is typically obtained when the measuring
junction is welded to the probe material. Tensi
et al. reported that the least time-lag and tem-
perature distortion was obtained with the
following:

� Optimal contact between the probe body and
the thermocouple is assured.

� The size of thermocouple holes is mini-
mized. The smaller the hole, the better the
thermocouple contact.

� The probe materials and materials used to
construct the thermocouple should possess
similar thermal properties.
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Fig. 25 Schematic illustration of the silver probe used in ASTM D7646 (a) general assembly, (b) probe details. All
dimensions are in millimeters. Source: Ref 103

Table 11 Narazaki’s thermophysical properties of silver

Temperature,
K

Thermal conductivity,
W/m�K

Specific heat,
kJ/kg�K

Density,
kg/m3

Heat capacity,
kJ/m3�K

Thermal diffusivity,
mm2/s

150 432 0.214 10,570 2261 192
250 428 0.232 10,510 2438 176
300 427 0.237 10,490 2486 174
600 405 0.248 10,300 2554 161
800 389 0.258 10,160 2621 149
1000 374 0.272 10,010 2722 137
1200 358 . . . . . . . . . 124

Source: Ref 109

Fig. 26 A 13 mm (0.5 in.) diameter type 304 cylindri-
cal stainless steel probe with a conical end. The

dimensions for length (L) = 57 mm (2.3 in.) and height (h) =
10 mm (0.4 in.), reported by Hernández-Morales and
López-Valdéz. One thermocouple is inserted to a depth
of 40 mm (1.6 in.), and the second thermocouple is inser-
ted to a depth of 50 mm (2.0 in.). The thermocouple holes
are 1.58 mm (0.06 in.) in diameter, and they are located
2.38 mm (0.094 in.) from the probe surface. Source:
Ref 116
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� Minimum temperature lag can be assured by
welding the thermocouple wires to the body
of the probe. The use of a sheathed thermo-
couple with a 0.5 mm (0.02 in.) outer diam-
eter is recommended.

� The use of heat-conducting pastes on the
measuring junction welded to the sheath
does not improve sensitivity.

Once the data-acquisition system and
the probe design and material are selected,
the probe is heated to the appropriate tem-
perature and immersed into the quenching
medium being studied. Temperature-time
data are collected, and a time-temperature
cooling curve is obtained that is illustrative
of the different cooling mechanisms occurring

on the surface. The next step is cooling curve
analysis.
Cooling Curve Analysis. Initially, cooling

curve analysis involved a visual comparison of
time-temperature curves run under the same
laboratory conditions. The visual inspection pri-
marily involves the time required to complete
the different characteristic cooling transitions
and the temperatures where these occur. Vari-
ous quenchants and quenching conditions may
be comparatively evaluated by superimposing
the cooling time-temperature curves of interest
(Ref 126, 127).
There are numerous methods of compara-

tively analyzing cooling curve data. However,
two methods are currently the most commonly
encountered. The first of these is cooling curve
parameterization, and the parameters suggested
by Tensi include (Ref 128):

1. Film-boiling to nucleate-boiling transition
time(s) (tA–B)

2. Temperature of film-boiling to nucleate-
boiling transition (�C) (TA–B)

3. Film-boiling to nucleate-boiling transition
cooling rate (�C/s) (CRDHmin)

4. Cooling rate at 700 �C (CR700)
5. Maximum cooling rate (�C/s) (CRmax)
6. Temperature of the maximum cooling rate

(�C) (TCRmax)
7. Cooling rate at 300 �C (CR300)
8. Time to cool to 300 �C (t300)
9. Cooling rate at 200 �C (CR200)

10. Time to cool to 200 �C (t200)
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Fig. 27 Tensi design of Inconel 600 multiple-thermocouple probe. Source: Ref 122
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Fig. 28 Multiple-thermocouple cylindrical type 304 stainless steel test probe developed by Hernández-Morales et al.
Source: Ref 117

Fig. 29 Luebben et al. type 303 austenitic stainless steel
probewith chamfered tip. All dimensions are in
millimeters. Source: Ref 123
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Parameters 1 to 3 are related to the full-film-
boiling (vapor blanket cooling) to nucleate-boil-
ing transition time and temperature and the cool-
ing rate at critical temperatures. Cooling rate at
700 �C, parameter 4, is measured because it is
usually desirable to maximize this cooling rate
to avoid the steel pearlite transformation region.
Parameters 5 and 6 are the maximum rate of cool-
ing and the temperature where this occurs. Gener-
ally, it would be desirable tomaximize CRmax and
minimize TCRmax. Rate of cooling at temperatures
such as 200 and 300 �C, parameters 7 to 10, are
also determined because they are related to the
potential for steel cracking and distortion. Tomin-
imize these problems, it is desirable to minimize
cooling rates in this region. Parameters 7 to 10
are related to the region of martensite transforma-
tion. It is generally desirable to minimize these
parameters. These are illustrated in Fig. 30 and
are most often used with steel, stainless steel,
and Inconel 600 probes. These are parameters
cited in ASTM D6200 (Ref 96), D6482 (Ref 97),
and D6549 (Ref 98).
For cooling curves obtained by using a silver

probe, there are various cooling parameters
used as well, but often they involve two or
more of the following (Ref 129):

� Leidenfrost temperature and cooling rate
� Transition temperature from nucleate boiling

to convective cooling
� Time for cooling to 600, 400, and 300 �C

(1110, 750, and 570 �F)
� Maximum cooling rate and cooling rate at

300 �C (570 �F)
� Critical heat flux densities which can be

evaluated from cooling curves (Ref 14, 139)

It is important to understand the inherent
variability of cooling curve analysis data. When
specific statistical data are not available, a use-
ful limitation of the precision of the data being
reported is �8 to 10%. While complete statisti-
cal analysis results are not generally available,
the precision results for ASTM D6200, which
is a test procedure using the Inconel 600 probe

shown in Fig. 24 for unagitated petroleum oil
quenchants, are available (Ref 96). There are
many reasons for such variability, some of
which include thermocouple size, contact and
response times, precision of the thermocouple
hole placement in the body of the probe, trig-
gering mechanism and temperature where
time-temperature data collection begins, data-
acquisition rate, probe surface condition and
cleaning procedure, probe placement in the
quenchant, volume of the quenchant, and other
factors. Considering the number of laboratories
reporting cooling curve data, the variability in
probe suppliers and test equipment, and so on,
it is surprising that the variability is not even
greater.

Heat-Transfer Coefficient
Calculations

In this section, an overview of the funda-
mentals involved in heat-transfer coefficient
and heat flux of quenching processes is
provided. This discussion is followed by vari-
ous actual examples of applications of these
methods using simplified equations. For exam-
ple, simplified methods of cooling time and
cooling rate calculations are considered, which
may be used when analyzing heat transfer occur-
ring when quenching simple shapes of steel parts
in vaporizable liquid quenchants. Simplified
methods are discussed of calculation of heat-
transfer coefficients (HTCs) by solving an appro-
priate inverse problem when the exact mathe-
matical model of the quenching process and
surface temperature or temperature below the
surface, which are obtained by experiment.
Average HTCs are discussed that are evaluated
on the basis of regular thermal condition theory,
which is used for cooling time and cooling rate
determination.
The symbols used in this discussion include:

HTC = heat-transfer coefficient
T = temperature (K or �C)
Tm = medium temperature (K or �C)
Ts = saturation temperature (K or �C)
TSf = surface temperature (K or �C)
t = time (s)
a = heat-transfer coefficient (W/m�2 � K�1)
l = thermal conductivity (W/m�1 � K�1)
n = cooling rate (K/s�1 or �C/s�1)
a = thermal diffusivity (m2/s�1)
r = material density (kg/m�3)
Cp = heat capacity (kJ/kg�1� K�1)
q = heat flux density (MW/m�2)
s = surface tension (N/m�1)
r* = latent heat of evaporation (J/kg�1)
r00 = vapor density (kg/m�3)
DT = TSf – Ts = wall overheat (K)
qcr1 = first critical heat flux density
(MW/m�2)
qcr2 = second critical heat flux density (MW/
m�2)
R = radius (m)

Z = height of cylinder (m)
K = Kondratjev form factor (m2)
S = surface area (m2)
V = volume (m3)
BiV = generalized Biot number (dimensionless)
Kn = Kondratjev number (dimensionless)
O = 0.24k; k = 1, 2, 3 for plate, cylindrical,
and spherical forms

Inverse Method

The field of inverse problems was first dis-
covered and introduced by Soviet-Armenian
physicist Viktor Ambartsumian. Inverse model-
ing in heat transfer involves the estimation of
boundary conditions, such as a specified tem-
perature or heat flux, inside of a conducting
body using experimentally obtained thermal
data. Inverse problems of heat conduction rely
on temperature measurements for the estima-
tion of unknown quantities appearing in the
mathematical formulation of physical problems,
including boundary heat flux, heat source, ther-
mal properties, and boundary shape and size.
Noise, which is present in any measurement of
temperature, can cause instabilities in the pre-
dicted heat fluxes. However, the prediction
can be greatly improved by measuring tempera-
ture at two locations. Because solutions are sen-
sitive to random errors in the experimentally
measured data, solution of these so-called ill-
posed problems requires the use of a regulariza-
tion technique.
Tikhonov Regularization Method. A suc-

cessful solution of an inverse heat-transfer
problem often involves a reformulation into an
approximate well-posed problem, often a
least-squares method. There are various regu-
larization methods, including Tikhonov’s regu-
larization method that involves the addition of
smoothing terms to a least-squares equation to
reduce the instability effects due to measure-
ment errors (Ref 130). Using this procedure,
Tikhonov proved theoretically that inverse pro-
blems could be solved correctly (Ref 131).
Because thermal processes during quenching
are complicated, additional investigations were
needed to develop further improvements in
solving inverse heat-conduction problems (Ref
132, 133).
Green Function Method for Solving

Inverse Problems. Guseynov also used the
Green function method for solving linear and
nonlinear inverse problems (Ref 132, 133). This
approach is used for solving nonlinear inverse
problems for the hyperbolic heat-conductivity
equation, where some parameters of the mathe-
matical model cannot be derived from the
experiment but are determined from exact
calculations.
Statistical Regularization Method. Kri-

voshey used a stochastic approach of solving
inverse problems that assumes a stochastic
nature of all parameters of the mathematical
model (Ref 13). It was used for solving inverse
problems for the fourth heat-transfer mode.

Fig. 30 Illustration of common cooling curve charac-
terization parameters
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General Approach of Solving Inverse Heat-
Conduction and Mass Transfer Problems.
Krukovskyi used the Newton-Gauss and Tikho-
nov methods (Ref 134, 135). A method for
solving inverse problems, proposed by Beck et
al., is widely used in the United States (Ref
136). The Tikhonov method is well known in
Europe. Results of solving inverse problems
for the second type of heat-transfer mode are
usually presented as HTC versus surface tem-
perature, as shown in Fig. 31. The HTCs are
used to calculate quenching processes that
include cooling time and cooling rate values,
which are responsible for phase transformations
in steel.
Regular thermal condition theory is used

to calculate average HTCs, cooling time,
and cooling rate for any forms of steel parts
(Ref 138).
In Fig. 31, average HTCs are shown that

were calculated using the regular thermal
condition theory of Kondratjev (Ref 138).
The Kondratjev theory has been used to calcu-
late average effective HTCs during nucleate
boiling (Ref 137). In this case, HTCs can
be used only for cooling time and cooling
rate calculations at the core of steel parts
(Ref 137). Simplified methods for the calcula-
tion of nucleate-boiling process duration, cooling
time, and cooling rate calculations are discussed
subsequently.

Simplified Methods

Mathematical Models of Second Heat-
Transfer Mode. The equation of nonstationary
thermal conductivity is given as (Ref 14, 137):

C�
@T

@�
� div �gradTð Þ ¼ 0 (Eq 1)

with corresponding boundary conditions at film
boiling:

@T

@r
þ �f

�
T � TSð Þ

� �
r¼R

¼ 0 (Eq 2)

and initial conditions:

T r; 0ð Þ ¼ T0 (Eq 3)

The transition from film boiling to nucleate
takes place when:

qcr2 ¼ �f TSf � Tsð Þ (Eq 4)

The second critical heat flux density, qcr2, can
be evaluated from (Ref 139):

qcr2
qcr1

¼ 0:2 (Eq 5)

To provide minimum distortion of steel parts
after quenching, localized film boiling should
be eliminated completely (Ref 140). Film boil-
ing can be eliminated if qcr1 is maximized
(Fig. 32, 33). It has been established (Ref 14,

137) that there is an optimal concentration of
water-salt solution and an optimal temperature
of quench oils where the first critical heat flux
density, qcr1, is maximum, as shown in Fig. 32
and 33 (Ref 141).
Thus, quenching processes can be optimized

by optimizing critical heat flux densities, which
should be maximum to eliminate local film
boiling. Elimination of local film boiling
decreases distortion significantly (Ref 140).
When full-film boiling is finished and local

film boiling is absent, the boundary conditions
at nucleate boiling can be written as:

@T

@r
þ �m

�
T � TSð Þm

� �
r¼R

¼ 0 (Eq 6)

Note that during boiling processes it is neces-
sary to consider the difference DT = TSf – Ts,
instead of DT = TSf – Tm, because formation
of nucleating critical centers, Rcr, depends only
on overheating of a boundary layer, which is
determined by:

Rcr ffi 2�Ts
r	r00�T

(Eq 7)

where Rcr is the critical size of a bubble that is
capable of growth and function.
Active nucleating centers are the basic car-

riers of heat that remove heat from a surface
and transfer it to a cold liquid.
During convection, the boundary condition is

similar to the boundary condition during film
boiling:

@T

@r
þ �conv

�
T � Tmð Þ

� �
r¼R

¼ 0 (Eq 8)

T r; �nbð Þ ¼  rð Þ (Eq 9)

The transition from nucleate boiling to convec-
tion is given as qnb = qconv.
As seen from Fig. 34, during quenching

of steel in a water-NaOH solution, film boiling

is absent. The transient nucleate-boiling
process is the primary heat-transfer mode here,
and its duration can be calculated by Eq 10
(Ref 14, 137).

Fig. 31 Heat-transfer coefficient (HTC) versus surface
temperature for MZM-16 oil at 61 �C (142 �F)

with a cylindrical test specimen of 19.9 mm (0.78 in.)
diameter and 80 mm (3.2 in.) height. 1, by solving inverse
problem; 2, by regular thermal condition theory. Source:
Ref 137

Fig. 32 First critical heat flux density, q
cr1

, versus petro-
leum oil temperature (T). 1 is MZM-120; 2 is

MS-20; 3 is a petroleum quenching oil named Effectol; 4 is
MZM-16. Source: Ref 14

Fig. 33 First critical heat flux, q
cr1

, versus density (r) of
water-salt solutions. 1, NaCl-water solution; 2,
LiCl-water solution. Source: Ref 14
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Fig. 34 Temperature vs. time plotted during quench-
ing of a sphere 38.1 mm (1.5 in.) in diameter

in a 5% water solution of NaOH. Source: Ref 142

Quenching of Steel / 111



Duration of the transient nucleate-boiling
process can be evaluated by solving Eq 1 with
the boundary condition (Eq 6). The boiling pro-
cess duration can be calculated by Kobasko’s
equations (Eq 5):

�nb ¼ �þ b ln
#I
#II

� �
K

a
(Eq 10)

where b = 3.21:

#I ¼ 1

�

2�ð#0 � #IÞ
R

� �0:3
(Eq 11)

#II ¼ 1

�
�conv #II þ #uhð Þ½ 
0:3 (Eq 12)

To make calculations correctly, it is neces-
sary to know the b-value (Eq 11, 12). For
water and water solutions, it can be considered
as b = 3.45 (Ref 14, 137, 143, 144).
Cooling-Time Calculation. The following

generalized equation for cooling-time calcula-
tion of any shape of a steel part was obtained
(Ref 14):

� ¼ kBiV
2:095þ 3:867BiV

þ ln
T0 � Tm
T � T m

� 	� �
K

aKn

(Eq 13)

The primary parameters in this equation are the
Kondratjev form factor, K (Table 12) (Ref 36),
Kondratjev number, Kn, and generalized Biot
number, BiV. Average thermal diffusivity, a, is
characteristic of a material.
Equation 13 includes the Kondratjev number,

Kn, which is a function of the generalized Biot
number, BiV (Ref 138):

Kn ¼ BiVffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bi2V þ 1:437BiV þ 1

p (Eq 14)

BiV ¼ �

�
K
S

V
(Eq 15)

Cooling Rate Calculation. Cooling rate at
the core of a steel part of any shape can be cal-
culated from (Ref 14, 137):

n ¼ aKn

K
T � Tmð Þ (Eq 16)

where n is the cooling rate (�C/s), a is the ther-
mal diffusivity, Kn is the Kondratjev number
(dimensionless value), T is the temperature
(�C), Tm is the bath temperature (�C), and K
is the Kondratjev form factor. For an infinite
cylinder:

K ¼ R2

5:784

Some useful data for cooling-time calculation
of steel parts are presented in Table 12. Ther-
mal properties of Inconel 600 and austenite
are presented in Table 13.

Examples of Heat-Transfer
Calculations

Simplified calculation methods for determin-
ing cooling time, cooling rate calculations, and
heat-transfer coefficients are demonstrated in
this section through the use of actual real-world
examples. These examples illustrate how these
simplified methods may be used for quenching
process optimization.
Example 1. Quenching is performed in a

tank where film boiling is absent and only
nucleate boiling occurs. Surface temperature
during immersion of steel parts into the quench-
ant decreases almost instantly to the saturation
temperature and then is held at the boiling
point, which decreases slightly throughout
the different boiling processes. In this case,
Eq 10 can be used to calculate the duration of
boiling. For example, fasteners 20 mm (0.8 in.)
in diameter and 120 mm (4.7 in.) long, made
of AISI 5140 steel, are cooled in agitated
water where the HTC during convection is
1200 W/m2 � K. Evaluate the duration of the
transient nucleate-boiling process if fasteners
are cooled from an initial temperature of
850 �C (1560 �F) in agitated water at 20 �C
(70 �F). To evaluate the duration of the
transient nucleate-boiling process, the values
of #I and #II should be calculated using Eq 11
and 12:

#I ¼ 1

b
2� #0 � #Ið Þ

R

� �0:3

¼ 1

3:45

2� 22 750� 25:9ð Þ
0:01

� �0:3
¼ 25:9�C

#II ¼ 1

b
�conv #II þ #uhð Þ½ 
0:3

¼ 1

3:45
1200� 9:35þ 80ð Þ½ 
0:3¼ 9:35�C

Using these data, the duration of nucleate boil-
ing can be calculated by Eq 10:

t ¼ �þ b ln
#I
#II

� �
K

a

¼ 0:48þ 3:21 ln
25:9

9:35

� �
17:2� 10�6m2

5:4� 10�6m2=s

¼ 1:95 s � 12 s

Example 2. Calculate the conveyor speed for
a continuous fastener quenching line if length L
of the conveyor submerged into the quenchant
is 1.5 m (4.9 ft) and the duration of nucleate
boiling is 12 s (see example 1). At the end of
the nucleate-boiling process, the fasteners
should be out of the quenchant to prevent crack
formation and allow self-tempering. The con-
veyor speed of w is calculated as:

w ¼ L

�
¼ 1:5m

12s
¼ 0:125

m

s
or 450m=h

Example 3. Semitruck axles are made of AISI
1045 steel. Their thickness is 60 mm, or 0.06 m
(2.4 in., or 0.2 ft). Calculate the core cooling time
of semitruck axles from an initial temperature of
860 �C (1580 �F) to the martensite start tempera-
ture of 350 �C (660 �F) when quenching in water
flowing at 10 m/s (33 ft/s). It is known that a
water flow of 10 m/s provides a generalized Biot
number of BiV = 7 or a Grossmann factor of
H = 7. Because semitruck axles are long (L >>
D), calculate the Kondratjev form factor from:

K ¼ R2

5:784
¼ 0:03mð Þ2

5:784
¼ 155:6� 10�6m2

The Kondratjev number, Kn, is calculated from
Eq 14:

Kn ¼ BiVffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bi2V þ 1:437BiV þ 1

p ¼ 7ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
49þ 1:437� 7þ 1

p
¼ 0:903

The average thermal diffusivity for AISI 1045 steel
is a = 5.5� 10�6 m2/s. Using these data, calculate
the cooling time for semitruck axles using Eq 13:

� ¼ 0:48þ ln
T0 � Tm
T � Tm

� �
K

aKn

¼ 2� 7

2:095þ 3:867� 7
þ ln

860� 20

350� 20

� 	� �

155:6� 10�6m2

5:5� 10�6m2=s� 0:903
¼ 44:2 s

Table 12 Kondratjev form factor, K, S
V, and

K for steel parts of different shapes

Shape K, m2 S
V ; m

�1 K S
V ; m

Slab with thickness L L2

�2
2
L

2L
�2

Cylinder of radius R R2

5:784
2
R

0.346R

Cylinder of radius R
and height Z

1
5:784
R2

þ�2

Z2

2
R þ 2

Z

� �
2RZðRþZÞ

5:784Z2þ�2R2

Cube with sides of L L2

3�2
6
L

0:203L

Sphere R2

�2
3
R

0:304R

Source: Ref 36

Table 13 Temperature-dependent thermal
diffusivity and heat conductivity of Inconel
600 and stainless steel (another material
often used for probe construction)

Temperature Inconel 600 Stainless steel 304

�C �F
a� 10�6 ,

m2/s
l,

W/m � K
a� 10�6 ,

m2/s
l,

W/m � K

100 212 3.7 14.2 4.55 17.5
150 300 3.9 15.1 4.59 17.75
200 390 4.1 16 4.63 18
250 480 4.3 16.9 4.66 18.8
300 570 4.5 17.8 4.7 19.6
400 750 4.8 19.7 4.95 21
500 930 5.1 21.7 5.34 23
600 1110 5.4 23.7 5.65 24.8
700 1290 5.6 25.9 5.83 26.3
800 1470 5.8 26.8 6.19 27.8
900 1650 6.0 28.4 6.55 29.3
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The value of 0.48 in the previous equation was
determined from:

kBiV
2:095þ 3:867BiV

¼ 2� 7

2:095þ 3:867� 7
¼ 0:48

Intensive cooling of semitruck axles in water
flowing at 10 m/s (33 ft/s) should be interrupted
in 44 s to provide self-tempering and higher
surface residual stresses.
Example 4. Calculate the average HTC of a

hot oil at 100 �C (212 �F) if the cooling rate at
the center of a standard probe (shown in Fig. 24)
at 600 �C (1110 �F) is equal to 75 �C/s (135 �F/s).
The standard probe is made of Inconel 600
material, and its diameter is 12.5 mm (0.5 in.).
To calculate the HTC, Eq 15 is used. From
Eq 15, the Kondratjev number, Kn, can be eval-
uated if the cooling rate is known:

Kn ¼ Kv

a T � Tmð Þ
¼ 6:7� 10�6m2 � 75 �C=s

5:1� 10�6m2=s� 600 �C� 100 �Cð Þ ¼ 0:197

Here:

K ¼ 0:00625ð Þ2
5:784

¼ 6:7� 10�6m2; a

¼ 5:1� 10�6m2
�
s

From Eq 14, it follows that BiV = 0.23 if Kn =
0.197. Using Eq 15, the average heat-transfer
coefficient is:

� ¼ �BiVV

KS
¼ 20W=mK� 0:23� 0:00625m

6:7� 10�6m2 � 2

¼ 2145
W

m2K

Here:

V

S
¼ R

2
¼ 0:00625m

2

Example 5. Rings made of AISI 52100 steel
are quenched into hot oil at 100 �C (212 �F) to
increase hardness and decrease distortion. The
thickness of the ring is 8 mm (0.3 in.) and its
height is 20 mm (0.8 in.). The outside diameter
of the ring is 200 mm (8 in.). Rings can be con-
sidered as a prism with sides 8 and 20 mm
(0.3 and 0.8 in.). The rings are heated to
860 �C (1580 �F) and after quenching in hot
oil, they are cryogenically treated. Calculate
the cooling time required to cool the core of
the rings from 860 to 250 �C (1580 to 480 �F)
if the HTC of the hot oil is 2145 W/m2 � K
(see example 4). The average thermal diffusivity
of AISI 52100 steel is 5.3 � 10�6 m2/s and
the thermal conductivity is 22 W/m � K. The
Kondratjev form factor, K, is calculated as
(Ref 138):

K ¼ 1

9:87
L2
1

þ 9:87
L2
2

¼ 1

9:87
0:008mð Þ2 þ

9:87
0:02mð Þ2

¼ 5:5� 10�6m2

For a long prism:

S

V
¼ 0:016þ 0:04ð ÞmZ

0:008m� 0:02m� Z
¼ 350m�1

The generalized Biot number is calculated from
Eq 15:

BiV ¼ �

�
K
S

V
¼ 2145

22
� 5:5� 10�6 � 350 ¼ 0:188

Kn ¼ BiVffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Bi2V þ 1:437BiV þ 1

p ¼ 0:188ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:0353þ 0:27þ 1

p
¼ 0:165

kBiV
2:095þ 3:867BiV

¼ 0:188

2:095þ 0:727
¼ 0:067

The cooling time of the rings is:

� ¼ kBiV
2:095þ 3:867BiV

þ ln
T0 � Tm
T � Tm

� �
K

aKn

¼ 0:067þ ln
860� 100

250� 100

� 	� �
5:5� 10�6

5:3� 10�6 � 0:165
¼ 10:63 s

The rings quenched into hot oil should be
cooled approximately 11 s to obtain a core tem-
perature of 250 �C (480 �F).

Common Quenching Process
Variables

The most important influences on the cooling
rate of steel in various quenching media are:

� Surface condition of the workpiece
� Mass and section size of the workpiece
� Agitation (flow rate) of the quenching liquid

Surface Condition

Surface oxidation, texture, and roughness
exhibit substantial effects on the quenching pro-
cess and therefore can potentially exhibit large
effects on residual stresses and distortion. This is
even a potential problem for heat-resistant and cor-
rosion-resistant materials, such as those used for
probes for cooling curve analyses (Ref 145). These
factors are also very important for quench cracking
in the following circumstances (Ref 146):

� Surface roughness increases the tendency for
quench cracking of steel if the surface
roughness (maximum height of irregulari-
ties) is larger than approximately 1 mm.

� Surface texture made by lapping tends to
cause greater occurrence of quench cracking
than by grinding or emery polishing. This
phenomenon is caused mainly by stress con-
centration at the surface of the steel work-
pieces. Geometric shapes on the surface,
such as polishing, lapping, and grinding
marks, tool cutting marks, micronotches,

and so on, act as stress raisers and triggers
for inducing quench cracking.

� Surface texture of a probe has no effect on
the cooling characteristics during the vapor
blanket (full-film boiling) stage of the cool-
ing process (Ref 110).

� However, increasing surface roughness in-
creases the Leidenfrost temperature (the lower
temperature limit of film-boiling) (Ref 110).

Figures 35 and 36 illustrate the effect of sur-
face oxidation on cooling of silver, Inconel, stain-
less steel, and pure iron during quenching in
unagitated water at room temperature. These fig-
ures show that surface oxidation has no effect on
the cooling characteristics during vapor blanket
cooling (full-film boiling). However, surface oxi-
dation increases the Leidenfrost temperature, and
this effect is more pronounced as the water
quenchant temperature is decreased. This is due
to the presence of the porous surface oxide layer,
which possesses low thermal conductivity and
increased surface roughness (Ref 110, 146). Fig-
ure 35 illustrates the effect of the thickness of
the surface oxide layer on cooling.
Figure 36 shows that surface oxidation leads to

unstable cooling (Ref 110). Murata and Nishio
reported that the variation in cooling properties
was due to the coexistence of simultaneous film
and transition boiling processes occurring on the
cooling, oxidized steel surface. The instability of
the onset of film boiling is dependent on the cav-
ities on the steel surface (surface roughness) when
air may become entrapped. These instabilities
may also be caused by geometry and wettability
of the cavity wall (Ref 147).
One of the reasons for vapor film instability

in the presence of surface oxides is the flaking
off of the oxide layer from the surface during
the quench, as shown in Fig. 37. The degree
to which the scale begins to flake off is depen-
dent on the nature of the subsequent surface,
which determines the nature of the vapor film
and the entire quenching process (Ref 148).
However, it is also known that the presence of

thin oxide surface coatings may both promote
heat-transfer rates and provide more uniform
heat transfer. Ma reported that the oxide thick-
ness of an AISI 4140 steel heated for 1 h at
850 �C (1560 �F) was approximately 78 mm
and after heating for 4 h, the oxide thickness
had increased to 104 mm, which is still
less than the critical insulation thickness of 200
mm. In this case, the increased surface roughness
would be expected to increase heat-transfer rates
by destabilizing the vapor film formed on the
surface during the initial stages of the quench.
Table 14 illustrates the effect of surface oxida-
tion on quench cracking when quenching S45C
and SK4 steel in water (Ref 146).
A different study examined the effects of

the presence of oxide scale on quenching char-
acteristics. Figure 38 shows the effect of an
oxide scale on cooling curves that were
obtained by still quenching in a fast oil. A scale
not more than 0.08 mm (0.003 in.) deep
increases the rate of cooling of 1095 steel as
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compared to the rate obtained on a specimen
without scale. However, a heavy scale, 0.13
mm (0.005 in.) deep, retards the cooling rate.
A very light scale, 0.013 mm (0.0005 in.) deep,
is also shown to increase the cooling rate of an
18-8 stainless steel over that obtained on a steel
test specimen without scale.
In a study on the effect of surface oxidation of

AISI 4140 steel, it was reported that after heating
at 850 �C (1560 �F) in air for 1 h, an oxide scale
that was approximately 78 mm was formed, and
after heating for 4 h, the scale thickness was 104
mm. However, in this study, a critical insulation
thickness of approximately 200 mm was required

to observe a 10%decrease in the cooling rate upon
immersion quenching into a petroleum oil (Ref
22). If the critical insulation thickness is less than
200 mm, cooling rate increases will result because
of the increased surface roughness caused by
oxide scale formation.

Mass and Section Size Effects

The effect of section size on cooling time-
temperature and cooling rate behavior is
illustrated in Fig. 39, which shows that quench
sensitivity increases as section size decreases

(Ref 89). This is one reason why probes
with such relatively small diameters (10 to
12.5 mm, or 0.4 to 0.5 in.) are used for quench-
ant and quenching studies. However, diameters
of less than this are not typically used because
of the difficulty of temperature control during
transfer from the furnace to the quench bath.
The cooling curves in Fig. 40 and 41 demon-
strate the effect of mass and section size on
the cooling curves of carbon steel in water
and in oil, respectively. Figure 42 is a summary
of data for quenching with still air, for the cen-
ter positions of the bars of various diameters.
The combined effects of mass and quenching
medium for cooling small sections are shown in
Fig. 43 and 44.

Agitation

Of all of the various actions that the heat
treater may take to affect quench severity,
many of which have dramatic effects, the only
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Table 14 Effect of surface oxidation on
quench cracking in water quenching of steel
disks

S45C (0.45% C, 0.67% Mn) SK4 (0.98% C, 0.77% Mn)

Surface
condition
(heating
condition)

Frequency of
occurrence (%

quench cracking)
Surface
condition

Frequency of
occurrence (%

quench cracking)

No scale,
heated in
argon

30 No scale,
heated in
argon

20, flat
surface
80, hole
surface

Light scale,
heated in
air 30 min

0 Light scale,
heated in
air 30 min

80, flat
surface
20, hole
surface

Heavy scale,
heated in
air 20 min

0 Heavy scale,
heated in
air 20 min

0

Note: Quenched in water at 30 �C (85 �F); agitation by upward nozzle
jet (1 m/s, or 3 ft/s). Disks are 20 mm (0.8 in.) diameter � 60 mm
(2.4 in.) long. Source: Ref 146
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variable that can be effectively changed after
immersion of the hot steel is agitation. An
understanding of these factors is particularly
important when quenching into vaporizable
quenchants, such as water, brine, petroleum
oil, and aqueous polymer solutions. With these
quenchants, a vapor blanket is formed around
the hot steel upon immersion. This is important
because the vapor film thickness and its stabil-
ity is one of the most common contributors to
nonuniform quenching, leading to increased

distortion and cracking potential (Fig. 45).
However, effectively increasing the uniformity
and flow rate of the fluid past the hot steel at
rates of approximately 50 to 60 m/min (160 to
200 ft/min) can mechanically rupture the vapor
blanket, thus providing the desired more-
uniform heat transfer. In this section, an over-
view of the factors affecting agitation during
quenching is provided.
Factors Controlling Agitation. In all agi-

tated quenching baths, the degree and character

of agitation vary from point to point within the
bath; these variations are even more pro-
nounced in spray quenching. Although accurate
description or measurement of agitation is diffi-
cult, the principal factors that control agitation
are well known. These include the general
shape of the bath, location of the work, direc-
tion of flow currents, type of agitator, flow rate,
and power consumed. In spray or jet quenching,
additional factors are encountered, such as the
shape, arrangement, and placement of the spray
head in relation to the work; the pressure,
velocity, and size of the jets; and the total vol-
ume of quenching fluid used per unit of time.
Quenching velocities depend primarily on

the mode of agitation. Very low velocities, not
exceeding 0.9 m/s (3 ft/s), are encountered in
immersion by gravity. Intermediate velocities,
ranging from 1.1 to 1.8 m/s (3.5 to 6.0 ft/s), are
achieved in hand quenching with an up-and-
down, circular, or figure-eight movement over
510 mm (20 in.) of travel. Spray quench rings
are usually operated between 4.6 and 30 m/s
(15 and 100 ft/s); special applications sometimes
use velocities as high as 150 m/s (500 ft/s).
Turbulent agitation in a quenching bath takes

the form of a multitude of swirling eddy cur-
rents. This action is usually accompanied by a
systematic gross movement within the quench
tank caused by the position of the propeller
or jet source of agitation and by the shape of
the tank. Turbulent agitation is desirable for
uniform cooling of those shapes that do not
lend themselves to a complete washing of all
surfaces with a lamellar, or streamline, flow.
A multitude of turbulent eddy currents often
will cause sufficiently uniform average move-
ment over all surfaces of an irregular shape to
produce adequate quenching.

Agitation Equipment

The agitation of a quenchant can be obtained
in several ways. In conventional quench tanks,
circulation of the quenching medium is usually
provided by:

� Pumps
� Passage of the workpiece through the

quenching medium (gravity fall)
� Manual or mechanical movement of the

workpiece
� Mechanical propellers

The selection of any type of agitation method is
dependent on the tank design, type of quench-
ant, volume of quenchant, the part design, and
the severity of quench required.
Pumps are commonly employed because

they provide a controllable means for directing
the quenchant. Also, the flow of the quenchant
can be readily divided to provide circulation
to more than one location in the tank. When
the quenching medium is oil and a cooling sys-
tem is employed, the pump used to recirculate
oil to the cooling system also may be used to
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provide agitation. Recirculating pumps may be
preferred for use in a floating fountain quench
that is capable of removing heat quickly from
an internal cavity of a workpiece.
Gravity fall of the hot workpiece through the

quenchant usually is employed for quenching
lightweight parts that have a large ratio of area
to unit weight. If pumps or mechanical agitators
were used, such workpieces probably would
drift in the tank, and it would be difficult to
handle the load with a conventional elevator-
conveyor discharging quench tank.
Movement of the Workpiece. During the

quenching of steel, it usually is desirable to obtain
the most rapid cooling when the steel temperature
is above approximately 540 �C (1000 �F). In this
temperature range, the part is usually enveloped
in the vapor blanket, and the cooling rate is slow-
est. To accelerate cooling in this temperature
range and to remove undesirable scale, rapid

relativemotion of the part in the quenchant is nec-
essary. On small, low-production items, this can
be accomplished by moving the part, or a small
basket or tray of parts, through the quenchant by
hand, in a figure-eight motion. Workpieces may
also be driven mechanically with respect to the
quenching medium. For example, shafts are
sometimes rotated in the quenching medium to
produce the effect of agitation.
Propellers. Where a variety of shapes and

sizes are to be quenched, however, propeller agi-
tation is most desirable, because it produces a
turbulent motion. Aside from providing effective
agitation, propellers, which are self-contained
mechanical agitators, are compact, require no
piping, and can be easily removed for mainte-
nance. Propellers must be properly located in
the quench tank in order to function effectively.
Propellers are usually placed near the bottom

of the quench tank to produce the most

desirable agitation. A liquid accelerated by
a propeller flows in a helical motion, in the
same direction as the rotation of the propeller
blades. This high-velocity stream moves across
the bottom of the tank and spreads out as it
moves away from the propeller. Upon striking
the opposite wall, the stream is diverted upward
and in the direction of rotation of the propeller.
This produces a general rotation of the liquid,
which is partially disrupted by the return cycle
of the liquid to the propeller. The general
motion of the quenchant in the tank is therefore
a swirling motion and an up-and-down motion.
Propeller agitators may be either top-entry or

side-entry units, as indicated in Fig. 46 and 47.
Side-entry units are usually placed below the
floor level, to conserve floor space. Top-entry
units require more floor space but less excava-
tion for installation. An alternative procedure
for determining the flow speed of an oil
quenchant through the workload for integral
quench furnaces using Michigan marine propel-
lers (P/D = 1) is discussed here.
Many older oil quenching systems for both

integral quench batch and continuous pusher
carburizer furnaces came equipped with marine
propellers for oil agitation, with shrouding to
direct the oil flow from the bottom of the
quench tank up through the load to provide
the highly agitated quenching system. It has
also been shown that oil flow rates of up to
60 m/min (200 ft/min) past the work can
be beneficial in creating the best quenching
for the most predictable metallurgical results.
(Uniform surface and core hardnesses, as well
as predictable and uniform part distortion and
size change, are provided by mechanically rup-
turing the vapor film surrounding the hot steel
upon initial immersion.)
The nomograph shown in Fig. 48 can be used

to measure the flow rate for existing systems as
well as adjustments that can be made to the sys-
tem to achieve the desired flow rate. The follow-
ing discussion provides a procedure for using the
nomogram, with an accompanying example.
Measurement of the existing oil flow rate

includes the following:

� Agitation system: Requires the revolutions
per minute (rpm) speed of the marine pro-
peller agitators (generally, there are one or
two). This can be determined by using a
tachometer on the propeller shaft or by using
the drive motor nameplate rpm multiplied by
the diameter of the motor pulley divided by
the diameter of the propeller pulley.

� Propeller diameters:These canusually be found
on the original quench tank prints, but they may
need to be determined by actual inspection, if
system modifications have been made.

� Projected area through which the oil must
flow (shrouded): This is generally a few cen-
timeters (inches) larger around on all sides
of the load being quenched. For example,
for a 76 by 122 cm (30 by 48 in.) fixtured
tray, the projected oil flow area may be 91
by 137 cm (36 by 54 in.).
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Fig. 40 Effect of mass and section size on cooling curves in water quenching
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� Corrections to the nomograph readings:These
may need to bemade as noted, but for 100 SUS
(Saybolt universal seconds) fast oils, the values
may be used directly from the nomogram.

Example. There are two propeller agitators
with a 20 in. propeller diameter. The rpm speed
of each propeller shaft is 390. Fitting a straight
line through 390 as the rpm speed on the right
and 20 in. propeller diameter gives a value of
approximately 6000 gallons per minute (gpm)
and a 5 hp motor for each propeller, for a total
of 12,000 gpm.
Given that there are 231 in.3/gal, and the pro-

jected area is 36 by 54 in., or 1944 in.2:

12; 000 gpm� 231 in:3
�
gal: ¼ 2; 772; 000 in:3

�
min

2; 772; 000 in:3
�
min� 1944 in:2

¼ 1426 in:=min; or 119 ft=min flow through thework

To increase the flow to approximately 200 ft/
min, a flow of approximately 20,000 gpm
would be required (10,000 gpm from each
propeller). To achieve that flow would require

15 hp motors and a new set of drive sheaves
to give a speed of 600 rpm per propeller.
Draft Tubes. Directional agitation can be

provided by pumps, propellers, and mechanical
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Fig. 41 Effect of mass and section size on cooling curves in oil quenching
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movement of the parts, or even with moving
submerged and open spray assemblies. Another
common method of efficiently obtaining direc-
tional flow in a quench tank is to use draft-tube
pumps (which use propellers encased in a tube),
such as the example shown in Fig. 49. The fol-
lowing characteristics maximize performance
of a draft tube (Ref 149, 150):

� A down-pumping flow path to take advan-
tage of the bottom of the tank

� An angle of 30� on the entrance flare to min-
imize head loss and to establish a uniform
velocity profile at the inlet

� Liquid coverage over the top of the draft
tube of at least one-half of the tube diameter
to avoid flow restriction and flow disruption
of the inlet velocity profile

� Anticavitation or internal flow-straightening
vanes to prevent fluid swirl

� Proper propeller positioning with respect to
insertion and depth into the draft tube of a dis-
tance equal to at least one-half of the tube
diameter, as required by the inlet velocity pro-
file, and a diameter fitting tight enough to pre-
vent fluid flow along the sides of the draft tube

� Antideflection capability to account for
occasional high deflection

Measurement of Flow Velocity

There are a variety of methods for determin-
ing fluid flow speeds. However, two of the more
common methods are discussed here: Mead tur-
bine velocimeter and the use of a Pitot tube.
Mead Turbine Velocimeter. One of the

simplest and most straightforward instruments
used for measuring flow is the Mead turbine
velocimeter, shown in Fig. 50 (Ref 151). This
instrument is a mechanical flow device that
uses a turbine blade attached to a handle and
is simply immersed at the point of interest. A
turbine (also described as an axial turbine) flow
meter translates the mechanical rotational
motion of the turbine in the liquid into a user-

readable rate of flow (gallons per minute, liters
per minute, etc.). The turbine wheel, shown at
the end of the handle in Fig. 50, is placed in
the path of the fluid stream to be measured,
which impinges on the turbine blade, setting
the rotor in motion. When a steady rotation
speed has been achieved, the recorded rota-
tional speed is proportional to fluid velocity.
If the fluid viscosity and density are known,

the Reynolds number can easily be calculated,
because the cross-sectional area of the measure-
ment head is known. The linear flow rate is
determined directly from the measurement.
The Reynolds number (Re) is a dimension-

less number that is used to quantitatively char-
acterize different flow regimes, such as
laminar or turbulent flow. Laminar flow occurs
at low Reynolds numbers (<2300) and is char-
acterized by smooth, constant fluid motion.
Turbulent flow occurs at high Reynolds num-
bers (>4000) and produces a turbulent flow.
Reynolds numbers in the range of 2300 to
4000 are referred to as transition flow. One
equation used to calculate Reynolds numbers is:

Re ¼ rvL
m

¼ vL

n

where v is the mean velocity of the fluid (m/s),
L is the traveled length of the fluid (m), m is
the dynamic viscosity of the fluid (Pa � s, or
N � s/m2, or kg/(m � s)), n is the kinematic vis-
cosity (n = m/r) (m2/s), and r is the density of
the fluid (kg/m3).
The Pitot tube is useful for measuring unidirec-

tional velocity, such as that of a lamellar or jet
stream, although it is not suitable for measuring
turbulent (multidirectional) flow. A schematic
illustration of a Pitot tube is provided in Fig. 51.
The tube can be constructed by drawing

6.5 mm (¼ in.) glass tubing to an inside dia-
meter of approximately 0.4 mm (1=64 in.) and
grinding the drawn end flat and square with
the tube axis. It may also be made of metal,
provided the tube opening is knife-sharp and

square with the axis of the tube. A suitable
bourdon gage or a manometer is connected by
rubber or transparent plastic hose to the tube.
If precise measurements are required, a correc-
tion must be made for any quenchant column
height in excess of the level of the upper open-
ing of the Pitot tube.
The axis of the Pitot tube must be accurately

aligned parallel to, and in the center of, the
stream being measured. Alignment is obtained
by exploring the stream with the tube, searching
for the highest pressure reading.
The velocity of the fluid as it strikes the tube

is converted to a pressure head that is measured
by the pressure gage. The pressure head (h), in
feet of water, is converted into velocity (v), in
feet per second, by the equation:

v ¼ K
ffiffiffiffiffiffiffiffi
2gh

p

where K is the Pitot tube constant (most often
1.0, or close to unity), and g is the acceleration
of gravity (980 cm/s2, or 32.2 ft/s2). The rela-
tionships are shown in the Pitot tube calibration
charts in Fig. 52.

Quenching Systems

Quenching systems have two components:
the quenching medium and the equipment
used to perform the hardening operation. In this
section, an overview is provided on quenchant
selection, while subsequent sections describe

Fig. 45 Quenching a 25mm (1 in.) square bar of austeni-
tized steel into room-temperature water. This

clearly illustrates immediate vapor blanket formation. This
photo was taken only 0.0001 s after immersion. Courtesy of
E.J. Cox, Pittsburgh Commercial Heat Treating Co. Fig. 46 Oil quenching tankwith four top-entry propeller-

type agitators used for quenching bar stock

Fig. 47 Quench tank of 10,000 L (2600 gal) capacity
with three propeller-type agitators entering
from the side
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Fig. 48 Nomograph to approximate liquidmovement (Q)with the power andother characteristics of a standard square industrial propeller (two- or three-blade,MichiganM/P Propeller)
when used in the agitation of water (see legend for details). Solutions are more typical than specific. This is particularly true of liquid movement (Q), which, in practice, may

register from +20% to �30% of the scale values (with or without effect on SHP or N factors, as indicated). Nevertheless, it is a reliable index (excluding abnormalities) to the powering
and rating of such propellers when used strictly for stirring or agitation within the confine of a single vessel. It does not extend to, and must not be used on, directional movements
through pipe orifices, filters, and so on, or other condition of specific resistance requiring a definite pressure or head. Courtesy of Michigan Wheel Company
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common quenching media encountered in the
heat treating plant, with discussions on quench-
ant classification, selection, and maintenance.
In terms of equipment, requirements may

vary widely for different quenching operations.
Each day, a small plant making machine parts
may require the hardening of only a few simple
carbon steel parts weighing approximately
1.4 kg (3 lb) apiece. For such an application,
the quenching system would comprise a barrel
of water, with piping to the water supply and
a drain to the sewer. Handling equipment would
consist simply of a pair of tongs. As the quan-
tity of work to be quenched and the complexity
of workpieces increase, however, various other
items of equipment must, of course, be added
to the quenching system.
For a complete quenching system, the fol-

lowing functional equipment usually is required
and installed:

� Work tank or machines
� Facilities for handling the quenched parts
� Quenching medium
� Equipment for agitation
� Coolers
� Heaters
� Pumps and strainers or filters
� Quenchant supply tank
� Equipment for ventilation and for protection

against hazards
� Equipment for automatic removal of scale

from tanks

Quenchant Selection and Quench
Severity

The classification of a quenchant based on its
relative ability to remove heat from steel during

the cooling process is critical for determining its
applicability for a particular hardening operation.
Over the years, variousmethods have been used to
characterize the heat-removal efficiency of a
quenchant, including the Jominy end-quench test,
cross-sectional hardness survey, cooling curve
analysis, and Grossmann hardenability (H) value.
Of these, the Grossmann H-value continues to be
one of the most widely used to quantify the
quench severity of quenchants. Figure 53 illus-
trates the range of H-values characteristic of vari-
ous quenchants (Ref 152).
Figure 53 provides one type of illustration of

quenchant selection based on Grossmann H-
values. Alternatively, a tabular summary of
Grossmann H-values for quenching media of
interest may be used, such as that shown in
Table 15 (Ref 146). The utility of data such as
that shown in Table 15 is limited because the
actual flow rates for “good,” “moderate,”
“strong,” and “violent” agitation are unknown.
Alternatively, measured values of heat-transfer
coefficients (as shown in Table 16, Ref 146)

and heat fluxes do provide a quantitative mean-
ing, but specific data relative to the quenchant
and quench systems of interest must be devel-
oped and would be user-specific, in most cases.
Typically, with the exception of intensive

quenching processes (described in the article
“Intensive Quenching of Steel Parts” in this Vol-
ume), the greater the quench severity, the greater
the propensity of a given quenching medium to
cause increased distortion and cracking. This is
usually the result of increased thermal stress, not
transformational stress. Specific, or required,
options for quench media selection are provided
in various national and international specifications
as well as industry- and company-specific specifi-
cations. Some additional general comments
regarding quenchant selection include (Ref 146):

� Most machine parts made from alloy steels
are oil quenched to minimize distortion.

� Most small parts, or finish-ground larger
parts, are free quenched. Larger gears, typi-
cally those larger than 205 mm (8 in.), are

Fig. 49 Characteristics of a draft-tube propeller pump.
Draft-tube systems such as this may be

designed to uniformly control the direction of fluid flow,
for example, up through a load from bottom to top of
the tank. Source: Ref 149

Fig. 50 Mead turbine velocimeter. Courtesy of Mead Instruments Corporation

Fig. 51 Schematic illustration of a Pitot tube used to measure fluid flow

120 / Steel Quenching Fundamentals and Processes



die quenched to control distortion. Similar
gears and parts such as bushings are typi-
cally plug quenched on a splined plug usu-
ally constructed from AISI 8620 steel.

� Although a reduction of quench severity
leads to reduced distortion, it may also be
accompanied by undesirable microstruc-
tures, such as the formation of upper bainite
(quenched pearlite) with carburized parts.

� Quench speed may be reduced by quenching
in hot (150 to 205 �C, or 300 to 400 �F) oils.
When hot oil is used for carburized steels,
lower bainite, which exhibits properties sim-
ilar to martensite, is formed.

� Excellent distortion is typically obtained
with austempering, quenching into a
medium just above the Ms temperature.
The formation of retained austenite is a sig-
nificant problem and is most pronounced
where manganese and nickel are major com-
ponents of the steel. The best steels for aus-
tempering are plain carbon, chromium, and
molybdenum alloy steels.

� Aqueous polymer quenchants may often be
used to replace petroleum oils, but quench
severity is still of primary importance.

� Gas or air quenching will provide the least dis-
tortion andmay be used if the steel has sufficient
hardenability to provide the desired properties.

� Low-hardenability steels are quenched into
brine or vigorously agitated oil. However,
even with a severe quench, undesirable
microstructures such as ferrite, pearlite, or
bainite can form.

Maintenance of Quenching Installations

Because quenching baths vary widely in
design, shape, size, and method of operation,
it is not feasible to establish standard proce-
dures for maintenance. However, typical sche-
dules for maintaining large quenching
installations are described in the following.
For oil quenching, the following schedule

applies:
Daily:

� Check oil level in quench tanks.
� Check oil temperature.
� Check oil filter pressure.
� Check oil pumps and oil flow.

� Run test pin in each oil quench system to ver-
ify quench effectiveness (see the section “Oil
Quench System Monitoring” in this article).

Weekly:

� Check quenching rate of oil in production
system.

� If oil filters are not included in oil system,
check for solids in oil.

� Check oil temperature controller and control
setting.

Monthly:

� Drain quench tanks and remove sludge
(if indicated by bottom sludge sampling).
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Fig. 53 Graphical illustration of Grossmann hardenability value classification of quenching media. Note the
assessment of the potential suitability of a quenchant for use with low-hardenability carbon steels and
high-hardenability alloy steels, in addition to thick or thin section size. Source: Ref 153

Table 15 Typical quenching conditions and
Grossmann H-values

Quenching medium
Grossmann

H-value, in.�1

Poor (slow) oil quench, no agitation 0.2
Good oil quench, moderate agitation 0.35
Very good oil quench, good agitation 0.5
Strong oil quench, violent agitation 0.7
Poor water quench, no agitation 1.0
Very good water quench, strong
agitation

1.5

Brine quench, no agitation 2
Brine quench, violent agitation 5

Note: It is possible, especially with high-pressure impingement, to
achieve H-values > 5.0. Source: Ref 146

Table 16 Comparison of typical heat-
transfer rates for various quench media

Quenching medium Heat-transfer rate, W/m2 � K

Still air 50–80
Nitrogen (1 bar) 100–150
Salt bath or fluidized bed 350–500
Nitrogen (10 bar) 400–500
Helium (10 bar) 550–600
Helium (20 bar) 900–1000
Still (unagitated petroleum oil) 1000–1500
Hydrogen (20 bar) 1250–1350
Circulated petroleum oil 1800–2200
Hydrogen (40 bar) 2100–2300
Circulated water 3000–3500

Source: Ref 146
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Semiannually:

� Check heat exchanger coils, pipes, and
pumps.

� Replace oil filters when necessary.
� Check screens ahead of oil filter.
� Check oil storage tank for sludge, water

leaks, and general condition.
� Calibrate oil-temperature gage.
� Check the viscosity at least semiannually.

(In one specific example where this was
found to be critical, problems were being
encountered with an accelerated oil that had
thickened from 95 to 110 SUS at 38 �C, or
100 �F, which was causing helical gears to
be off lead after carburizing. The problem
was solved by burning 19,000 L, or 5000 gal,
of used fluid in the quench in in-house boilers
and replacing it with new oil.)

� Check oil for contamination.

For water quenching, the following sched-
ule applies:
Daily:

� Check water temperature.
� Check water pressure.
� Check water circulation.

Weekly:

� Drain quench tanks and remove sludge.
� If water is recirculated, make necessary

chemical addition to prevent calcium com-
pounds from building up in tubes.

For brine quenching, the following sched-
ule applies:
Daily:

� Check brine temperature.
� Check brine concentration and adjust as

required.

Weekly:

� Drain tanks and remove sludge.
� Check pumps and tank condition.
� Check quenching fixtures for signs of

deterioration.

Water- and Air-Quenching Media

Air. The oldest, most common, and certainly
least expensive quenching medium is air. Air,
being a gas, cools the hot steel by a film-boiling
mechanism. The relative quench severity of still
air, compared to other quenching media, is
shown in Table 16. As with other quenching
media, the heat-transfer rates of air cooling
are dependent on the flow rate of air past the
steel surface (Fig. 54). Although air is com-
monly available and inexpensive, air quenching
typically does not provide sufficient quench
severity to adequately harden most steels.
Water. Other than air, the oldest and most

common quenching medium is water. Cold

water is one of the most severe quenchants.
However, the quench severity of water can be
highly variable. For example, distilled water
(soft water) exhibits substantially increased
film-boiling behavior relative to tap water or
hard water, which may contain variable quanti-
ties of hard metals. The hard metal salts present
in hard water adsorb to the surface of steel, cre-
ating nucleation sites that facilitate bubble for-
mation and nucleate boiling, thus decreasing
the duration of the film-boiling step.
Metal components of hard water include

carbonates and bicarbonates of calcium and
magnesium in addition to salts of other poly-
valent metals. Differences in cooling perfor-
mance of tap water and distilled water are
shown in Fig. 55 (Ref 154). Effects of quench
bath temperature and agitation on cooling
rates exhibited by water are shown in Fig. 56
(Ref 154).
Some important conclusions regarding the

effect of bath temperature and agitation on
water quenching include (Ref 154):

� Cooling times increase with increasing water
temperature.

� The maximum cooling rate decreases with
increasing water temperature.

� The temperature where the maximum cool-
ing rate occurs decreases with increasing
water temperature.

� The cooling rate at 343 �C (649 �F)
decreases only slightly with increasing water
temperature.

� The cooling rate at 232 �C (450 �F) is only
minimally affected by water temperature.

� When quenching in cold water at 20 �C
(68 �F), nonuniform cooling results because
of the simultaneous presence of all three
boiling mechanisms during the quenching
process. However, at 60 �C (140 �F) (hot
water), the vapor blanket was more stable
and required mechanical agitation for film
breakage.

� Cold water quenching with increasing agita-
tion rates produced lower residual stresses
than attainable with unagitated hot water.

The effect of component design on distortion
and cracking is covered elsewhere. However,
the following quenchant-specific component
design recommendations have been made
(Ref 146):

� Parts that are long (L) with a thin cross sec-
tion (d) should be quenched as follows.
Long and thin parts are defined as greater
than L = 5d and may be quenched in water;
if L = 8d, parts should be oil quenched,
and if L = 10d, parts should be austempered.

� Parts that possess a large cross-sectional area
(A) and are thin (t) are defined as A = 50t.
Parts that exceed these dimensions must be
straightened or press quenched to maintain
dimensional stability. If possible, materials
with sufficient hardenability should be oil
or molten salt quenched.

Aqueous Salt (Brine) Solutions

The term brine refers to aqueous solutions
containing various concentrations of salts, such
as sodium or calcium chloride. Cooling rates
provided by a brine are higher than those

Fig. 54 Comparison of the cooling capacity of still air
at atmospheric pressure (solid line) and

compressed air at 1 kg/cm2 cooling (dashed line) of steel.
The heat transfer was measured using a 20 mm (0.8 in.)
diameter silver sphere with a center thermocouple.

Fig. 55 Effect of hard metal ions on the cooling rate of
water. Cooling curves were obtained using a

spherical silver probe with a center thermocouple. (a)
Hard water. (b) Distilled water

122 / Steel Quenching Fundamentals and Processes



obtained with distilled water at the same agita-
tion rate. The presence of salts will decrease
the propensity for vapor blanket formation,
which leads to nonuniform cooling, increased
distortion, cracking, and soft spot formation.
While many types of salt solutions may be
used, the two types most commonly used in
the heat treating industry are:

� Sodium chloride, typically at concentrations
of approximately 10%

� Sodium hydroxide (also designated as caus-
tic), typically at concentrations of approxi-
mately 3%

Petrash studied the effects of NaCl and
NaOH addition on the vapor blanket stability
of water. The addition of as little as 5% NaCl
almost totally eliminated vapor blanket cooling,
as shown in Fig. 57(a) (Ref 155). Optimal
cooling rate increases with the addition of
15% NaCl to water. Although increasing brine

temperatures produce the expected decrease in
quench severity, Fig. 57(b) shows that this
decrease is not accompanied with the extended
vapor blanket cooling observed for water
(Ref 155).
The most common alternative to aqueous

NaCl solutions is aqueous caustic (NaOH) solu-
tions. The addition of NaOH produces cooling
rate increases similar to those obtained with
NaCl at higher cooling temperatures. However,
slower cooling rates than obtained with NaCl
are obtained in the martensitic transformation
temperature region for many steels (<350 �C,
or 660 �F), which would be expected to reduce
cracking susceptibility. Figure 58 shows the
effect of NaOH concentration on cooling rate
(Ref 155).
Cui et al. studied the effect on heat transfer

during spray cooling by the addition of
0.06 mol/L of NaCl, Na2SO4, and MgSO4 to
water (Ref 156). They reported that while
the addition of NaCl and Na2SO4 accelerated
heat transfer during nucleate boiling, neither
salt significantly impacted transition boiling.
Of these salts, NaCl exhibited the least effect
at this concentration, while MgSO4 exhibited
the greatest effect. Increasing the MgSO4

concentration increased the effect up to 0.2
mol/L and exhibited the greatest increase in
the heat flux during both transition boiling
and nucleate boiling. In addition, it was also
reported that MgSO4 was found to adhere to
the metal surface during transition boiling
and increased both surface roughness and heat
transfer.
Recently, Arai and Furuya studied the film-

boiling process with a 30 mm (1.2 in.) diameter
type 304 spherical stainless steel probe with a
type K thermocouple inserted into the sphere
and tungsten inert gas welded at a position
of 2 mm (0.08 in.) from the bottom surface
(Ref 157). After austenitizing, the probe was
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immersed one-half of the diameter (15 mm,
or 0.6 in.) into the quenchant, either pure
water or an aqueous solution of CaCl2. The
quenchant temperature was 80 �C (175 �F).
When the near-surface temperature was 800
�C (1470 �F), that was taken as 0.0 s. A new
probe was used for each experiment. The boil-
ing behavior was observed using a digital video
camera with a frame rate of 30 frames/second
and a shutter speed of 1=8000 s. Therefore, both
a cooling time-temperature curve and a video
of the cooling process were obtained for each
experiment. Figure 59 shows the cooling curve
obtained, and Fig. 60 shows selected high-
speed images illustrating the effect of CaCl2
on the cooling process.
The positions marked as “A,” “B,” “C,” “D,”

and “E” on the cooling curve for pure water in
Fig. 59 indicate:

� Position “A” was taken at 0.0 s and indicates
the formation of a stable vapor film.

� The vapor film still exists at position “B,”
confirming that it is stable.

� The vapor film begins to collapse at
position “C.”

� At position “D,” the vapor film is collapsing
across the sphere, and numerous vapor bub-
bles form.

� There is nucleate boiling around the sphere
at position “E.”

� The corresponding cooling processes for the
20% aqueous solution of CaCl2 are also
shown in Fig. 59. However, there were a
number of differences in interfacial cooling
behavior compared to pure water. For exam-
ple, the vapor film was thinner and collapsed
much faster than that which occurred in pure
water. When film boiling transitioned to
nucleate boiling, position “D,” small vapor
bubbles separated from the surface, and the
CaCl2 solution became cloudy.

Taken together, these data show that the
presence of CaCl2 improves film-boiling heat
transfer and effectively destabilizes the vapor
film. In the case of pure water, the vapor film
thickness was approximately 0.5 mm (0.02 in.),
the maximum vapor film thickness occurs at
position “A,” and the vapor film propagated
toward the water surface. In the case of the
CaCl2 solution, the film thickness of the vapor
film was substantially less. In both cases, film
boiling occurred in the superheat range of
500 K and greater. Surface heat flux decreased
as the amount of superheating decreased, and
the transition to nucleate boiling occurred
when the surface heat flux was at a minimum.
Relative to pure water, the CaCl2 solution
exhibited similar trends, but the surface heat
flux during film boiling and the maximum
heat flux were greater than with pure water
(Ref 157).
Mukhina et al. evaluated the use of concen-

trated solutions of calcium chloride (CaCl2) at
10 to 12% and magnesium chloride (MgCl2),
also called bischofite, at 14%. They found
that in combination with intense agitation,
medium-carbon steels formed high surface-
compressive stresses that prevented crack for-
mation by elimination of film boiling at the
steel surface during quenching (Ref 158). In
addition, the mechanical properties were 20
to 30% greater than those achievable with
oil quenching. In a more recent study, Kobasko

et al. extended Mukhina’s earlier work by eval-
uating the use of additional salt solutions,
including NaNO3, Na2CO3, NaCl, CaCl2, and
Ca(OH)2 (Ref 141). However, in all cases, not
only must the optimal solution concentration
of the salt be used, but it must be used in com-
bination with intensively agitated water. (Note:
An optimal concentration is that concentration
of salt that produces the least amount of film
boiling.)
The carbon content of steel is one of the

determining factors for quenchant selection,
especially because cracking potential increases
with increasing carbon content. Table 17 pro-
vides a summary of the mean carbon content
limits for conventional water, brine, and caustic
quenching of some steels (Ref 146, 159). These
guidelines do not apply for intensive quenching
processes.
The concentration of a salt solution is usually

quantified by specific gravity or density. Typical
values for various concentrations of NaCl and
NaOH are shown in Table 18 (Ref 153).
Relative cooling rates of water and different

aqueous salt solutions to other media are com-
pared in Table 19 (Ref 160). As expected, the
salt solutions exhibited the greatest relative
cooling rates of those shown. Also, increasing
water temperature resulted in progressively
slower relative cooling rates. Importantly, and
a factor to be discussed subsequently, relative
cooling rates of oils (in particular petroleum
oils) may vary widely. Hot water, air, and

Fig. 59 Effect of the presence of a hydrated salt on
the cooling time-temperature curve. Source:
Ref 157

Fig. 60 Effect of 20% CaCl2 on vapor film collapse. Source: Ref 157

Table 17 Suggested carbon content limits
for water, brine, and caustic quenching

Hardening method/shapes Maximum carbon, %

Furnace hardening
General usage 0.30
Simple shapes 0.35
Very simple shapes, e.g., bars 0.40

Induction hardening

Simple shapes 0.50
Complex shapes 0.33

Table 18 Relationship of brine
concentration and brine density

Salt, %
Direct reading by

hydrometer �Be(a)

Salt concentration

g/L lb/gal

NaCl solutions
4 1.0268 3.8 41.1 0.343
6 1.0413 5.8 62.4 0.521
8 1.0559 7.7 84.5 0.705
9 1.0633 8.7 95.9 0.800
10 1.0707 9.6 107.1 0.894
12 1.0857 11.5 130.3 1.087

NaOH solutions

1 1.0095 1.4 10.1 0.0842
2 1.0207 2.9 20.4 0.1704
3 1.0318 4.5 31.0 0.2583
4 1.0428 6.0 41.7 0.3481
5 1.0538 7.4 52.7 0.4397

(a) Be = Baume, the specific gravity for liquids that are heavier than
water, is 145/(145 � n) where n is the reading on the Be scale as �Be.
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vacuum are the slowest cooling media of those
evaluated.

Molten Metal Quenchants

One of the most common metals that has been
used historically for quenching is lead. Lead
exhibits a melting point of 327 �C (621 �F)
and is typically used at 343 to 927 �C (649 to
1701 �F). Below 343 �C (649 �F), lead is too
“mushy” to be effectively used as a quenchant.
The thermophysical properties of molten lead
are summarized in Table 20 (Ref 161). Although
lead is toxic and possesses disposal problems, it
continues to be used for patenting of steel wire
and for some austempering operations. Because
molten lead possesses a high thermal

conductivity and exhibits no film-boiling cooling
phase, it provides relatively rapid cooling rates
in a high-temperature range not easily achiev-
able with other quenching media.
The cooling process during lead bath patenting

is influenced by the thermophysical properties of
the molten lead, including viscosity, specific heat,
thermal conductivity, and the thickness of the
boundary layer between the surface of the steel
wire and the molten lead. Figure 61 shows that
the cooling rate decreases as the bath temperature
increases from 475 to 550 �C (885 to 1020 �F),
which is partly due to the decreasing viscosity as
the temperature is increased (Ref 161). However,
as the bath temperature is increased further to
690 �C (1275 �F), the cooling rate then decreases,
which is partly due to the decreasing temperature
difference between the steel wire and the molten

lead bath. Furthermore, it is important to note that
there is no film boiling occurring in any of the
three cooling processes shown.
Because of the toxicity and disposal problems

with lead, there is an interest in identifying
alternative quenchants. One potential alternative
investigated by Narazaki was using molten
sodium to quench lower-hardenability steels that
require fast cooling to achieve the required
depth of hardening. The physical properties of
molten sodium are summarized in Table 21
(Ref 165). In this work, the temperature range
of the molten sodium metal bath was 150 to
300 �C (300 to 570 �F). A cooling curve com-
parison of water, petroleum oil, aqueous poly-
mer solution, molten salt, and molten sodium
(at 115, 200, and 300 �C, or 240, 390, and
570 �F) is shown in Fig. 62 (Ref 165). The fast-
est cooling rates in the high-temperature region
of the cooling curve were achievable with mol-
ten sodium relative to the other quenchants eval-
uated. Calculations using these data showed that
the molten sodium exhibited very high heat-
transfer coefficients (30,000 W/m2 � K) in the
high-temperature region of the cooling curves.
Furthermore, cooling rates in the lower-temper-
ature region decreased as the molten sodium
bath temperature increased.
Because its nontoxicity and physical proper-

ties are similar to molten lead, bismuth was
studied as an alternative to molten lead as a
quenchant. The thermophysical properties of
molten bismuth are shown in Table 22. Ru
and Wang studied the use of molten bismuth
to quench AISI 1025 carbon steel (Ref 166).
The steel test specimens were austenitized at
900 �C (1650 �F) and then quenched in molten
lead or molten bismuth at 400, 430, and
460 �C (750, 800, and 860 �F). Essentially, equiv-
alent as-quenched microstructures and hardness
values were obtained whether quenching into bis-
muth or lead. Furthermore, no apparent corrosion
or bismuth reaction with the steel was observed
after quenching in themolten bismuth bath. Based
on this work, it was concluded that molten bis-
muth could be a viable alternative where molten
lead baths are currently used.

Table 19 Relative cooling rates in different quenching media

Quenching medium

Cooling rate from 717 to
550 �C (1323 to 1022 �F)

relative to that for water at
18 �C (65 �F)(a) Quenching medium

Cooling rate from 717 to
550 �C (1323 to 1022 �F)

relative to that for water at
18 �C (65 �F)(a)

Aqueous solution, 10% LiCl 2.07 Oil 20204 0.20
Aqueous solution, 10% NaOH 2.06 Oil, Lupex light 0.18
Aqueous solution, 10% NaCl 1.96 Water at 50 �C (122 �F) 0.17
Aqueous solution, 10% Na2CO3 1.38 Oil 25441 0.16
Aqueous solution, 10% H2SO4 1.22 Oil 14530 0.14
Water at 0 �C (32 �F) 1.06 Emulsion of 10% oil in water 0.11
Water at 18 �C (65 �F) 1.00 Copper plates 0.10
Aqueous solution, 10% H3PO4 0.99 Soap water 0.077
Mercury 0.78 Iron plates 0.061
Sn30Cd70 at 180

�C (356 �F) 0.77 Carbon tetrachloride 0.055
Water at 25 �C (77 �F) 0.72 Hydrogen 0.050
Rapeseed oil 0.30 Water at 75 �C (166 �F) 0.047
Trial oil No. 6 0.27 Water at 100 �C (212 �F) 0.044
Oil P20 0.23 Liquid air 0.039
Oil 12455 0.22 Air 0.028
Glycerin 0.20 Vacuum 0.011

(a) Determined by quenching a 4 mm (0.16 in.) nichrome ball, which, when quenched from 860 �C (1580 �F) into water at 18 �C (65 �F), cooled at a
rate of 1810 �C (3260 �F) per second over the range of 717 to 550 �C (1323 to 1022 �F). This cooling rate is rated 1.00 in the table, and the cooling
rates in other media are compared with it. Source: Ref 160

Table 20 Summary of thermophysical properties of molten lead

Property Value

Melting point 327.2 �C (621 �F)
Heat to raise the temperature from
15.6 �C (60 �F) to melting point

41.9 kJ/kg (18 Btu/lb)

Working temperature range 343.3–926.7 �C (650–1700 �F)
Latent heat of fusion 26.3 kJ/kg (11.3 Btu/lb)
Mean specific heat in liquid state(a) 0.1424 kJ/kg � K (0.034 Btu/lb � �F)
Thermal conductivity(b), W/m � K

347.1 �C
404.9 �C
456.3 �C

16.2
17.0
17.6

Electrical resistivity (Ref 163), mO � cm
600.4 K
1295 K
1373 K
1534 K

94.6
129.6
133
142.7

Boiling point 1726.7 �C (3140 �F)
Density (solid) 11.35 g/cm3 (0.41 lb/in.3)
Density (liquid)(c) 10.24 g/cm3 (0.37 lb/in.3)
Dynamic viscosity: Reference 164 provides a regression equation to calculate specific heat capacity for molten lead from the
melting point to 1470 K (1197 �C): Pb [Pa � s] = 4.55 � 10�4 � exp(1069/T) in Kelvin (K)

Reference 162 provides a regression equation to calculate specific heat capacity for molten lead from the melting point to 1300 K (1027 �C): CpPb (J/
kg � K) = 175.1 � 4.961 � 10�2 � T + 1.985 � 10�5 � T2 � 2.099 � 10�9 � T3 � 1.524 � 106 � T2 in Kelvin (K). (b) Reference 162 provides an
empirical equation to calculate the thermal conductivity for molten lead that is applicable from the melting point to 1300 K (1027 �C): lPb (W/m
� K) = 9.2 + 0.011 � T in Kelvin (K). (c) Reference 162 provides an empirical equation to calculate the density for molten lead: rPb (kg/m3) =
11367 – 1.1944 � T in Kelvin (K). Source: Ref 161

Fig. 61 Cooling curves obtained using a 5 mm (0.2 in.)
diameter by 10 mm (0.4 in.) AISI 321 stainless

steel wire probe with a center thermocouple in molten
lead at three bath temperatures. Source: Ref 161
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Molten Salt and Hot Oil
Quenchants

Two quenching processes that require
relatively high quenchant temperatures are mar-
tempering and austempering. Martempering
requires that the steel part be rapidly cooled to
a temperature slightly above the Ms transforma-
tion temperature, stabilized, and then cooled to
room temperature. This process is conducted
to minimize the potential for cracking. Typical
viscosities and use temperatures for martemper-
ing oils are summarized in Table 23 (Ref 154).
Austempering is conducted by cooling the

steel part to a temperature slightly above the
Ms temperature and holding for a sufficient
time for austenite to transform to bainite. While
austempering may be performed in specially
formulated petroleum oils for use at these
relatively high temperatures, molten salts are
usually used. Martempering and austempering
processes may eliminate the need for conven-
tional oil quenching and tempering. A schematic
comparison of martempering and austempering
is shown in Fig. 63.
Molten salts are usually the medium of

choice for high-temperature quenching. Advan-
tages of salt quenching include (Ref 167, 168):

� Cooling at a controlled rate will provide a
completely annealed structure in highly alloyed
steels, such as those shown in Table 28 (iso-
thermal annealing).
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Fig. 62 Cooling curves obtained during quenching in water, petroleum oil, aqueous polymer solution, molten salt,
and molten sodium (at 115, 200, and 300 �C, or 240, 390, and 570 �F). The cooling curves were obtained
using a 10 mm (0.4 in.) diameter by 30 mm (1.2 in.) cylindrical silver probe with a center thermocouple.

Table 23 Typical use temperatures for martempering oils

Viscosity at 40 �C (105 �F), SUS

Minimum flash point

Use temperatures

Open air Protective atmosphere

�C �F �C �F �C �F

250–500 220 430 95–150 200–300 95–175 200–350
700–1500 250 480 120–175 250–350 120–205 250–400
2000–2800 290 550 150–205 300–400 150–230 300–450

Table 22 Physical properties of molten bismuth

Physical property Molten bismuth

Range of liquid 271.44–1748 �C (544.59–2021 K)

Thermal conductivity: Reference 162 provides an empirical equation to calculate the thermal conductivity for molten bismuth
that is applicable from the melting point to 1000 K (727 �C):
lBi (W/m � K) = 12 + 1 � 10�2 � T in Kelvin (K)

Density: Reference 162 provides an empirical equation to calculate the density for molten bismuth:
rBi (kg/m

3) = 10726 – 1.2208 � T in Kelvin (K)

Specific heat: Reference 162 provides a regression equation to calculate specific heat capacity for molten bismuth from the
melting point to 1300 K (1027 �C):
CpBi (J/kg � K) = 118.2 + 5.934 � 10�3 � T + 71.83 � 105 � T�2 in Kelvin (K)

Dynamic viscosity: Reference 164 provides a regression equation to calculate specific heat capacity for molten bismuth from
the melting point to 1300 K (1027 �C):

ZBi (Pa � s) = 4.456 � 10�4 � exp(780/T) in Kelvin (K)

Source: Ref 164

Table 21 Physical properties of molten sodium

Physical property Molten sodium at 500 K

Range of liquid 98–881 �C (371–1154 K)

Thermal conductivity: Reference 164 provides an empirical equation to calculate the thermal conductivity for molten sodium
that is applicable from the melting point to the boiling point:
lNa (W/m � K) = 104 � 0.047 � T in Kelvin (K)

Density: Reference 164 provides an empirical equation to calculate the density for molten sodium (equation is recommended
for liquid sodium from the melting point to the boiling point):
PNa (kg/m

3) = 1014 – 0.235 � T in Kelvin (K)

Specific heat capacity: Reference 164 provides a regression equation to calculate specific heat capacity for molten sodium:
CpNa (J/kg � K) = �3.001 � 106 � T�2 + 1658 – 0.8479 � T + 4.454 � 10�4 � T2 in Kelvin (K)

Dynamic viscosity: Reference 164 provides a regression equation to calculate specific heat capacity for molten sodium from
371 to 1155 K:
ln ZNa (Pa � s) = 556.835/T – 0.3958 � ln T – 6.4406 in Kelvin (K)

Fig. 63 Comparison of (a) martempering and (b)
austempering processes
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� Cooling past the pearlite nose of the trans-
formation curve to a suitable temperature
for equalization prior to martensitic transfor-
mation will reduce the risk of undesirable
distortion and cracking (martempering).

� Scaling, distortion, and cracking of high-
speed tool steels is minimized by cooling at
a controlled rate to a suitable temperature
(interrupted quenching). Surface protection
is facilitated by eliminating contact with air
during heating.

� The risk of cracking during martensite for-
mation, for example, spring wire, is reduced.

� Cooling at a controlled rate allows isother-
mal transformation to bainite (austempering).

� The temperature within the bath is uniform
and may be precisely controlled within
�2 �C (4 �F).

Most quenching salts are either binary or ter-
nary mixtures of potassium nitrate (KNO3),
sodium nitrite (NaNO2), and sodium nitrate
(NaNO3). The minimum quenching tempera-
ture depends on the melting point of the salt
mixture. The ratio of the salt mixture may
affect the viscosity of the molten mixture,
which will then affect cooling rates. Quenching
temperatures of these molten salt mixtures may
range from 140 to 600 �C (285 to 1110 �F).
Molten salt baths are susceptible to explosive
degradation at temperatures above 600 �C
(1110 �F) (Ref 154). A comparison of the phys-
ical properties of the ternary salt bath mixture
and a typical conventional petroleum oil is
provided in Table 24 (Ref 169). While the spe-
cific heat is greater for petroleum oil, the ther-
mal conductivity of the salt is approximately
five times greater on a weight basis and ten
times greater on a volume basis. Furthermore,
molten salt does not exhibit undesirable film-
boiling behavior during quenching.
The effect of increasing water content on

decreasing melting point of a ternary mixture of
KNO3/NaNO2/NaNO3 is shown in Fig. 64 (Ref
171). Figure 64 also shows that the boiling point
decreases rapidly as the amount of water added
is increased. As long as the salt bath temperature
ismaintained below the boiling point of the result-
ing hydrated mixture, it was reported that the
water content can be maintained for long periods
of time. However, when hot steel is immersed into
the hydrated saltmixture, the boiling pointmay be
temporarily exceeded, and some water will be
boiled off and will need to be replaced tomaintain
the composition. Therefore, it is better practice to
quench into the salt mixture closer to the freezing
point than the boiling point to reduce water losses
during quenching (Ref 171). Dubal has reported
that the addition of 1% water decreases the melt-
ing point of a dry salt bath by 11 �C (20 �F), and
the addition of 2% water decreases the melting
point by 19 �C (35 �F) (Ref 170).
Although ternary salt mixtures are used in

the range of 150 to 600 �C (300 to 1110 �F)
for quenching, the addition of up to 10% water
may allow the bath to be used for quenching
at temperatures as low as 80 �C (175 �F)

(Ref 168). However, more typically, water con-
centrations of 0.5 to 2% would be used in the
more typical operating temperature range of
150 to 290 �C (300 to 550 �F).
Instead of fresh water addition, salt solutions

from a washing bath have been used. Also,
some heat treaters use low-pressure steam
instead of water (Ref 170). The saturation
concentrations of water in the salt bath as a
function of bath temperature are shown in
Table 25 (Ref 160). Safe practice requires that
water is always added to a well-agitated bath
and never to an unagitated bath (Ref 170).
The quench severity of molten salt is approx-

imately the same as that of petroleum oil, as
illustrated by the Grossmann H-value compari-
son shown in Table 26 (Ref 170). Both are
slower than water and brine solutions and aque-
ous polymer quenchants; depending on polymer
structure, concentration, and agitation, quench
severities may range from those of molten salt
and petroleum oil to that exhibited by brine
solutions.
The cooling curve behavior of a KNO3/

NaNO2/NaNO3 salt bath will increase with
increasing concentrations of water, as shown in
Fig. 65 (Ref 168). Interestingly, not only does
the cooling rate in the high-temperature region
of the cooling curve tend to increase with
increasing water content, but no vapor phase

behavior was observed until the water concentra-
tion was the maximum of that evaluated, 2.7%.
The effect of agitation on the cooling rate of

a low-melting-point salt bath at 175 �C (350 �F)
is shown in Fig. 66 (Ref 170). The cooling rate
reported is the average rate between 650 and
260 �C (1200 and 500 �F). The data show that

Table 24 Comparison of physical properties of a ternary salt bath mixture and a typical
petroleum oil (hot oil) quenchant

Property Ternary salt mixture Petroleum oil

Composition KNO3/NaNO2/NaNO3 Hydrocarbon mixture
Operating range 150–400 �C (300–750 �F) 130–220 �C (265–430 �F)
Density at 200 �C (390 �F), g/cm3 1.92 0.82
Dynamic viscosity, cP
At 200 �C (390 �F) 7.5 2.9
At 315 �C (600 �F) 2.9 . . .

Specific heat, Btu/lb � �F 0.37 0.5
Thermal conductivity, Btu/lb � ft2 0.32 0.07
Thermally stable to, �C (�F) 540 (1000) 230 (450)
Heat-transfer coefficient, kW/m2 � K 4.5–16.5 NA
Dragout rate, g/m2 50–100 NA

NA, not applicable. Source: Ref 169, 170

Table 25 Water saturation concentrations
in KNO3/NaNO2/NaNO3 as a function of
salt bath temperature

Salt bath temperature

Saturation concentration of water, %�C �F

370 700 0.25
315 600 0.5
260 500 1.0
205 400 2.0

Table 26 Grossmann H-value comparisons
of common quenchant media

Quenchant Grossmann H-value, in.�1

Still air <0.1
Oil 0.2–0.4
Molten salt 0.2–0.5
Aqueous polymers 0.2–1.0
Unagitated water at
room temperature

1.0

Brine 5.0
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increasing agitation substantially increases the
cooling rate. As discussed previously, increas-
ing water concentration from 0.5 to 5% results
in increased cooling rates, as shown in Fig. 67
(Ref 170). A combination of water addition
and agitation reportedly will increase cooling
rates (quench severity) threefold.
Liščić has also demonstrated the effect of

agitation rate and water addition on a hot salt
bath (Degussa AS-140) at 200 �C (390 �F)
on the cross-sectional Rockwell distribution
after quenching 50 mm (2 in.) diameter by
200 mm (8 in.) round bars of AISI 4140 steel
(Ref 172). Figure 68 shows that the greatest
increase in hardness was obtained between agi-
tated and unagitated salt. However, a further
increase in hardness and depth of hardening
was obtained with the addition of 2% water.
Using the hardness value at 3/4R for comparison,
it was observed that with good agitation and the
addition of 2% water, there was an additional
increase of 19 HRC relative to the results
obtained with no agitation and no water addi-
tion. The depth of hardening at 47 HRC is four
times greater with 2% water added than that
obtained without water addition (Ref 172).
Selection of a martempering or austempering

process also depends on the steel to be
quenched. Table 27 shows the Rockwell hard-
ness that can be expected for plain carbon, alloy
steel, and cast iron for each process. Salt bath
temperatures in the range of 195 to 350 �C
(385 to 660 �F) exhibit only a minimal effect
on Grossmann H-values (Ref 154).
Generally, alloy steels are more commonly

martempered than carbon steels. However, some
carbon steels with section sizes thinner than
5 mm (0.2 in.) that are typically water quenched
may be martempered at 205 �C (400 �F) if
the martempering oil is vigorously agitated.
However, martempering does not eliminate the
need for tempering (Ref 173). Steel grades that
are most commonly martempered include AISI
1090, 4130, 4140, 4150, 4340, 300M, 4640,
5140, 6150, 8630, 8640, 8740, 8745, SAE 1141,
and SAE 5100. Carburizing steel grades that
are martempered after carburizing include AISI
3312, 4620, 5120, 8620, and 9310. Gray cast iron
parts are also routinely martempered (Ref 174).
Although hot oil is usually used for martempering
(175 �C, or 350 �F), molten salt with the addition
of water may also be used. Wahl reports that for
martempering of carburized carbon steels in a salt
bath, the operation is typically conducted at 180 to
200 �C (355 to 390 �F), and 0.5 to 1.0% water is
added to increase the cooling rate; heat transfer
occurs principally by convection (Ref 175).
Austempering has many advantages, such as

when parts require high hardness and high duc-
tility and to reduce distortion or dimensional
variation or cracking. However, austempering
is not universally applicable to all steels. Lim-
itations include section size and carbon content
of the specified steel. Tables 28 to 30 provide
recommendations on the limitations of steel com-
position and alloy type on the cross-sectional
size and thickness that may be austempered

Fig. 66 Effect of agitation on the cooling rate of a low-
melting-point salt at 175 �C (350 �F). Source:
Ref 170

Fig. 67 Effect of increasing water concentration on the
cooling rate of a low-melting-point salt at
175 �C (350 �F). Source: Ref 170
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Fig. 68 Influence of agitation rate and water addition
on a hot salt bath (Degussa AS-140) at 200 �C

(390 �F) on the cross-sectional Rockwell distribution after
quenching 50 mm (2 in.) diameter by 200 mm (8 in.)
round bars of AISI 4140 steel

Table 27 Martempering versus austemp-
ering for various steels

Steel class

Cross-sectional
size Hardness HRC

mm in. Martempering Austempering

Carbon steel <13 <0.5 35–65 35–55
Alloy steel <100 <4.0 35–65 35–55
Cast iron <13 <0.5 63 . . .

Table 28 Effect of chemistry on maximum section size to achieve an essentially bainitic
microstructure after austempering

Steel type

Maximum section Martensite start (Ms) temperature Analysis

Maximum HRCmm in. �C �F C Cr/Mo Mn

1050 3.17 0.125 345 655 0.48/0.55 . . . 0.60/0.90 48/50
1065 4.75 0.187 275 525 0.50/0.70 . . . 0.60/0.90 50/54
1066 (1062) 7.13 0.281 260 500 0.60/0. 71 . . . 0.85/1.15 51/54
1080 5.08 0.200 210(a) 410(a) 0.75/0.88 . . . 0.60/0.90 55/57
1084 5.53 0.218 200 395 0.80/0.93 . . . 0.60/0.90 55/57
1086 3.96 0.156 215 420 0.80/0.93 . . . 0.35/0.50 55/57
1090 4.75 0.187 210(a) 410(a) 0.85/0.98 . . . 0.60/0.90 57/60
1090(b) 20.8 0.820 205(a) 400(a) 0.85/0.98 . . . 0.60/0.90 Ave. = 44.5
1095 3.76 0.148 210 410 0.90/1.05 . . . 0.35/0.50 57/60
1350 15.9 0.625 234 453 0.48/0.53 . . . 1.60/1.90 53/56
5160 26.3 1.035 256 492 0.56/0.64 Cr

0.60/1.00
0.75/1.00 47

4063 15.9 0.625 245 473 0.58/0.67 Mo
0.20/0.30

0.70/0.90 53/56

50100 7.92 0.312 205 400 0.98/1.10 Cr
0.4/0.6

0.25/0.45 57/60

(a) Estimated Ms temperatures. (b) Modified austempering practice (not cited). Source: Ref 177
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(Ref 176). These maximum-diameter recommen-
dations correspond to center cooling rates that
just miss the nose of the TTT curve for the steel
alloy when using a salt bath held at approxi-
mately 315 �C (600 �F).
Generally, as the transformation temperature

increases, the immersion time during austemper-
ing decreases. As the carbon concentration of a
steel increases, the transformation time at the
same transformation temperature increases. Also,
heat transfer ismost critical during the first second
of immersion of the austenitized steel, which is
the time when the greatest rate of heat removal

occurs. Heat-transfer rates can be increased by
fluid flow from long free-fall or by agitation.
Increasing agitation is the most effective. As dis-
cussed previously, water addition is used when
the steel has marginal hardenability or larger sec-
tion sizes are being quenched.
When minimum distortion is a critical con-

cern, parts should be austenitized at the lowest
possible temperature and quenched at the highest
possible temperature. In cases where parts are
long and thin, they may need to be suspended
vertically for more uniform fluid flow around
the parts, which will minimize distortion.

Oil Quenchants

There are primarily two types of oils that are
used to quench steel: vegetable and animal fats
and oils, and petroleum-derived oils. Of these,
petroleum oils have been used only since
approximately 1900, while vegetable and ani-
mal oils have been used for perhaps thousands
of years (Ref 93). The historical use of vegeta-
ble oils was recently reviewed and is not dis-
cussed further here. While the current use of
animal oils is rather limited, there is substantial
renewed interest in the use of vegetable oils as
steel quenchants, such as the work by de Souza,
who showed that vegetable oils, as a class
of fluids, typically exhibit little, if any, film-
boiling behavior. This is due to the relatively
high boiling points of vegetable oils (Ref 178).
Of these early studies, one of the most exten-

sive relating to the use of vegetable and animal
oils was reported by Tagaya and Tamura (Ref
179, 180). Tamura determined the Grossmann
H-values on a number of vegetable and animal
oils and compared their performance with a
conventional petroleum oil quenchant. The
results of this study are shown in Table 31
(Ref 180). With the exception of hardened fish
oil, the different animal and vegetable oils eval-
uated yielded comparable H-values, which were

slightly higher than those obtained for the con-
ventional petroleum oil and hardened fish oil.
Fats, which are triglycerides extracted from
various fish and animals, exhibit a quenching
performance that is superior to petroleum oils.
Fatty oils produce faster cooling rates at high
temperatures than petroleum oils without accom-
panying film boiling, which is an important prop-
erty if pearlite transformation is to be minimized
during quenching and if distortion minimization
is to be achieved. (Note: While the use of whale
oil and sperm oils predominated as quenchants
until the early 20th century, or the 1900s, it is no
longer used today in 2013.)
Like water (Fig. 1), petroleum oil quenchants

often exhibit all three primary cooling mech-
anisms—film boiling, nucleate boiling, and
convective cooling—simultaneously on the
steel surface during the quenching process, as
shown in Fig. 69. Also, as with water quench-
ing, the presence and stability of film boiling
is a key contributor to nonuniform quenching,
which may lead to distortion control and crack-
ing problems.
The presence and duration of these cooling

phases depends on a number of factors, such
as quenchant temperature and agitation. How-
ever, perhaps the greatest single impact is the
compositional variation of the oil used to for-
mulate the quenchant. This is illustrated by
Fig. 70, which shows the wide variation of
cooling rate properties of many commonly
available commercially formulated quenchants.
Given the inherent variability of the quench
severities of petroleum oil quenchants, the
accompanying question when viewing Table 32
is “which oil”? This degree of variability would
be expected to result in dramatic differences in
as-quenched hardness produced by a steel alloy.
This cooling complexity is compounded by the
fact that the cooling properties change with time
in use, and often various oils may be indiscrimi-
nately mixed in the shop, so that often the actual
composition of a quench oil in use is not known.

Table 31 Cooling time and Grossmann H-
value characterization of various vegetable
and animal oils

Oil
Cooling time, s (700–300 �C, or

1290–570 �F)
Grossmann H-
value, cm�1

Soybean oil 1.42 0.200
Whale oil 1.35 0.198
Sperm oil 1.45 0.200
Rapeseed
oil

1.63 0.199

Castor oil 1.80 0.199
Hardened
fish oil

3.30 0.125

Petroleum
oil

3.87 0.142

Note: Cooling data obtained using the old JIS K 2242 silver probe with
a surface thermocouple (Ref 101); quenching from 800 �C (1470 �F)
into the oil at 80 �C (175 �F). Source: Ref 180

Table 29 Section size limitations for
austempering from Ford manufacturing
standards

SAE steel

Maximum cross section

mm in.

1045 3.81 0.150
1062 6.35 0.250
1095 5.08 0.200
1340 7.61 0.300
4063 15.2 0.600
4150 20.3 0.800
4340 25.4 1.000
5140 25.4 1.000
8620 6.35 0.250
8630 7.61 0.300
52100 12.7 0.500

Data taken from Ford Manufacturing Standard P HT 207 (1974).
Source: Ref 176

Fig. 69 Quench of a 25 mm (1.0 in.) diameter by 100 mm (4.0 in.) cylinder of CrNi steel into petroleum oil at 60 �C
(140 �F) with an agitation rate of 0.3 m/s (1.0 ft/s). Courtesy of H.M. Tensi, Technical University of Munich

Table 30 Size limitations for various
compositions

Carbon, % Manganese, %

Approx. max. diameter

mm in.

1.00 0.40 3.8 0.15
1.00 0.75 4.8 0.19
0.85 0.40 3.93 0.155
0.85 0.75 5.6 0.22
0.65 0.75 4.8 0.19
0.65 1.10 7.1 0.28
0.65 1.80 16 0.63

Source: Ref 176
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In this section, the various reasons for quench oil
variability are addressed. This discussion is fol-
lowed by further complications due to aging and
contamination, and a brief summary of recom-
mended quench bath maintenance is provided.
Petroleum oil-based quenching oils are com-

plex mixtures based on a variety of composi-
tions, with components differing in physical
properties such as volatility and viscosity, all
of which can affect overall cooling perfor-
mance. Volatility of a petroleum oil is inversely
proportional to its flash point, the lowest tem-
perature at which the vapors over an oil sample
(either in an open or a closed system) will
ignite if exposed to a flame. The more
volatile a component, the lower its flash point.
Figure 71 illustrates the relative volatility of
several petroleum oil components (Ref 181).
Quenching oils that contain substantial quanti-
ties of typically more volatile naphthenic deri-
vatives usually exhibit inferior characteristics,
such as greater deposit formation and lower
flash points than paraffinic oils. Lower flash
points are particularly deleterious in heat treat-
ing applications where the oils are subjected
to various sources of high temperature, particu-
larly with respect to high interfacial tempera-
tures between the steel and oil.
Although paraffinic basestocks are the most

preferred basestock, there are others that may
be used for quenchant formulation. These
include (Ref 182):

� Double hydro-treated mineral oils: These
oils are treated to remove carbon-carbon
double bonds of aromatic and paraffinic
structures, which results in substantial
improvement in oxidative stability, some-
what higher flash points, and better cooling
curve behavior for the same viscosity.

� Refined paraffinic mineral oils: These are
the most commonly used baseoils in quench-
ant formulation. As a class, they exhibit rel-
atively high flash points, excellent thermal

Table 32 Typical Specification 31 recommendations for austenitizing, annealing, and
normalizing temperatures with allowed quenching media for plain carbon and alloy steels

Steel designation

Austenitizing temperature Normalizing temperature Annealing temperature

Quenchant�C �F �C �F �C �F

1025 871 1600 899 1650 885 1625 Water, polymer
1035 843 1550 899 1650 871 1600 Oil, water, polymer
1045 829 1525 899 1650 857 1575 Oil, water, polymer
1095 802 1475 843 1550 816 1500 Oil, polymer
1137 843 1550 899 1650 788 1450 Oil, water, polymer
3140 816 1500 899 1650 816 1500 Oil, polymer
4037 843 1550 899 1650 843 1550 Oil, water, polymer
4130 857 1575 899 1650 843 1550 Oil, water, polymer
4135 857 1575 899 1650 843 1550 Oil, polymer
4140 843 1550 899 1650 843 1550 Oil, polymer
4150 829 1525 871 1600 829 1525 Oil, polymer
4330V 871 1600 899 1650 857 1575 Oil, polymer
4335V 871 1600 899 1650 843 1550 Oil, polymer
4340 816 1500 899 1650 843 1550 Oil, polymer
4340 Mod. 871 1600 927 1700 843 1550 Oil, polymer
4640 829 1525 899 1650 843 1550 Oil, polymer
6150 871 1600 899 1650 843 1550 Oil, polymer
8630 857 1575 899 1650 843 1550 Oil, water, polymer
8735 843 1550 899 1650 843 1550 Oil, polymer
8740 843 1550 899 1650 843 1550 Oil, polymer
Hy-Tuf 871 1600 941 1725 760 1400 Oil, polymer
300M 871 1600 927 1700 843 1550 Oil, polymer
H-11 1010 1850 . . . . . . 871 1600 Air, oil, polymer
98BV40 843 1550 871 1600 843 1550 Oil, polymer
D6AC 885 1625 941 1725 843 1550 Oil, polymer
52100 843 1550 899 1650 . . . . . . Oil, polymer
9Ni-4Co-0.20C 829 1525 899 1650 . . . . . . Oil, water, polymer
9Ni-4Co-0.30C 843 1550 927 1700 . . . . . . Oil, polymer
M-50 1107 2025 . . . . . . . . . . . . Salt
AF1410 829 1525 899 1650 899 1650 Oil, polymer
Aeromet 100 885 1625 899 1650 . . . . . . Air, oil, polymer

Minor amount
Hetero cyclic compounds

Major amount

Tetralines

Antracenes/
phenanthrenes

Naphthalenes

Benzenes

Tri-cyclo-alkanes

Bi-cyclo-alkanes

Mono-cyclo-alkanes

Iso-alkanes

n-alkanes

Carbon
number

2520151052

200

Boiling point
of n-alkanes

200

400(°C)

Fig. 71 Relative hydrocarbon volatility in a typical crude oil fraction

Fig. 70 Cooling rate variability that may be exhibited
by various petroleum oil quenchants. Courtesy
of S.O. Segerberg
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and oxidative stability, and good cooling
curve behavior.

� Refined naphthenic mineral oils: Relative
to paraffinic basestocks, they exhibit lower
flash points, poorer thermal-oxidative stabil-
ity, and are more difficult to separate during
water-washing processes.

� Re-refined paraffinic baseoils: These oils are
recovered basestocks that are passed through a
cracker and distilled and are available in very
narrow boiling point ranges. They have a lim-
ited viscosity of 100 SUS and are eco-friendly.

Protsidim et al. showed that small composi-
tional changes in the quench oil basestock
resulted in significant changes in quenching
performance. Table 33 provides four examples
of different potential quench oil compositions
and physical properties, and Fig. 72 illustrates
that these compositional variations exhibit a
significant impact on the corresponding cooling
rate behavior (Ref 183).
Another method of quantifying the difference

in quench oils is to determine the relative ability
to wet the steel surface. Tkachuk et al. measured
the effect on quenching behavior exhibited by
viscosity and wettability by contact-angle
measurements of four quench oil compositions,

summarized in Table 34. Viscosity is determined
by themolecular composition of the oil andwould
be expected to exhibit its greatest influence on
heat transfer during convection. Surface activity
(wettability) of the oil would be expected to affect
the origin, growth, and detachment of the vapor
bubbles from the steel surface that are formed dur-
ing nucleate boiling. The assessment of wettabil-
ity from contact-angle measurements is shown
schematically in Fig. 73.
Cooling rate behavior of Tkachuk’s petro-

leum oil fractions was determined by using a
silver ball probe. Figure 74 provides a correla-
tion of cooling rate with viscosity and wettabil-
ity exhibited by the test oils. These data show
that cooling rate increases with decreasing oil
viscosity and increasing contact angle (wettabil-
ity of the oil on the steel surface) (Ref 184).
Taken together, these data show that as the vis-
cosity is increased and wettability is decreased,
there is a corresponding decrease in cooling
capacity and duration of nucleate boiling. Tka-
chuk’s explanation was that by increasing the
viscosity, the departure time for bubbles next
to the hot surface would be decreased, thus inhi-
biting the ability of the bubbles to remove
heat. Decreasing wettability would cause the
bubbles to grow in size prior to departure, thus

increasing the vapor fraction at the hot metal
interface and decreasing heat-transfer efficiency.
Figure 75 shows the cooling rate curves for

the four test oils shown in Table 34. Although
these oils possess approximately the same boil-
ing point, they exhibit substantially different
viscosity and wettability. In addition, the cool-
ing rate curves in Fig. 75 show that the Leiden-
frost temperatures, the transition temperatures
from film boiling to nucleate boiling, are also
similar. However, the cooling rates exhibited
by the group III aromatic hydrocarbon fraction
(Table 34) was less than that exhibited by the
paraffinic-naphthenic fraction (Ref 184). This
study shows that the highest-quality quenching
oils would preferably be formulated from paraf-
finic or paraffinic-naphthenic basestocks, with
an objective of identifying lower viscosity and
better wettability.
Yokota et al. studied the effect of petroleum

oil basestock boiling point and volatility by eval-
uating the quenching behavior of 21 quench
oils with the same viscosity (17 mm2/s, or
0.26 in.2/s, at 40 �C, or 105 �F) (Ref 185). These
oils contained the same additives, and only the
basestock composition was varied. Cooling
curve analysis was performed according to JIS
2242:1980 (Ref 101). The cooling curve criteria
were the Leidenfrost temperature and the cool-
ing time from 800 to 400 �C (1470 to 750 �F).
In general, oil quenchants with higher Leiden-
frost temperatures and lower cooling times
provided the best as-quenched hardness of a
0.45% C steel. The as-quenched hardness results
are summarized in Fig. 76. Because all these oils
possessed the same viscosity, it was determined
that the variation in hardnesses observed was

Table 33 Impact of quench oil composition on physical properties

Property

Oil

MZM-16 I-20A I-20AR1 I-20AR2

Hydrocarbon composition, %
Paraffin-naphthene 73.7 71.48 67.04 62.65

Aromatic groups
I 11.30 11.96 11.60 16.00
II 6.70 7.80 3.16 10.58
III 3.80 4.00 3.16 10.58
IV 3.60 2.00 3.84 1.40
Resins 0.50 2.10 4.00 4.10
Losses 0.40 0.66 2.96 1.48

Kinematic viscosity
At 50 �C (120 �F), m2/s (ft2/s) 17.5 (188) 18.3 (197) 24.8 (267) 25.6 (276)

Flash point, �C (�F)
Open cup 182 (360) 180 (356) 160 (320) 167 (333)
Closed cup 188 (370) 186 (367) 180 (356) 188 (370)

Oxidation test, wt% decrease 1.54 1.8 2.2 3.0
Change in closed-cup flash point, �C (�F) None None +2.2 (+4.0) +3.0 (+5.4)

Fig. 72 Cooling rate of a spherical copper probe quen-
ched into different petroleum oil compositions.
See Table 33 for oil compositions.

Table 34 Effect of quench oil composition on viscosity and contact angle

Property

Composition

Paraffin/naphthene

Aromatic hydrocarbons

I II III

Kinematic viscosity
At 50 �C (120 �F), m2/s (ft2/s) 32.7 (352) 51.3 (552) 66.8 (719) 172.1 (1853)

Fraction composition, �C (�F)
Start of boiling 337 (639) 340 (644) 335 (635) 334 (633)
10% boiled off 437 (783) 415 (779) 416 (781) 420 (788)
50% boiled off 458 (856) 456 (853) 454 (849) 462 (864)
90% boiled off 498 (928) 500 (932) 503 (937) 504 (939)

Mean boiling point, �C (�F) 456 (853) 457 (855) 456 (853) 460 (860)
Composition of hydrocarbons, %
Parrafin 35.6 . . . . . . . . .

Naphthene 62.6 25.2 27.1 37.3
Naphthene-aromatic 1.8 74.6 72.7 62.5
Aromatic resin . . . 0.2 0.2 0.2

Contact angle of wetting, cos q 0.908 0.898 0.896 0.889
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due to the boiling point ranges of the oil base-
stocks, which are composition dependent. The
cooling rate with the temperature range of 350
to 300 �C (660 to 570 �F) was found to be the
most critical cooling curve parameter.
The effect of the fractional composition, in

50 �C (90 �F) increments, on cooling behavior
of a quenching oil was studied in detail by Tka-
chuk et al. (Ref 186). The conclusions from this
study were:

� The composition of the petroleum oil fractions
exhibits a strong effect on cooling capacity.

� A low-boiling-point oil fraction (300 to
400 �C, or 570 to 750 �F) exhibits insufficient
cooling capacity in the high-temperature
region due to increased vapor formation during
the initial stages of cooling.

� A high-boiling-point oil (400 to 500 �C, or
750 to 930 �F) exhibits a high cooling capac-
ity in the high-temperature region but low
cooling capacity below 500 �C (930 �F) due
to a reduced duration of nucleate boiling.

� Ablend of the low-boiling-point fraction and the
high-boiling-point fraction results in better cool-
ing properties through the entire cooling range.

In summary, it was recommended that petro-
leum oil fractions should be blended to obtain
the desired overall cooling properties. This pro-
cedure was reportedly how Yokota made the
blends for the basestock study discussed previ-
ously (Ref 185).
Quench Oil Classification. Quench oils are

selected on the basis of their ability to mediate
heat transfer during the quench and are mar-
keted based on relative quench speeds and
temperature range of use. Classification desig-
nations include conventional (slow or cold),
accelerated (fast), and martempering (hot) oils.
Although there are other classifications, such
as superfast (Ref 187) and water emulsifiable,
these three general classifications are the most
commonly encountered.
Martempering or hot quenching oils are used

at temperatures between 95 and 230 �C (200
and 450 �F). They are usually formulated from
solvent-refined mineral oils with a high paraf-
finic fraction to optimize thermal and oxidative
stability. Stability is also enhanced by the addi-
tion of antioxidants. Typical temperature ranges
for commercially available martempering oils
are shown in Table 23. Because martempering
oils are used at relatively high temperatures, a
protective, nonoxidizing atmosphere such as
an exothermic gas or nitrogen is often used,
which reduces susceptibility to oxidation and
permits use temperatures much closer to the
flash point than when used under open-air con-
ditions (Ref 188). Nonaccelerated and acceler-
ated martempering oils are available.
Conventional quenching oils (also designated

as cold, normal, or slow) are typically petro-
leum oils, which may contain antioxidants to
reduce the rate of oxidative and thermal degra-
dation. Usually, they are formulated with highly
refined parafficic oils (Ref 189). Most of these

Fig. 73 Effect of fluid wettability of a fluid on a solid surface. The contact angle serves as a wettability index.
Decreasing contact angles indicate increasing wettability.

Fig. 74 Correlation of cooling rates obtained using a
spherical silver probe with oil viscosity and
contact angle. See Table 34 for oil compositions
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oils have viscosities in the range of 200 to 110
SUS at 40 �C (100 �F). Conventional quenching
oils do not contain additives to increase the cool-
ing rate, but they typically do contain additives
such as corrosion inhibitors and antioxidants.
These oils are used for quenching highly alloyed
steels such as AISI 4340 and tool steels (Ref
182, 189). Medium-speed quench oils are also
available and are used for quenching medium-
to high-hardenability steels.
Accelerated (fast) quenching oils are usually

formulated from a petroleum oil and contain
one or more rate-accelerating additives. These
oils are formulated to exhibit higher cooling
rates during high-temperature cooling while
maintaining the slower cooling rates during
lower-temperature cooling (Ref 189). Viscosities
may vary from 50 to 100 SUS at 40 �C (100 �F).
Accelerated quench oils are used to quench low-
hardenability steels, carburized and carboni-
trided components, and medium-hardenability
steels with large cross-sectional sizes (Ref 182).
Wang et al. have developed superfast

quenching oils for quenching steels such as
40Cr, 40MnB, 20CrMnTi, and GCr15 to
achieve higher hardness and greater depth of
hardening (Ref 187). Typically, the basestocks
to formulate superfast oils are highly purified,
low boiling, and narrowly fractionalized. In
addition, they contain additives such as high-
ash petroleum phosphonate, oil-soluble poly-
mers, surfactants, detergents, and antioxidants.
Prior to the development of these specialized
accelerated oils, diesel oils, transformer oils,
and machine oils were used.
A general class of emulsifiable quench oils is

specially formulated to enhance removal during
water washing of components, which facilitates
elimination of vapor degreasing. However,
because of their emulsifiable properties, they
are susceptible to water contamination, which
may lead to increased distortion or soft spots
on the component (Ref 189).
Effect of Surface Pressure. Although it is

most common to use high-pressure gas quenching
with vacuum furnace operations, there are some
cases where greater quench severity is necessary.
In such cases, such as for thick sections ormassive
parts, a specially formulated petroleumoil may be
used as the quenchant to provide the desired hard-
ness and distortion control (Ref 190).
Asada and Ogino studied the effect of cooling

behavior of petroleum oils and found that as the
surface pressure is reduced, the duration of the
film-boiling stage increases, the Leidenfrost tem-
perature is decreased, and the convective cooling
start temperature is decreased (Ref 191). Cooling
curves illustrating this effect are shown in
Fig. 77. Thus, by varying surface pressure, it is
possible to generate a wide range of cooling
behaviors from a single oil composition.
Oxidative Stability. The effect of petroleum

oil oxidation throughout an accelerated aging
test is monitored by measuring acid number,
viscosity change, and coke formation periodi-
cally throughout the test. Initially, it was found
that there was a substantial increase in these

variables, and cooling capacity increased due to
the initial formation of oxygen-containing sur-
face-active compounds that facilitate the interfa-
cial wetting process relative to unoxidized oil.
After a short period of time, the acid number, vis-
cosity, and coking potential stabilized. At some
critical period of time, these properties increased
exponentially, with a corresponding decrease in
cooling capacity. Also, during this period, large
amounts of sediment were formed due to poly-
merization of the hydrocarbon residues (Ref
192). These results are consistent with the four
steps involved in oil oxidation reported by Che-
kanskii and Sheindlin (Ref 193):

1. The first step involves the thermal decompo-
sition of unsaturated and unstable paraffinic
and naphthenic hydrocarbons, as indicated
by soot deposition (the end product of
hydrocarbon decomposition) and a slight
improvement in surface brightness. The
improvement in as-quenched brightness
was reported to be due to the removal of
oxygen and moisture dissolved in the oil.
This is the chain initiation step.

2. The second step involves further hydrocar-
bon decomposition and the formation of per-
oxides, which is promoted by the presence
of moisture in the protective atmosphere or
by oxygen from contact with air. This is
the so-called chain propagation step.

3. The final step is the chain termination step,
which involves various reactions with perox-
ides and reactive hydrocarbon intermediates.
This leads to an exponential fluid viscosity
increase; alcohols, ketones, and aldehydes;
in addition to carboxylic acid formation that
increases the acid number (Ref 194); and
particularly undesirable sediment, sludge,
and varnish formation. Research has shown
that oxidation by-products with molecular
weights greater than 50 to 1000 are insoluble
in the oil (Ref 195, 196).

A general summary of the mechanism of
petroleum oil oxidation is provided in Fig. 78
(Ref 197). These mechanisms illustrate how
carboxylic acids form by initial oxidation,
and it is important to understand that these by-
products are more surface active than the unox-
idized oil, which contributes to faster initial
cooling rates. Chain termination, for example,
by recombination, explains the exponential vis-
cosity increase observed near the end of the
useful life of the quench oil. The reader is
referred to Ref 194 and 197, 198, 199, 200 to
201 for additional in-depth information on ther-
mal-oxidative degradation and its impact on
physical properties of petroleum oils.
Petroleumoils are formulatedwith antioxidants

to provide the necessary improvement in oxida-
tive stability. Examples of antioxidants that have
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Fig. 78 Schematic summary of general free-radical deg-
radation mechanisms of thermal-oxidative deg-

radation of petroleum oil quenchants. Source: Ref 197
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been reported for this purpose include phenolic
antioxidants such as ionol (Ref 183, 202), cresol
(Ref 203), butylated hydroxyl toluene (Ref 204),
amine-containing antioxidants such as phenyl-a-
naththylamine, and amine/phenolic blends.
The impact of oxidation of a hot oil at 200 �C

(390 �F) on cooling time-temperature curves
superimposed on a TTT diagram for a bearing
steel is shown in Fig. 79 (Ref 188). In this exam-
ple, comparison of the cooling curves shows
increasing cooling rates in the high-temperature
cooling region with shorter film-boiling duration
as the hot oil oxidizes during use, which means
that pearlite is increasingly less likely to form as
the oil ages. However, at the same time, the poten-
tial for bainite formation for this steel increases.
There are at least four potential reasons for

petroleum oil oxidation with respect to time that
will result in limiting the lifetime of the bath:

� At use temperatures below 57 �C (135 �F),
the oxidation rates of inhibited petroleum
oils are relatively slow. However, at tem-
peratures above approximately 63 �C
(145 �F), increased oil oxidation rates will
result. It is a common assumption that oil

oxidation rates increase with every 10 �C
(18 �F) increase in bath temperature, accord-
ing to the Arrhenius rate rule (Ref 205).

� The antioxidant may be dragged out on the
parts upon removal from the quench. This
problem may be addressed by readdition of
the antioxidant to the tank at appropriate
intervals (Ref 206). However, this should
only be done in conjunction with the quench
oil supplier.

� The antioxidant may be consumed by chain-
transfer reactions as part of the oil-stabiliz-
ing process. In this case, the best recourse
is to replace the oil.

� Contamination by transition metal ions (Ref
207) or water will catalyze the oil oxidation
process, as shown in Table 35 for an oxida-
tively inhibited petroleum oil formulation
similar to a quenchant (Ref 208). However,
when both water and the transition metal
were present, the oil degradation rate was
ten times greater with iron and thirty times
greater with copper.

Determination of the optimum use tempera-
ture for a hot oil bath is a compromise between

the ability to achieve the desired hardness, dis-
tortion control, and elimination of cracking
with the reduction of lifetime of the oil with
increasing bath temperature. This is illustrated
in Fig. 80, which indicates that the required
hardness is not obtained at bath temperatures
greater than 175 �C (350 �F), but acceptable
distortion and residual stress is obtained at
150 �C (300 �F), as shown by the increment
designated “AB” (Ref 209). Temperature con-
trol of the bath is critical to the success of the

Fig. 79 Cooling time-temperature curves of a hot oil quenchant at 200 �C (390 �F) after increasing use superimposed on a time-temperature transformation curve for a bearing
steel

Table 35 Effect of water and catalysts on
oil oxidation

Catalyst Water Running time, h
Final acid number
Mg KOH/g(a)

None No 3500 0.17
None Yes 3500 0.9
Iron No 3500 0.65
Iron Yes 400 8.1
Copper No 3000 0.89
Copper Yes 100 11.2

Note: Tests were run at 95 �C (200 �F) on a 150 SUS turbine-grade oil
according to ASTM D943 test procedure. (a) Acid number is defined as
the number of milligrams of potassium hydroxide needed to neutralize
free fatty acids present in 1 g of the oil.
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quenching operation, and to achieve optimal
results, commercial practice typically requires
that the bath temperature be controlled to
within �2.8 �C (5 �F). This is accomplished
by mechanical agitation and an effective cool-
ing system.
Cooling Rate Acceleration. In the previous

discussion, it was shown that the viscosity of
a petroleum oil is dependent on composition

and that cooling rates increase with decreasing
viscosity. Also, the composition of a petroleum
oil typically varies with the refinery, age of the
refinery, different refinery practices, and varia-
tion of the feedstock. However, the preferred
basestock for quenchant formulation is a sol-
vent-refined petroleum oil, and for formulation
of an accelerated oil quenchant, a basestock
with a viscosity in the range of 17 to 24 cSt at

40 �C (100 �F) is generally used. With a
solvent-refined petroleum oil, this viscosity
range provides the best compromise between
low viscosity and acceptable flash point. One
of the problems with lower-viscosity (meaning
lower molecular weight and more volatile) base-
stocks is that the film-boiling region of cooling
increases as the viscosity (molecular weight) of
the basestock decreases, as shown in Fig. 81
(Ref 210).
It is important to understand that although

heat transfer, and therefore cooling rate,
increases with decreasing viscosity, flash points
decrease as well. The flash point of the oil
should be at least 50 �C (90 �F) above the
operating temperature of the quenching system.
Thus, a compromise is necessary to provide
acceptable margins for fire safety and, at the
same time, yield the fastest cooling rates possi-
ble (Ref 204).
One type of additive that has been used to

formulate accelerated quench oils is bitumen.
Bitumen is a geological term for naturally
occurring deposits of the solid or semisolid
form of petroleum, specified by their viscosity
at a standard temperature (typically 60 �C, or
140 �F). Some bitumens are derived from petro-
leum processing and contain very high-molecu-
lar-weight polar components: asphaltenes.
Asphaltenes are highly variable complex struc-
tures composed of aliphatic and aromatic
moieties, including heteroatoms (N,S,O). One
proposed structure is shown in Fig. 82. Liquid
asphalts (bitumens) are prepared by the addition
of a relatively nonvolatile petroleum oil or by
the addition of vegetable oils. The presence of
bitumen in a quench oil has been proposed to
provide cooling rate acceleration by adsorption
to the hot steel surface, thus providing nucle-
ation sites to facilitate bubble formation and
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nucleate-boiling heat transfer. Unfortunately,
the original bituminous additives were not ther-
mally stable and also were known to provide a
“dirty” quench (Ref 204).
Tkachuk et al. showed that in addition to the

composition of the basestock used to formulate
a quench oil, faster cooling rates could be
obtained by the addition of a number of addi-
tives, including calcium sulfonates (PMS-A),
sodium sulfonates (NS-480) of petroleum, cal-
cium naphthenate, and alkenyl succinimide
(Ref 184, 212). Of these series of additives,
the most effective was the highest molecular
weight, alkenyl succinimide. Less effective
were the calcium and sodium sulfonates, and
the relatively low-molecular-weight calcium
naphthenate actually increased the film-boiling
region during cooling. As a result of this work,
it was demonstrated that both viscosity and
wettability were important for optimizing a
quench oil formulation to maximize heat
transfer, and the following conclusions were
drawn:

� The cooling capacity of quench oils may be
substantially increased by the optimal selec-
tion and concentration of various additives.

� High-molecular-weight, oil-soluble, surface-
active compounds are effective additives to
provide cooling rate acceleration in petro-
leum-based quench oils.

� There is a correlation between cooling rate
and contact angle (wettability) of petroleum
oil-based quenchants containing additives,
as shown in Fig. 83 (Ref 184).

Allen et al. used a 120 by 120 by 20 mm
(5 by 5 by 0.8 in.) thick austenitic stainless steel
probe with a thermocouple located at the geo-
metric center to study the effect of the addition
of sodium sulfonate and another unidentified
ashless additive as a cooling rate accelerator
to a base oil (Ref 213). They examined the
effect of these two additives at 1.5 and 3% on
four parameters:

� Duration of the vapor blanket stage
� Temperature at which the vapor blanket

breaks
� Maximum surface heat-transfer coefficient

(nucleate boiling)
� Temperature at which the maximum heat-

transfer coefficient occurs

The plate probe was heated to 850 �C
(1560 �F) and then quenched into a bath of
the experimental oil at 20 � 1 �C (70 �
2 �F). The results of this study, summarized in
Table 36, showed that the addition of sodium
sulfonate to the base oil exhibited higher sur-
face heat-transfer coefficients than did the ash-
less cooling rate accelerator. However, ashless
additive increased the temperature where the
maximum cooling rate occurred, and the sodium
sulfonate decreased it. It was observed that both
additives increased the amount of oil vapor
evolved during nucleate boiling. Although the
ashless additive increased the oil viscosity,
sodium sulfonate exhibited no significant effect.
Both additives decreased the length of the
vapor blanket phase, which means that these oils
will permit quenching of thicker section sizes
(Ref 213).
Although petroleum sulfonates have been the

most common rate-accelerating additive, they
do possess two important problems: relatively
poor thermal stability and the presence of up
to 5% water. Currently, additive companies
have developed specialized sulfonates with
improved thermal stability and acceptable
levels of residual water content (Ref 204).
Matijević et al. performed a more recent

study, with objectives analogous to those of
Tkachuk, to evaluate different basestocks of
similar viscosity, including those designated as
base oil paraffinic, base oil naphthenic, and
base oil paraffinic with two additives: calcium
alkenyl phenate sulfide (Hitec 579) and cal-
cium, sodium sulfonate (Lz 5941S). Their
results also showed that cooling characteristics

depend on both the composition and type of
base oil and the proper selection and concentra-
tion of the rate-accelerating additive (Ref 214).
Another more recently used class of rate-

accelerating additives is low-molecular-weight
hydrocarbon polymers such as polyisobutylenes
(Ref 204). Typically, the degree of rate acceler-
ation and decrease in duration of the vapor blan-
ket stage increases with both the concentration
and molecular weight of the additive. This was
confirmed by Asada and Fukuhara (Ref 210).
Bright Quenching Oils. There is often a

variation in the appearance of the surface steel
after oil quenching, particularly after thermo-
chemical treatment, which varies with oxida-
tion and water contamination of the petroleum
quench oils. Staining of normally bright sur-
faces of parts may be caused by the presence
of 0.2%, or less, of sludge deposits in the oil
(Ref 215). Landis and Murphy studied the gen-
eration of color bodies, which lead to staining
of component surfaces (Ref 216). The results
of this work showed that these color bodies
were due to the presence of hydrocarbon oxida-
tion products, aromatics, and sulfur-containing
heterocyclic compounds. Although all of these
potential components are significant contribu-
tors to the presence of color bodies, one of the
strongest effects was due to the presence of aro-
matic sulfur compounds.
Mechanistically, these color bodies are formed

by an acid-catalyzed oligomerization of aromatic
sulfur compounds and via acid-catalyzed conden-
sation reactions involving hydrocarbon oxidation
products that are high in aromatic carbon (Ref
216). Therefore, by the mechanism proposed by
Landis and Murphy, sulfur compounds have two
functions: they oxidatively generate strong acids
that catalyze polymerization and condensation
reactions, and aromatic sulfur compounds form
oligomeric products due to the presence of strong
acids to produce intensely chromophoric molecu-
lar structures. One example of a color body that
has been isolated is shown in Fig. 84.
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Table 36 Effect of the addition of sodium sulfonate and an ashless additive to a base
petroleum oil as cooling rate accelerators

Parameter

Oil composition (base oil + cooling rate accelerator)

None Ashless accelerator Sodium sulfonate

. . . 1.5% 3% 1.5% 3%

Viscosity at 40 �C (100 �F), cSt 32 33 34 36 36
Surface tension, Nm�1 0.0388 0.0334 0.0326 0.0355 0.0319
No agitation
Duration of vapor blanket stage, s 36.5 17 16.5 21.5 16.5
Average temperature at end of vapor blanket
stage, �C (�F)

600 (1110) 700 (1290) 700 (1290) 650 (1200) 650 (1200)

Mean cooling rate during nucleate boiling and
transition stage, �C/s (�F/s)

10.4 (18.7) 10.7 (19.3) 14.7 (26.5) 14.2 (25.6) 20.5 (36.9)

Maximum surface heat-transfer coefficient,
Wm�2 � K�1

921 1286 1988 1799 2592

Temperature at which maximum heat-transfer
coefficient occurred, �C (�F)

476 (889) 500 (932) 526 (979) 425 (797) 400 (752)

With mild agitation
Duration of vapor blanket stage, s 36 18.6 17.1 22.6 13.7
Maximum surface heat-transfer coefficient,
Wm�2 � K�1

1125 1494 2058 1876 2310

Temperature at which maximum heat-transfer
coefficient occurred, �C (�F)

450 (842) 500 (932) 524 (975) 425 (797) 400 (752)
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Various additives that are specific to main-
taining a bright finish on as-quenched compo-
nents are used for the formulation of bright
quenching oils. Rudakova et al. reported
that the addition of C20 and higher synthetic
aliphatic carboxylic acids were effective for
maintaining a bright as-quenched surface
(Ref 217). Petroleum oil quenchants contain-
ing synthetic fatty acid still-bottom residues
have also been reported to exhibit improved
bright quenching properties with improved
cooling rates for use in quenching bearing
components (Ref 202).
Lu studied the effect of service life on bright

quenching oils (Ref 206). It was found that over
time, the additive that promoted surface bright-
ness was depleted due to drag-out on the sur-
face of the steel upon removal from the bath.
However, periodic readditization of the oil in
the tank was an effective means of providing
continued brightness protection of the steel
surface.
Effect of Bath Temperature and Agitation.

In this article, the importance of uniform flow
throughout the quench tank has been empha-
sized in order to obtain uniform hardening with
minimum distortion problems. One of the rea-
sons for this is that uniform flow minimizes sta-
ble pockets of film boiling around the cooling
metal surface, because the presence of nonuni-
form film boiling is a principal cause of
increased thermal stresses within an as-
quenched component (Ref 218). This problem
has been shown repeatedly, such as in the work
reported by Asada and illustrated in Fig. 85
(Ref 210). This figure shows a strong decrease
in the stability of the film-boiling region as agi-
tation is increased.
In another study, Taraba showed the effect of

agitation on the cooling behavior of a commer-
cial accelerated oil. In this work, the degree of
agitation provided is the amount of torque
applied to agitate the quenchant. Although the

agitator was capable of torque values ranging
from 0 to 4.8 J � s�1 � kg�1, the torque used in
the example shown in Fig. 86 was intermediate
at 2.59 J � s�1 � kg�1. The cooling rate was
measured using the ISO 9950 Inconel 600
probe shown in Fig. 24 (Ref 219). These data
show that in this system, even a moderate
degree of agitation was nearly sufficient to
eliminate the vapor blanket formation relative
to that observed with no agitation. This exam-
ple does not show that agitation is necessary
but that it should be as uniform as possible
around the cooling component(s) throughout
the quenching process.
The quench severity of a petroleum oil may

be affected by both bath temperature and agita-
tion. To evaluate the impact of agitation on bath
temperature and agitation as co-variables, a
three-level statistically designed cooling curve
analysis experiment was conducted. The exper-
imental variables were quenchant bath tempera-
tures of 43, 65, and 88 �C (110, 150, 190 �F);
linear, turbulent flow rates of 0, 15, and 30 m/
min (0, 50, and 100 ft/min); and cylindrical
stainless steel probe diameters of 12.5, 25,
37.5, and 50 mm (0.5, 1.0, 1.5, and 2.0 in.) with
type K thermocouples inserted to the geometric
centers. The probe length in each case was four
times the diameter. Two petroleum quench oils
were evaluated: a conventional (slow oil) and
an accelerated (fast) oil. A total of ten experi-
ments for each oil was performed and, after sta-
tistical analysis, a series of contour plots were
prepared that illustrated the effect of these vari-
ables on the maximum cooling rate, cooling
rate at 345 �C (650 �F), Grossmann H-value,
and predicted hardness for AISI 1045 and
4140 steels.
The contour plots for the conventional petro-

leum oil quenchant are shown in Fig. 87, and
contour plots for the accelerated petroleum oil
are shown in Fig. 88. From these data, several
conclusions were drawn:

� The maximum cooling rate (CRmax) and
cooling rate at 650 �F (CR650) were essen-
tially independent of bath temperature but
were dependent on agitation rate. The effect
of agitation rate on CRmax and CR650 was
greater for the conventional, unaccelerated
petroleum oil.

� The Grossmann H-values for the conven-
tional oil were independent of bath tempera-
ture but dependent on agitation rate.
However, the H-values obtained for the
accelerated oil were dependent on both bath
temperature and agitation rate. The H-values
were calculated from cooling rate data
according to Ref 55.

� The Rockwell (HRC) values for a low-hard-
enability carbon steel (AISI 1045) and a
medium-hardenability alloy steel (AISI
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Fig. 84 Example of a color body that is formed in a
petroleum oil during oxidation. Chemically,

this structure is a low-molecular-weight polymeric
(oligomeric) benzothiophene. Source: Ref 216
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4140) were calculated according to the pro-
cedure described by Bates and Totten (Ref
220). The hardness values obtained for both
steel grades were essentially independent of
bath temperature for both the conventional
and accelerated quench oils. However, the
hardness values for both steel grades were
dependent on the agitation rate. Not

surprisingly, this dependence was greater for
the low-hardenability (1045) carbon steel.

These data show that quench severity
provided by a petroleum oil can be significantly
affected by the addition of additives and the
degree of agitation around the component.
Although, in this study, quench severity was

relatively independent of bath temperature,
larger increases in bath temperature, such as
21 to 120 �C (70 to 250 �F), have been reported
to result in significant changes in quench sever-
ity, particularly by producing slightly faster
cooling in the film-boiling and nucleate-boiling
regions due to the lower oil viscosity at higher
temperature (Ref 190). However, with the
exception of marquenching oils, typically the
optimum quench oil use-temperature range is
50 to 65 �C (120 to 150 �F). In this much more
limited temperature range, the expected
increase in quench severity due to the decrease
in oil viscosity by the increased bath tempera-
ture is approximately compensated by the
decrease in quench severity expected by the
decrease temperature difference between the
cooling metal surface and oil temperature
(DT). Herring reports that most equipment man-
ufacturers design the size of their quench tanks
to limit the instantaneous increase in bath tem-
perature to 11 to 22 �C (20 to 40 �F) (Ref 190).
MacKenzie et al. performed a statistical anal-

ysis on the effect of a number of variables,
including quench bath temperature and a num-
ber of contaminants (Ref 221). The results of
this analysis showed that increasing the bath
temperature had a statistically significant,
although relatively small, effect by increasing
the maximum cooling rate and increasing the
temperature where the maximum cooling rate
occurred.
Liscic also studied the effect of bath temper-

ature and agitation on hardening by using a fac-
torial statistical analysis experiment. Figure 89
shows the centerline-hardening curves of a
cylindrical 50 mm (2 in.) diameter AISI 4135
test bar after quenching under various condi-
tions (Ref 222). These curves represent the
mean values of hardnesses of three measure-
ments. Unagitated quench oil at 70 �C
(160 �F) gave a lower hardness than when the
same oil was agitated (1.67 m/s, or 5.5 ft/s) at
20 �C (70 �F), as shown by comparing the hard-
ness values at ½R (curves 5 and 1). The greater
the flow rate, the higher the hardness, as
observed by comparing curves 1, 2, 3, and 4.
Analysis of the data showed that while bath
temperature did have an effect, the greatest
influence was the agitation of the oil.
Although the effect of quench oil on distortion

was not studied in this work, Hampshire has
shown that distortion decreased with increasing
bath temperature, as shown in Fig. 90 (Ref
188). The primary cause of the distortion was
reported to be internal stresses created by non-
uniform martensite formation, which were
caused by thermal gradients formed by nonuni-
form flow around the component during the
quench.
Table 37 illustrates the effect of agitation on

the heat-transfer coefficient of an accelerated
(fast) petroleum oil quenchant. These data show
that the heat-transfer coefficient approximately
triples as the agitation rate is increased from a
still quench to 0.76 m/s (2.5 ft/s) (Ref 223).
Interestingly, the accelerated quench oil at

Fig. 87 Contour plots of cooling curve results obtained from statistical analysis of a conventional (slow) petroleum
oil quenchant. Source: Ref 78

138 / Steel Quenching Fundamentals and Processes



60 �C (140 �F) and the martempering oil at
150 �C (300 �F) exhibited an equivalent heat-
transfer coefficient at the same agitation rate
of 0.51 m/s (1.7 ft/s). These data also indicate
how flow variations within a tank, even if agi-
tated, can impact the magnitude of heat transfer
at localized positions around a large component
or a load of smaller components. This shows

the criticality of the use of appropriate baffling
and agitator placement within the quench tank.

Quench Oil Bath Maintenance

It is essential that periodic analysis of
quench oils be conducted to ensure optimal

performance. A quench oil testing strategy is
discussed that includes various recommended
and optional procedures. These recommenda-
tions, which are based on ASTM D6710
(Ref 224), will provide the heat treater with
more uniform hardening, reduced distortion
and cracking, and significant improvements in
operational safety.
Routine analyses of a used quenching oil

should be performed approximately every three
months, and more often if problems are encoun-
tered. ASTM D6710 provides a summary of
recommended tests to be run. However, it is
acknowledged that every test cited in ASTM
D6710 will not be run at every test interval.
As a minimum, it is recommended that the fol-
lowing tests be run at least every three months
following the appropriate ASTM International
testing method described previously, or its
national standard equivalent:

� Crackle test (water, qualitative)
� Water content (quantitative, only if the

crackle test is positive)
� Viscosity at 40 �C (100 �F ) by ASTM Inter-

national test method D445
� Sludge test by an appropriate ASTM Inter-

national test method
� Although ASTM D3520, which uses plain

nickel balls and a 25 �C (80 �F) bath temper-
ature for conventional and fast quenching
oils and 120 �C (250 �F) bath temperature
for martempering oils, has been recom-
mended in the past, this is not the preferred
practice currently. Instead, it is recom-
mended that cooling curve analysis be per-
formed according to ASTM D6200 for the
reasons described previously.

Physical Property Characterization

There are numerous specific physical
property characterization procedures that may
be used. The objective here is to provide repre-
sentative examples of testing procedures
that may be used and to provide some insight
into the meaning of the results obtained. Phys-
ical property characterization is vitally impor-
tant in identifying the changes that occur in
quench oil during use. However, the methods
for physical property characterization do not
directly indicate the variations in quench
severity caused by these fluid chemistry
changes. Therefore, various laboratory tests
to quantify quench severity have been devel-
oped (see the section “Cooling Curve Charac-
terization” in this article) and are used in
conjunction with physical and chemical prop-
erty characterization.
Sampling. Fluid flow is never uniform in

agitated quench tanks. Therefore, significant
variations of particulate contaminants, includ-
ing sludge from oil oxidation and metal scale,
may be present. Therefore, it is recommended
that the following sampling procedures be
followed:

Fig. 88 Contour plots of cooling curve results obtained from statistical analysis of an accelerated (fast) petroleum oil
quenchant. Source: Ref 78
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� To assure as uniform a sample as possible,
the quenchant should be agitated at least 1
h before immediate removal of the sample.

� For each system, the sample should be taken
from the same position where maximum
flow turbulence occurs, and this position
shall be recorded.

� If a sample is taken from a sampling valve,
the valve and associated piping should be
flushed before the sample is taken.

� If the quench tankor bulk storage tank (or drum)
has no agitation, then samples should be taken
from the top and the bottom of the tank.

� It is important to determine and report the
frequency and amounts of new quenchant
additions (make-up), because large additions
of new quenchant will impact the test results.

� Samples should be collected in new, clean
containers. Food or beverage bottles should
not be used because of the danger of con-
tamination and leakage.

Bacon Bomb Fluid-Sampler Thief (Bacon
Bomb). It is desirable to remove quenchant

samples from specific locations in the tank, espe-
cially at the bottom where periodic testing for
the presence of water and sludge is necessary.
One common method to obtain such samples is
to use a Bacon bomb, which consists of a metal
cylinder tapered at both ends and fitted internally
with a plunger valve that opens automatically
when the sampler strikes the bottom of the tank
(Ref 225, 226). The plunger closes again when
the bomb is withdrawn, forming a tight seal.
The Bacon bomb may be equipped with exten-
sion rods for lowering the vessel into the tank,
or it may be attached to a fine steel chain (trigger
line) to lower it to the bottom and trigger the
bottom valve to fill the vessel. If samples at
intermediate depths are desired, the length of
the trigger line may be adjusted to open the cyl-
inder at any desired depth. After the vessel is
filled, it is withdrawn from the tank, the fill stem
at the bottom is opened, and the sample is put
into bottles or a beaker for testing. A drawing
of a Bacon bomb sampler is shown in Fig. 91.
Viscosity. As discussed previously, the

quenching performance of a quench oil is

dependent on the viscosity of the oil, which
varies with the bath temperature and oil
deterioration during use. Kinematic viscosities
are most commonly measured at 40 �C
(100 �F). The most common method of viscos-
ity determination is ASTM D445 (Ref 227).

Fig. 89 Effect of agitation rate and bath temperature on through hardening of AISI 4135 steel. Source: Ref 222
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Table 37 Effect of agitation on heat
transfer for an accelerated petroleum
oil quenchant

Quench oil

Agitation rate
Heat-transfer

coefficient, W/m2 � Km/s ft/s

Conventional oil at
65 �C (150 �F)

0.51 1.7 3000

Fast oil at
60 �C (140 �F)

Still Still 2000

Fast oil at
60 �C (140 �F)

0.25 0.82 4500

Fast oil at
60 �C (140 �F)

0.51 1.7 5000

Fast oil at
60 �C (140 �F)

0.76 2.5 6500

Marquenching oil
at 150 �C (300 �F)

0.51 1.7 5000

Source: Ref 223

Fig. 91 Drawing of a Bacon bomb sampling vessel.
Source: Ref 225
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Martempering oils are typically used at higher
temperatures, and, although the viscosity may
change little over a short duration of time, they
may become almost solid upon cooling. Thus,
the viscosity-temperature relationship (viscosity
index) may be critically important with respect
to pumpability and flowvelocity aswell as quench
severity. The viscosity index is determined based
on kinematic viscosity measurements at 40 and
100 �C (100 and 212 �F) for martempering oils
according to ASTM D2270 (Ref 228). (Note: If
viscosity in SUS is preferred, kinematic viscosity,
or cSt, may be converted to SUS according to
ASTM D2161, Ref 229.)
For process monitoring and the potential

necessity of troubleshooting, a historical record
of viscosity variation in each tank is necessary,
such as the chart shown in Fig. 92 (Ref 230).
Water Content. Sources of water contami-

nation of a quench oil may include a leaking
heat exchanger, water-cooled bearings, fans,
hydraulic fluids, humid environments, or from
oil contamination or degradation (Ref 221).
Water concentrations as low as 0.1% or less
may cause soft spots, uneven hardness, or may
cause the quench bath to foam greatly, increas-
ing the potential for oil fires. Foaming potential
due to water contamination is illustrated in
Fig. 93. If a sufficient amount of water accumu-
lates in the hot quench oil, an explosion caused
by steam generation may result. In addition, the
presence of water may darken or stain other-
wise clean parts (Ref 231). Boyer and Cary
have reported that more than half of all pro-
blems reported for oil quenching systems are
related to water contamination of the oil
(Ref 232).
If water-contaminated oil is heated, a crack-

ling or frying sound may be heard. This is the
basis of a qualitative field test with an approxi-
mate detection limit of 500 ppm (0.05% water),
known as the crackle test, for the presence of
water in a quench oil (Ref 233). In this test, a
small quantity of the oil is heated to a tempera-
ture above the boiling point of water (>100 �C,
or 212 �F). If water is present in the oil, bub-
bling will be observed or a crackling sound will
be heard. However, water will only crackle if it
is present in quantities greater than the satura-
tion point, at which time it may be too late for
the safety of the quenching system (Ref 233).
In addition to being only qualitative, the crackle
test is subject to false positives due to the pres-
ence of volatile solvents and gases, and the
method does not measure chemically dissolved
water. Nevertheless, this test does have limited
utility as a rapid preliminary screening test for
free and emulsified water.
The following is the test procedure for

performing the crackle test (Fig. 94) (Ref 233):

1. Heat a hot plate to 160 �C (320 �F).
2. Thoroughly mix (violently agitate) the sam-

ple to assure a homogeneous suspension of
the water in the oil.

3. Using a clean eye dropper, place one drop of
oil on the heated hot plate and observe for:

a. If there is no crackling sound or vapor
bubble formation, then no free or emulsi-
fied water is present.

b. If very small bubbles (0.5 mm, or 0.02 in.)
are produced but disappear quickly,
approximately 0.05 to 0.10% water is
present.

c. If the bubble size is approximately 2 mm
(0.08 in.) and the bubbles concentrate at
the center of the oil spot and then disap-
pear, 0.1 to 0.2% water is present.

d. If the water concentration is greater than
0.2%, then the bubbles may start out at
approximately 2 to 3 mm (0.08 to 0.12 in.)
initially and then grow to 4 mm (0.16 in.),
with the process repeating once or twice.
Higher water levels may result in violent
bubbling, and a crackling sound may be
heard.

An even simpler, but less quantitative, alter-
native method for conducting the crackle test
is to heat a test tube that is one-third full of
the quench oil to be tested. If an audible crack-
ling sound occurs before the oil smokes, there
is water present in the oil (Ref 215).
The most common laboratory test for water

contamination below 1000 mg/kg (0.1%) in a

quench oil is the Karl Fisher analysis (ASTM
D6304) (Ref 234). This test uses the reaction
of water with a Karl Fisher chemical reagent
as its basis and a coulometric endpoint as the
measurement. Higher water contents may be
quantified by a distillation test method (ASTM
D95) (Ref 235).
Flash Point. The flash point is the tempera-

ture where the oil, in equilibrium with its vapor,
produces a gas that is ignitable but does not
continue to burn when exposed to a spark or
flame source. There are two types of flash point
values that may be determined: closed cup or
open cup. In the closed-cup measurement, the
liquid and vapor are heated in a closed system.
Traces of low-boiling contaminants may con-
centrate in the vapor phase, resulting in a rela-
tively low value. When conducting the open-
cup flash point, the relatively low-boiling by-
products are lost during heating and have less
impact on the final value. The most common
open-cup flash point procedure is the Cleveland
open-cup procedure described in ASTM D92
(Ref 236). The minimum open-cup flash point
of an oil in an open system with no protective
atmosphere should be at least 90 �C (160 �F)
above the oil temperature being used. In closed
systems where a protective atmosphere is used,
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the minimum open-cup flash point should be at
least 35 �C (65 �F) greater than the actual use
temperature (Ref 224).
Acid Number. As a quench oil degrades, it

forms carboxylic acids and ester by-products.
These by-products may significantly affect the
viscosity and viscosity-temperature properties of
the quench oil and therefore its quench severity.
Carboxylic acids may also act as wetting agents
and increase the quench rate by increasing the
wettability of the quench oil on the metal surface.
The amount of these by-products may be

determined by chemical analysis. The most
common method is the acid number. Because
fresh oil may be alkaline or acidic, depending
on the additives present, the absolute value of
the acid number itself is not indicative of the
quality. However, changes from the initial acid
number of the fresh oil may be indicative of the
degree of oxidation that has occurred, and
increasing acid numbers over time indicate
increased levels of by-product formation and
therefore degradation.
The acid number test (ASTM D664, Ref 237,

or D974, Ref 238) is conducted by first
dissolving the quench oil in a solvent mixture
of toluene and isopropanol to which has been
added a small amount of water standard solu-
tion of potassium hydroxide (KOH). This is
known as the acid number (AN) and is reported
as milligrams of KOH per gram of sample
(mg/g). The quench oil supplier will recom-
mend a maximum value for a used quench oil.
In the absence of such a value, ASTM D6710
recommends that the AN not exceed 2.00 mg
KOH/g for a used quench oil (Ref 224).
Oil oxidation may also be monitored and

quantified, even in the presence of additives, by
infrared (IR) spectroscopy. Figure 95 illustrates
the use of IR spectral analysis to monitor
changes that occur after oil degradation. Mang
and Jünemann monitored the IR stretching vibra-
tions of C=O at 1710 cm�1 for carboxylic acids
contained in an oxidized petroleum oil (Ref 239).
Infrared analysis has been used to identify and
quantify other carbonyl-containing compounds,
including (Ref 224):

� Metal carboxylate salts: 1600 and 1400 cm�1

� Carboxylic acids: 1710 cm�1

� Metal sulfates: 1100 and 1600 cm�1

� Esters: 1270 and 1735 cm�1

Saponification. Quench oil degradation
may produce both carboxylic acid and ester
by-products. The acid number quantifies the
amount of acidic by-products, and the saponifi-
cation number is a quantitative measure of
esters arising from oxidation and also fatty
esters that may be used as additives in the
quench oil. The saponification number is deter-
mined according to ASTM D94 (Ref 240). It
involves heating a sample of the oil with a
known amount of a basic reagent and measur-
ing the amount of reagent consumed. Because
some quench oils are formulated with compo-
nents that also have saponification numbers, it

is important not to measure an absolute value
but to monitor changes over time. An increase
in both the acid number and saponification
number indicates an increased propensity for
sludge formation. If the results of other tests
are satisfactory, then saponification numbers
below 3 mg KOH/g of oil may be acceptable
(Ref 224).
Sludge Formation. One of the greatest pro-

blems encountered with quench oils is sludge
formation. Although the various analyses given
previously may indicate that a quench oil may
be used, the presence of sludge may still be suf-
ficient to cause nonuniform heat transfer,
increased thermal gradients, and increased
cracking and distortion. Sludge may also plug
filters and foul heat-exchanger surfaces. The
loss of heat-exchanger efficiency may cause
overheating, excessive foaming, and possible
fires.
Sludge formation is caused by oxidation of

the quench oil. The oxidation reactions lead to
polymerized and cross-linked molecules that
are insoluble in the oil. The relative amount of
sludge present in a quench oil may be quanti-
fied by the precipitation number (ASTM D91,
Ref 241), which is determined by the addition

of naphtha to the oil and determining the pre-
cipitate volume after centrifuging. An alterna-
tive test that may be used is ASTM D2273
(Ref 242). Besides oil oxidation, other contri-
butors to sludge formation include dirt, carbon
residue formation, and soot from the heat
treating furnace, especially if high carbon
potentials are used or if the atmosphere is not
in control (Ref 221, 224). It is important to
maintain particle sizes in the quench oil to
<1 mm to optimize quenching performance
(Ref 243).
The relative propensity of sludge formation

of new and used oil may be compared,
providing an estimate of remaining lifetime.
Experimental procedures that may be used
include the Conradson carbon number (ASTM
D189, Ref 244), the hot-panel coker test (Ref
245), and the rotary bomb oxidation test
(ASTM D943, Ref 246). Typical hot-panel
coker test values for quench oils reported by
Cochrac and Rizvi are 1 to 2 mg deposits for
oxidatively stable formulations and 20 to
25 mg deposits for relatively unstable quench
oils (Ref 246).
Induction-Coupled Plasma Analysis. When

organometallic additives such as metal salts
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Fig. 95 Illustration of the use of infrared spectroscopy to quantitatively assess oxidative degradation of a quench oil.
(a) New vs. moderately degraded quench oil. (b) New vs. severely degraded quench oil
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are used as quench rate accelerators, their
potential loss by processes such as degradation
and drag-out can be quantified by performing
a direct analysis for the metal. One of the most
common procedures is induction-coupled plasma
spectroscopy.

Cooling Curve Characterization

As noted, tests to determine the physical and
chemical properties of a petroleum oil-based
quenchant are vitally important in identifying
the changes that occur in a quench oil during
use. However, because these methods do not
directly indicate the variations in quench sever-
ity caused by these fluid chemistry changes,
various laboratory tests to quantify quench
severity have been developed and are used in
conjunction with physical and chemical prop-
erty characterization. These tests include the
hot wire test, GM Quenchometer (nickel ball)
test, cooling curve analysis, and others. Of
these tests, cooling curve analyses are used rou-
tinely worldwide as the preferred method for
quenchant selection and for monitoring varia-
tions in used-quenchant performance. For petro-
leum oil-based quenchants, ASTM D6200 is
recommended (Ref 96) by ASTM D6710. In
this section, a number of examples are provided
to illustrate the utility of cooling curve analysis
for characterization of used quench oils.
Hampshire provided an example of cooling

rate variation with increasing time in use. As
Fig. 96 shows, maximum cooling rates and the
temperature at the maximum cooling rate
increase with increasing aging times. Further-
more, film boiling decreased to the point where
it could not be seen at the conclusion of the test
after 34 months in use (Ref 188, 247). These
data suggest that although the oil viscosity
was beginning to increase at the conclusion of
the test, sufficient quantities of relatively vola-
tile by-products would lead to the increased
cooling rates and loss of film-boiling behavior
shown. In addition, the polar carboxylic acids
that are formed acted as wetting agents to
enhance surface wetting of the oil, which also
increases cooling rates and serves to reduce
the film-boiling behavior.
Hewitt performed a similar study on the

effect of increased use times on cooling proper-
ties (Fig. 97). In this case, the cooling rate pro-
gressively decreased over time. This would
appear to be consistent with the drag-out of
the cooling rate accelerator during use.
Although it is likely that the oil oxidized, which
would be expected to produce faster cooling
rates, the relative impact of the loss of the cool-
ing rate accelerator is much greater in this case.
The effect of water concentration on a con-

ventional petroleum oil quenchant is shown in
Fig. 98 (Ref 249). Increasing concentrations of
water produced increasing maximum cooling
rates, with a corresponding slight shift in the
temperature where the maximum cooling rate
appears, most notably at concentrations greater

than 0.01%. However, the opposite effect was
obtained for an accelerated quench oil—a cool-
ing rate decrease with increasing water concen-
trations—as shown in Fig. 99 (Ref 248).
MacKenzie et al. evaluated the effect of var-

ious contaminants on cooling curve perfor-
mance and concluded that (Ref 221):

� The presence of hydraulic fluid, soot, salts, or
water as contaminants increases the maxi-
mum cooling rate of conventional quench
oils.

� Oxidation decreases the maximum cooling
rate and the temperature of maximum cool-
ing, which was attributed to increasing vis-
cosity of the quench oil.

� The presence of salt (from salt bath fur-
naces) and hydraulic fluid increases the max-
imum cooling rate by different mechanisms.
Salt deposition on the cooling metal surface
increases the total number of nucleation sites
and therefore decreases the average size of
the bubbles released during nucleate boiling,
thereby increasing heat transfer. The presence
of a lower-molecular-weight petroleum-based
hydraulic fluid decreases the viscosity of the
quench oil and reduces the boiling point of
the oil. (An alternative mechanism, although
not considered by the authors, is that the
antiwear additives in a hydraulic fluid are
surface active and therefore act as cooling
rate accelerators.)

� The presence of water increases the cooling
rate, which may lead to increased distortion.
In addition, the presence of water creates
nonuniform heat transfer on the cooling
metal surface, which is also a major contrib-
utor to increased distortion and cracking
(Ref 250).
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Oil Quench System Monitoring

After the oil quenchant is chosen and the
quenching system has been established, one
needs to establish the H-value of the system,
as shown in the previous section on the Rush-
man approach. Then, the system must be moni-
tored to detect any system changes.
Monitoring for System Changes in

Quench Severity. It has been shown that the
use of test pins for monitoring furnace quench
systems is an effective control tool. The follow-
ing test pins have been used successfully to
monitor 65 �C (150 �F) fast oil quenching sys-
tems having H-values of 0.35 to 0.50.

Test Pins. The minimum quantity of test pins
required should handle the testing requirements
for all furnaces to be monitored for a period of
one year. All test pins should be the same size
and made from a single heat of steel. Previous
experience has shown that for carburizing using
integral quench continuous and batch furnaces,
8620H test pins have been used successfully.
The pins were made from cold-drawn bar stock
with a diameter (depending on availability)
in the range of 15.8 to 19.1 mm (0.625 to 0.750
in.). The length was six times the diameter. A
shallow groove was added to the end of each pin
for attaching the pin by wire to the load. Test pins
were hung in all furnace loads in a location where
the processing was typical of the parts processed.
By using cold-drawn stock, the pins needed only
to be cut to length and grooved on a screw
machine, thus minimizing the cost per pin.
The aforementioned size range was chosen so

that the center core hardness would fall on the
steep slope of the Jominy hardenability curve.
Testing Frequency. The testing frequency for

each quench system should be as often as nec-
essary to assure that the quenching system is
in control. The minimum frequency should be
once a week after an initial sampling of at least
five test pins per furnace system to establish
a mean center core hardness value. For a well-
controlled quenching system, the range in
center core hardnesses should be within 3
HRC points. The test pins were evaluated as-
quenched only. No tempering was permitted.
Testing Method. Each test pin was sectioned

through the center of the pin, and the center core
hardness was checked by Rockwell hardness; the
result was recorded for each furnace. Also, the
same test pin can be useful in monitoring surface
hardness and/or effective case depth if used for
carburizing or carbonitriding processes.
Quench Oil Toxicity. One of the most sig-

nificant problems with petroleum quench oils
is their toxicity, particularly their carcinogenic
behavior, which is due, at least partly, to the
presence of polycyclic aromatic hydrocarbons
(PAHs). For example, although not all PAH
structures are carcinogenic, others are strongly
carcinogenic. Figure 100 illustrates a number
of known PAHs with carcinogenic properties
that have been found in petroleum oil-base
stocks (Ref 251). Denis et al. reported that used

quench oils contain considerable concentrations
of one PAH, benzo[a]pyrene, relative to the oil
in the unused condition. Table 38 summarizes
these results, which show that PAH content
increases substantially for used quench oils rel-
ative to fresh, unused oil. This was reportedly
due to repeated heating of the quench oil when
quenching hot steel, leading to the formation of
PAH structures in the oil.
Simpson and Ellwood reported results of

experiments conducted to monitor buildup of
PAHs in quench oils over time. Quench oils from
four different baths at three different heat treating
companies were monitored for 6 to 18 months. In
this work, the expected increase in PAH content
over timewas not observed, although the presence
of PAHs was observed (Ref 252).

Safe Use of Petroleum Quench
Oils (Ref 253)

Perhaps the greatest risk of using petroleum
oil-based fluids, which are inherently flammable,

in contact with large masses of hot steel
(at approximately 850 �C, or 1560 �F) is the
obvious fire risk potential to equipment, build-
ing, and people. There have been reported
cases of explosions, with resulting equipment
damage and personal injury. Therefore, heat
treatment operations involving an oil quench
should involve careful in-depth preplanning,
proper system design, and personnel training
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Table 38 Polycyclic aromatic hydrocarbon
(PAH) content of several new and used
quench oils

PAH

Concentration of PAH in quench oil, ppm

New Used

Benzo[a]pyrene 0.06 34.8
0.01 13.2
0.25 1.2

Overall PAH content 0.36 126
0.06 43.6
1.55 5.4

Source: Ref 251
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with respect to equipment and process proce-
dures and safety. It must be considered that
even after implementation of all of these
steps, there will be the possibility of failure
of one or more of these vitally important
links. This is a particularly important area to
understand in heat treatment practice, and this
section provides an overview of safety pro-
blems as they relate to petroleum oil quench
tanks.
Herring has summarized some of the most

common sources of explosions or fire in pro-
duction quench systems. Figure 101 is a photo
of a hot steel casting just prior to quenching
(Ref 254). The sources of explosions or fire
include (Ref 254):

� Water contamination: As little as 0.1%
water may be unsafe.

� Oil drag-out: When furnace loads are
allowed to drain over the oil prior to
removal, there is the potential hazard of
incomplete drainage. If there is sufficient
residual oil due to drag-out, it may ignite
as it passes through the door flame curtain.
Also, if the load temperature is greater than
the self-ignition temperature of the oil, the
residual oil may ignite upon removal of the
load from the furnace.

� Load hangup: If the load of hot steel seizes
in a partially submerged position during
transfer, a very dangerous fire may result.
This may also occur in an integral quench
furnace when a quench elevator door jams.
Some aids to the prevention of such fires
are careful design of hoists or conveyors
used to lower the work load into the quench;
periodic inspection of chains, sprockets, and
other components that may fail; and the
availability of an alternate power supply for
use in the event that a power failure occurs
during a quenching cycle.

� Inner door open during the quench: This
situation may occur when the inner door
sealing the furnace vestibule from the
quench tank is left open to decrease trans-
fer time.

� High-surface-area loads: Loads of small
components with high total surface areas,
such as fasteners, tend to drag out large
quantities of quench oil. The volume and
temperature of the oil fumes released may
be sufficient to lead to a fire.

� Oil overflow: The ignition of oil overflowing
from a tank can produce a most damaging
type of fire. When an oil quench tank is
located adjacent to a furnace or any other
source of ignition, special precautions are
required, such as providing inside overflow
drains, to prevent overfilling, and outside
drains, to prevent the spread of burning oil,
and providing a system for detecting the
presence of water in the oil (several detec-
tors are commercially available). If the oil
temperature approaches 120 �C (250 �F)
with water present, foaming can result in
overflow that exceeds the drain capacity.

� Exceeding the flash point: Another hazard
arises when oil is heated by the workload
to a temperature above its flash point. A
temperature less than 10 �C (50 �F) below
the flash point is considered dangerous. To
minimize the temperature rise, several meth-
ods may be employed, including the use of
cooling coils in the tanks, external heat
exchangers, more agitation, a larger tank,
or oil with a higher flash point.

Woolhead reported that there are three basic
types of quench tanks commonly used in oil
quenching operations (Ref 253):

� A completely open tank physically separated
from the heat treating furnace

� An open tank that is connected to the fur-
nace by means of a discharge chute

� A completely enclosed tank, within a sealed-
type quench furnace (integral quench), in
which the oil is normally blanketed by a gas

The first two types present the greatest fire
potential because of the greatest surface area
exposure to air. If a fire occurs in the chute
zone of the second type of system, it may be
particularly difficult to control with a specially
designed CO2 fire-suppression system. Further-
more, the second type of system is often
connected to a controlled atmosphere system
such as carburizing. If the oil level decreases
sufficiently, there may be air ingression into
the furnace, and an explosion may result. The
last type creates a greater explosion hazard
because the quench tank is fully enclosed and
separated from the hot furnace vestibule only
by an inner door.
Some of Woolhead’s quench tank design

recommendations for increased fire safety
include (Ref 253):

� All quench tanks should be equipped with
alarms to prevent overheating. Indicators
should include high and low oil levels, high
quenchant temperature, and inadequate cool-
ing and agitation. One exception is those
tanks with very low volume (<1000 L, or
265 gal) or surface area (1 m2, or 11 ft2).
Monitoring for water contamination should
be performed on all quench systems, regard-
less of size.

� For automated quenching systems, inter-
locks should be provided to prevent further
quenching when the oil bath temperature is
25 to 28 �C (45 to 50 �F) below the experi-
mentally measured closed-cup flash point
on the oil being used.

� Inadequate cooling should be determined
by monitoring the return oil flow from
the cooling system. Cooling may be
provided by externally located forced-air
radiators, water-cooled shell-and-tube heat
exchangers, or submerged water pipes or
water jacketing in the tank. If water-cooled
heat exchangers are used, the quench oil
pressure must be greater than the water
pressure to minimize the risk of water
ingression into the quench oil in the event
of a leak.

� Built-in safeguards should prevent partial
immersion of the hot steel into the quench
oil. Partial immersion may be due to failure
of the manipulators, including hoists or
elevators. Overhead hoists with gravity
descent are preferred for open-tank batch
systems.

Figure 102 is a schematic illustration of an
open quench tank for batch quench processes
that incorporates Woolhead’s safety recommen-
dations (Ref 253).

Fig. 101 Photo of austenitized steel casting just prior to immersion into the quench oil. Source: Ref 254
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Extinguishing Oil Fires. A planned program
for extinguishing quenching oil fires should
include:

� A quick method of extinguishing the fire
without contaminating the oil, such as by
smothering it with a tank cover or by the
use of a carbon dioxide system

� An auxiliary method giving longer-lasting
protection, such as foam, dry chemical, or
draining the tank

� Periodic training of personnel in fire preven-
tion and fire extinguishing

Facilities to drain oil from the tank to a safe
location constitute one method of preventing
serious fires.
Tank covers or lids can be used effectively to

smother a fire in a small tank. These covers can
be actuated by heat or, from a safe distance,
manually.
There are two general types of carbon diox-

ide systems: high-pressure systems, in which
the gas is stored at room temperature, and
low-pressure systems, in which the gas is stored
refrigerated to �20 �C (0 �F).
The primary effectiveness of carbon dioxide

lies in its ability to reduce the supply of oxygen
at the surface of the oil to the point at which it
cannot support combustion. In some systems,
carbon dioxide has a cooling effect as it sub-
limes from a solid “snow” to a gas.
The advantages of carbon dioxide are that it

does not contaminate the quenching oil or
require cleanup. Disadvantages are the short
duration of the protection afforded and the stor-
age costs for a large installation.
Fire-fighting foam is a mass of fine, heat-

resisting bubbles. It smothers an oil fire by
floating over the oil surface and setting up into
a stiff, long-lasting blanket. There are two gen-
eral types of foam: chemical and mechanical
(or air); both are equally effective.
An advantage of foam is its long-lasting pro-

tection. When a quench load has only partially
submerged, or when the fire has heated sur-
rounding metal, the protection must last until
these sources of reignition are eliminated. Some
disadvantages of foam are the cleanup problem
after use and that it can cause oil over 120 �C
(250 �F) to boil or foam unless the extinguisher
is discharged several feet above the tank surface.
The dry chemical extinguisher uses mainly

sodium bicarbonate discharged through heads
with high-pressure nitrogen. The advantages and
disadvantages of the extinguishing action are
similar to those of the foam type. Dry powders
have been known to contaminate quenching oil.

Polymer Quenchants

The traditional solution to cracking problems
has been to reduce the quench severity of water
by quenching in an oil. The trade-off, however,
may be inadequate through hardening, depend-
ing on the steel composition being quenched.

Polymer quenchants provide quench rates
intermediate between those achievable with
oil and water. Perhaps the major driving force
for the use of polymer quenchants, at least
initially, has been the reduction or elimination
of the fire risk potential and environmental
disposal problems associated with the use of
petroleum oil.
Aqueous polymer solutions have been used

in the heat treating industry for more than 50
years. However, acceptance and substantial use
is relatively recent. Polymer quenchants are
based on water-soluble polymers, and the most
common examples in use in the United States
today (2013) include cellulosic derivatives,
poly(vinyl alcohol), poly(sodium acrylate),
poly(acrylamide), poly(vinyl pyrrolidone), poly
(ethyl oxazoline), and poly(alkylene oxide)
(Ref 255). See Table 39 for a selected summary
of patents for major polymer types.
Although similar in some respects, individual

members of the polymer quenchant family
differ markedly from each other in other
respects. These differences can significantly
affect quenching performance. Therefore, it is

important to have a basic understanding of what
differentiates these different polymers in order
to better understand how to select the most suit-
able quenchant for the heat treating application
being considered.
In this section, a very brief primer on poly-

mers is provided. This discussion is followed
by a summary of the composition of the most
common water-soluble polymers, with their
physical properties, that affect quenchant for-
mulation and heat transfer at the hot metal
interface during the quench. The critical para-
meters that must be considered to ensure suc-
cessful quench process design are summarized.
Finally, a summary of quenchant analysis meth-
ods to ensure continued quenching performance
is provided. For more information on quench-
ants used for heat treatment of ferrous alloys,
see also Ref 16).

Polymer Primer

A polymer is a large molecule built up
by the repetition of smaller chemical units

Fig. 102 Schematic of an open quench tank incorporating some of Woolhead’s suggested safeguards. Source:
Ref 253

Table 39 Summary of selected polymers used for quenchant formulation

Polymer Inventor(s) Patent No. Date

Poly(vinyl alcohol) E.R. Cornell U.S. patent 2,600,920 June 10, 1952
Cellulosic derivatives M. Gordon U.S. patent 2,770,564 November 13, 1956
Poly(alkylene glycol) R.R. Blackwood and W.D. Cheesman U.S. patent 3,220,893 November 30, 1965
Poly(acrylamide) . . . British patent 1,163,345 June 1, 1967
Poly(vinyl pyrrolidone) A.G. Meszaros U.S. patent 3,902,929 September 2, 1975
Poly(sodium acrylate) K.-H. Kopietz U.S. patent 4,087,290 May 2, 1978
Poly(ethyl oxazoline) J.F. Warchol U.S. patent 4,486,246 December 4, 1984
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called monomers. For example, poly(sodium
acrylate) is prepared by the polymerization of
the monomer sodium acrylate. Similarly, poly
(vinyl pyrrolidone) is prepared by the poly-
merization of the monomer vinyl pyrrolidone.
Figure 103 illustrates the synthesis of various
water-soluble polymers used in quenchant
formulation from their corresponding mono-
mers (Ref 255). Some polymers are ionic, such
as sodium polyacrylate, butmost used for quench-
ants are nonionic.
The size of the polymers, or molecular

weight, in Fig. 103 is dependent on the magni-
tude of “n.” The molecular weight of the poly-
mer is equal to the molecular weight of the
monomer times “n.” Polymers that are used as
quenchants typically have average values of
“n” from approximately 100 to more than
10,000. The term average value of n is used
because water-soluble polymers used for
quenchant formulation are not a single polymer
chain with one molecular weight, but instead
the polymer chain has an average distribution
of n-values. It is important to note that polymer
stability decreases with molecular size. There-
fore, most, but not all, polymers used for
quenchant formulation exhibit molecular
weight in the range of 10,000 to 50,000. Fur-
thermore, in practice, the smaller the polymer,
the faster the quenching speeds at the same
concentration, bath temperature, and agitation
(Ref 256, 257).
Many heat treaters have mistakenly devel-

oped the belief that all polymers are the same
and will therefore produce the same quenching
results. For example, compare poly(sodium
acrylate) (PSA) and poly(alkylene glycol)
(PAG). The PSA polymers tend to be consider-
ably higher in molecular weight and, because of
their ionic nature, do not exhibit cloud points.
(A cloud point is the solution temperature
where a polymer undergoes a phase separation
from water. Cloud points, when measured
under atmospheric conditions, are limited to
approximately the boiling point of water.)
The PAG polymers, which are synthesized
with two co-monomers, do exhibit cloud
points that are dependent on the ratio of the
co-monomers.
Therefore, the separation and purification of

these two polymers, PSA and PAG, present
two very different problems. Also, as with most
polymer solutions of very different polymer
compositions, aqueous solutions of these two
polymers are not mutually compatible and can-
not be mixed.
Another problem that has arisen over the

years is the totally incorrect use of the term gly-
col when referring to a PAG quenchant. This
terminology error has, in a number of cases,
led to the formulation of a polymer quenchant
that was formulated from ethylene glycol, a
component in antifreeze, with absolutely disas-
trous results not only with respect to quenching
performance but also with respect to personnel
safety. Therefore, it is advisable to use the cor-
rect term for a PAG polymer-based aqueous

quenchant to cease using the misleading term
glycol (Ref 255).
Thermal Separation/Inverse Solubility.

Thermal separation of an aqueous polymer
solution is based on the limited solubility of
the quenchant polymer at elevated solution tem-
peratures. Thermal separation is accomplished in
practice by heating the aqueous polymer solution
to a temperature greater than the critical temper-
ature, its cloud point, at which time the polymer
will separate from solution. This is a thermally
reversible process so that when the solution
components cool below the cloud point and agi-
tation is applied, a homogeneous solution is
formed once again. Of those aqueous polymer
quenchants currently in commercial use, PAG-
based polymer quenchants are the most common
to undergo the thermal separation process.
Figure 104 is a schematic illustration of the

thermal separation process of a homogeneous
poly(alkylene glycol) aqueous solution (Ref 258).
The solution is heated to a temperature in
excess of its cloud point. Although the cloud
point of a PAG polymer quenchant solution
may range from 65 to 85 �C (149 to 185 �F),
in practice, thermal separations are often per-
formed at 90 �C (194 �F). Upon separation,

two layers are formed. The lower layer is usu-
ally the polymer-rich layer, unless the density
of the salt-rich aqueous layer is greater, in
which case, the layers will be inverted. Thus,
a salt contaminant can be easily fractionated
from the polymer (Ref 258).
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Fig. 103 Synthesis of selected water-soluble polymers, currently used for polymer quenchant formulation, from
their corresponding monomers. Source: Ref 255

Fig. 104 Typical thermal separation procedure using
inverse solubility of the polyalkylene glycol

(PAG) polymer quenchant in water. Source: Ref 258
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Polyvinyl Alcohol

The use of aqueous solutions of polyvinyl
alcohol (PVA) as quenching media was first
described in U.S. patent 2,600,290, which was
issued in 1952. Polyvinyl alcohol was discov-
ered in Germany and was introduced commer-
cially into the United States in 1939. The
chemical formula for PVA is:

CH3 CH (CH2 CH)n

OHOH

Although PVA can be regarded as a polymer
of vinyl alcohol, in reality all PVA resins
are made by the hydrolysis of polyvinyl
acetate. The extent of hydrolysis, which can
govern commercial applications, may vary
from partial (87 to 89%) through fully hydro-
lyzed (95%) to superhydrolyzed (99.7%). Fur-
thermore, the water solubility and quenching
characteristics of PVA resins (all of which
are solids) will vary with the molecular weight
of the polymer.
Cooling Characteristics. Polyvinyl alcohol

was introduced in the mid-1950s as an additive
to water to modify its cooling rate. As the
curves in Fig. 105 indicate, only slight varia-
tions in solution concentration are needed to
produce changes in cooling characteristics of
PVA solutions. At concentrations of less than
0.01%, the cooling characteristics at room
temperature are only modestly different from
those of water alone. With such small concen-
tration variations, close control of PVA solu-
tions is necessary. Control is complicated by
the fact that quenched parts can become coated
with an insoluble layer of resin, thus reducing
the bath concentration. Maintaining an effective
concentration requires specific control measures.

Polyalkylene Glycol

Polyalkylene glycols, or polyalkylene glycol
ethers, were first introduced as a family of
commercial products in the early 1940s. As
shown in the subsequent diagram, these mate-
rials are formulated by the random polymeri-
zation of ethylene and propylene oxides
(although higher alkylene oxides and/or aryl
oxides may also be used). Although block
polymerizations of these same oxides are pos-
sible, these derivatives are less attractive as
quenchants.

CH2 (CH2

CH3

CH O)m HO)n
(CH2HO

By varying the molecular weights and the
ratio of oxides, polymers having broad applica-
bility may be produced. Certain of the higher-
molecular-weight products were shown to have
utility as metal quenchants when used in aque-
ous solution (U.S. patent 3,230,893).

Proper selection of the polymer composition,
and its molecular weight, provides a PAG prod-
uct that is completely soluble in water at room
temperature (Ref 259). However, the selected
PAG molecules exhibit the unique behavior of
inverse solubility in water, that is, water insolu-
bility at elevated temperatures. This pheno-
menon provides the unique mechanism for
cooling hot metal by surrounding the metal
piece with a polymer-rich coating that serves
to govern the rate of heat extraction into the
surrounding aqueous solution. As the metal part
approaches in temperature the temperature of
the quenchant itself (stage C in Fig. 2), the
PAG polymer coating dissolves to again pro-
vide a uniform concentration in the quenchant
bath.
In the section describing the cooling charac-

teristics of water, one of the disadvantages cited
for plain water is that the vapor blanket stage
(stage A in Fig. 2) may be prolonged. This pro-
longation encourages vapor entrapment that
may result in uneven hardness and unfavorable
distribution of stress, which in turn may cause
cracking and/or distortion. By using polyglycol
quenchants, uniform wetting of the metal sur-
face results, thereby avoiding the unevenness
and accompanying soft spotting. In fact, selec-
tion of the proper PAG quenchant can provide
accelerated wetting so that the cooling rates
achieved are faster than water and approach
those achieved by brines. Thus, brine quench-
ing is possible without the hazards and corro-
siveness attendant with the use of salts or
caustic solutions.
U.S. patent 3,475,232 teaches that the addi-

tion of water-soluble alcohols, glycols, or gly-
col ethers with two to seven carbon atoms
also can improve the wetting characteristics of
PAG quenchants. Control of a multicomponent
system then becomes more complex.
Whereas rusting can be a drawback when

quenching with water alone, particularly where
recirculation of treated water is not employed,
solutions of polyglycol quenchants may be
inhibited to provide corrosion protection of the
quench-system components. Corrosion inhibi-
tion of quenched parts will be of short duration,
so that specific protection should be provided
following the tempering operation.
Cooling Characteristics. In the application

of PAG quenchants for heat treating, three prin-
cipal parameters are recognized to control the
rate of cooling:

� Quenchant concentration
� Quenchant temperature
� Quenchant agitation

The influence of polymer concentration on
cooling rates is illustrated by the cooling curves
shown in Fig. 106. No specific concentrations
are listed because the shape of the cooling
curve, as well as the change in rate with con-
centration, will vary with the selection of the
PAG quenchant. The slower rates of cooling
achieved at the higher concentrations reflect

the thickness of the polymer layer that sur-
rounds the heated part during quenching. The
polyglycol quenchants also are less sensitive
to minor changes in polymer concentration,
which is a recognized deficiency of polyvinyl
alcohol and the other film-forming’ polymer
quenchants.
Just as water exhibits a marked decrease in

cooling capability as its temperature is elevated
(Fig. 107), this same loss is translated to the
aqueous solutions of PAG quenchants. The
curves shown in Fig. 108 are illustrative of the
general trends that would occur with changes
in bath temperature; more detailed data would
require specific identification of the particular
PAG quenchant employed.
The use of no agitation with a polyglycol

quenchant would be unusual. In general, low
to moderate agitation is essential to ensure that
adequate replenishment of polymer occurs at
the hot metal surface and to provide uniform
heat transfer from the hot part to the surrounding
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Fig. 105 Cooling curves for polyvinyl alcohol solutions
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reservoir of cooler quenchant. Vigorous agitation
may be essential for achieving a rapid rate of cool-
ing (for example, with a low-hardenability steel)
to avoid undesired transformation. Figure 109
clearly illustrates that as agitation is increased,
the cooling curves shift to more rapid rates.
Control Measures. The refractive index of

oxyalkylene glycol polymer solutions (in the
range employed for quenching) is essentially
linear with concentration. Thus, the refractive
index of a PAG quenchant solution serves as a
measure of product concentration. Industrial-
model optical refractometers that employ an
arbitrary scale may be calibrated. Whereas such
instruments prove invaluable for day-to-day
monitoring of the quenchant concentration, the
refractometer also will register other water-sol-
uble components that are introduced to the used
quenchant. When the indicated refractometer
reading begins to provide erroneous numbers,
some other analytical test is required to define
the effective quenchant concentration. With
polyglycol quenchants, kinematic viscosity
measurements (which are correlated with con-
centration) have proven to be most useful.
As required, additional analytical tests for

pH, inhibitor level, and conductance may be
useful adjuncts to a successful monitoring

program. If the level of contaminants in the
polyglycol quenchant becomes excessive
(where these contaminants may be, in part, the
same undesirable constituents that are detri-
mental to water alone, or oil), quenchant recov-
ery can be affected thermally (Ref 260, 261).
By heating the quenchant solution (in whole
or in part) above the separation temperature, a
more dense polymer-rich layer is obtained. Much
of the water-soluble contamination can be with-
drawnwith the supernatant water layer. Solid con-
taminants such as scale or carbon would require
settling, filtration, and/or centrifugation.
Because PAG quenchants are highly bio-

resistant, the addition of a bactericide to the as-
supplied quenchant is not required. Further, bio-
chemical activity in use is traceable not to the
polyglycol polymer itself but to the introduction
of nutrient contaminants. Microbiological treat-
ment such as is employed with other aqueous
metal working fluids generally will keep under
control this foreign biological activity.

Polyvinyl Pyrrolidone

Polyvinyl pyrrolidone (PVP) is derived from
the polymerization of n-vinyl- 2-pyrrolidone. It

is a water-soluble polymer characterized by its
unusual complexing and colloidal properties
and by its physiological inertness. Polyvinyl
pyrrolidone has been available in the United
States as a white, free-flowing powder manu-
factured in four molecular weight grades. Its
structure is shown in the following diagram:

CH2 nCH

CH2

CH2

CH2

O

N

C

Solutions of PVP in water were first introduced
as quenchants in 1975, coinciding with the issu-
ance of U.S. patent 3,902,929. The patent defines
the molecular weight range for the pyrrolidone
polymer, the quantity of polymer recommended
for a solution concentrate (generally about 10%
polymer solids), and the preferred use of a rust
inhibitor and a bactericidal preservative.
Quenchant Variables. As with other poly-

mer-type quenchants, concentration, bath tem-
perature, and agitation all play a role in
establishing the cooling characteristics (Ref
262, 263). By comparison, the quenching rates
tend to be faster during the stable film and
nucleate and boiling stages but are slower dur-
ing the convection stage. Because PVP does
not have inverse solubility in water, only very
small amounts of polymer film are retained on
quenched parts at quenching temperatures from
30 �C (85 �F) to near boiling. Thus, a broader
working range of temperatures for quenching
can be employed.
Optical refractometer readings will provide

initial control of concentration, but backup with
viscosity measurements is strongly recom-
mended. The means for removal of impurities
by ultrafiltration was recently patented (U.S.
patent 4,251,292). This can be done without
interrupting the quenching process.

Polyacrylates

The most recent addition to commercially
available polymer quenchants in the United
States is a product comprising an aqueous solu-
tion of sodium polyacrylate. Introduction was
made at an ASM International Heat Treating
Conference/Workshop in May 1977. The fol-
lowing reaction illustrates that the polymer
may be achieved from the direct polymerization
of sodium acrylate or the alkaline hydrolysis of
some polyacrylate ester:

n

CH2 CH

OC

O Na

Byusing the salt of an alkali metal, in this instance

sodium, the polymer is provided solubility in

water.

Fig. 106 Effect of concentration on cooling rate
Fig. 107 Relation of surface-cooling power ofwaterwith

moderate agitation and water temperature

Fig. 108 Effect of temperature on cooling rate

Fig. 109 Effect of agitation on cooling rate
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Polyacrylate quenchants represent a class of
quenchants completely different from the PVA,
PAG, or PVP types. The latter polymers fall into
the type characterized as nonionic, that is, not ion-
izable or neutral. Quenchants are considered
anionic, which is negatively charged. The charged
character of the polymer imparts another dimen-
sion to the quenchant: strong polarity. The strong
polarity provides water solubility but is also sus-
pected of causing the polymer to operate by a dif-
ferent mechanism of heat extraction.
Unlike other polymer quenchants, polyacrylate

solutions do not split on heating and do not form
plastic films on the surface of the hot work. Their
slower rate of cooling is based on the molecular
weight of the polyacrylate and the subsequent vis-
cosity of its solutions. By varying the molecular
weights of the polymer, awhole family of quench-
ants can be designed to cover a full range of appli-
cations, from the fast quenching of water to the
slow cooling of oils.
The quenching effect of the polyacrylate

quenchants is a function of the three basic para-
meters: polymer concentration, bath temperature,
andbath agitation. The effect of polymer concentra-
tion and temperature for one of the commercially

available polyacrylate quenchants is shown in
Fig. 110.
The cooling curves of the polyacrylate solu-

tions can be almost straight, which is the result
of the extended vapor phase and reduced heat
extraction during the boiling phase. This unique
property of the polyacrylate quenchants allows
their applications for hardening of crack-prone
parts made of high-hardenability steels. Appli-
cations of this kind usually are unobtainable
with any other polymer quenchants or require
much higher concentrations of the polymer.
Comparison of cooling curves of a polyacrylate
quenchant with those of water, conventional
quenching oil, and a few typical polymer
quenchants is shown in Fig. 111.
As can be seen in Fig. 111, the cooling rates

of the polyacrylate solutions are distinctly
slower than those of any other polymer quench-
ants. This illustrates their advantages as
quenchants, in particular for applications
requiring a slow quenching effect.
With increasing polymer concentration and

bath temperature, the cooling rate of the solu-
tions can be slowed to the extent that many fer-
rous metals do not transform to martensite at all

but form bainite or pearlite. This nonmartensitic
quenching can be used for new and unique heat
treating procedures that are beneficial in many
respects, for example, cost, energy, safety, and
environmental control. Some applications of
the polyacrylate solutions for nonmartensitic
quenching are as follows:

� Deep carburized parts, such as bearing races,
balls, and rollers, are usually double hard-
ened in oil to obtain grain refinement. The
first quenching can be done in a polyacrylate
solution.

� Direct quenching of plain carbon steel with a
high carbon content can be done in polyacrylate
solutions to obtain similar mechanical proper-
ties as obtained by quenching and tempering
or austempering, such as automotive sway bars
or railroad rails made of SAE 1070 to 1090.

� Rod or wire patenting can be done in polya-
crylate solutions instead of the commonly used
lead or salt bath process at 510 to 565 �C
(950 to 1050 �F).

� Direct quenching of hot-formed parts can be
done in polyacrylate solutions to obtain good
machinability without the usual necessary

Fig. 110 Cooling rate of a polyacrylate quenchant as a function of concentration and temperature

Fig. 111 Cooling rates of different polymer quenchants
at 20% concentration at 25 and 60 �C (80 and

140 �F). PVA, polyvinyl alcohol; PAG, polyalkylene glycol;
PVP, polyvinyl pyrrolidone
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tempering process subsequent to hardening,
in particular for steels of low hardenability,
such as low-alloy carburizing steels.

� Cooling of hot-formed parts can be done in
polyacrylate solutions to prevent excessive
scaling and decarburization during slow cool-
ing in air, whereby practically the samemicro-
structure is obtained as during air cooling.

� Large concast steel slabs are water quenched
to shorten cooling duration, thus permitting
inspection shortly after casting. This is pos-
sible only for slabs of plain carbon steel with
up to 0.2% C. Alloy steels and steels with
higher carbon content must be air cooled,
which requires several days. They would
crack when water quenched. Now, the addi-
tion of polyacrylates to the slab quench
water allows faster cooling of high-carbon
and alloy steel slabs.

The polyacrylate quenchants also can be used
for quenching aluminum alloys after solution
treatment to minimize distortion and warpage.
As with any other polymer quenchants, the

polyacrylate solutions require the use of agita-
tion, the degree of which depends on the speci-
fics of application. As a general rule, a high
degree of agitation is recommended for harden-
ing operations, whereas minimal agitation is
usually sufficient for nonmartensitic quenching.
The concentration control of the polyacrylate

quenchants is based on their kinematic viscos-
ities. To take into account the influence of con-
tamination, they also should be periodically
checked with other laboratory methods, includ-
ing cooling curve analysis. This service usually
is provided by a quenchant supplier.

Fixtures

Fixtures are used to provide support or
restraint. Support fixtures are widely used to
minimize distortion during quenching. They
may vary in design from a simple tray or rack
to complex compartmented baskets and special
holders. Distortion of parts such as shafts is
minimized if they are hung or supported verti-
cally during heating and quenching.
Circular parts, such as large rings, may be

supported on flat surfaces during heating and
quenching. However, this practice may cause
nonuniform hardness, because it restricts the
flow of quenchant. A preferred practice is to
support such members on fixtures that have
radial ribs, machined or ground flat, to permit
free flow of the quenching medium to all areas.
Distortion of thin-walled circular members is

sometimes corrected by inserting pins inside
the ring to force the small diameter outward
prior to tempering. The pins are a part of a turn-
buckle assembly that permits adjustment. To
ensure acceptable roundness after tempering
and removal of the pin assembly, an overcorrec-
tion of approximately 50% is usually required.
However, corrective methods such as this are
practical only for small-scale production.

Restraint fixturing is costly and is used pri-
marily for highly specialized applications.
Notable examples of parts that require restraint
during heating and quenching are rocket and
missile casings or other large components with
thin-walled sections. For such components,
two or more external restraining bands may be
used. An articulated internal fixture also may
be required. It is built up of numerous cast or
stamped pieces pinned together to provide
many points of support and a free flow of
quenchant to the inner surface of the workpiece.
Articulated fixtures can accommodate work-
pieces of various diameters and lengths. The
whole assembly is hung in the furnace and then
lowered into the oil quench tank.
Cold Die Quenching. Thin disks, long slen-

der rods, and other delicate parts that distort
excessively when they are quenched in conven-
tional liquid media often can be quenched
between cold dies with virtually no distortion.
Example. Large, thin thrust washers, which

were blanked from cold-rolled steel and
contained machined oil grooves, developed
considerable distortion as a result of blanking
and machining stresses. A dimensional varia-
tion of 1.3 mm (0.050 in.) was common, and
even larger variations sometimes occurred.
Nevertheless, these washers had to be flat to
within 0.13 mm (0.005 in.) after hardening.
To ensure the required flatness, the washers

were squeezed between a pair of water-cooled
die blocks immediately after they left the hard-
ening furnace. The die blocks provided the nec-
essary quenching action while maintaining
flatness. When water-cooled beryllium copper
die blocks were used in this application, the rate
of cooling approached that obtained in water
quenching.
Cold die quenching is limited to parts with a

large surface area and a relatively small mass,
such as washers, rods of small diameter, and
thin blades.
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Characterization of Heat Transfer
during Quenching
B. Hernández-Morales, Universidad Nacional Autónoma de México, México

THE RECORD of 1548 megatonnes (Mt)
during 2012 (Ref 1) for global crude steel pro-
duction reflects the continuing success of steel
in obtaining a variety of mechanical properties
that can be achieved after processing, at a com-
petitive cost. Although solidification processes
play an important role, the final properties of
a given part are tailored during processing in
the solid state through the control of the micro-
structure. In particular, the mechanical proper-
ties sought in a part fabricated with steel can
be obtained by heat treating processes, which
are based on controlled heating and cooling
cycles.
Quenching is a heat treating process in

which the part is heated to the austenitizing
temperature (to transform the microstructure
into austenite), held at that temperature for
a period of time (to achieve the desired previ-
ous austenite grain size and, if necessary,
dissolve carbides), and rapidly cooled to room
temperature (to promote the austenite-to-
martensite transformation) (Ref 2). The as-
quenched martensite is hard but too brittle
to be used in the field; thus, quenching is usu-
ally followed by a tempering process that con-
sists of heating the part in the ferrite + iron
carbide region of the phase diagram, holding
it for a given period of time, and cooling it to
room temperature. The resulting so-called tem-
pered martensite (although it is not martensite
but rather fine carbide particles in ferrite)
has a relatively high hardness and toughness
(Ref 3).
Because quenched and tempered parts are at

or near the end of the production chain,
controlling these heat treating operations
becomes critical. However, during quenching
there are many phenomena that interact with
each other and occur at different scales, which
makes this a very complex process. Figure 1
summarizes the interlinked phenomena. There
are three basic fields of interest:

� The thermal field (which changes with time
due to heat extraction at the part/quench
medium interface)
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� The metallurgical field (which changes with
time as the various phase transformations
occur)

� The mechanical field (which changes with
time as displacements within the part occur)

Because the quench medium is either liquid
or gaseous, the fluid dynamics field within
the quenchant becomes important in defining
the heat extracted as the process progresses.
In the figure, the causes that create the interac-
tions among the different fields are also shown.
For example, the evolution of the metallurgical
field (the volume fraction evolution of each
one of the microconstituents) is associated with
two important effects that modify the thermal
field: the rate of latent heat release and the
values of the thermophysical properties (which
depend on both the temperature and the phase
distribution).
The initial state of each one of the basic

fields must be known as precisely as possible.
In this regard, it is common practice to assume
a uniform thermal field at the beginning of the
quench; the initial metallurgical field may
include a previously formed carburized layer,
prior-austenite grain size, and partially or fully
dissolved carbide-forming elements. Initially,
the mechanical field is the residual-stress field
after austenitizing.
The mechanical properties achieved and the

distortion produced by a given quenching oper-
ation are the result of the paths that each one of
the fields described previously follows during
the process.
The goal of steel quenching is to transform

the austenite into martensite while producing
as little distortion as possible. There are three
distinct methodologies that may be used
to design, control, and optimize an industrial
process such as quenching: empirical, labora-
tory-scale testing, and process engineering.
The level of complexity associated with the
analysis as well as the required technical exper-
tise increases from empirical procedures to
laboratory-scale testing to process engineering;
at the same time, the amount of knowledge gen-
erated also increases. For a given problem, any
one of the three approaches (or any combina-
tion) may be convenient.
The empirical methodology is mainly used to

define operational windows through experi-
ments in which the values of a number of pro-
cess variables are changed in an orderly
fashion and the results obtained in the final
product are compared against specific targets.
A case in which an empirical methodology
was used to optimize in-plant heat treating vari-
ables (austenitizing temperature and holding
time) to comply with as-quenched flatness spe-
cifications for gears was presented by Lim
(Ref 5). To reduce the number of experiments
required, he used a factorial design to design
the experimental matrix.
The empirical methodology provides very lit-

tle insight into the phenomena that occur during
the process, because it usually considers only

the initial and final states; on the other hand,
it is not possible to measure the various system
responses in situ, but rather, one must resort to
laboratory-scale measurements that usually
focus on only one aspect of the process. These
exercises are useful mainly for comparison pur-
poses, and therefore, it is important that they
are standardized. Although they have been
designed to reduce and simplify the phenomena
involved, it is still possible to obtain useful data
for process design and control. For example,
the hardenability of a given steel is character-
ized based on the Jominy end-quench test, in
which a bar fabricated with the steel of interest
is water quenched on one of its ends, and the
resulting hardness profile along the bar length
(which is directly related to the evolution of the
cooling rate distribution) is measured (Ref 6).
Process engineering is based on mathemati-

cal and physical modeling of the phenomena
occurring in a process, complemented by in-
plant and pilot-plant measurements as well as
laboratory measurements (to evaluate transport
and/or thermodynamic properties) (Ref 7).
A comprehensive review of mathematical mod-
els of quenching processes is published by Gür
and Şimşir (Ref 4). Physical modeling of
quenching processes is focused on studies of
fluid flow in the quench bath (Ref 8, 9).

Heat-Transfer Basics

All bodies at a temperature above zero Kel-
vin contain a definite amount of thermal energy
(the sum of internal and kinetic energy) that is
directly related to the body temperature;
because the latter is easier to measure, the ther-
mal energy state of a system is usually charac-
terized by its temperature.
The most common method used to record

temperature variations in many materials pro-
cesses is based on thermocouples. They may
be placed either within the part (by drilling

holes to insert them) or directly attaching them
to the part surface. In the first case, the thermo-
couples are secured to the part using various
high-temperature cements; in some investiga-
tions, precautions have been taken to improve
thermal contact between the thermocouple
sheath and the part. In the case of thermocou-
ples attached to the surface part, there are two
kinds of arrangements: intrinsic (the material
forms part of the thermoelectric circuit)
and extrinsic (the two thermocouple wires are
first welded and the resulting junction is
spot welded to the surface). Tszeng and Saraf
(Ref 10) showed that the fin effects associated
with a surface-mounted thermocouple affect
the measured temperatures and, consequently,
they developed a mathematical model to correct
it; the model can be embedded in a more gen-
eral finite-element model of heat transfer within
the part. The Liščić-NANMAC probe (Fig. 2) is
based on drilling holes perpendicular to the
probe surface to place the tip of a self-renewing
thermocouple at the probe surface (Ref 11).
Along with the temperature, the cooling rate

is a very important variable in heat treating. It
cannot be measured directly; instead, it is cal-
culated from the measured cooling curve (tem-
perature versus time data), usually assuming
a linear variation of the cooling curve during a
short time interval. With this assumption, a
two-point formula for approximating the deriv-
ative (Ref 12) is applied:

Cooling rate � qT
qt

ffi �T

�t
(Eq 1)

where T is temperature, t is time, and DT is the
temperature change over a small time interval
(Dt).
Given that the quantity of interest is the ther-

mal response, it is important to select an ade-
quate frequency of data acquisition. Totten
et al. (Ref 13) showed the effect of increasing
this frequency (from 1 to 5 Hz) on the cooling

Fig. 2 (a) Schematic representation of the Liščić -NANMAC probe. (b) Detail of the NANMAC thermocouple. Source:
Ref 11
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rate versus time curve for a cylindrical probe
(13 by 100 mm, or 0.5 by 4.0 in.) fabricated
with Inconel 600 instrumented with a single
thermocouple located at the geometrical center.
They found that the highest value was needed
to obtain a sufficiently smooth curve. A numer-
ical derivative (such as the one used to compute
the cooling rate) tends to produce rough
curves, particularly when a two-point formula
is applied.
The temperature distribution within a body

may be modified due to heat-transfer processes.
Heat transfer occurs whenever a temperature
difference (driving force) is present either
within a body or between separate bodies. The
rate of heat transfer is quantified by the heat
flow, which in turn is related to the heat flux
and the heat-transfer area:

Q ¼ qA? (Eq 2)

where Q is the heat flow, q is the heat flux, and
A? is the area perpendicular to the heat flow.
Another way ofmodifying the thermal balance

within a system is by converting its thermal
energy to another form of energy, or vice versa.
For example, when electric current flows through
a material that offers electrical resistance, part of
the electrical energy is transformed into thermal
energy, which is dissipated as heat; this is the
well-known Joule effect. On the other hand,
when an endothermic reaction occurs, thermal
energy must be supplied to contribute to the
chemical energy required for the reaction.
Thus, the heat that flows into a system, the

heat that flows out of a system, and the amount
of thermal energy transformed into/from
another form of energy combine to produce a
net change of thermal energy within the system:

A ¼
X
i

QE;i �
X
j

QS; j þ QG (Eq 3)

where A is the rate of accumulation of thermal
energy within the system, QE,I is the heat flow
into the system through area i, QS,j is the heat
flow out of the system through area j, and QG

is the rate of thermal energy transformation.
Note that all dimensions in the terms in Eq 3
are [thermal energy/time], that is, denote ther-
mal energy flow, although it is usually referred
to (erroneously) as heat flow.
The rate of the thermal energy transforma-

tion term in Eq 3 (QG) is also known as a heat
source (when another form of energy is trans-
formed into thermal energy) or a heat sink
(when thermal energy is transformed into
another form of energy). This term explains
the difference between sensible and latent heat:
the former implies a temperature change (A 6¼
0 in Eq 3) due to a net heat transfer to a body
without heat sources/sinks, while the latter
may occur isothermally (A = 0 in Eq 3) if the
net heat transferred to/from the body is bal-
anced by a heat source/sink associated with
a phase change or nonisothermally (A 6¼ 0 in
Eq 3) if such balance is not achieved.

Mechanisms of Heat Transfer. There are
two basic mechanisms by which heat may be
transferred: conduction and radiation (Ref 14).
Conduction occurs by heat exchange between
two parts of a system due to molecular motion;
therefore, it is characterized by short-distance
interactions and requires the presence of a
medium; that is, it cannot occur in vacuum.
Fourier developed a phenomenological law that
relates the heat flux by conduction with the
thermal gradient in the direction normal to heat
flow (Ref 15). He found that the heat flux is
proportional to the thermal gradient and that
the proportionality constant is dependent on
the material through which heat is flowing.
Fourier’s law is written (for example, for heat
flowing in the x-direction) as:

qk;x ¼ �k
qT
qx

(Eq 4)

where qk,x is the heat flux by conduction in
the x-direction, k is the material thermal con-
ductivity, T is the temperature, and x is the
x-coordinate.
Temperature is a scalar quantity (it has only

magnitude), while the heat flux is a vector
quantity (it has both magnitude and direction)
and has from one up to three nonzero compo-
nents. The minus sign in Eq 4 is required
because heat always flows from a hot to a cold
region, that is, against the thermal gradient.
Heat exchange by radiation occurs between

two surfaces at different temperatures; the
space between the surfaces may be transparent
to radiation—in which case it is not taken in
consideration in the calculations—or not. The
nature of thermal radiation is electromagnetic,
which makes it akin to light. The total amount
of energy emitted by a surface may be quanti-
fied through the Stefan-Boltzmann equation
(Ref 14):

qrad ¼ sT 4 (Eq 5)

where qrad is the heat flux due to radiation, s
is a constant (5.669 � 10�8 Wm�2 � K�4),
and T is the surface temperature (expressed in
Kelvin).
The Stefan-Boltzmann equation was derived

for the so-called black-body surface, which is
a hypothetic surface that absorbs all incoming
radiation. In general, a real surface emits less
radiant energy than predicted by Eq 5; there-
fore, the radiant thermal energy emitted by a
real surface, qrad,real, is given by (Ref 14):

qrad;real ¼ EsT 4 (Eq 6)

with e being the surface emissivity, which, for
steel, varies from 0.1 to 0.3 (for a polished sur-
face) to 0.8 (for an oxidized surface).
In many textbooks, a third mechanism, con-

vection, is described. It occurs due to the inter-
action between a surface and a fluid in motion;
when the fluid is moved by an external source,
one refers to forced convection, while free

convection is associated with fluid flow due
to density differences. In either case, heat
exchange between a surface and a fluid actually
occurs by conduction and radiation, and there-
fore, some authors prefer not to classify con-
vection as a heat-transfer mechanism proper
but rather refer to this mode of heat transfer
as heat transfer with convection (Ref 14). Due
to the complexity of solving both the velocity
and the thermal field (which are coupled in
the case of free convection and uncoupled for
forced convection), it is customary to apply
the so-called Newton’s law of cooling to quan-
tify the heat exchange between a surface and a
fluid in contact with it (Ref 16):

qint ¼ ��h�T ¼ ��h Tf � Tsurfð Þ (Eq 7)

where qint is the heat flux transferred across the
interface, �h is the heat-transfer coefficient, Tsurf
is the surface temperature, and Tf is the bulk
fluid temperature. The latter is the fluid temper-
ature outside of the thermal boundary layer
(the region where significant thermal gradients
do occur), and it is commonly assumed to be
constant. In many texts and papers related to
heat transfer during quenching, the heat-transfer
coefficient is represented by a.
Boiling Heat Transfer. Boiling occurs when

a vaporizable liquid is heated to a temperature
above its saturation temperature (at a given
pressure), resulting in a phase transition from
liquid to vapor (Ref 17); although boiling is
commonly associated with the formation of
bubbles, at sufficiently high surface tempera-
tures it is possible to form a film of vapor.
The different modes of boiling are classified

according to the hydrodynamics of the bath
and the fluid operational temperature with
respect to its saturation point (Ref 17). If the
liquid is quiescent, the boiling mode is termed
pool boiling, whereas in forced convective boil-
ing the liquid is set in motion by external
forces. It should be noted that bubble dynamics
induce mixing near the surface of the testpiece
in both modes. When the operational tempera-
ture of the liquid is kept below its saturation
point, subcooled boiling occurs; on the other
hand, in the case of saturated boiling, the liquid
is kept at a temperature slightly above its satu-
ration point. Regarding the thermal conditions
during an experimental study or a plant opera-
tion, they may be steady state (using either
electric power control or surface temperature
control) or transient.
Pool Boiling. The bulk of investigations on

boiling has been concentrated on saturated pool
boiling. In a pioneer study, Nukiyama (Ref 18)
devised a power-controlled experiment to char-
acterize the boiling behavior of saturated water
at atmospheric pressure. He heated a 0.14 mm
(0.006 in.) diameter nichrome wire in quiescent
water at 100 �C (212 �F) and plotted the loga-
rithm of the surface heat flux (qs) as a function
of the logarithm of the corresponding wall
superheat (DTsat), that is, the difference
between the surface temperature and the liquid
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saturation temperature; this graph is known as a
boiling curve. He observed that the surface heat
flux increases as the wall superheat increases
until a maximum is reached, the boiling curve
has a local minimum, and at very high wall
superheat values a burn-out effect occurs. From
his observations, the nucleate and film boiling
regions in a boiling curve were defined. The
nucleate boiling region is associated with
nucleation, growth, and departure of bubbles,
and its upper bound—in the boiling curve—is
defined by the maximum surface heat flux, also
known as the critical heat flux; on the other
hand, a film of vapor covers the surface in the
film boiling region. The critical heat flux is of
prime importance in nuclear reactor design
(Ref 19–22).
Nukiyama’s experiments were conducted

under steady-state conditions and controlled
the electric power supplied to the wire, that is,
controlled the surface heat flux. Under these
experimental conditions, it is not possible to
observe the region between nucleate and film
boiling. The complete boiling curve under pool
boiling conditions is shown, schematically, in
Fig. 3. The small amount of superheat (region I)
required to initiate the formation of bubbles is
due to kinetic factors that limit bubble nucle-
ation. The region in which bubbles are present
consists of two different subregions; in region
II, small bubbles are formed at only a few sites
along the surface, while in region III (nucleate
boiling), the bubbles are larger and cover
the entire surface. Due to their small size, the
bubbles in region II condense as they enter in
contact with the liquid; in contrast, the larger
bubbles in region III detach from the surface,
leaving an empty area that is quickly covered
by fresh liquid. As mentioned previously, the
upper bound of the nucleate boiling regime is
the critical heat flux. At higher temperatures,
the surface is in contact with increasing
amounts of vapor that hinder heat transfer, thus,
the negative slope of the boiling curve in region
IV, also known as transition boiling. Stable film
boiling (region V) is characterized by a vapor
blanket in contact with the entire surface; the
vapor blanket acts as a barrier to heat transfer,
which occurs by a combination of conduction
and radiation through the vapor blanket. If the
heat flux to the surface is further increased,
the wall superheat increases to a point where
radiation becomes the dominant heat-transfer
mechanism, and the surface heat flux increases
again.
Forced Convective Boiling. While fluid

flow in pool boiling is primarily driven by bub-
ble motion, bulk motion as well as buoyancy
effects are responsible for fluid flow in forced
convective boiling (Ref 24). For a given sub-
cooling, heat extraction is increased when the
fluid velocity increases, as shown schematically
in Fig. 4 (Ref 25). Near the critical heat flux,
the forced convective boiling curves for various
fluid velocities and subcoolings merge into a
single curve, known as the fully developed boil-
ing curve. In some systems, this curve lies on

an extension of the corresponding nucleate boil-
ing curve for pool boiling.
The need for higher cooling rates than those

provided by pool boiling has prompted the
development of more efficient cooling schemes
based on forced convective boiling. In the met-
allurgical industry, spray cooling is used in
press quenching of aluminum alloys because it
enhances the heat-transfer rate in all regions
of the boiling curve (Ref 26). Water-jet cooling
is applied in run-out tables to produce high
heat-extraction rates that result in ferrite grain

size refinement, producing steels with higher
strengths (Ref 27). During continuous casting
of steel, heat exchange between the copper
mold and cooling water takes place by forced
convection, which enhances heat transfer to
the cooling fluid, avoiding excessive mold heat-
ing, which may lead to defects in the casting
(Ref 28). Intensive quenching processes are
based on a highly agitated quench medium that
suppresses film boiling altogether (Ref 29).
A very efficient forced convective process is
jet impingement (Ref 30).

Fig. 3 Schematic of characteristic boiling curve for pool boiling in a saturated liquid. Source: Ref 23
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Heat Generated by
Microstructural Evolution

The microstructural field evolution during
quenching produces the final microstructural
distribution, but it also modifies the heat
balance within the probe. During quenching,
all solid-solid phase transformations in steels
are exothermic reactions; that is, they release
heat as they occur. The volumetric rate of heat
released by a phase transformation from austen-
ite to microconstituent k (qG,k) is proportional
to the rate of phase transformation:

qG;k ¼ r�H
qfk
qt

(Eq 8)

where r is the density, DH is the enthalpy
of transformation per unit mass, and fk is the
fraction transformed of microconstituent k.
The volumetric rate of heat released is

related to the rate of thermal energy transforma-
tion (QG in Eq 3) through:

QG ¼ qGV (Eq 9)

where V is the volume.
Under heat treating conditions, the local rate

of thermal energy transformation usually over-
comes the local net heat flow (refer to Eq 3),
resulting in a change of slope of the tempera-
ture/time curve during the phase transformation
period. Upon heating, the transformation to
austenite is endothermic, which causes a slight
decrease in the heating rate because of the heat
absorbed by the transformation. In contrast,
during cooling, the transformation is exother-
mic, that is, it releases heat, resulting in a
temperature increase known as recalescence.
For example, Fig. 5 plots the cooling curve
measured with a 1.6 mm (1=16 in.) diameter type
K thermocouple at the centerline of a 12.7 mm
(0.5 in.) diameter by 50.4 mm (2.0 in.) long
cylindrical probe made of AISI 4140 steel
quenched in a fluidized bed consisting of alu-
mina and air at room temperature. The numeri-
cal value of the fluidization number (the ratio of
actual gas velocity to minimum fluidization
velocity) is commonly used to characterize the
level of fluidization of a given fluidized-bed
reactor. The results in Fig. 5 refer to a fluidiza-
tion number of 1.4, which indicates that the
actual gas velocity through the bed is 1.4 times
the value required to achieve minimum fluidi-
zation, that is, the condition under which indi-
vidual particles lose contact with each other
and the bed behaves as a fluid. In the early
stages of the quench, the temperature decreases
monotonically; at approximately 320 �C (610 �F),
a change of slope is evident. The latter is due to
the heat released by the austenite-to-martensite
transformation, which overcomes the capacity
of the quench medium to extract heat. As men-
tioned previously, this change in a cooling
curve is referred to as recalescence. Toward
the end of the transformation, the rate of heat
released is compensated by the rate of heat

extraction, and the local temperature diminishes
monotonically until the fluidized-bed operating
temperature is reached.
The rate of formation of the new phase

is defined by the type of kinetics of the solid-
solid phase transformation. The objective of a
quench is to transform the austenite into mar-
tensite. The austenite-to-martensite transforma-
tion is one of two types of diffusionless
transformations (those in which the atoms need
to move only short distances) (Ref 32). The
phase transformation involves a definite orien-
tation relationship; that is, the atoms need to
move in a coordinated manner. Because there
are no thermally activated events, the amount
of martensite fraction transformed depends on
the local instantaneous temperature alone.
Koistinen and Marburger measured the volume
percent of retained austenite after quenching
pure iron-carbon alloys (0.37 < %C < 1.1)
using x-ray diffraction (Ref 33). From the
experimental data, they developed an empirical
equation to predict the volume fraction of
retained austenite after the quench. The Koisti-
nen-Marburger equation, in terms of volume
fraction of martensite ( fa0), is:

fa0 ¼ 1� exp �b Ms � Tð Þ½ 	 (Eq 10)

where T is the local current temperature, Ms

is the martensite start temperature, and b =
0.011 �C�1.
The diffusional transformations (austenite

transforming to ferrite, pearlite or bainite) occur
at high temperatures and may be described
mathematically—considering an isothermal
event—using the Johnson-Mehl-Avrami-
Kolomgorov equation (Ref 34, 35):

fk ¼ 1� exp �btn½ 	 (Eq 11)

where fk is the volume fraction (k � ferrite,
pearlite, or bainite), and b and n are parameters
to be determined experimentally.
From Eq 8, 10, and 11, it is evident that the

rate of thermal energy produced by austenite
decomposition during quenching depends on
the rate of phase transformation, which in turn
is a strong function of the current temperature.
Thus, the thermal and microstructural fields
are strongly coupled (Fig. 1).

The relationship between the kinetics of a
phase transformation and the variables tempera-
ture and time is given by a time-temperature-
transformation (TTT) diagram, such as that
shown schematically in Fig. 6. The characteris-
tic “nose” is a consequence of the competing
nucleation and growth events of the high-
temperature transformations. The temperatures
at which the austenite-to-martensite transforma-
tion starts and finishes are known as the mar-
tensite start and finish temperatures (Ms and
Mf, respectively). This type of diagram is
obtained through experiments conducted under
isothermal conditions and is also known as iso-
thermal transformation diagrams.
Quenching is a nonisothermal process.

Therefore, continuous cooling transformation
(CCT) diagrams are preferred instead of TTT
diagrams to predict (roughly) the final micro-
structure by superimposing a measured cooling
curve on the diagram. A CCT diagram is built
from data obtained during experiments in which
cooling is provided by a gas. However, the
usual cooling conditions during a quench are
very different from those obtained during gas
cooling, and therefore, care must be taken if a
CCT diagram is to be used for quantitative
predictions.

Liquid Quenching Heat Transfer

To optimize a quenching process, it is neces-
sary to fully understand the dynamics of the
interplay between the hot part and the quench-
ant. Although it is possible to quench some
steels in air and other gases, such as nitrogen,
hydrogen, and helium, the bulk of the quench-
ing operations are carried out using liquid
quenchants (Ref 2). Therefore, heat extraction
at the part surface usually occurs in the pres-
ence of boiling phenomena, with the exception
of quenching in molten salts or metals, which
is seldom used. Given that the size and geome-
try of parts quenched in a plant make it difficult

Fig. 5 Cooling curve measured at the centerline of an
AISI 4140 cylindrical probe quenched in a

fluidized bed (alumina plus air at room temperature) and
with a fluidization number of 1.4. Source Ref 31

Fig. 6 Schematic representation of a time-temperature-
transformation diagram
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to instrument them with thermocouples, it is
customary to compare the heat-extraction char-
acteristics of quenchants by means of studying
the thermal response of small-sized probes
quenched in laboratory-scale equipment, a
methodology known as cooling curve analysis.
In some studies, the results have been extrapo-
lated to predict the metallurgical response of
actual parts.
An example of a cooling curve measured in a

laboratory is shown in Fig. 7. The AISI 304
stainless steel conical-end cylindrical probe
(Fig. 7a) was heated in air using an electrical
resistance furnace and quenched in water at
60 �C (140 �F) flowing at 0.2 m/s (0.7 ft/s) par-
allel to the probe length; the cooling curve in
Fig. 7(b) corresponds to the position of thermo-
couple T/C 3 (42.67 mm, or 1.68 in., from the
top of the probe). Initially, the thermal response
is constant, which indicates that the probe is
still inside the furnace; at approximately 29.1 s
(as determined from a video taken synchro-
nously with the cooling curve), the probe has
reached its final position within the quench bath.
Immediately after the start of the quench, a

vapor film is formed surrounding the probe;
the vapor film acts as a thermal resistance,
reducing heat extraction. As the surface temper-
ature decreases, the vapor film becomes unsta-
ble, giving way to the formation of discrete
bubbles; bubble nucleation and growth is a very
efficient form of heat extraction, and therefore,
the cooling curve registers a sudden change in
its rate of change. At even lower temperatures,
boiling cannot be sustained, and the surface is
cooled by pure convection (in this case, forced
convection). Because the probe material is an
austenitic stainless steel, there is no phase trans-
formation during cooling, and the cooling curve
does not show any recalescence. Pilling and
Lynch (Ref 37) were the first to note this
behavior while measuring the cooling curve
measured at the center of 6.4 mm (0.25 in.)
diameter by 50 mm (2 in.) long cylindrical car-
bon steel probes quenched from 850 �C
(1560 �F) in vaporizable liquids; they named
the three zones of the cooling curve thus
described as A-, B-, and C-stage, respectively,
which is a nomenclature still in use today
(2013). Tagaya and Tamura videorecorded evi-
dence of the events at the probe surface during
quenching of a 10 mm (0.4 in.) diameter by
300 mm (12 in.) long cylindrical silver probe
while simultaneously recording the cooling
curve (Ref 38). They also identified a fourth
stage (which occurs at the start of the quench):
shock-film boiling.
Each one of the different stages shown in

Fig. 7 results in different magnitudes of heat
extracted by the quenchant, as schematically
shown in Fig. 8, where the heat-transfer coeffi-
cient associated with each stage is also shown
(Ref 39, 40). In the figure, immersion cooling
refers to a process in which a part is cooled
by immersing it in a fluid, while film cooling
occurs when a film of liquid descends along
the part surface to cool it.

Fig. 7 (a) Schematic diagram of the conical-end probe. (b) Thermal response measured by the thermocouple labeled
as T/C 3 during an experiment with water at 60 �C (140 �F) flowing at 0.2 m/s (0.7 ft/s). (c) Images taken from
the video recording (the scale on the photographs is given in millimeters). Source: Ref 36

Fig. 8 Wetting behavior and change of heat-transfer coefficient (a) along the surface of a metallic probe. (a)
Immersion cooling. (b) Film cooling. Source: Ref 39, 40. Reprinted, with permission, from Fuels and

Lubricants Handbook: Technology, Properties, Performance and Testing, copyright ASTM International, 100 Barr
Harbor Drive, West Conshohocken, PA 19428
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Rewetting is a complex phenomenon that
plays a key role in defining the heat-extraction
characteristics of a liquid quenchant. The rewet-
ting process marks the end of the vapor blanket
stage and the beginning of the nucleate boiling
stage; the loci of positions where this transition
takes place is known as the wetting front.
A related quantity is the Leidenfrost temperature
(Ref 41); in the context of metal quenching, this
quantity is the temperature at which film boiling
ends and transition boiling starts. Another form
of characterizing rewetting is by the rewetting
time, which is the time at which the transition
from vapor film to nucleate boiling occurs.
Quenching in oils, water, and some polymer

quenchants exhibits a slow advance of the wet-
ting front. As can be deduced from Fig. 7, not
only does the wetting front position vary with
time, but there is not a single value of the Lei-
denfrost temperature; instead, it is a function of
position along the probe length. This behavior
is known as non-Newtonian cooling, to distin-
guish it from a case in which the total area of
contact between the part and the quenchant is
considered to experience a single mode of heat
extraction at a given time (Newtonian cooling).
Although the latter assumption simplifies fur-
ther calculations, it has been pointed out that
it usually results in errors, as is the case with
the Grossman number or H factor (Ref 42),
which, nonetheless, has been used to predict
the final hardness distribution.
Once the position of the wetting front has

been determined as a function of time, the wet-
ting front velocity may be estimated by fitting
that curve. For example, knowing the wetting
front position determined from images
extracted from videorecordings during quench-
ing of conical-end cylindrical probes quenched
in water flowing (parallel to the probe length)
at 0.2 m/s (0.7 ft/s), Hernández-Morales et al.
(Ref 36) fitted a regression line, as shown in
Fig. 9(a). A measure of the goodness of a linear
regression is the coefficient of determination
(R2); if its value is close to 1, then there is a
strong linear relationship between the depen-
dent and independent variables. In the context
of Fig. 9(a) the value of R2 = 0.994 indicates
that the relationship between the wetting front
location and time may be assumed as linear,
and therefore, the wetting front velocity is con-
stant in this example. Using the same methodol-
ogy, the wetting front velocity was computed as
a function of bath temperature (Fig. 9b). The
relationship between wetting front velocity
and bath temperature was nonlinear, with the
wetting front velocity decreasing as the bath
temperature increased, because this condition
favors a more stable vapor film and therefore
higher local rewetting times. Due to the same
reason, the local Leidenfrost temperature
diminished (an indication of a more stable
vapor film) as the water temperature increased.
Besides the cinematographic technique, there

are alternative methods to characterize wetting
front kinematics. Künzel et al. (Ref 43) noted
that the electrical conductance between the part

surface and a counterelectrode is directly
related to the breaking up of the vapor blanket.
They instrumented a 15 mm (0.6 in.) diameter,
45 mm (1.8 in.) long cylindrical CrNi probe
with a thermocouple at the probe center and
measured the change of conductance between
the sample and a circular back-plate electrode
that is placed concentric with the sample. Dur-
ing the early stages of an experiment in boiling
water, they measured a very low electrical con-
ductance, because the vapor blanket is not only
a good thermal insulator but also a good electri-
cal insulator. As the rewetting process starts
and the wetting front spreads, the surface area
free from the water blanket increases and so
does the measured electrical conductance; thus,
the synchronous measurement of temperature
and electrical conductance allows the determi-
nation of the time and temperature at which
rewetting starts, as well as the portion of the
probe surface that is wetted at a given time.
With this information, it is possible to compute
the wetting front velocity; in this particular
experiment, rewetting started at the bottom,
and the wetting front advanced upward at a
constant velocity.

It is interesting to note that in their experi-
ments, using a probe with a smooth surface
(Fig. 10), the time at which rewetting starts
(ts, as determined from the electric conductance
measurements) is shorter than the time at which
a change in slope may be detected in the cool-
ing curve measured at the core (tu). This is a
direct consequence of the thermal resistance
between the probe surface and its center, which
delays and dampens the measured thermal
response with respect to the events taking place
at the probe surface. When the surface was
modified to reduce its smoothness (by machin-
ing a thread on it), the vapor blanket broke up
much earlier during the experiment, but the
wetted surface area was only that of the peaks
of the thread; consequently, the measured elec-
trical conductivity increased slowly until no
vapor was trapped within the threads. They also
studied the effect of bath agitation and subcool-
ing and found that the wetting duration
decreases when either one of those variables
increase. Furthermore, they also measured the
resulting hardness in Ck45 steel quenched from
880 �C (1615 �F) in water at 50 �C (120 �F);
they observed a hardness distribution along

Fig. 9 Wetting front kinematics during quenching of a conical-end AISI 304 stainless steel probe in water flowing
(parallel to the probe) at 0.2 m/s (0.7 ft/s). (a) Wetting front location as a function of time during quenching

in water at 60 �C (140 �F). Data (symbols); linear regression (line). (b) Wetting front velocity as a function of water
temperature. Source: Ref 36
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the probe sample that was consistent with the
wetting front kinematics.
Another method for determining wetting

front kinematics is based on the noise asso-
ciated with the formation and departure of
bubbles from a heated surface. Kobasko et al.
(Ref 44) quenched a 200 mm (8 in.) spherical
silver probe in a bath containing 15 kg (33 lb)
of quenchant. The probe was instrumented with
a type K thermocouple located at the probe cen-
ter and cast in place. The cooling curve was
recorded with a data-acquisition frequency of
30 Hz. Within the bath, a microphone was
located to monitor the noise produced during
the quench; the total signal width was divided
into 100 Hz bands over 200 channels. The
cooling-rate history curve is shown, along with
two spectrographs (frequency spectrum curves
extracted from the acoustical signal), in
Fig. 11. The spectrograph in the broadband
(Fig. 11b) resembles the cooling-rate history
curve, which is a good indication of the useful-
ness of the acoustical method. Moreover, even
though silver probes have been known for their
high sensitivity (because the high thermal
conductivity of the silver greatly diminishes
the lagging and damping effects), it was not
possible to detect the shock-boiling stage that
precedes film boiling using the cooling curve
data. In contrast, the acoustical method pro-
vided evidence of shock boiling: the peak with
high amplitude that occurs at less than 1 s in
the spectrograph shown in Fig. 11(c).
In their study, Künzel et al. (Ref 43) also found

that probe geometry has a significant effect on
heat extraction during quenching. Recently, Her-
nández-Morales et al. have shown, using compu-
tational fluid dynamics, that this effect is directly
related to the hydrodynamic conditions in the
vicinity of the probe (Ref 45–48). In particular,
the computed streamlines shown in Fig. 12 dem-
onstrate that the flow field is much more uniform
when using a conical-end probe as opposed to the
more commonly used flat-end probe; moreover,
the interaction between the fluid and the base of
the flat-end probe produces boundary layer sepa-
ration and a region of recirculation. As a result of
the hydrodynamic conditions, the pressure distri-
bution around the probe is alsomarkedly different
for both geometries, which directly affects the
evolution of the vapor film and consequently the
measured cooling curves and particularly the
wetting behavior.
Frerichs and Lübben (Ref 49) studied rewet-

ting in hollow and nonhollow cylinders by
means of videorecordings (30 frames/second)
and cooling curve measurements (with
0.5 mm, or 0.02 in., sheathed thermocouples
located approximately 1 mm, or 0.04 in., below
the probe surface). The probes were made from
303 stainless steel and were 50 mm (2 in.) in
diameter with lengths varying from 100 up to
200 mm (4 to 8 in.); the probes could have hol-
low and nonhollow sections. The probes were
heated to 850 �C (1560 �F) in a nitrogen atmo-
sphere and quenched in 130 L (34 gal) of still
high-speed oil (Isorapid 277) at 80 �C (175 �F);

care was taken to ensure that the quenchant
would not fill the hollow section of the probes.
The wetting front kinematics are shown in

Fig. 13 for a composite probe in which the bot-
tom part was solid and the upper part hollow;
no screws were used to attach both sections.
After immersing the probe in the quenchant,
the wetting front advances from bottom to top
(in the solid region of the probe); at 8 s the
rewetting of the hollow part occurs instanta-
neously, and at approximately 10.8 s the two
fronts converge at the longitudinal position
where the solid and hollow parts met. From this
result, it is clear that the amount of solid mass
(and therefore, thermal energy available) plays
an important role in rewetting. The larger
amount of thermal energy provided by the solid
part produced a low wetting front velocity,
which allowed the hollow part to cool to a tem-
perature at which the vapor film could not be
sustained before the advancing wetting front
could reach the hollow part. Considering all

their experiments, the authors concluded that
the formation of the wetting front needs nucle-
ation points such as edges or surface singulari-
ties. For the solid sections, the authors could
fit the position of the wetting front as a function
of time by a second-order polynomial, which
indicates that the wetting front velocity in the
solid section is not constant.
The nonuniform heat extraction resulting

from a non-Newtonian cooling, that is, nonuni-
form rewetting, has an impact on the thermal
response and therefore the final mechanical
properties and distortion. Lübben and Frerichs
(Ref 50) documented rewetting during quench-
ing of SAE 304 steel rings (133 mm, or 5.2 in.,
inside diameter; 145 mm, or 5.7 in., outside
diameter; 26 mm, or 1.0 in., in height); the
dimensions favor distortion if heat extraction
is nonuniform. The rings were heated in air to
860 �C (1580 �F) and manually transferred to
an agitated quench bath. The quenchant was
high-speed quenching oil (Thermisol QH

400

350

300

250

200

150

100C
o

o
lin

g
 r

a
te

, 
°C

/s

50

0

(a)

(b)

(c)

0 1 2 3 4 5

Time, s

Cooling rate curve denived from

cooling temperature - time data
obtained with silver probe

6 7 8 9 10

A
m

p
lit

u
d

e
, 
d

B

700
650
600
550
500
450
400
350
300
250
200
150
100
50
0

Frequency is 1.1 kc

Time, s

0 1 2 3 4 5 6 7 8 9 10

A
m

p
lit

u
d
e
, 

d
B

700
650
600
550
500
450
400
350
300
250
200
150
100
50
0

Frequency is 9.2 kc

Time, s

0 1 2 3 4 5 6 7 8 9 10
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10MC) kept at 60 �C (140 �F) and agitated by a
propeller that generated an oil velocity of
approximately 0.2 m/s (0.7 ft/s); some experi-
ments were conducted in still oil. The quench
tank had a window that allowed recording the
events at the ring surfaces using a charge-
coupled device videocamera; the quenching

oil used is transparent, which facilitated the
videorecording. They tested both horizontal
and vertical orientations and two different
modes for supporting the ring in the former
case. Figure 14 compares the rewetting behav-
ior for the horizontal and vertical arrangements.
Clearly, the orientation plays a significant role:

horizontal rings showed a wetting front that
was homogeneous in the angular direction but
asymmetric in the axial direction (starting at
the bottom with the second wetting front start-
ing at the top near the end of the rewetting pro-
cess). On the other hand, vertically immersed
rings showed a symmetrical wetting behavior

Fig. 12 Computed streamlines (m/s) in the vicinity of probes in contact with water at 60 �C (140 �F) flowing at 0.6
m/s (2.0 ft/s). (a) Flat-end probe. (b) Conical-end probe. Source: Ref 48

Fig. 13 Wetting front kinematics in a composite probe
with solid material at the bottom, hollow in

the upper part, and no screw threads. Quenched in
high-speed oil at 80 �C (175 �F) without agitation.
Source: Ref 49

Fig. 14 Rewetting behavior at different times for horizontal (top row) and vertical (bottom row) ring orientations. Source: Ref 50
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in the axial direction, with two wetting fronts
starting at both sides and moving at the same
velocity toward the center and asymmetrical in
the angular direction. From images extracted
from the videos, the position of the wetting
front as a function of time was determined
(Fig. 15). Because the vertically oriented rings
showed two symmetrical fronts moving toward
the center, the rewetting time in the axial direc-
tion was shorter (3.5 s) than in the case of the
horizontally immersed rings (nearly 5 s).
Variations on the horizontal arrangement, such

as different modes of holding the ring (by hang-
ing it or supporting it), bath agitation, and support
of initial temperature (either heating it together
with the ring or not), did not produce significant
differences in the rewetting behavior.
Intensive quenching is a process based on

suppressing film boiling completely. Kobasko
(Ref 51) showed that the requirement for film
boiling is that the initial heat flux is higher than
the first critical heat flux (qin > qcr1). The latter
is the local maximum heat flux that occurs
within approximately 0.1 s after immersing
the hot part in the bath (Ref 44). When qcr1 >
qin, nucleate boiling occurs immediately after
shock boiling; because nucleate boiling is a
very efficient mode of heat transfer, the surface
temperature drops very quickly, reaching the
saturation temperature and staying at that value
for a relatively long period of time in a process
that Kobasko has identified as self-regulated
thermal process (Ref 51). If film boiling is pres-
ent, then a local minimum heat flux, the second
critical heat flux (qcr2), is observed (Ref 44).
Thermal Field. The temperature field evolu-

tion within the part being quenched directly
affects the microstructural and dimensional
changes. The heat transfer within the part
is governed by conduction; therefore, the ther-
mal field may be computed by solving a heat
balance equation (Eq 3), with the heat flux
defined using Fourier’s law (Eq 4). When
Eq 2 is applied to an infinitesimally small con-
trol volume and Fourier’s law is substituted
for the heat flux, the general form of the heat-
conduction equation is obtained:

�r � �krTð Þ þ qG ¼ rCp

qT
qt

(Eq 12)

where qG is the volumetric rate of heat gener-
ated, r is the part density, Cp is the part
heat capacity at constant pressure, t is time,
and r is the nabla operator. Note that now
the dimensions in each term are thermal
energy/(volume � time).
The heat conducted through the part is trans-

ferred to the quench bath at the part/bath interface.
The relative importance of conductive and
interface transfer, which act in series, may be
assessed using the Biot number (Bi), that is, a
dimensionless number defined as the ratio of
thermal resistance due to conduction within
the solid to thermal resistance due to interface
transfer (with the latter computed using New-
ton’s law of cooling) (Ref 52):

Bi ¼ Thermal resistance ðconductionÞ
Thermal resistance ðinterfaceÞ ¼

�hLC
k

(Eq 13)

where LC is a characteristic length associated
with heat conduction. For a condition of heat
flow in the radial direction of a long cylinder
(often encountered in laboratory-scale testing
of quenchants), the characteristic length is
taken as the cylinder radius. Some authors cal-
culate the characteristic length from the part
volume and total surface area perpendicular to
heat flow:

LC ¼ V

A?
(Eq 14)

If the Biot number is less than 0.1, the thermal
resistance is dominated by the interface compo-
nent, and therefore, the thermal gradients
within the part may be considered as negligible,
which considerably simplifies the heat-transfer
problem. This special case may apply during
quenching of small probes with very high ther-
mal conductivity used for laboratory-scale cool-
ing curve analysis, but, in general, thermal
gradients within the part do occur.
To solve Eq 12 for a given application,

boundary and initial conditions must be
defined; this formulation is known as a mixed-
boundary and initial value problem.
The initial condition is the known tempera-

ture distribution at the beginning of the process:

T ¼ fi xið Þ in region� (Eq 15)

It is common practice to assume a uniform ini-
tial temperature distribution:

T ¼ constant in region� (Eq 16)

There are three types of boundary conditions
(Ref 53):

1. Prescribed temperature along the boundary
surface (first kind, or Dirichlet):

T ¼ fi xi; tð Þ on the boundary surface Si (Eq 17a)

2. Prescribed normal derivative of temperature
or heat flux along the boundary surface
(second kind, or Neumann):

qT
qn̂

¼ fi xi; tð Þ or q ¼ fi xi; tð Þ
on the boundary surface Si (Eq 17b)

3. Prescribed energy exchange with the sur-
roundings (third kind):

ki
qT
qn̂

þ �hiT¼ fi xi; tð Þ on theboundary surface Si (Eq 17c)

In the preceding equations, n̂ is the outward-drawn
normal to the boundary surface i. If the right side
of any of Eq 17 is equal to zero, the boundary con-
dition is said to be homogeneous, which simplifies
the analytical solution of the governing equation.
From a practical point of view, homogeneous
boundary conditions only occur at symmetry
planes, in which case a Neumann-type boundary
condition is always homogeneous.

Active Heat-Transfer Boundary
Condition

For a given alloy and targeted properties, the
heat-extraction history at the part surface is the
key element of a quench operation, because it is
directly related to the temperature field response
within the part being quenched. Thus, it is very
important to correctly define the active heat-
transfer boundary condition, that is, the heat-
transfer boundary condition at the part surface.
Given that it is very difficult to measure a

transient surface temperature, a Dirichlet-type
boundary condition (Eq 17a) is usually not
applicable for modeling quenching operations.
Instead, it is common practice to insert thermo-
couples into an actual part or a laboratory-scale
probe to measure the local thermal response at
the thermocouple hot junction; from these data
it is possible to estimate the heat-transfer
boundary condition either as a surface heat flux
(Eq 17b) or a heat-transfer coefficient (Eq 17c).
In many investigations, the heat-transfer

coefficient is computed using the Newton law
of cooling, as given by Eq 7. It has been com-
mon practice to use the liquid subcooling to
compute the heat-transfer coefficient:

Fig. 15 Wetting front kinematics, along the axial direction, for (a) horizontally and (b) vertically oriented rings.
Source: Ref 50
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�h ¼ � qs
Tf � Tsurfð Þ (Eq 18)

where Tsurf is the surface temperature, and Tf is
the bulk quenchant temperature.
However, Kobasko (Ref 54) has argued that

it should be calculated using the difference
between the surface temperature and the satura-
tion temperature of the quenchant (Tsat):

�h ¼ � qs
Tsat � Tsurfð Þ (Eq 19)

To distinguish between them, Kobasko refers to
the values defined by Eq 18 and 19 as the effec-
tive and real heat-transfer coefficient, respec-
tively.
In the opinion of the author, the use of the

heat-transfer coefficient should be discarded
in favor of the surface heat flux. The latter is
a physical quantity that directly measures heat
extraction at the part surface, and, as may be
realized from either Eq 18 or 19, the heat-
transfer coefficient does require knowledge of
the surface heat flux. Also, the computer codes
for modeling quenching processes are easy to
modify so that they use the surface heat flux
as a boundary condition instead of the heat-
transfer coefficient.
The Inverse Heat-Conduction Problem.

The mathematical problem of using a measured
local thermal response to estimate an active
heat-transfer boundary condition is known as
the inverse heat-conduction problem (IHCP),
as opposed to the direct heat-conduction prob-
lem (DHCP), which consists of calculating the
thermal field evolution for a given set of initial
and boundary conditions. There are several sce-
narios in which the IHCP needs to be solved for
a quench. Ideally, one is interested in estimat-
ing the active heat-transfer boundary condition
during an actual quench in a heat treating plant.
However, the complex geometry and big size
of real parts lead to a spatial distribution of
time-varying values of the heat-transfer bound-
ary condition over the part surface, which
would possibly require the solution of a three-
dimensional IHCP (i.e., one that considers heat
flow in three directions). In addition, the occur-
rence of a phase change, such as the austenite-
to-martensite transformation, complicates even
further the solution of the IHCP.
Instead of instrumenting an actual part, many

researchers have concentrated their efforts in
studying heat extraction in laboratory-scale equip-
ment using relatively small parts or probes of sim-
ple geometry, which has led to two-dimensional
heat flow or even one-dimensional heat flow
IHCPs. In many cases, the materials used do not
transform upon quenching; furthermore, given
certain conditions, thermal gradients within the
probe may be considered as negligible.
Bodies with Negligible Thermal Gradi-

ents. As mentioned previously, when the Biot
number is small (Bi < 0.1), the thermal resis-
tance by interface transfer, that is, on the cool-
ant side, is much higher than the thermal
resistance by conduction within the solid. In

that case, thermal gradients within the probe
may be assumed negligible, and therefore, the
temperature within the solid is a function of
time alone. Thus, based on Eq 3, a macroscopic
thermal energy balance may be set up, consid-
ering that the rate of change of thermal energy
within the probe is equal to the rate of thermal
energy transferred to the bath, if there are not
sources/sinks of thermal energy. This approach
is referred to as a lumped heat-capacity or
lumped parameter analysis (Ref 52).
In terms of surface heat flux, the macroscopic

heat balance is written as:

rCpV
dT tð Þ
dt

¼ q tð ÞA? (Eq 20)

where q(t) is a time-varying surface heat flux,
and A? is the normal surface area. In this equa-
tion, it is assumed that the surface heat flux has
a unique value, at a given time, over the whole
part surface; alternatively, one could work on a
slice of the probe as the computational domain.
Using the so-called Newton’s law of cooling

(Eq 7), this equation may be rewritten as:

rCpV
dT tð Þ
dt

¼ ��h tð Þ Tf � T tð Þ½ 	A? (Eq 21)

where �h tð Þ is a time-varying heat-transfer coef-
ficient. Note that with the assumption of negli-
gible thermal gradients within the solid, the
surface temperature that would normally appear
within the square bracket in the right side of
Eq 21 is substituted by T(t).
Either Eq 20 or 21 requires the definition of

an initial condition, such as:

T tð Þ ¼ T0; t ¼ 0 (Eq 22)

where T0 is the initial temperature.
The governing equation (Eq 20 or 21 plus

its initial condition) may be solved in a piece-
wise fashion along the time coordinate to esti-
mate the time-varying heat-transfer boundary
condition using any of the standard numerical
methods for solving ordinary differential equa-
tions, such as Euler, Runge-Kutta, and so on
(Ref 55). If the thermophysical properties are
temperature dependent, they may be assumed
as constant during a given time step to avoid
the need for an iterative solution.
A case in which the assumption of negligible

internal thermal gradients is valid arises in the
characterization of the heat extraction of a
quenchant using the Japanese industrial stan-
dard (JIS) K2242 silver probe (Ref 56). The
probe is a cylinder, 10 mm (0.4 in.) in diameter
and 30 mm (1.2 in.) long, fabricated with silver
and instrumented with a thermocouple at mid-
height, near the probe surface (Fig. 16).
Narazaki et al. (Ref 57) used their LUMP-

PROB computer code (which is based on the
lumped parameter analysis) to estimate the
heat-transfer coefficient during quenching of
the JIS silver probe in 15% polymeric solution
at 30 �C (85 �F) without agitation, in water
at 30 �C (85 �F) without agitation, and in

oil (JIS 1-2) at 80 �C (175 �F) without agita-
tion. They solved Eq 21 by numerically com-
puting the derivative on the right side of the
equation instead of integrating the ordinary dif-
ferential equation. Their methodology includes
a smoothing technique (a polynomial curve-
fitting method combined with a least-squares
technique) to reduce undesirable noise in the
measured thermal response that would be inten-
sified in the numerically computed derivative.
Hasan et al. (Ref 58) used a similar approach,
smoothing the data by using a rolling average
of 11 points.
Narazaki et al. (Ref 57) tested two scenarios

in their calculations: constant and temperature-
dependent thermophysical properties. The esti-
mated heat-transfer coefficient as a function of
surface temperature (which, in the present case
of negligible thermal gradient, is identical to
the centerline temperature) for the three
quenchants studied is shown in Fig. 17(a). The
maximum values of the heat-transfer coefficient
follow the order: water (30 �C, or 85 �F, still) >
oil (80 �C, or 175 �F, still)> 15%polyacrylamide
(30 �C, or 85 �F, still). Although the heat-transfer
coefficient curves do not show noticeable differ-
ences when using constant or temperature-
dependent thermophysical properties, a much
better agreement between measured and com-
puted (based on the estimated heat-transfer coef-
ficients) cooling curves was obtained when
temperature-dependent properties were used in
the calculations (Fig. 17b).
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In a separate paper (Ref 59), Narazaki et al.
reported a comparison between calculated and
measured cooling curves in S45C steel cylin-
drical probes (20 mm, or 0.8 in., diameter by
60 mm, or 2.4 in., long) quenched in still water
at 30 �C (85 �F) and still 10% polyalkylene gly-
col aqueous solution by modifying initial esti-
mates of the heat-transfer coefficient deduced
from cooling curves measured with the JIS sil-
ver and the ISO 9950 Inconel alloy probes,
which validated their methodology to estimate
heat-transfer coefficients from measured cool-
ing curves.
Bodies with Thermal Gradients. The com-

bination of size and relatively low values of ther-
mal conductivity of real parts (and even some
small laboratory-scaleprobes) results inBiot num-
ber values considerably larger than 0.1, and

therefore, the thermal gradients within the solid
cannot be neglected. In this case, the temperature
is a function of time and at least one spatial coordi-
nate, and therefore, amicroscopic (as opposed to a
macroscopic) thermal balance must be adopted.
The majority of the probes used to characterize
heat extraction during quenching are cylinders
designed with a length-to-diameter ratio greater
than four, which guarantees that there are no end
effects, and, in principle, heat transfer may be
assumed to be one dimensional. If a wetting front
with a finite velocity does occur, then significant
axial temperature gradients are generated within
the part, and two-dimensional heat flow would
have tobeconsidered.However, tokeep thedevel-
opment of the equations that follow as simple as
possible, the presence of a slow-moving wetting
front will not be included in the analysis.

Following the one-dimensional heat-flow
assumption, the governing equation within the
probe is given by:

rCp

qT r; tð Þ
qt

¼ 1

a
q
qr

rk
qT r; tð Þ

qr

� �
(Eq 23)

where a = k/(rCp) is the thermal diffusivity. At
the centerline, the temperature profile is sym-
metrical, which implies that the spatial deriva-
tive of the temperature is equal to zero:

qT
qr

¼ 0 t > 0; r ¼ 0 (Eq 24)

At the solid/quenchant interface, the heat
extracted by the fluid is characterized by a sur-
face heat flux or a heat-transfer coefficient:

�k ¼ qT
qr

¼ qs tð Þ t > 0; r ¼ R (Eq 25)

or

�k
qT
qr

¼ ��h tð Þ Tf � Ts tð Þ½ 	 t > 0; r ¼ R (Eq 26)

The initial condition, considering a uniform ini-
tial temperature distribution, is:

T r; tð Þ ¼ T0 t ¼ 0; 0 
 r 
 R (Eq 27)

The mathematical formulation of the IHCP
includes the same governing equation and cen-
terline boundary condition, but the surface heat
flux or the heat-transfer coefficient is unknown,
which makes Eq 25 or 26, respectively, indeter-
minate. Instead, the thermal response (cooling
curve) at a given position within the solid is
known from measurements:

T r1; tð Þ ¼ Y1 tð Þ t > 0; r ¼ r1 (Eq 28)

where Y1(t) is the measured thermal response.
Mathematically, the IHCP is an ill-posed

problem; that is, its solution does not satisfy
the conditions of existence, uniqueness, and sta-
bility (Ref 60). Moreover, the solution to the
IHCP is very sensitive to measurement errors.
Because of these characteristics, most of the
IHCPs of technological importance require spe-
cial techniques to stabilize the solution and obtain
physically plausible results (Ref 60–63). It should
be pointed out that all of these techniques use the
solution of the associated DHCP as part of the
IHCP algorithm. Because the active heat-transfer
boundary condition is usually highly nonlinear,
the DHCP cannot be solved analytically, and
one must resort to numerical solutions such as
finite differences or finite elements. The numeri-
cal solution to the IHCP may estimate the heat-
transfer boundary condition sequentially, that is,
estimating a single value at each time step; on
the other hand, whole-domain procedures esti-
mate all values of the heat-transfer boundary con-
dition simultaneously. It must be stressed that the
solution of an IHCP provides an estimated value;
it is not possible to calculate the exact figure.
There are three basic methods to solve an IHCP:

function specification, regularization, and iterative
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Fig. 17 (a) Estimated heat-transfer coefficient as a function of surface temperature for 15% polymeric
(polyacrylamide, or PAM) solution at 30 �C (85 �F) without agitation, for water at 30 �C (85 �F) without

agitation, and for oil (JIS 1-2) at 80 �C (175 �F) without agitation. (b) Corresponding measured (solid line) and
calculated cooling curves estimated with two different assumptions of h coefficients: thermal properties varying as a
function of temperature (dashed line) and thermal properties held constant (dotted line). Source: Ref 57
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regularization (Ref 64). The function specification
method assumes a functional form (with few
unknown constants) of the active heat-transfer
boundary condition; the experimental data are then
used to estimate the constants bymeans of the least-
squares method (Ref 61). The least-squares func-
tion (for one-dimensional heat flow) is the sum of
the square of the difference between measured
and estimated temperatures for all thermocouples
during anumberof time steps (including the current
time step and a few future time steps):

S ¼
XJ
j¼1

Xr

i¼1

Yji � Tji
� �2

(Eq 29)

where Y is a measured temperature, T is the
corresponding calculated temperature, J is
the number of thermocouples, r is the number
of future time steps, and the subindexes j and
i represent the thermocouple and local future
time step, respectively. For a single thermocou-
ple (J = 1), Eq 29 reduces to:

S ¼
Xr

i¼1

Yi � Tið Þ2 (Eq 30)

By using experimental data spanning few
time steps (the current one and up to r values),
the solution to the IHCP is stabilized, which is
particularly critical considering that heat trans-
fer during quenching produces high cooling
rates, which in turn implies very small time
steps (high frequency of data acquisition) for
which even small measurement errors result in
very unstable solutions.
The least-squares procedure is based on

minimizing the least-square function (S) with
respect to the heat-transfer boundary condition,
which may be accomplished by deriving S and
equating the result to zero:

qS
qq̂M

¼ 0 (Eq 31)

or

qS

qĥM
¼ 0 (Eq 32)

depending on whether the active heat-transfer
boundary condition is expressed in terms of
the estimated surface heat flux (q̂) or the esti-

mated heat-transfer coefficient (ĥ), respectively.
In Eq 31 and 32, the superindex indicates that
the quantity is being evaluated at time tM.
One of the most commonly used sequential

function specification algorithms in quenching
is due to Beck et al. (Ref 65). In this algorithm,
the thermophysical properties are assumed to be
constant (and evaluated at the previous time
step) at a particular location within the solid
while estimating the heat-transfer boundary
condition during a given time step, which is a
very reasonable assumption for small computa-
tional time steps. Using this assumption, the
IHCP becomes linear during a particular
computational time step, which results in a very

efficient algorithm, because there is no need to
iterate while estimating q̂M or ĥ. Also, a con-
stant surface heat flux functional between tM-1

and tM is adopted to estimate q̂M. The core of
the algorithm is the following explicit equation
that is used for estimating the value of the
surface heat flux at time tM when using a single
thermocouple assembly:

q̂M ¼ q̂M�1

þ 1

�M

Xr

i¼1

YMþi�1 � TMþi�1ð ÞXMþi�1 (Eq 33)

where

�M ¼
Xr

i¼1

XMþi�1ð Þ2 (Eq 34)

The quantity XM+i�1 is the sensitivity
coefficient:

XMþi�1 ¼ qTMþi�1

qq̂M
(Eq 35)

Once q̂M has been calculated, it becomes the
base point for the following time step, and the

temporary values of q̂Mþ1 . . . q̂Mþr�1 are elimi-
nated. The procedure is repeated until the total
process time is reached. To improve accuracy,
it is possible to use computational time steps
that are smaller than the experimental ones.
It may be shown that the definition of the

sensitivity coefficient leads to a governing
equation (with associated initial and boundary
conditions) that has a very similar structure to
that of the DHCP. Thus, the DHCP and sensi-
tivity problems associated with the sequential
function specification algorithm may be
integrated in time using the same numerical
technique, such as finite differences of finite
elements.
On the other hand, regularization techniques

are based on adding a term, called a regularizer,
to the least-squares function; this term includes
a parameter (a) that is selected based on what is
known about the measurement errors (Ref 64).
For example, in the zeroth-order Tikhonov reg-
ularization technique, the least-squares function
for estimating the surface heat flux in a one-
thermocouple assembly is given by:

S ¼
XI

i¼1

Yi � Tið Þ2 þ
XI

i¼1

a qið Þ2 (Eq 36)

where qi is the estimated surface heat flux at
time ti, and I is the total number of time steps;
that is, the method uses the whole time domain.
Instead of using a least-squares method, the
adjoint-conjugate gradient method is commonly
applied to minimize S.

The iterative regularization method is also
a whole-domain technique that employs the
conjugate gradient method (Ref 64). The func-
tion to minimize has the form:

S ¼
XI

i¼1

Yi � Tið Þ2 (Eq 37)

Beck et al. (Ref 64) used experimental data
to compare the three methods described earlier.
The experimental setup consisted of a 0.86 mm
(0.034 in.) thick mica heater (containing a
very thin planar electric heater at its center) in
contact with a composite specimen that was
insulated at its opposite end. The three meth-
odologies for solving the IHCP were compared
using the experimental thermal response
measured at the mica/specimen interface as
input and the following root mean square
(rms) expression to estimate the error generated
by the approximations used in the algorithm:

�̂qrms
¼ 1

I � 1

XI

i¼1

qi � q̂ið Þ
" #1=2

(Eq 38)

It should be pointed out that, in general, the
actual value of the surface heat flux is not
known; however, in this particular experimental
setup, the current fed to the mica heater could
be controlled, and therefore, the heat flux into
the specimen (qi) was known with a high
degree of accuracy, which, evidently, is not
the usual case. Although the results were very
similar for all three methods, the authors
remarked that the sequential forward selection
algorithm is conceptually simpler and easier to
extend to other problems of interest.
There are other techniques that have been put

forward to solve the IHCP. Sánchez-Sarmiento
et al. (Ref 66, 67) estimated the heat-transfer
coefficient history using an optimization tech-
nique that assumes either a linear or a polynomial
variation of the heat-transfer coefficient with
time. Kobasko et al. have applied a technique
based on the Kondratjev and the generalized Biot
numbers together with themeasured core cooling
rate at a given temperature to estimate the effec-
tive heat-transfer coefficient during quenching
in vegetable oils (Ref 68). Murio developed a
methodology known as mollification (Ref 69).
Felde and Totten (Ref 70) compared the perfor-
mance of the conjugate gradient method, the
Levenberg-Marquardt method, the Simplex
method, and the Nondominated Sorting Genetic
Algorithm (NSGA II), using fictitious thermal
responses from two cases of theoretical heat-
transfer coefficients: time-dependent and time-
and local-coordinate-dependent. In the first case,
all methods gave comparable results, with the
conjugated gradient method showing the fastest
convergence; for the second example, the best
estimation was obtained using the NSGA II
method.
For simplicity, the aforementioned equations

have been written for a system where the heat
flow may be assumed to be one dimensional.
If the part geometry is complex or if slow
rewetting occurs, it is likely that the active
heat-transfer boundary condition would have
different values at different sections of the part
at a given time. This condition would lead to
heat flow in more than one direction, which
results in a two- or even a three-dimensional
IHCP. Although the same principles explained
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earlier can be extended to these groups of pro-
blems, the solution is much more involved.
Some examples of multidimensional IHCP
solutions can be found in Ref 70 to 75.
Regarding the design of a thermocouple

arrangement within a probe or part, two points
may be made. Through the concept of the sen-
sitivity coefficient, it is possible to show that
the best place to locate a thermocouple is as
close to the active boundary condition as possi-
ble (Ref 76), which is consistent with the
reasoning of having a lower thermal resistance
between the thermocouple and the part surface,
which diminishes the effects of lagging and
damping of the signal that severely affect the
performance of any IHCP algorithm. The pres-
ence of a probe within a field to be measured
will always cause a disturbance in that field.
Li and Wells (Ref 77) found that the direction
of the thermocouple with respect to the active
surface has a significant effect on the estimated
surface heat flux; a thermocouple inserted at an
angle of 90� with respect to the active surface
leads to large errors in the estimated surface
heat flux, which is not the case when the ther-
mocouple is inserted parallel to the active sur-
face. They also concluded that the presence of
the hole should be considered in the inverse
heat-conduction model when the Biot number
is large. In a follow-up paper, Caron et al.
(Ref 78) showed that the problem described
previously may be corrected by defining an
equivalent thermocouple hole depth when using
thermocouples inserted at 90� with respect to
the active surface; this equivalent depth corre-
sponds to a fictitious depth at which the same
thermal response would be measured if the
thermal field were undisturbed. Figure 18
shows the surface heat flux as a function of sur-
face temperature estimated from experimental
data during rapid cooling of a disk made of
AISI 316 stainless steel (Ref 78). As can be
observed in the figure, the use of the equivalent
depth concept (“ED” in the figure legend) cor-
rects the estimated surface heat flux when a
thermocouple inserted at 90� is used to record
the thermal response.
Bodies with Internal Heat Generation.

Most of the studies carried out to characterize
the heat-extraction characteristics of a given
quenchant through cooling curve analysis rely
on using materials that do not undergo phase
transformations during the quench. Although
this consideration simplifies the solution of the
IHCP, it has been argued (Ref 58, 79) that this
approach does not aid in revealing the effect
of phase transformations on the active heat-
transfer boundary condition.
Prasanna Kumar conducted a series of

experiments with instrumented probes made of
a medium-carbon steel (AISI 1050) quenched
in an aqueous solution of polyalkylene glycol
(Ref 79). The probes were 25 mm (1.0 in.)
diameter by 100 mm (4.0 in.) long and had a ther-
mocouple placed at midheight, 4 mm (0.16 in.)
from the probe surface. The surface heat flux
and the surface temperature were estimated

by solving an IHCP that includes a source
term associated with phase transformations
during quenching. Considering an insulated
section around the middle 10 mm (0.4 in.)
of the probe, the governing equation for heat
transfer within the solid is then given by:

1

r

q
qr

kr
qT r; z; tð Þ

qr

� �
þ q
qz

k
qT r; z; tð Þ

qz

� �
þ qG

¼ rCp

qT r; z; tð Þ
qt

(Eq 39)

with its corresponding initial and boundary con-
ditions. Because the mathematical formulation
couples heat transfer with the kinetics of phase

transformation, the estimated surface heat-flux
values are specific to the steel grade-quenchant
combination studied. The method used to solve
the IHCP is based on the sequential function
specification technique developed by Beck et
al. (Ref 65), extended to include the phase
transformation.
The measured cooling curves during the

quench are shown in Fig. 19, along with the
estimated cooling curves at the core and surface
of the probe at midheight. As expected, the
measured values fall in between the other two
curves. A notable feature of the surface cooling
curve is the recalescence observed at approxi-
mately 600 �C (1110 �F).

Fig. 19 Measured and computed (at the core and surface of the probe) cooling curves. Source: Ref 79. Reprinted,
with permission, from Materials Performance and Characterization, copyright ASTM International, 100
Barr Harbor Drive, West Conshohocken, PA 19428

Fig. 18 Estimated surface heat flux as a function of estimated surface temperature using actual (TD) and equivalent
(ED) thermocouple depths in solving the inverse heat-conduction problem for a thermocouple inserted
parallel (0�) or perpendicular (90�) to the active heat-transfer surface. Source: Ref 78
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The estimated surface cooling curve and the
computed surface ferrite and bainite volume
fractions as a function of time are shown in
Fig. 20. Clearly, the recalescence observed in
the estimated surface cooling curve is due to
the austenite-to-ferrite and, particularly, the
austenite-to-bainite transformations.
The main objective of the investigation was

to estimate the surface heat flux and explain
its behavior. The estimated surface heat flux
as a function of estimated surface temperature

and estimated surface cooling curve during
quenching of an AISI 1050 steel probe are
shown in Fig. 21. Most notable in the figure is
the occurrence of two peaks in the surface
heat-flux curve. The first peak has a value of
1.6 MW/m2 and occurs at approximately
650 �C (1200 �F); referring to the volume frac-
tion evolution at the probe surface (Fig. 20), it
is evident that this a local maximum, caused
by the start of the austenite-to-ferrite and then
the austenite-to-bainite transformations that

arrest the estimated surface heat flux, causing
a local decrease in the curve. Once the transfor-
mations stop (at approximately 550 �C, or
1020 �F), the heat-flux curve increases again
until a second maximum (1.8 MW/m2) is
observed at 350 �C (660 �F); because no phase
transformation occurs at the surface at this tem-
perature, this second maximum is related to the
heat-extraction characteristics of the quenchant
itself. A much smaller (0.6 MW/m2) local max-
imum may be observed at 100 �C (212 �F),
which approximately corresponds to the boiling
point of water. From these results (and those
obtained at the core, which are omitted here
for brevity), it becomes evident that the heat
extraction during a quench is the result of an
intricate interplay of heat transfer and kinetics
of phase transformation.
Hasan et al. (Ref 58) quenched probes made

of six different steels in water. The probes were
2 mm (0.08 in.) in diameter and 10 mm (0.4 in.)
long, with a 1 mm (0.04 in.) diameter thermo-
couple located at the probe geometrical center;
the probe dimensions were chosen to ensure
that no thermal gradients would be present dur-
ing the quench (Bi < 0.1). Due to the latter con-
dition, the lumped parameter analysis was
applied to estimate heat-transfer coefficients.
Their findings were similar to those reported
by Prasanna Kumar (Ref 79) in that the effect
of hardenability on phase-transformation kinet-
ics and therefore latent heat release modifies
the shape of the cooling rate and heat-transfer
coefficient.
Given that many IHCP algorithms involve

solving the associated DHCP, including the
heat-generation term in the calculations, may
result in an excessive computing time. To
reduce this problem, Ali et al. (Ref 80) used
the full nonlinear form of the heat-conduction
equation to eliminate iterations and reduce
the computing time in an IHCP solver for
an infinitely long cylinder that calculates the
volumetric rate of heat generated by the
phase transformation explicitly at the end
of each time step. The algorithm was tested
with simulated cooling curves in a 38.1 mm
(1.5 in.) diameter cylinder made of AISI 1080
carbon steel quenched in water at 22.5 �C
(72.5 �F) (Ref 81).
On the other hand, Hernández-Morales et al.

(Ref 31) have pointed out that heat transfer is a
phenomenon that depends on the driving force,
and therefore, for a given quenchant, the heat-
transfer boundary condition must be defined
solely in terms of the part surface temperature.
They quenched AISI 4140 cylindrical probes
(12.7 mm, or 0.5 in., diameter by 50.8 mm, or
2.0 in., long) from temperatures below and
above the austenitizing temperature to obtain a
composite heat-flux history curve. By carefully
selecting the segments of the cooling curves
used in the IHCP, they could solve it without
including the phase transformation.
Verification. Regardless of the dimensional-

ity of the heat flow and the technique employed
to solve the IHCP, it is good practice to verify

Fig. 20 Computed surface temperature (right vertical axis) and volume fraction (left vertical axis) as a function of
time during quenching of an AISI 1050 steel probe. Source: Ref 79. Reprinted, with permission, from

Materials Performance and Characterization, copyright ASTM International, 100 Barr Harbor Drive, West
Conshohocken, PA 19428

Fig. 21 Estimated surface heat flux as a function of estimated surface temperature and estimated surface cooling
curve during quenching of an AISI 1050 steel probe. Source: Ref 79. Reprinted, with permission, from

Materials Performance and Characterization, copyright ASTM International, 100 Barr Harbor Drive, West
Conshohocken, PA 19428
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the quality of the estimations. To accomplish
this, it is advisable to generate virtual thermal
responses by solving a DHCP with similar char-
acteristics to the actual problem of interest and
to compare the estimated active heat-transfer
boundary condition with the values input to
the DHCP solver. A function that has been used
in many occasions is that of a surface heat flux
that increases sharply up to a maximum and
then decreases again in a rapid fashion, forming
a shape that resembles a triangle (see, for exam-
ple, Ref 82). Another possibility is to use an
analytical solution of a DHCP to generate the
virtual thermal response (Ref 65).
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Large Probes for Characterization of
Industrial Quenching Processes
Božidar Liščić and Saša Singer, University of Zagreb

Laboratory Tests to Evaluate the
Cooling Intensity of Liquid
Quenchants

This section includes discussion on probes for
laboratory tests and resultant curves, the scope of
laboratory tests, and the calculation of the heat-
transfer coefficient based on laboratory tests.

Probes for Laboratory Tests and
Resultant Curves

Cooling curve tests have been the most useful
means for measuring and recording the cooling
intensity of liquid quenchants (oils, water, poly-
mer solutions, and other water-based solutions)
for many years, but with no standardized proce-
dure. Small probes of different dimensions, made
of different materials, have been used; therefore,
a comparison among different measurements
was not possible.Much later, in 1982, theWolfson
Heat Treatment Center Engineering Group in
Birmingham, United Kingdom, issued “Labora-
tory Test for Assessing the Cooling Curve
Characteristics of Industrial Quenching Media,”
which later served as the basis for the first
international standard, ISO 9950-1995, entitled
“Industrial Quenching Oils—Determination of
Cooling Characteristics—Nickel Alloy Probe
Test Method.” According to this standard, the
probe shall have a 12.5 mm (0.49 in.) diameter
and a 60mm(2.4 in.) length and shall bemanufac-
tured fromanaustenitic nickel-chromium superal-
loy that does not undergo phase transformations
(no latent heat involved) and is oxidation resistant.
The thermocouple type K (NiCr/NiAl), having a
1.5 mm (0.06 in.) outside diameter, is placed with
its tip at the geometrical center of the probe. The
assembly of the probe is shown in Fig. 1.
The surface of the probe must be passivated

by heating in a furnace without a protective
atmosphere. For initial calibration, and regular
reconditioning, a reference fluid is used. This
fluid shall be an unblended high-viscosity par-
affinic mineral oil without any additive treat-
ment, with prescribed physical characteristics.
The quantity of quenching fluid to be tested is

2L (0.53 gal). The starting probe temperature
is 850�C (1560 �F), and the temperature of the
tested oil may be chosen according to concrete
requirements, but for comparison it usually is
40�C (100 �F).

The results of tests are presented by the cool-
ing curve, that is, the temperature as a function
of time, and the cooling rate as a function of
surface temperature, as shown in Fig. 2.
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Fig. 2 Typical temperature/time and temperature/cooling rate plots when quenching the ISO 9950 probe in oil

Fig. 1 Assembly of the ISO 9950 probe. TC, thermocouple; T.I.R., total indicator reading



From the temperature-versus-time plot,
the following characteristic data are derived:
time required for cooling the probe from the
initial temperature to 600, 400, and 200 �C
(1110, 750, and 390 �F). From the plot of
cooling rate versus surface temperature, the
characteristic data are the maximum cooling
rate, the temperature at which the maximum
cooling rate occurs, and the cooling rate at
300 �C (570 �F). Figure 3 shows real cool-
ing curves and cooling rate curves of a
medium-viscous mineral oil for the tempera-
tures 50, 75, and 100 �C (120, 170, and
210 �F), measured according to ISO 9950,
that is, without agitation. For digital mea-
suring of temperatures, the frequency should
be >20 s�1.
In the United States, ASTM International has

issued the following testing standards:

� ASTM D6200 (reapproved 2007), “Stan-
dard Test Method for Determination of
Cooling Characteristic of Quench Oils by
Cooling Curve Analysis.” This standard is
based on ISO 9950, uses the same
12.5 mm (0.49 in.) diameter by 60 mm
(2.4 in.) probe made of an austenitic nickel-
chromium superalloy, and the same amount
of the still oil sample of 2 L (0.53 gal). The
starting temperature is 850 �C (1560 �F), and
the temperature of the oil is 40 �C (100 �F).
The resulting curves are the same as with
ISO 9950.

� ASTM D6482-6, “Standard Test Method for
Determination of Cooling Characteristic of
Aqueous Polymer Quenchants by Cooling
Curve Analysis with Agitation (Tensi
Method).” Aqueous polymer solutions are
subject to much greater influences by

variation of physical and chemical parameters
than oils, and polymeric quenching media
exhibit very great differences in their wetting
behavior. Cooling intensity of aqueous poly-
mer quenchants depends on the concentra-
tion and molecular weight of the specific
polymer, the quenchant temperature, and
the agitation rate. Therefore, forced bath
convection always is used when testing
polymer solutions. According to this stan-
dard, the agitation device (driven by a small
impeller) developed by H.M. Tensi is used.
The probe and its assembly is the same as
with ISO 9950. The starting temperature is
850 �C (1560 �F), and the polymer solution
is heated to the desired temperature for pro-
duction testing, or to 40 �C (100 �F) for com-
parison. Interpretation of results is essentially
the same as with ISO 9950.

� ASTM D6549-06, “Standard Test Method
for Determination of Cooling Characteristic
of Quenchants by Cooling Curve Analysis
with Agitation (Drayton Unit).” This stan-
dard is the same as ASTM D6482, with
another agitation device. Instead of Tensi’s
agitation device with rotating impeller, the
Drayton agitation unit uses a pump.

In addition to the international standard ISO
9950, there are national standards in some
countries, for example, France, Japan, and
China, as shown in Table 1. They use silver
probes of different dimensions.
Because the thermal conductivity of silver is

16 times higher than for an austenitic nickel-
chromium superalloy or for stainless steel, the
cooling curves measured by probes made of
an austenitic nickel-chromium superalloy or
stainless steel are not comparable with those
measured by silver probes.
Figure 4 shows the Japanese new silver

probe according to JIS K 2242-method B
and some examples of cooling curves
measured by this probe. Due to the small size
and the very high heat conductivity of silver,
when quenched in oil, this probe cools down
to 200 �C (390 �F) in approximately 20 to
30 s, and when quenched in water, brine, or
a polymer solution of low concentration,
cools in less than 2 s. Such a probe is well
suited for evaluation of the critical heat-flux
densities.

Fig. 3 Resultant cooling curves and cooling rate curves of a medium-viscous mineral oil for the temperatures 50, 75,
and 100 �C (120, 170, and 210 �F), without agitation. Courtesy of the Quenching Research Center, Faculty of
Mechanical Engineering and Naval Architecture, Zagreb

Table 1 Comparison of cooling curve standards: International, France, Japan, and China

Variable ISO 9950:1995(E) (international) AFNOR NFT-60778 (France) JIS K 2242 (Japan) ZB E 45003-88 (China)

Probe alloy Alloy 600 Silver, 99.999% pure Silver, 99.999% pure Silver, 99.999% pure
Probe dimensions, mm (in.) 12.5 � 60 (0.49 � 2.4) 16 � 48 (0.63 � 1.9) 10 � 30 (0.4 � 1.2) 10 � 30 (0.4 � 1.2)
Standard reference oil Mineral-oil reference quenching

fluid
Mineral-oil reference quenching fluid Dioctyl phthalate Dioctyl phthalate

Vessel dimensions 115 � 5 mm (4.5 � 0.2 in.) diameter 138 mm high � 99 mm diameter (5.4 in. high � 3.9 in. diameter) 300 mL (10 oz) beaker 300 mL (10 oz) beaker
Oil volume, mL (oz) 2000 (70) 800 (30) 250 (9) 250 (9)
Oil temperature, �C (�F) 40 � 2 (100 � 4) 50 � 2 (120 � 4) 80, 120, 160 (180, 250, 320) 80 � 2 (180 � 4)
Probe temperature, �C (�F) 850 � 5 (1560 � 9) 800 � 5 (1470 � 9) 810 � 5 (1490 � 9) 810 � 5 (1490 � 9)

Source: Ref 1
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Scope of Laboratory Tests

Laboratory tests for evaluation of the cooling
intensity of liquid quenchants are used for:

� Comparison of cooling intensity among dif-
ferent kinds of oils, different polymer solu-
tions, or other water-based solutions under
different conditions (quenchant temperature
and agitation rate), with the purpose of
selecting the optimal quenchant and its con-
dition in the concrete case

� Checking the effect of a currently used
quenching fluid, or developing a new type
of quenchant, when adding some additives

� Monitoring the condition of a liquid quench-
ing bath at regular intervals, to prevent its
deterioration

� Computer-aided calculation of the heat-
transfer coefficient (HTC) for small cylindri-
cal pieces

Calculation of the Heat-Transfer
Coefficient Based on Laboratory Tests

Inverse Heat-Conduction Method. For
small laboratory probes, one of the possibilities
for HTC calculation is to solve the inverse
heat-conduction problem. The temperature dis-
tribution T(x, t), at a point x inside the probe,
for times t � 0, is determined by the heat-
conduction equation:

cr
@T

@t
¼ divðl grad TÞ (Eq 1)

where c, r, and l are physical properties of
the probe, which are temperature dependent.
The initial condition T(x, 0) is known and the
boundary condition is given by:

q ¼ l
@T

@ n!¼ �a T � Txð Þ (Eq 2)

where q is the surface heat-flux density, a is the
surface HTC, and Tx is the external temperature
of the quenchant. The inverse problem is to
determine a in this boundary condition, which
then is given by:

a ¼ � q

T � Tx
(Eq 3)

A small probe has only one thermocouple
located at the core of the probe, and the quench-
ant temperature is also measured, because it is
needed in Eq 3. These measured temperature
curves in time are the only input data. For effi-
ciency reasons, the probe is treated as an infinite
cylinder with radially symmetric temperature
distribution. This leads to a one-dimensional
(1-D) heat-conduction model in Eq 1, while q
and a in Eq 2 and 3 depend only on time.
Quite generally, the HTC can be calculated

by iterative regularization algorithms. A gen-
eral form of the function q(t) or a(t) is pre-
scribed, with a certain number of “free”

parameters. These parameters are computed
iteratively, by repeatedly solving the heat-
conduction equation (Eq 1) with the boundary
condition (Eq 2), until a good fit to a selected
set of measured temperature data is obtained.
This procedure is applied globally in time, over
the whole quenching period, as in Ref 2.
Because a small probe cools relatively quickly,
the whole HTC calculation is quite efficient.
Lumped Heat-Capacity Method. The fun-

damental concept of this method, according to
Ref 3, is the following: If the probe temperature
during quenching is uniform, the heat loss from
the probe, Q, is equal to the decrease in the
internal energy of the probe:

Q ¼ hA Tp � TL
� � ¼ CrV

dTp
dt

(Eq 4)

where Q is heat flow (W), h is the HTC at the
probe surface (W/m2 � K1), A is the surface area
of the probe (m2), Tp is the temperature of the
probe (K), TL is the temperature of the quench-
ing liquid (K), C is the specific heat of the
probe material (J/kg1 � K1), r is the density of
the probe material (kg/m3), V is the volume of

the probe (m3), t is time (s), and dTp/dt is the
cooling rate of the probe (K/s1).
If the quenchant temperature around the

probe, TL, is uniform, the next relation is
derived from Eq 4:

q ¼ h Tp � TL
� � ¼

�
Cr

V

A

�
dTp
dt

(Eq 5)

where q is the heat-flux density (W/m2).
From Eq 5, the HTC can be calculated

directly from the cooling rate dTp/dt:

h ¼ Cr
V

A

dTp
dt

TP � TL

" #
(Eq 6)

The preciseness of the values q and h depends
on the accuracy of the cooling rate calculated
from measured cooling curve data. The lumped
heat-capacity method can be used only if the
assumption of uniform probe temperature dur-
ing the cooling process can be justified.
Temperature distribution in a probe depends

on thermal conductivity of the probe material
and the heat transfer from the surface of the
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probe to the quenchant. The smaller the probe
size and the higher the thermal conductivity of
the probe material, the more realistic the
assumption of uniform temperature of the
probe. According to Kobasko, it is assumed that
a temperature field in the cross section of the
silver probe is uniform if the Biot number Bi =
h R/l < 0.2, where R is the radius of the probe
and l is the thermal conductivity. Figure 5 shows
HTCs calculated from the cooling curves shown
in Fig. 4(b) using the lumped heat-capacity
method.

Differences between Laboratory
Tests and Characterization of
Industrial Quenching Processes

When comparing cooling of a small probe in
a laboratory test with cooling of real work-
pieces in a batch having larger mass and dimen-
sion, the following differences can be found:

� A very big difference in the cooling time.
A small laboratory probe of 12.5 mm (0.49 in.)
diameter, when quenched in still oil, cools
down to 200 �C (390 �F) in approximately
30 to 50 s, while a cylindrical workpiece of
only 50 mm (2.0 in.) diameter cools in equal
conditions within 300 to 350 s.

� The HTC during nucleate boiling depends,
according to Ref 4, on the probe diameter,
as shown in Fig. 6. The smaller the probe
diameter, the greater the HTC values. Below
50 mm (2.0 in.), this dependence is
exponential.

� The initial heat flux (qin) at equal cooling
conditions depends on the ratio between vol-
ume and surface area (V/A). Small labora-
tory test probes have small volume and
relatively large surface area. They cool from
the beginning much faster than real work-
pieces having large volume and relatively
small surface area. Consequently, the initial
heat flux of the small probes usually is
greater than the first critical heat-flux density

(qcr1), and vapor film will develop. This is
not always the case with real workpieces of
large volume and relatively small surface
area, because their qin may be less than qcr1.� Technological conditions in the workshop
practice (bath temperature, agitation rate
and direction, loading arrangement in a
batch) differ substantially from those in a
laboratory test.

These are the reasons why the results obtained
with small probes in laboratory tests cannot be
directly transferred to real workpieces.

Requirements for a
Workshop-Designed Test

Large probes for characterization of indus-
trial quenching processes, which are used in
workshop environments, must satisfy the fol-
lowing requirements:

� The probe itself should be of the same basic
shape as the workpiece to be quenched, that
is, for cylindrical workpieces, a cylindrical
probe; for platelike workpieces, a platelike
probe; and for ringlike workpieces, a ring-
like probe. This is important because the
heat flux always is perpendicular to the main
surface of the body. When using a 1-D heat-
transfer calculation, the supposed direction
of the heat flux is as follows: for cylindrical
workpieces, radial; for platelike workpieces,
perpendicular to the main surface of the
plate; and for ringlike workpieces, radial in
two opposite directions—toward the outer
and toward the inner diameter. Thermocou-
ples should always be placed inside the cross
section parallel with the main heat flux.

� The probe should be applicable to all liquid
quenchants (oils, water, brine, polymer solu-
tions, salt baths, and fluid beds) under all
possible conditions and to all quenching
techniques. The main purpose of the large
probes for characterization of industrial
quenching processes is to compare different
quenchants under different conditions. There
is no standard yet for the large probe itself
nor for the test procedure. To select the opti-
mal quenchant and quenching conditions in

a concrete case, one should know which
one to use, for example, a still mineral oil
at 60 �C (140 �F), a poly(alkylene glycol)
polymer solution of 20% concentration
at 40 �C (100 �F) temperature and 0.5 m/s
(1.6 ft/s) agitation rate, or a salt bath at
200 �C (390 �F). The answer can be
obtained only after measuring and recording
the cooling curves using a large probe and
calculating the HTC as a function of time
and surface temperature, respectively.

The recorded results of every test are
stored in the database. Once the database is
filled with an adequate number of test results,
a virtual comparison among different quench-
ants and quenching conditions, based on calcu-
lated HTCs, is possible, without repeating
the test. Other possibilities a database can ren-
der are described in the section “Database of
Cooling Intensities of Liquid Quenchants” in
this article.

Critical Heat-Flux Densities of
Liquid Quenchants

This section includes discussion on the initial
heat-flux density and the importance of the first
critical heat-flux density.

Initial Heat-Flux Density

For every quenching process there is an initial
heat-flux density, qin, which depends on the ratio
between the volume (heat capacity) and the sur-
face of the workpiece. The heat-flux density
depends on the temperature gradient at the sur-
face. Bodies with a relatively small volume and
a large surface area have a greater temperature
gradient and a greater initial heat-flux density
than bodies with a relatively great volume and
small surface area, as shown in Fig. 7. The former
cools much faster than the latter.
When quenching in a vaporizable liquid, four

modes of heat transfer occur at the interface of
the hot workpiece and the quenchant. These are
(in order of their occurrence) shock boiling
(Ref 5), full film boiling, nucleate boiling, and

Fig. 6 Influence of probe diameter on the heat-transfer
coefficient at nucleate boiling phase.

1, quenching in water of 25 to 40 �C (80 to 100 �F);
2, quenching in 12% water solution of NaOH at 20 to
30 �C (70 to 90 �F). Source: Ref 4

Fig. 7 Temperature gradient at the surface in the very beginning of cooling for cylinders that are (a) 20 mm (0.8 in.) in
diameter by 80 mm (3.2 in.) and (b) 80 mm (3.2 in.) in diameter by 320 mm (12.6 in.)
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convection. Shock boiling rarely is considered
when reviewing the stages of the quenching
process, because it occurs over a very short
period of time, during approximately a tenth
of a second. It is difficult to measure and
record. Usually, a noise-sensing system is used
to detect the shock-boiling mode.

Importance of the First Critical
Heat-Flux Density

At every vaporizable quenchant there are two
critical heat-flux densities: the first critical heat-
flux density, qcr1, and the second critical heat-
flux density, qcr2. Both are inherent properties
of any vaporizable liquid. They do not change
with the mass, shape, or material of the work-
piece. The first critical heat-flux density is the
maximum heat-flux density that causes film
boiling (Ref 6). Typically, it occurs within
approximately 0.1 s after immersion of the hot
metal. The second critical heat-flux density is
the minimum amount of thermal energy neces-
sary to support film boiling. This is the point
at which the surface of the hot workpiece has
cooled sufficiently to allow the collapse of the
vapor blanket, that is, the end of film boiling
and the beginning of nucleate boiling, as shown
in Fig. 8.
There is a relation between qcr1 and qcr2 that

is valid for all vaporizable liquids:

qcr2
qcr1

¼ 0:2 (Eq 7)

Because it is difficult to measure qcr1 directly,
the proposed method is to measure qcr2 using a
silver probe and then calculate qcr1 using Eq 7.
According to Ref 7, upon immersion of a

workpiece into the quenchant, the initial heat-
flux density, qin, can be:

qin 	 qcr1; qin 
 qcr1; qin � qcr1 (Eq 8)

When qin 	 qcr1, full film boiling (vapor
blanket) will develop. When qin 
 qcr1, transi-
tion boiling is observed. When qin � qcr1, the
film boiling stage is absent and nucleate boiling
starts immediately after shock boiling. Each of
these cases has different values of HTC.
The nonuniformity of the film boiling stage

causes much of the distortion of the workpiece
during quenching.
The first critical heat-flux density, qcr1, has a

great effect on the cooling rate of workpieces
and their distortion. It depends on the saturation
temperature of the liquid and the difference
between the saturation temperature and the
actual temperature of the quenchant. The bigger
the difference that one can maintain between
the workpiece surface and the quenchant tem-
perature, the higher the effective cooling rate
at the surface of the workpiece.
When water is applied as the quenchant, the

qcr1 value depends on the water flow rate and
the water temperature (Ref 8). It can be increased
by increasing the agitation rate. The higher qcr1 is,
the more resistant the liquid is to boiling when
heat is applied. Therefore, the main purpose is
to find the highest qcr1 in the concrete case. Once
the highest qcr1 has been found, the temperature
point of operation for that liquid is found where
it is most resistant to film boiling. This can be
done by repeating the test at different quench bath
temperatures and available agitation rates. In
addition, a small amount (e.g., 0.1%) of some
chemical additives can increase the qcr1 value
by two to three times. The kind of additive, its
concentration, the water velocity, and the optimal
bath temperature are held by companies as their
“process know-how.” Finding the highest critical
heat-flux density, qcr1, for a given quenchant and
maintaining the quench bath at the optimal tem-
perature will optimize the quench system for all
workpieces quenched in that system, with mini-
mum distortion. To provide uniform cooling
(with no film boiling), that is, to eliminate distor-
tion variation, the critical heat-flux density, qcr1,
should be greater than the initial heat-flux
density, qin.

Temperature Gradient Method for
Evaluation of Cooling Intensity in
Workshop Conditions

This section includes discussion on the theo-
retical principle behind and the purpose of the
temperature gradient method.

Theoretical Principle

The temperature gradient method is based on
the known physical rule that the heat flux at the
surface of a body is directly proportional to the
temperature gradient at the surface multiplied
by the thermal conductivity of the material of
the body being cooled:

q ¼ l
@T

@x
(Eq 9)

>where q is the heat-flux density (W/m2), l is
the thermal conductivity of the body material
(W/m1�K1), and @T/@x is the temperature gradi-
ent at the body surface perpendicular to it (K/m).

Purpose of the Temperature
Gradient Method

The temperature gradient method for cooling
intensity of liquid quenchants was published by
Liščić (Ref 9) in 1978. It is designed for the
measurement and recording of the cooling
intensity when real engineering components
are quenched in workshop conditions.
This approach should be contrasted with

Grossmann’s H-factor concept, which expresses
the severity of a quenchant by a single number.
The temperature gradient method is based on
the heat-flux density and expresses the cooling
intensity by continuous change of relevant ther-
modynamic functions during the entire quench-
ing process.
The method is applicable to all liquid quench-

ants (oils, water, brine, aqueous polymer solu-
tions, salt baths, and fluidized beds), to different
quenching conditions (bath temperatures, agita-
tion rates, fluid pressures, and loading arrange-
ments), as well as for all quenching techniques
(direct immersion quenching, interrupted quench-
ing, martempering, and austempering).
The main goals of this method are:

� Toenable real comparison of the cooling inten-
sity among different quenchants, quenching
conditions, and quenching techniques

� To provide an unambiguous relation
between the evaluated cooling intensity (I)
and the resulting depth of hardening. In
this regard, the following four criteria are
used: the maximum of heat-flux density,
qmax (MW/m�2); the time from immersion
to the occurrence of qmax, tqmax (s); the integral
under the heat-flux density curve (propor-
tional to the quantity of heat extracted):

Z tx

to

q dt ðMJ=m2Þ

and time until the core temperature drops to
300 �C, tTc300 (s). The cooling intensity (I) is
higher and the depth of hardening is greater if

qmax and
R tx
to
qdt are bigger and the time inter-

vals tqmax
and tTc300 are shorter.

� To provide the information about thermal
stresses. In this regard, a diagram showing
temperature differences between the center
of the cross section and positions of other
thermocouples is used.

To perform tests using the temperature gradient
method in industrial practice, the Liščić/Petrofer
probe is used.

Fig. 8 (a) Four modes of cooling at quenching.
(b) Critical heat-flux densities. Courtesy of
N.I. Kobasko
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The Liščić/Petrofer Probe

This section includes discussion on the design
of the probe, the heat-extraction dynamic, and the
influence of wetting kinematics.

Design of the Probe

The Liščić/Petrofer probe is a large probe
designed to measure and record the cooling
intensity of all kinds of liquid quenchants in a
workshop environment, that is, to characterize
quenching processes in industrial practice.
Because of its own shape, it is applicable for
axially symmetrical workpieces of any shape,
primarily for diameters between 25 and 100 mm
(1.0 and 4.0 in.).
The probe is a cylinder of 50 mm (2 in.)

in diameter and 200 mm (8.0 in.) in length.
Figure 9 is a sketch of the probe with the
handle, and Fig. 10 is a photo of the probe
itself.
The ratio between length and diameter, L/D

= 4:1, assures that the heat dissipation through
both ends is negligible, so that in the cross sec-
tion at half-length, where the thermocouples are
positioned, only radial heat flow exists. This is
a prerequisite for 1-D heat-transfer calculation.
The probe is made of an austenitic nickel-
chromium superalloy that does not undergo
structural transformations and is oxidation
resistant. The probe is instrumented with three
thermocouples (TCs). One sheathed TC of
1 mm (0.04 in.) outer diameter is placed at
1 mm (0.04 in.) below the surface, the second
one at 4.5 mm (0.18 in.) below the surface,
and the third one in the center of the cross sec-
tion at the half-length of the probe. All TCs are
placed along the same radius.
For the test, the probe is heated to 850 �C

(1560 �F) until the central TC reaches this
value, then it is transferred quickly to the
quenching bath and immersed vertically. It is
of utmost importance that the transfer from
the furnace to the quenching bath is always per-
formed within the same short period of time
and that the probe is immersed with the same
speed strictly vertically, so that equal cooling
conditions can be guaranteed around its perim-
eter. The probe is connected to a temperature
data-acquisition system that contains three
analog-to-digital converters and amplifiers and
a personal computer. The acquisition software
enables the recording of all three TC signal out-
puts with a frequency of 0.02 s (50 measure-
ments per second) during the whole quenching
process and the simultaneous drawing of
three cooling curves in real-time, as shown
in Fig. 11.

Heat-Extraction Dynamic

The Liščić/Petrofer probe is used within the
program “Temperature Gradient System (TGS)
for Hardness Prediction in Quenched Axially
Symmetrical Workpieces of any Shape.”

For calculation of the HTC, the measured
temperatures at 1 mm (0.04 in.) below surface
are used as input for the 1-D inverse heat-
conduction method. The procedure of HTC cal-
culation is described later.
After calculation of the HTC, the TGS pro-

gram enables a comprehensive analysis of the

quenching process by the following thermody-
namic functions:

� The calculated surface temperature (Ts) and
measured temperatures at 1 and 4.5 mm
(0.04 and 0.18 in.) below the surface and at
the center (Fig. 12)

� Temperature differences versus time
between the center and the surface, between
the center and 1 mm (0.04 in.) below the sur-
face, and between the center and 4.5 mm
(0.18 in.) below the surface (Fig. 13). These
graphs are used when thermal stresses are to
be calculated.

� The cooling rate curves as a function of sur-
face temperature for 1 and 4.5 mm (0.04 and
0.18 in.) below the surface and for the center
of the probe

The temperature gradient method also can be
used for probes of the same design having dif-
ferent diameters. Figure 14 shows the results
obtained for such probes of 20 mm (0.8 in.)

Fig. 10 Photo of the Liščić/Petrofer probe. Courtesy of
Petrofer GmbH

Fig. 9 Sketch of the Liščić/Petrofer probe with handle.
Courtesy of Petrofer GmbH

Fig. 11 Cooling curves measured by the Liščić/Petrofer probe quenched in a medium-viscosity accelerated
quenching oil at 50 �C (120 �F). Courtesy of Petrofer GmbH
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diameter by 80 mm (3.2 in.) and 80 mm (3.2 in.)
diameter by 320 mm (12.6 in.) quenched in a
low-viscous accelerated oil at 50 �C (120 �F)
with medium agitation.
Irrespective of the probe diameter and mass

of the probe, the temperature gradient method
exhibits two very important features:

� It clearly displays the heat-extraction dynamic
during the whole quenching process.

� It shows the initial heat-flux density (qin) at
the beginning of cooling.

To explain the heat-extraction dynamic dur-
ing quenching, the features of Fig. 14(a) and
(b) are first discussed. In Fig. 14, the probe of
80 mm (3.2 in.) diameter by 320 mm (12.6 in.)
has a mass of 13.6 kg (30.0 lb), a surface
area/volume ratio of only 56 m�1, and a heat
capacity of 6045 J/kg1 � K1, representing a case
of great volume (and heat capacity) and rela-
tively small surface area. The probe of 20 mm

(0.8 in.) diameter by 80 mm (3.2 in.) has a mass
of only 0.2 kg (0.44 lb), a surface area/volume
ratio of 225 m�1, and a heat capacity of only
94 J/kg�1 � K�1, representing a case of small
volume (and heat capacity) and relatively big
surface area. The heat capacity of the bigger
probe is 64 times larger than the heat capacity
of the smaller probe.
One would expect that the cooling time to

200 �C (390 �F) of the bigger probe would be
several tens of times longer than that of the
smaller probe, but it is only 7.7 times longer,
as can be seen in Fig. 14(a) and (b) (395 s for
the bigger probe versus 51 s for the smaller
probe). The reason can be explained by com-
paring the temperature gradients during
quenching of both probes. The smaller probe
cools from the beginning faster than the bigger
one, but later the maximal temperature gradient
within the bigger probe (434 �C, or 813 �F) is
much larger than that within the smaller probe
(132 �C, or 269 �F), which causes larger heat

fluxes within the bigger probe. This is why
the cooling time of the bigger probe is only
7.7 times longer, although its heat capacity is
64 times larger.
The initial heat-flux density (qin) can be com-

pared in the beginning of cooling. For example,
2 s after immersion of the smaller probe
(Fig. 14a), the temperature gradient between
the center and 1 mm (0.04 in.) below the sur-
face was already 26.1 �C (79.0 �F). For the big-
ger probe at the same time, the temperature
gradient between the center and 1 mm
(0.04 in.) below the surface was only 12.4 �C
(54.3 �F), as shown in Fig. 14(b), making a
big difference in the initial heat-flux density.
This analysis shows how the Liščić/Petrofer

probe based on the temperature gradient
method can precisely describe the dynamic of
heat extraction during the whole quenching pro-
cess, as well as determine the real initial heat-
flux density, depending on the volume (mass)
of the workpiece.

Fig. 12 Calculated surface temperature (Ts) and measured temperatures at 1 and 4.5
mm (0.04 and 0.18 in.) below the surface and in the center of the probe.
Courtesy of Petrofer GmbH

Fig. 13 Calculated temperature differences versus time between the center and the
surface, between the center and 1 mm (0.04 in.) below the surface, and

between the center and 4.5 mm (0.18 in.) below the surface. Courtesy of Petrofer
GmbH

Fig. 14 Cooling curves measured by probes of the same design as the Liščić/Petrofer probe that were quenched in a low-viscous accelerated oil of 50 �C (120 �F) with medium
agitation. (a) 20 mm (0.8 in.) diameter by 80 mm (3.2 in.). (b) 80 mm (3.2 in.) diameter by 320 mm (12.6 in.). Courtesy of Petrofer GmbH
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Influence of Wetting Kinematics

In the cross section at half-length of the
probe, only radial heat flux should exist (due
to negligible heat dissipation on both ends of
the probe), but the influence of wetting kine-
matics should not be neglected. This is a
phenomenon accompanying every quenching
process in evaporable liquids that causes some
axial heat flow, depending on the time of rewet-
ting (Ref 10). As shown in Fig. 15, rewetting
starts in those places on the workpiece surface
where film boiling (vapor blanket) collapses
and nucleate boiling starts.
At each of these places at that moment,

a sudden increase of the HTC occurs. Rewetting
usually starts at the lower end and moves gradu-
ally as a wetting front toward the upper end
of the cylinder, as shown on the left side of
Fig. 16. The spreading speed of the wetting front
is determined by physical properties of the body
and the fluid, as well as many other factors.
During rewetting, the temperature inside the

cylinder changes not only radially but also
along the cylinder (z), as shown on the right
side of Fig. 16 (Ref 11).
This case relates to immersion cooling

of an AISI 4140 steel cylinder of 40 mm
(1.6 in.) diameter by 120 mm (4.7 in.) in water
at 80 �C (180 �F). Such conditions are not used
in practice but have been chosen to clearly
show the advancement of the wetting front.
The rewetting process can have different
forms and durations, from slowly moving wet-
ting front in, for example, a quenching oil of
high temperature, to abrupt explosion in some
polymer solutions. Therefore, it can have lesser
or greater influence on the local HTC. When
using the Liščić/Petrofer probe, the calculated
HTC at the half-length cross section (which
depends on the cooling curve measured at
1 mm, or 0.04 in., below the surface) includes
the time the wetting front reaches this point as
well as the local change of HTC at that moment.
When comparing results of tests for different
quenchants and quenching conditions, the influ-
ence of wetting kinematics is always included.
Because this influence depends on the probe
itself, for a precise comparison, a probe of the
same characteristics should be used.

Prediction of Hardness
Distribution after Quenching
Axially Symmetrical
Workpieces of Any Shape

A two-dimensional (2-D) computer
program has been developed by Smoljan
(Ref 12, 13) for the prediction of hardness dis-
tribution in quenched axially symmetrical
workpieces of any shape, based on the finite-
volume method. It also contains a subroutine
for drawing a 2-D contour of every axially
symmetrical workpiece as well as automatic
generation of the finite-element mesh for
half of it.

Fig. 15 Change in local heat-transfer coefficient on immersion cooling due to wetting kinematics. Source: Ref 10

900
800
700
600
500
400
300
200
100

0

T 
in

 °
C

Z in mm r in mm
20

120 100
80 60 40

20 15
10

5
0

900
800
700
600
500
400
300
200
100

0
T 

in
 °

C

Z in mm r in mm
20

120 100
80 60 40

20 15
10

5
0

900
800
700
600
500
400
300
200
100

0

T 
in

 °
C

Z in mm r in mm
20

120 100
80 60 40

20 15
10

5
0

900
800
700
600
500
400
300
200
100

0

T 
in

 °
C

Z in mm r in mm
20

120 100
80 60 40

20 15
10

5
0

Fig. 16 Observed wetting-front advancement (left) and temperature distribution (right) calculated by using the local
heat-transfer coefficient when immersion cooling an AISI 4140 steel cylinder of 40 mm (1.6 in.) diameter by
120 mm (4.7 in.) in 80 �C (180 �F) water. Source: Ref 11
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By using the HTC calculated for a concrete
test by the Liščić/Petrofer probe, cooling curves
at every particular point of the axial workpiece
section are calculated, and cooling times from
800 to 500 �C (1470 to 930 �F) (t8/5) are deter-
mined and stored. According to Rose (Ref 14),
the time t8/5 is a relevant characteristic for
phase transformation in most structural steels
and, accordingly, is a decisive feature for
resulting hardness after quenching.
Because there is a fixed relation between the

cooling time t8/5 and the distance from the
quenched end of the Jominy specimen, for each
time t8/5, the corresponding Jominy distance
can be read, as shown in Fig. 17.
The next step is to read the hardness at the

relevant Jominy distance from the Jominy hard-
enability curve for the concrete steel in ques-
tion. The whole procedure of conversion of
the cooling time t8/5 to the hardness at a partic-
ular point of the workpiece section is shown
schematically in Fig. 18.
The preciseness of the hardness prediction

depends first on the Jominy curve, which
further depends on the chemical composition
of the particular batch for every steel grade.
Therefore, the most precise hardness prediction
can be expected when the Jominy curve for the
particular batch of the relevant steel grade is
available.
Figure 19 shows the result of hardness pre-

diction across half of the axial section of a com-
plex axially symmetrical workpiece made of
steel grade AISI 5140 quenched in oil with
medium agitation.
Figure 19(a) shows the workpiece without

the central hole, and Fig. 19(b) shows the same
workpiece having a central hole of 20 mm
(0.8 in.) diameter. The prediction of quenched
hardness using colors to denote the quenched
hardness (HRC) index exactly shows hardness
differences between slim and thick sections,
especially sharp corners, as well as areas of
insufficient hardness. Note that this area is

much smaller at the workpiece with the central
hole, because cooling from inside the hole has
been accounted for.
By specifying the coordinates in the longitu-

dinal (z) and radial (r) directions, one can read
the particular value of hardness at every point
of the axial section.

Database of Cooling Intensities of
Liquid Quenchants

The TGS computer program contains two
types of data files:

� Data files of a large number of structural
steel grades with their respective Jominy
hardenability curves

� Data files of HTCs calculated from cooling
curves recorded experimentally by the Liščić/
Petrofer probe. For example, Fig. 21 and 22
(in the article characterization of heat transfer
during Quenching, in this volume) show the
calculated HTC for this probe quenched in a
medium-viscosity accelerated quenching oil
at 50 �C, as a function of time and as a function
of surface temperature, respectively.

Both types of data files are openly structured,
so that every user can add new grades of steel
and/or new HTCs calculated for other specific
quenching conditions.
When using the TGS program for prediction

of quenched hardness, the following steps are
necessary:

1. Half of the contour of the workpiece must be
drawn on the computer screen.

2. The steel grade must be selected, which
automatically determines its hardenability
by the relevant Jominy curve.

3. The HTC must be selected for the concrete
quenching test performed by the Liščić/Pet-
rofer probe.

Once the database is filled with an adequate
number of test measurements and calculated
HTCs for different quenchants and quenching
conditions, the TGS enables:

� Comparison of real cooling intensities by
the previously mentioned thermodynamic
functions and calculated HTCs for all
stored quenchants and specified quenching
conditions

� Prediction of the hardness distribution for
every axially symmetrical workpiece

One purpose when predicting the hardness
distribution is a virtual selection of the best
combination of cooling intensity and steel
grade for the concrete workpiece. This is done
by using different steel grades and/or different
quenching conditions stored in the database,
without doing one’s own experiments. The
Jominy curve stored in this case corresponds
to an average chemical composition, starting
from an austenitization temperature shown in
literature.
The other purpose is to perform one’s own

experiments with the probe and calculate
the HTC from cooling curves recorded in con-
crete quenching facilities and conditions. In
this case, the Jominy curve should correspond
to the particular batch of the relevant steel
grade, obtained by the Jominy test with the
same austenitization temperature as is used
for hardening the concrete workpiece. In this
case, a more precise hardness prediction can
be expected.

Numerical Solution of the
Inverse Heat-Conduction
Problem

This section includes discussion of the
simplified 1-D temperature-distribution model,
the calculation of the HTC, and the finite-

Fig. 17 Relation between time of cooling from 800 to
500 �C (1470 to 930 �F) (t8/5) and the Jominy
distance. Source: Ref 14 Fig. 18 Example of conversion of the cooling time t8/5 to hardness. Source: Ref 12, 13
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volume method for the heat-conduction
equation (HCE).

Simplified 1-D Temperature-
Distribution Model

The standard probe is treated as a long,
radially symmetrical cylinder of a given
radius R = 25 mm (1.0 in.). Asymmetries and
changes in the material introduced by the ther-
mocouples are simply ignored. It is assumed
that heat loss during the quenching process
occurs only through the curved side of the
cylinder, and the flat top and bottom sides
are ignored, as if the cylinder is of infinite

length. The ignored surface area is only ⅛ of
the active surface area, which provides suffi-
cient accuracy in practice. Finally, in a simpli-
fied 1-D model, it is assumed that the
temperature (T) inside the cylinder for all times
(t) depends only on the radial distance r 2[0, R]
from the center of the cylinder and can be
written as T = T(r, t).
This assumption poses severe restrictions in

practical applications, and great care must be
taken when using the probe to ensure that this
is valid as much as possible. For example, the
probe should be immersed vertically into the
quenchant, and eventual quenchant agitation
must be vertical as well.

With all of these assumptions, the tempera-
ture inside the cylinder is determined by the
1-D heat-conduction equation (Eq 1), written
in polar coordinates without the angular
component:

cr
@T

@t
¼ 1

r
:
@

@r
rl
@T

@r

� �
(Eq 10)

All physical/thermal properties c, r, and l
of the material must be considered as
temperature dependent, because of the tempera-
ture range involved in quenching. Thus, the
heat-conduction problem (Eq 10) becomes a
nonlinear (or, more precisely, a quasi-linear)
problem.
Because an austenitic nickel-chromium

superalloy does not have phase transitions
with latent heat involved, these properties are
almost linear functions of T (Ref 15). They
are given as tables of values for only a small
number of temperatures. For the numerical
solution of the heat-conduction problem, these
tables first have to be converted into functions
by computing a suitable approximation for
each property over the whole temperature
range. A simple piecewise linear interpolation
in the table is sufficient for most purposes.
To obtain a smoother function, cubic or qua-
dratic splines can be used (Ref 16, 17, where
the algorithms for computing such approxima-
tions are also given).
For the Liščić/Petrofer probe, all thermal

properties at a given temperature are computed
by Akima’s piecewise cubic interpolation (Ref
16, 18) in the original tables from Ref 15. This
method produces a smoother function than the
ordinary piecewise linear interpolation—the
first derivative is continuous—and also avoids
wiggles in it.
The probe initially is heated to a certain tem-

perature, and the initial condition T(r, 0) = T0(r)
at the start of the quenching process is known.
Usually, it is assumed that the probe is uni-
formly heated, so T0 is constant, approximately
850 �C (1560 �F).
Due to symmetry, the boundary condition at

the center of the cylinder (r = 0) must be:

@T

@r
¼ 0 (Eq 11)

By the infinity assumption, the probe has
only one cooling surface, and radial symmetry
implies that the surface HTC (a) depends only
on time (t).The boundary condition (Eq 2) for
r = R can then be written as:

qs ¼ �l
@T

@r
¼ aðTs � TxÞ (Eq 12)

where Ts(t) = T(R, t) is the surface temperature
of the cylinder, and Tx(t) is the measured exter-
nal temperature of the quenchant. Here, the sur-
face heat-flux density, qs(t), is considered to be

Fig. 19 Result of hardness prediction across half of the axial section of a complex axially symmetric workpiece
made of steel grade AISI 5140 quenched in oil. (a) Without a central hole. (b) With a central hole of 20
mm (0.8 in.) diameter. Source: Ref 12, 13
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positive when the probe cools, which is custom-
ary in industrial applications.
To determine a as a function of time in Eq

12, a temperature curve Tn(t) is measured by a
thermocouple located at a point r = rn near the
surface of the cylinder. In the Liščić/Petrofer
probe, Tn is measured at the depth d = 1 mm
(0.04 in.), so its position is rn = 24 mm (1.0 in.).
Note that the whole computation is performed
in consistent units, and all space coordinates
are given in meters, that is, R = 0.025 m and
rn = 0.024 m.
The actual HTC calculation, to be described

subsequently, is based on a simplified model
that requires only two measured temperature
curves in time, Tn(t) and Tx(t). No other input
is needed, which makes it simple but fast in
practice. In this model, all particular quenching
conditions are reflected in only these two
measured temperatures.
The probe is equipped with two additional

thermocouples. One measures the core tempera-
ture, Tc, at r = 0, and the other one is located
at the depth of 4.5 mm (0.18 in.) and
measures the so-called intermediate tempera-
ture, Ti. These measured temperatures are
sometimes used to calculate an approximation
of the initial temperature distribution, T0(r).
Apart from that, they are used only to verify
the results.

Calculation of the Heat-Transfer
Coefficient

The input temperatures Tn and Tx are measured
at discrete times by a data-acquisition device,
until some final time, tfinal. The recorded values
are rounded to a small number of decimal digits
(no more than two) and also may be affected by
measurement errors. Because the HTC (a) is
obtained by numerical differentiation of tempera-
ture near the surface, any jumps inmeasured tem-
peratures will be greatly amplified in the
computed a. Therefore, before any use, both
measured temperatures must be smoothed in time
over the whole time range.
The primary goal of smoothing is to get rid

of random measurement errors and convert dis-
crete tables into functions of time, for all values
t 2 [0, tfinal]. Depending on the application,
there may be additional constraints in smooth-
ing, such as the monotonicity of the smoothed
temperature functions. The smoothing proce-
dure is described later in more detail, but for
now, it is assumed that the original discrete
values already have been replaced by smoothed
functions of time, also denoted by Tn(t) and
Tx(t), respectively.
In principle, the HTC then can be calculated

by the following global numerical procedure
for solution of the inverse heat-conduction
problem:

1. Take the smoothed temperature Tn(t) as
the fixed or Dirichlet’s boundary condi-
tion for the heat-conduction equation

(Eq 10) on [0, rn]. Solve this problem, for
example, by using the implicit finite-differ-
ence method (Ref 19, 20). In each time step,
simple iterations can be used to adjust all
thermal properties to new temperatures.

2. Extend the computed solution from [0, rn] to
the whole interval [0, R] to find the surface
temperature Ts(t). This extension can be
accomplished by the quasi-reversibility
method of Lattès and Lions (Ref 21) or by
simple extrapolation of the computed solu-
tion, if the depth d = R – rn is small with
respect to the whole radius of the probe.
Numerical testing shows that simple extrap-
olation is quite sufficient for depths up to
10% of the radius.

3. Calculate a from Eq 12 by using the
smoothed external temperature Tx(t) and
numerical differentiation of the computed
solution at the surface of the probe.

However, with standard liquid quenchants,
the temperature gradient at the surface and the
HTC in Eq 12 usually are very high. To keep
the errors introduced by numerical differentia-
tion within reasonable limits, the whole prob-
lem must be solved with a very fine space
grid. As a result, the aforementioned procedure
becomes quite slow.
To overcome this problem, the HTC is com-

puted by an alternate procedure, which avoids
explicit numerical differentiation of calculated
temperatures. The heat-conduction equation
(Eq 10) is written in a space-integrated form,
as a heat-conservation law for the cylinder,
in terms of the surface heat-flux density, qs
(Ref 22):
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This is valid for all times, t, and already
includes the symmetry boundary condition
(Eq 11). The surface boundary condition (Eq
12) is represented here as the right side in Eq
13, with unknown qs as a function of time. In
accordance with this formulation, the numerical
solution of the inverse problem now is based on
the finite-volume method (Ref 20) and contains
the following main steps:

1. Solve the heat-conservation law (Eq 13) on
the whole interval [0, R] to calculate the sur-
face heat-flux density, qs(t), and the surface
temperature, Ts(t).

2. Compute the HTC, a, as a function of
t directly from Eq 12, as:

a ¼ qs
Ts � Tx

(Eq 14)

where Tx(t) is the smoothed external
temperature.
The computation in step 1 is performed in a

series of discrete time levels, ti, until the final

time is reached, and it progresses by one time
level in a global time-step loop:

� At each time level, ti, the surface heat-flux
density, qs(ti), is calculated iteratively until
the resulting temperature at the position
rn is exactly equal to the smoothed near-
surface temperature, Tn(ti). The numerical
solution of this equation, T(rn,ti) = Tn(ti), is
done by the Brent-Dekker method (Ref 23),
because it requires no derivatives and also
is reasonably fast.

� Throughout these iterations, for each trial
value of the surface heat-flux density, the
heat-conservation law on [0,R] is solved by
the nonlinear implicit finite-volume method,
with simple iterative adjustment of thermal
properties to new temperatures. A brief out-
line of the algorithm is given in the next
section.

In the TGS software, the calculated HTCs
are used to predict the hardness distribution
in a given workpiece under various quenching
conditions. Because the simulated workpiece
can be of any shape and dimensions, much
better results are obtained if a is treated as a
function of the surface temperature, Ts. This
change of the independent variable, from t to
T, is possible only if the calculated Ts(t) is a
monotone decreasing function of time. Other-
wise, it may lead to different values of a at
two different times, which correspond to the
same value of the surface temperature at these
times.
On the other hand, in practice, the surface

temperature of the probe may increase at times,
because of chaotic local behavior of the
quenchant near the surface. This phenomenon
is demonstrated by the polymer quenching
example in the last section. In that example,
the measured near-surface temperature, Tn, also
increases over some time intervals, despite the
damping effect. As expected, the calculated Ts
increases even more. So, to convert a into a
function of Ts, one must first compute a mono-
tone decreasing approximation of Ts(t) over the
whole time interval [0, tfinal].
Note that such increases in temperature

(either Tn or Ts) usually occur over relatively
small periods of time. Because the probe cools
globally in time, a monotone decreasing
approximation of the temperature can be inter-
preted as local averaging (in time) of the cool-
ing conditions at the surface of the probe. In
the previous algorithm, Ts is computed from
Tn. To avoid very large increases in Ts, this
averaging is performed in stages:

1. At the very beginning, the measured near-
surface temperature, Tn, is smoothed by a
monotone decreasing function. The aim of
this is to initially damp any chaotic surface
effects, including the most violent jumps in
qs and a.

2. If the computed surface temperature, Ts(t),
does not decrease in time over the whole
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time interval, a monotone decreasing
approximation is computed by the same
algorithm as in the initial monotone
smoothing of Tn.

3. Finally, the monotone decreasing Ts(t) func-
tion is substituted in Eq 14 to calculate a(t)
and a(Ts).

A more conservative approach would involve
replacing the last step with the monotone sur-
face temperature Ts(t) as the boundary condi-
tion for the second HTC calculation, and then
use this more damped a in subsequent
calculations.

Finite-Volume Method for the HCE

Time and Space Discretizations. In the
numerical solution of the heat-conduction
problem, both time and space coordinates are
discretized by finite grids. The whole time
interval [0, tfinal] is divided into a discrete
sequence of increasing time levels:

0 ¼ t0<t1< � � �<tnt�1<tnt ¼ tfinal (Eq 15)

with time steps:

ti ¼ ti � ti�1; i ¼ 1; � � � ; nt (Eq 16)

These time steps must be chosen in accordance
with the thermal behavior of the probe in a par-
ticular quenchant, to avoid extreme temperature
gradients in a single time step, which may
result in a loss of accuracy.
With the Liščić/Petrofer probe, the finest

temperature measurements are taken with a
time step △t = 0.02 s throughout the whole
quenching period, with tfinal 
 1000 s. Such a
fine time step provides very accurate data dur-
ing the first intensive part of the quenching pro-
cess but is quite unnecessary later on, when the
temperature drops. Hence, three different time
steps are used in Eq 16, to speed up the
calculation:

1. ti = 0.02 s, for the first 100 s
2. ti = 0.1 s, from 100 up to 200 s
3. ti = 1 s, from 200 s until the final time

In total, this gives approximately 6800 time
levels instead of 50,000.
In the 1-D model of the probe, only the radial

space coordinate must be discretized. For a pre-
scribed number of subintervals, nr, a uniform
grid with the space step:

h ¼ R

nr
(Eq 17)

is generated in the interval [0, R]. The grid
points rj (illustrated in Fig. 20) are given by:

rj ¼ jh; j ¼ 0; . . . ; nr (Eq 18)

Here, nrmust be sufficiently large, that is, the space
step h in Eq 17 must be sufficiently small, for

accurate solution of the problem. The standard
value is nr = 200, or h = 0.125 mm (0.005 in.),
for the Liščić/ Petrofer probe.

Quite generally, in a chosen formulation
of the problem, all time and space
derivatives are approximated by finite (or, more
precisely, divided) differences with respect
to the chosen grid points, and the resulting
system of equations for unknown values at
grid points then is solved numerically. The
algorithm advances by one time level per step
in a global time-step loop. So, in step i, approx-
imate values for temperatures at time level ti
are computed at all grid points rj. These
approximate values will be denoted by Ti

j ,
to be distinguished from the unknown true
values T(rj, ti).
The only difference between the finite-

difference method (FDM) and the finite-volume
method (FVM) lies in the initial formulation
of the heat-conduction problem, which then is
discretized. In the FDM, the original formula-
tion is the partial differential equation (Eq 10),
with the appropriate boundary conditions
(Eq 11, 12). In the FVM, the problem is written
in its integral form, similar to Eq 13, and the
finite-difference approximation is used for the
heat flux (or the heat-flux density in 1-D
models).
Control Volumes for the FVM. Grid points

rj, given by Eq 17 and 18, are used to radially
divide the probe into nr + 1 annular finite-
control volumes, as shown in Fig. 20.
In the simplified 1-D model of the probe,

these volumes collapse into ordinary intervals
Vj, shown at the bottom of Fig. 20.
The internal volumes Vj, for j = 1, . . . , nr – 1,

are cell-centered at grid points rj:

Vj ¼ rj � h

2
; rj þ h

2

� �
; j ¼ 1; . . . ; nr � 1 (Eq 19)

and their length is equal to the space step h. The
remaining two boundary volumes:

V0 ¼ 0;
h

2

� �
; Vnr ¼ R� h

2
;R

� �
(Eq 20)

are neither vertex-centered nor cell-centered, and
their length is halved. This somewhat unusual
choice of control volumes is particularly well
suited for the problem, because it is easy to dis-
cretize the equations with high accuracy.
The problem now is written as the heat-

conservation law for each control volume Vj,
to obtain the so-called semidiscretized system
of equations. Space integration of the heat-
conduction equation (Eq 10) over the control
volume Vj, with the inner radius r� and the
outer radius r+, gives:
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ðrþ; tÞ

�r� � l
@T

@r

� �
ðr�; tÞ (Eq 21)

The right side represents the heat flow through
the boundaries at r� and r+, in terms of heat-
flux densities at both surfaces. Here, it is easy
to incorporate both boundary conditions
(Eq 11,12), which already are given in terms
of the heat-flux density, so there is no
need for explicit numerical differentiation of
temperatures.
Implicit Finite-Volume Method. The semi-

discretized system of equations (Eq 21) is still
valid for all times t and must be further discre-
tized in time and space.
To ensure numerical stability of the whole

algorithm, this discretization is done by the
so-called implicit approach (Ref 19, 20). The

Fig. 20 Finite-control volumes for the one-dimensional heat-conduction problem
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final space discretization is always performed at
the new time level ti, where the approximate
solution is yet to be calculated, and all time
derivatives are approximated by the backward
difference, in terms of the previous time level,
ti�1, where the approximate solution already is
known. At the first step when i = 1, the previous
time level, t0 = 0, corresponds to the known
initial condition, T0, for the heat-conduction
problem.
In the implicit FVM, Eq 21 is further

discretized at the current time level ti. Because
of the choice of control volumes, the right side
is easily discretized by central differences in
terms of the temperatures Ti

j at grid points rj.
The integral on the left side is approximated
by the midpoint quadrature formula (Ref 24).
If necessary, this approximation is combined
with the linear interpolation in terms of the
grid-point values. The accuracy of all of these
approximations is of the second order in h.
Although the backward difference approxima-
tion of time derivatives is only first-order accu-
rate in ti, this lower accuracy is more than
accounted for in the overall numerical stability
of the method.
At each time level ti, the surface heat-flux

density is calculated iteratively, until it repro-
duces the smoothed near-surface temperature
at that time. Approximate values for qs(ti) are
generated by the surrounding Brent-Dekker
algorithm for iterative solution of this equation.
In each iteration, this approximate value is used
in Eq 21 as the boundary condition for the outer
boundary volume.
Implicit Iterative Computation of Tem-

peratures. The discretization procedure gives
a system of nr + 1 equations, for nr + 1
unknown temperatures Ti

j at all grid points rj,
for j = 0, . . . , nr. In fact, this system has many
more unknown values—it also contains thermal
properties that depend on the unknown tem-
peratures at the same time level.
However, because all thermal properties vary

quite slowly with the temperature, the whole
system is solved by a simple iterative adjust-
ment of thermal properties to new calculated
temperatures:

� The initial approximations for thermal prop-
erties at time level ti are computed from the
already calculated temperatures at the previ-
ous time level ti�1. If time steps ti are not
too large, this gives a very good approxima-
tion for all thermal properties.

� The thermal properties then are considered
as known, as if they are constant at the cor-
responding spatial points. The system now
becomes a tridiagonal linear system for
unknown temperatures at time ti, which is
solved very quickly and accurately.

� The newly computed temperatures are used to
compute better approximations for thermal
properties, and the system is solved again.

These simple iterations are terminated when all
computed temperatures at grid points are

stabilized almost to the full machine relative
precision.

Smoothing of Measured
Temperatures

Before any further processing, the measured
temperatures must be smoothed in time, to
remove the so-called noise in the data, which
is caused by random measurement errors. This
ordinary smoothing, without additional con-
straints, is sufficient if the computed HTC is
used only as a function of time, to calculate
the temperature distribution in the probe itself.
On the other hand, if the HTC is used for other
geometries, then it is taken as a function of the
surface temperature. Here, the smoothing pro-
cedure involves an additional task; it must pro-
duce a function that is monotone decreasing in
time, to eventually ensure the monotonicity of
the surface temperature.

Ordinary Smoothing without
Constraints

For temperatures measured in quenching, the
noise introduced by random measurement
errors contains only high-frequency oscilla-
tions, which are usually small in amplitude.
So, the main goal of smoothing is to filter this
type of noise, but the overall shape of the data
should remain unchanged. Such a smoothing
of data can be done either locally or globally
in time by several standard algorithms.
In local smoothing, the smoothed value at a

given point in time is calculated as a
weighted average of a small number of
nearby measurements. Very often, it is com-
puted from a low-degree polynomial least-
squares approximation (Ref 25). When
applied through the whole data set, this pro-
vides a quick and simple way to obtain a
locally smoothed table of values. This is quite
appropriate for local smoothing of calculated
qs(t) or a(t) values, to remove artificial oscil-
lations introduced by the numerical solution
of the inverse problem.
However, local smoothing is not adequate for

smoothing of measured temperatures. To pro-
vide a freedom of choice for time levels in the
HCE solution algorithm, an output of smooth-
ing must be a smoothing function, f, that can
be evaluated at any time point in the range.
This function f also must be sufficiently
smooth, at least continuously differentiable
(the so-called C1 smoothness), to avoid sudden
jumps or discontinuities in the calculated a.
The smoothing function f is obtained by

finding a suitable approximation of the mea-
sured data, that is, by solving an appropriate
optimization problem. Usually, the function f(t)
is assumed to have a prescribed form, with a cer-
tain number of “free” parameters. For statistical
reasons that justify the noise removal from the

original data, these unknown parameters are
computed by solving the corresponding least-
squares (LSQ) approximation problem.
In the authors’ experience, when there are

no additional shape constraints on the smooth-
ing function, the best way for global smoothing
of measured temperatures is to take f as a
low-degree polynomial spline. Algorithms
for global smoothing by polynomial splines
are given in Ref 16 and 17. The ac-
companying software is publically available
and free to use.

Monotone Smoothing

In the TGS software, the smoothing function
f must be monotone decreasing in time.
Accordingly, a global numerical procedure
for finding f is to compute an LSQ approxima-
tion of the measured data, except that f is
restricted to be monotone. For example, mono-
tone smoothing can be done by using cubic
splines (Ref 17). This leads to a constrained
optimization problem, which is more difficult
to solve than the corresponding unconstrained
problem. In addition, cubic splines are too
smooth for temperatures measured in liquid
quenchants.
For these reasons, instead of polynomial

splines, continuously differentiable (C1) expo-
nential splines (Ref 26) are used for monotone
smoothing. Such splines are more difficult to
calculate, but in the end, an unconstrained
LSQ optimization problem is obtained, which
is then easier to solve. Moreover, for smoothing
of temperatures, this form of the smoothing
function offers some extra advantages.
Exponential C1 Splines. Informally

speaking, an exponential C1 spline f is a func-
tion that is piecewisely composed of ordinary
exponential functions, and these pieces are
joined in such a way to give the global C1

smoothness of the function. More precisely,
the construction of f begins by specifying the
so-called spline mesh. It is given as an ascend-
ing sequence of m + 1 knots:

x0< . . .<xm (Eq 22)

and divides the whole interval [x0, xm] into m
subintervals [xj�1, xj], for j = 1, . . . , m.
The restriction of f on each subinterval [xj�1, xj]
is equal to some exponential function pj, that is:

f tð Þ ¼ pj tð Þ; t 2 ½xj�11; xj�; j ¼ 1; . . . ;m (Eq 23)

where the exponential “piece” pj is defined by:

pjðtÞ ¼ aj þ bje
djt for dj 6¼ 0

aj þ bjt for dj ¼ 0

�
(Eq 24)

Finally, to make f continuously differentiable
on [x0, xm], the pieces pj must satisfy the fol-
lowing continuity conditions at all interior
knots x1, . . . , xm�1 of the spline mesh:
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f xj
� � ¼pj xj

� � ¼ pjþ1 xj
� �

f 0 xj
� � ¼p0j xj

� � ¼ p0jþ1 xj
� � j ¼ 1; . . . ;m� 1 (Eq 25)

The interior knots also are known as the break-
points of f, because the second derivative f 0 has
jumps at these points.
Note that each piece pj is determined by

three parameters: aj, bj, and dj. This ini-
tially gives 3m degrees of freedom, but 2m – 2
continuity conditions (Eq 25) imply that only
m + 2 degrees of freedom are left for f. In fact,
the exponential C1 spline f is uniquely deter-
mined by the following m + 2 parameters:

� Two “global” endpoint values, f0 = f(x0) and
fm = f(xm), which can be viewed as the
boundary conditions for f

� The m values of local shape parameters
d1, . . . , dm—one value for each subinterval
of the spline mesh. They control the second
derivative of f, that is, determine the local
convexity or concavity of each piece.

Such a function always is monotone on the
interval [x0, xm]. The trend of f is determined
solely by the boundary conditions, and f0 > fm
makes f monotonically decreasing. Therefore,
no additional monotonicity constraints are
required for monotone smoothing.
For a given set of parameter values, the con-

tinuity equations (Eq 25) become a linear sys-
tem for the remaining local parameters of
all pieces. This system is quite easy to solve,
either numerically or even analytically, to
obtain the local form (Eq 24) of each piece.
Then, pj can be evaluated at each point t in its
subinterval.
Monotone Smoothing of Measured Tem-

peratures. Suppose that the measured data set
consists of nd + 1 points (tk, Tk), for k = 0, . . . , nd,
where tk now denote the times at which the tem-
peratures are measured (and not the time levels,
as before), and Tk = Tn(tk) are the measured
near-surface temperatures. In addition, it is
assumed that the whole set is sorted increasingly
in time:

0 ¼ t0<t1< � � �<tnd�1<tnd (Eq 26)

and that the first measurement is taken at the
time t0 = 0.
For simplicity, the spline mesh is taken as a

suitable subset of all measured times, that is,
the spline knots coincide with some of the data
sites tk. Regardless of the number of knots in
the mesh (which may vary), the boundary knots
always are placed as:

x0 ¼ t0 ¼ 0; xm ¼ tnd (Eq 27)

so that f always covers the whole time range.
The calculation is organized in several

stages, as an iterative refinement of the
spline mesh, to obtain better and better approx-
imations. In each stage, the spline mesh is
fixed, and the corresponding exponential C1

spline f is computed to fit the data. At a

particular stage, some of the m + 2 parameters
f0, fm, d1, . . . , dm may have fixed values
(mainly, to speed up the process), and the
remaining free parameters are computed by
solving the LSQ problem:

Xnd
k¼0

Tk � f ðtkÞð Þ2 ! min (Eq 28)

to obtain the best possible fit and to remove the
noise in the data as well.
This is a nonlinear unconstrained optimiza-

tion problem, which can be solved by various
iterative methods. However, the derivatives
of f with respect to the free parameters are
quite hard to compute here. To avoid that,
Eq 28 actually is solved by the Nelder-Mead
simplex search algorithm (Ref 27), because it
uses only function values of f.
Monotone smoothing with exponential C1

splines also can be used to provide additional
information about the quenching process. If the
temperatures are measured until the probe is
properly cooled, and the tail-end temperatures
are approximated by an exponential function,
the time limit t ! 1 of such an approximation-
provides a very good approximation of the final
stationary temperature T1 of the whole system.
This is very useful in practice, when the quench-
ant temperature Tx is given only as a constant
value, which is usually the initial temperature of
the bath.

Simulation Examples

There is a wide variety of liquid quenchants
that can be used for quenching in industrial
applications. The optimal choice is a difficult
problem, because different quenchants may
cause very different effects, especially
near the surface of the workpiece. This point
is illustrated by two examples, where the
Liščić/Petrofer probe is used in two different
quenchants: a mineral oil and a polymer solu-
tion. (Data used by permission from PetroFer
Chemie H.R. Fischer GmbH + Co. KG, Hilde-
sheim, Germany.)
From now on, to indicate the depths of

thermocouples, the near-surface temperature
Tn and the intermediate temperature Ti are
denoted by T�1.0 and T�4.5, respectively. All
three temperatures are measured until tfinal =
981 s, with nonuniform time steps. At the
beginning, the time step is △t = 0.1 s, while
at the end, it is much larger, △t = 1 s. Each data
set has 1461 points.
The external temperature Tx is not

measured in time. Instead, it is given as the
initial temperature of the quenching bath, and
both examples have Tx = 50 �C (120 �F). This
turns out to be rather inaccurate, and the final
steady-state temperature T1 estimated from
an exponential approximation of the last 25 �C
(77 �F) in the near-surface temperature T�1.0 is
used.

Oil Quenching

In the first example, the probe is quenched in
a medium-viscosity accelerated quenching oil,
and the initial temperature of the probe is T0 =
854 �C (1569 �F).
The original unsmoothed measured tempera-

tures Tc, T�4.5, T�1.0, and Tx are given earlier
in Fig. 11 (in that order, from the top of the
figure).
Note that there is a very sharp change (or

drop) in the near-surface temperature at approx-
imately t = 14 s, when nucleate boiling begins.
This change is slightly less visible in the inter-
mediate temperature, because of the damping
effect.
Apart from that, all temperatures appear to

be very smooth, even without smoothing,
because the noise is very small in magnitude.
There are no other abrupt changes in quench-
ing conditions, and the calculated surface
temperature Ts also decreases in time.
Therefore, an additional monotone approxi-
mation to make a a function of Ts is not
required here.
The calculated heat-transfer coefficient, a, is

shown in Fig. 21 as a function of time, and in
Fig. 22 as a function of the calculated surface
temperature, Ts.
Because the quenching is done in oil, there

are no chaotic effects on the surface of the
probe, and both HTC curves are fairly regular
in shape. In fact, all three phases of the heat
extraction are nicely visible.
The differences between measured and cal-

culated temperatures at reference points are
given in Fig. 23.
These differences or errors in the

numerical simulation refer to the original
measured temperatures, so they include the
initial smoothing of measured near-surface tem-
peratures, numerical solution of the heat-
conduction problem (Eq 13), and the final local
smoothing of calculated surface heat-flux den-
sity, qs(t).
It should be noted that all errors in T�1.0

are entirely due to the initial monotone smooth-
ing, because the HTC calculation exactly repro-
duces the smoothed near-surface temperature.
Most of these errors come from random noise
in the data, and only a small “regular” part
reflects the monotone approximation errors.
The errors in core and intermediate tempera-

tures are somewhat larger. This is nothing
unusual, because the temperature gradients are
very high here. In addition, the strict radial sym-
metry of temperatures in the probe is almost
impossible to achieve in practice, and these errors
may be caused by a slightly slanted immersion of
the probe into the quenchant or by small varia-
tions in the fluid flow around the probe.

Polymer Quenching

It is well known that polymer quenching
is likely to cause chaotic violent changes in
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local quenching conditions near a particular
point at the surface, so that the symmetry
assumption is almost certainly not valid in
this case. However, in most cases, these irregula-
rities are very local, both in time and space, and

the 1-D radial symmetry model may still be suf-
ficiently accurate on the average to calculate the
temperature distribution in the probe.
To demonstrate this, in the second example, the

probe is quenched in a 10% polymer solution, and

the initial temperature of the probe is T0 = 855 �C.
T0 = 855 �C (1570 �F).
The original unsmoothed measured tempera-

tures Tc, T�4.5, T�1.0, and Tx are given in Fig. 24
(in that order, from the top of the figure).

Fig. 21 Oil quenching: calculated heat-transfer coefficient, a, as a function of time.
Courtesy of Petrofer GmbH

Fig. 22 Oil quenching: calculated heat-transfer coefficient, a, as a function of surface
temperature. Courtesy of Petrofer GmbH

Fig. 23 Oil quenching: differences between measured and calculated core, inter-
mediate, and near-surface temperatures. Courtesy of Petrofer GmbH

Fig. 24 Polymer quenching: measured core, intermediate, near-surface, and external
temperatures. Courtesy of Petrofer GmbH

Fig. 25 Polymer quenching: calculated heat-transfer coefficient, a, as a function of
time. Courtesy of Petrofer GmbH

Fig. 26 Polymer quenching: calculated heat-transfer coefficient, a, as a function of
surface temperature. Courtesy of Petrofer GmbH
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The measured near-surface temperature is
very rough for the first 35 s. Moreover, it
increases significantly for some periods of time,
reflecting the violent conditions at the surface.
In fact, these conditions are so irregular that
the monotone smoothing of T�1.0 does not help,
and the calculated surface temperature, Ts, is
not strictly decreasing in time. As a conse-
quence, an additional monotone approximation
of Ts is necessary to express a as a function
of Ts.
The calculated heat-transfer coefficient, a, is

shown in Fig. 25 as a function of time, and in
Fig. 26 as a function of the monotone surface
temperature, Ts.
In contrast to the previous example, both

HTC curves are very irregular. Thus, despite
all monotone smoothing efforts, they still
reflect the quenching conditions at the surface.
The differences between measured and cal-

culated temperatures at reference points are
given in Fig. 27.
High errors in T�1.0 for the first 35 s are now

caused by the monotone approximation of T�1.0

and reflect the nonmonotonicity in the original
data.
Finally, regardless of all chaotic phenomena

at the surface, the errors in core and intermedi-
ate temperatures are not much higher than in oil
quenching.
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Quench Process Sensors*
G.E. Totten, Portland State University

FLUID FLOW is critical for the control of
quench severity during the quenching process.
Residual stresses and often the distortion con-
trol of quenched steel parts are dependent on
fluid agitation during the quenching process.
Steel hardening results. Nonuniform fluid flow
throughout the quench zone in production
quench tanks is one of the greatest contributors
to nonuniform hardness, increased thermal
stresses, cracking, and distortion. Therefore,
the measurement of flow characteristics during
the quenching process is important.
However, although this is known, monitoring

of fluid flow is rarely encountered in production
quench tanks, even though it is also known
that fluid flow varies greatly as a function of
position in the tank. One of the reasons that
fluid flow measurement is seldom performed
is that, until recently, properly designed flow-
measurement devices with sufficient sensitivity
and ruggedness for use in the heat treating shop
have not been commercially available. This
article provides an overview of various mea-
surement principles for different types of flow
devices. A number of developed instruments
for use in production quench tanks are descri-
bed. Various methods of flow measurement in
commercial quench tanks may be acceptable
for adequate control to ensure a high-quality
production process.

Fluid Flow in Quenching

Quenching severity is agitation dependent.
Therefore, magnitude and turbulence of fluid
flow around a part in the quench zone is criti-
cally important relative to the uniformity of
heat transfer throughout the quenching process
(Ref 1–5). One of the greatest contributors to
nonuniform hardness, increased thermal stres-
ses, cracking, and distortion is nonuniform fluid
flow throughout the quench zone in production
quench tanks (Ref 6). The impact of nonuni-
form flow on distortion and cracking has been
discussed previously (Ref 7–10). These, and
other, references have clearly shown the

necessity of optimizing the uniformity of fluid
flow in the quench zone to provide optimum
control of distortion and to minimize cracking.
Some of the classic methods of measuring

fluid flow on both a laboratory and commercial
scale include turbine velocimeters (Ref 11),
streak photography (Ref 12, 13), pitot-static
tube (Ref 14), electromagnetic current meter
(Ref 15), hot-film anemometer (Ref 11), and
laser Doppler velocimetry (Ref 8–11).
Although none of these methods are generally
unsuitable for continuously monitoring fluid
flow in quench tanks during heat treatment pro-
cessing, they have provided invaluable insight
into the fluid mechanics of the quenching pro-
cess. For example, streak photography was con-
ducted on a model of a quench tank for an
integral quench furnace.
Computational fluid dynamics (CFD) model-

ing is increasingly used to examine the unifor-
mity of fluid flow in a quench tank. Totten
and Lally reported one of the first examples of
the application of this methodology to illustrate
the nonuniformity of quench tank fluid flow
(Ref 11). This work was followed by studies
reported by Garwood et al. (Ref 15, 16). Bogh
used CFD analysis to examine the impact on
quench nonuniformity of the placement of
submerged spray eductors at various locations
around a rack of aluminum panels (Ref 17).
More recently, Halva and Volný (Ref 18) have
used CFD analysis to examine the homogeneity
of fluid flow as a function of agitator place-
ment. An example of the use of CFD modeling
to design a quench system with improved flow
uniformity has recently been reported by IIT
Flygt (Ref 19). A study was sponsored by the
Society of Automotive Engineers-Aerospace
Metals and Engineering Committee to evaluate
the concentration limitations to meet Military
Handbook 5 design minimums for type I
quenchants for aluminum heat treating standard
development. Unfortunately, the results were
too scattered to achieve the desired goal.
Computational fluid dynamics analysis was per-
formed, which illustrated the variance in physi-
cal property data was likely due to flow velocity

variation in the quench tank (Ref 20). The most
recently reported example of CFD modeling
was conducted on a classic laboratory apparatus
used for cooling-curve analysis. The results of
this work showed that even this system was
susceptible to significant flow variation in the
quench zone (Ref 21).
These CFD studies have clearly shown that

in most cases it is not possible to achieve per-
fectly uniform fluid flow in the quench zone.
In addition, experimental work reported by
Titus showed substantial variation of fluid flow
in the quench zone of a batch integral quench
furnace (Ref 22, 23). Therefore, from these
and other studies, it is clearly important
that fluid flow velocity be measured during
quench processing in the workshop. Various
approaches reported to measure quench severity
and fluid flow are reviewed here.

Fluid Flow Measurement

This is a summary of the most important
devices used for flow measurement, which
are frequently reported in literature under the
heading “volume meters” (Ref 24). The flow
rate is the ratio of the quantity of the flowing
medium, differentiated with respect to the time
in which this quantity flows through a conduit
cross section. The flow rate is expressed either
in units of volume or units of mass. The flow
velocity of the fluid can therefore be deter-
mined from the quotient of the measured vol-
ume flow race and the cross section of the
conduit.
Volumetric Measurement. In volumetric

measurement methods, the flow velocity of the
fluid is indicated as a function of the fluid-
caused rotation of the measuring vanes of the
sensor, or it can be indicated indirectly by con-
tinuous measurement of small volumes or by
integration of flow-rate values. These two
groups can be distinguished as measurement
methods with fixed measurement chamber
walls and measurement methods without fixed
measurement chamber walls.
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The vane sensor is an example of a fre-
quently used measurement method without
fixed measurement chamber walls. The single-
jet meter is characterized by a straight, smooth
flow channel. The fluid flow acts on the rotor,
causing it to rotate as shown in Fig. 1. The vane
wheel sensor has the advantage that the lower
limit of the measurement range is more favor-
able than that of other volumetric measurement
methods. It is necessary to avoid excessive
pressure losses, however. Although this type
of meter may be encountered in the laboratory,
it is seldom used as a flow-measuring device in
commercial quench tanks.
A method that is used, at least on some occa-

sions, in production quench tanks is the propel-
ler-driven flow meter. The propellers may be
placed on the fixture or fixed in the tank. Alter-
natively, a hand-held unit such as the Meade
velocimeter, described in Ref 11, may also be
used. There are various problems with these
meters. They are susceptible to cavitation, and
the propeller blades may wear by abrasion. In
addition, they measure flow in only one direc-
tion and are not sensitive to twist. Thus, they
may be inadequate indicators of the quality of
agitation that the parts are being subjected to
during the quenching cycle. Furthermore, when
portable hand-held units are used, it is essential
that they be placed in exactly the same location
and position each time they are used if compar-
ative data are to be obtained. Thus, while
known and available, such measurement
devices have not gained widespread acceptance
for use in production environments.
Effective Pressure. Methods belonging to

this group are derived from energy equations.
The kinetic energy present as a result of the
flow state and thus also the flow velocity are
included in the physical formulas. The basis
of these measurement methods is Bernoulli’s
equation, which states that, in a frictionless,
steady-state flow, the sum of the kinetic energy,
the potential energy, and the static pressure
energy of a streamline is constant. If changes
in the local height can be ignored, a unique
relationship is obtained between the fluid pres-
sure and the fluid velocity.
In pipe flows, the fluid is forced to travel fas-

ter or slower by internal fittings in the pipe.
Pressure energy and velocity energy are there-
fore conversed into each other. The flow veloc-
ity can be calculated from the difference in the
pressures. Nozzles, diaphragms, and venturi
tubes are used to constrict the cross section of
the pipe.
Flow Velocity Measurement by Correla-

tion Methods. The basis of velocity measure-
ment by the correlation method is the
assumption of random disturbances in the mate-
rial being measured. These arise in flowing
media as local, random variations in pressure,
temperature, conductivity, electrostatic charg-
ing of the fluid, velocity, or light-transmission
capacity as a result of turbulence or as a result
of special types of flow, in the case of multi-
phase mixtures. Two measurement sensors,

arranged one after the other in the flow section,
record the randomly fluctuating signals, from
which a correlation computer determines the
transit time. From the transit time and the
geometry of the measurement section, it is pos-
sible to calculate the flow velocity of the fluid.
In the ideal case, the two measurement sen-

sors set up in a row in the flow direction gener-
ate two signals of the same form but shifted
with respect to each other by the transit time
(t1). The measurement method is based on the
idea of artificially delaying the signal of the
first measurement sensor by time t2. The job
of the correlation computer is to adjust the
model transit time t2 in such a way that t2 = t1.
Therefore, the signal delayed by the measure-
ment section is the same as the artificially
delayed signal. Expressed in general terms, the
correlation computer must minimize the mean
square deviation of the two signals.
Velocity Measurement—Means of Lasers

(Transit Time Measurement). This method
measures the time it takes for a dust particle
to pass between two laser beams. A laser beam
passes through two convex lenses and is
divided by a prism into two parallel beams of
equal intensity. These two beams then pass
through the pipe at right angles to the flow
direction. They are separated from each other
by a distance d. The laser beams are focused
in the center of the pipe by two lenses. Dia-
phragms interrupt the direct course of the
beams, as illustrated in Fig. 2. When a dust par-
ticle travels through the two focal points in the
center of the pipe in succession, the light is
scattered by this particle. The scattered light is

collected by a system of lenses, received by
photocells, and converted into electrical signals.
From the difference in time between the two
successive pulses, the particle velocity and thus
the flow velocity of the fluid in the flow field is
determined.
When a source at rest emits a wave with a fre-

quency of fo, an observer at rest observes the
same frequency fo. However, if the observer is
moving relative to the source, he perceives more
oscillations per unit time as he moves toward the
source and fewer as he moves away. This is
called the Doppler effect, and it can be used to
measure flow velocity, as illustrated in Fig. 3.
When a light beam passes through a flowing

medium, some of the light is scattered out of
the beam by the small particles in the fluid.
The Doppler effect occurs twice during this
scattering process. In one case, the particle is
a moving observer, which sees the laser as a
light source at rest; in the second case, the par-
ticle re-emits this light as a source in motion.
The photocurrent consists of a constant compo-
nent and a variable component with the fre-
quency Df. The photocurrent undergoes a
frequency shift, Df, which is proportional to
the fluid flow velocity.
Heat-based flow measurement is obtained

from a temperature difference that is mea-
sured in a flow field. One heat-based flow-
measurement method is the heated wire method
(Fig. 4), where an electrically heated metal
wire, the resistance of which is a function of
temperature, is introduced into a flow stream
and cooled by it. The loss of heat in this case
depends on the velocity of the gas passing

Fig. 1 Vane sensor, single-jet meter

Fig. 2 Arrangement for determining the flow velocity
by measuring the transit time Fig. 4 Schematic illustration of the heated wire method

Fig. 3 Use of the Doppler effect to determine the flow
velocity of flowing media
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by, on its physical data (thermal conductivity,
specific heat capacity, and density), and on
the difference between the temperature of the
fluid and the temperature of the wire. The
use of a thermistor-based sensor has been
reported; however, it was not used to continu-
ously monitor quench severity in a commercial
tank (Ref 25).
An illustration of the use of the hot wire

method to examine flow uniformity in a com-
mercial quench tank was reported by Kocevar
et al. (Ref 26, 27). In this work, the cooling
power of a quenchant was measured by exam-
ining the cooling profile of a heated (to
850 �C, or 1560 �F) 0.2 mm (0.008 in.) diameter
by 20 mm (0.8 in.) long platinum wire. Electri-
cal current was used to heat the wire at a con-
stant rate of 20 �C/s (36 �F/s). Cooling power
is then related to the electrical energy required
to keep the temperature rise of the wire con-
stant. (Platinum wire was used because it pos-
sesses a relatively proportional relationship
between temperature and resistance.) Figure 5
illustrates the relationship between cooling
power and agitation for a quench oil at different
temperatures (Ref 26).
The agitation variation possible in a batch

integral quench furnace was illustrated by
attaching a platinum wire to different empty
baskets in the quench zone. The data in Fig. 6
show that the cooling power varies significantly
between the top and bottom basket, with the
greatest cooling variation occurring at the posi-
tion of the bottom basket (Ref 26).
Keil et al. discussed two disadvantages of the

Kocevar hot wire method that inhibit its
repeated and general use under production con-
ditions (Ref 28). The first disadvantage is that
the platinum wire sensor exhibits a limited life-
time due to repeated heating and cooling
cycles. The second disadvantage is that there
is only one wire sensor; therefore, both ambient
and heated wire temperatures are not measured
concurrently. Because ambient temperatures are
not measured, the device cannot be used for
instantaneous monitoring (see the subsequent
discussion). Keil et al. described the

construction of an alternative apparatus that
can be used for continuous monitoring of
quenchant agitation in a commercial quench
tank. This apparatus, illustrated in Fig. 7 (Ref 29),
uses two heat-conductive sheaths containing
sensors that are thermally insulated from each
other. A microprocessor is connected to these
sensors, and a known current is applied to
one sensor to calculate cooling effectiveness.
A schematic illustration of the sensor is
provided in Fig. 8 (Ref 29). The convection
heat-transfer coefficient (h) is calculated from:

h ¼
1=A

THTR�TAMB�1:4932
q

� �

where A is the surface area of the first conduc-
tive sheath; THTR is the temperature of the first
sensor; TAMB is the ambient temperature of the
quenchant in the tank; and q is the electrical
power consumed, which is calculated from q =
K/V1, where K is the constant current output
from the voltage regulator, and V1 is the
measured voltage drop across the resistor. The
value of 1.4932 is a conductive factor to
account for heat losses between the surface of
the first sensor and the surface of the first
heat-conductive sheath. Figure 9 illustrates the
sensor assembly (Ref 30).
Velocity Measurement Using Thermal

Probes. Another heat-based method is the
velocity measurement using thermal probes.
Thermal probes consisting of semiconductor
resistors are especially suitable for the measure-
ment of low velocities, because of their high
temperature coefficients and the associated high
output signals. The measurement sensor is
heated electrically. A state of equilibrium is

Fig. 5 Relationship between cooling power and
agitation for a quench oil at 60, 80, 100, and
120 �C (140, 175, 210, and 250 �F)

Fig. 6 Cooling power variation between different posi-
tions on the top and bottom of baskets in a
batch integral quench furnace

Fig. 7 Illustration of the Caterpillar quench-evaluation
sensor. Source: Ref 29

Fig. 8 Schematic illustration of the temperature sensor
used for the apparatus in Fig. 7

Fig. 9 Illustration of the Ipsen International Fluid-Quench
Sensor instrument. An interesting illustration of

flow variation during a quench occurs when an agitator fails.
Such an example is provided in the Ipsen literature (Fig. 10).
The failure of the agitator causes the sensor temperature
difference to rise above the allowed setpoint, activating an
alarm.
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reached in correspondence with the cooling
conditions. The temperature of the measure-
ment sensor present in the state of equilibrium
determines the resistance. Appropriate circuitry
derives a signal from this resistance, and suit-
able measurement technology then evaluates
the signal.
This group of thermal methods involves heat-

ing the medium to be measured (Ref 31). The
heat balance can then be used to calculate the
mass throughput and thus the flow velocity of
the medium from the amount of heating power
supplied to increase the temperature of the fluid
and the specific heat capacity of the fluid. This
is the principle used for the flow-measurement
device recently developed and reported by
Tensi et al. (Ref 32–34). The probe, similar to
the one illustrated in Fig. 10, measures heat flux
from the part to the surrounding quenchant with
an unknown flow velocity and an unknown tur-
bulence or twist. The probe geometry, as
described by Tensi et al., is designed to mini-
mize dependence on flow direction and still be
highly sensitive to agitation (Ref 35). The body
of the probe has a freely defined temperature
(Tprobe) that fulfills the conditions:

TLeidenfrost > Tprobe > Tbath (Eq 1)

and

Tprobe ¼ Constant (Eq 2)

by variation of conducted energy (Econ), so the
probe temperature is constant. The Leidenfrost
temperature (TLeidenfrost) refers to the tempera-
ture for vapor-blanket cooling, characterized
by the Leidenfrost phenomenon, namely, the
formation of a uniform vapor blanket around
the testpiece. The vapor blanket develops and
is maintained while the supply of heat from

the interior of the part to the surface exceeds
the amount of heat needed to evaporate the
quenchant and maintain the vapor phase.
The probe permits measurements of deliv-

ered energy according to the equation:

Econ � Edel ¼ Constant (Eq 3)

Because the delivered energy (Edel) depends on
chemical qualities of the bath as well as the bath
temperature (Tbath) and agitation (composed
from flow rate, v, and twist), a value is provided
for the quality of agitation or cooling power using
dimensionless flow. With this information, two
other parameters may be determined:

Econ ¼ C� Quality of agitation (Eq 4)

where C contains the thermal properties of the
probe, including Tprobe, the chemical properties
of the bath, Tbath, and Edel. The change of the
probe temperature, until achieving a stationary
condition according to Eq 4, is schematically
given in Fig. 11. The temperature of the probe
(Tprobe) decreases upon submersion of the probe
in the quenching bath to a defined position and
then increases by automatic variation of Econ

until reaching the initial temperature of the
probe (Tprobe). Once the parameters of the probe
are defined, correlation between Econ, Tbath,
and quality of agitation may be determined.
Measurement accuracy increases with increas-
ing Tprobe.
McCurdy and Coughlin have reported the use

of a solid-state sensing probe (with no details
regarding the construction), a measurement
chamber, a microprocessor-based controller,
and a plumbing system to continuously monitor
the heat-transfer coefficient in the quench tank
(Ref 36). The microprocessor is used to directly
convert thermal energy to electrical energy. In
this system, the quenchant is pumped past the
sensor at a constant velocity, and an electrical
current is passed through the sensor. The heat-
transfer coefficient (h) is calculated from:

h ¼ kP

�T

where P is the dissipated power, k is a constant,
and DT is the temperature difference between
the probe surface and the surrounding quench-
ant. Although it was acknowledged that the
data obtained were agitation-dependent, this
device was used only to monitor the variation
of the heat-transfer coefficient at a constant flow
velocity in the probe measurement chamber.
However, presumably this device could be rede-
signed to obtain agitation rate-dependent data.
Ipsen International has commercialized an

instrument called the Fluid-Quench Sensor
(Fig. 9) that reportedly can be used for continu-
ously monitoring oil and aqueous polymer
quenchants to determine fluid flow variation at
different quenchant temperatures and fluid
compositions (Ref 25). This instrument, like
that reported by Keil et al. (Ref 28–30), mea-
sures the temperature difference between the
quenchant and a higher temperature produced
by a separate heat source. The temperature dif-
ference is caused by the heat flux between the
applied heat and the convective heat transfer
to the quenchant. It should be noted that the
flow conditions at the sensor are dependent on
its position relative to the agitators, the sensor
must not be influenced by heat transfer from
the load during the quench, and it must be pos-
sible to install the sensor without draining the
quench tank.
An interesting illustration of flow variation

during a quench occurs when an agitator fails.
Such an example is provided in the Ipsen liter-
ature (Fig. 12). The failure of the agitator
causes the sensor temperature difference to
rise above the allowed setpoint, activating an
alarm.
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Intensive Quenching of Steel Parts
Michael A. Aronov, Nikolai I. Kobasko, and Joseph A. Powell, IQ Technologies, Inc.
George E. Totten, Portland State University

INTENSIVE QUENCHING is an alternative
method of hardening steel parts. It provides
extremely high cooling rates within the mar-
tensite-phase formation temperature range. This
is in contrast to conventional quenching con-
ducted in oil, polymer, or water that limits the
cooling rate within the martensite formation
range. This rule is based on the belief that
slower cooling will avoid high-tensile residual
stress, distortion, and a possibility of part crack-
ing. Extensive research conducted by Dr.
Kobasko in the early 1960s in the Ukraine
demonstrated that avoiding a high cooling rate
when material is in the martensite phase is not
always necessary or optimal for obtaining the
best material properties. His studies showed
that a very high cooling rate within the mar-
tensite range would actually prevent quench
cracking, if done correctly.
The process of intensive quenching (IQ) is a

method of interrupted quenching conducted in
highly agitated water. It differs from conven-
tional oil, polymer, and water quenching by
providing a much greater heat-extraction rate
from the parts being quenched. The phenome-
non was discovered first by laboratory experi-
ments (Ref 1). Figure 1 shows experimental

data obtained for a cylindrical specimen made
of low-alloy steel with a diameter of 6 mm
(0.24 in.). The bell-shaped curve clearly illus-
trates a general effect of the cooling rate within
the martensitic phase on crack formation: the
probability of quench cracking is low for both
the relatively slow conventional quenching and
also for very rapid and uniform cooling (asso-
ciated with the IQ process). Later, the IQ phe-
nomenon was supported by the results of
computer simulations and a large number of field
experiments on a variety of actual steel parts.
Currently, two types of IQ methods are

used in heat treating practice: IQ-2 and IQ-3.
The IQ-2 process is a three-step procedure
(referred to as an IQ-2 technique) based on fast
cooling under quenchant nucleate boiling heat-
transfer conditions on the part surface, slow
cooling in air, and convection cooling in the
quench tank. The IQ-2 process is usually
applied to batch quenching. The IQ-3 process
is a one-step intensive cooling method (referred
to as an IQ-3 technique), where cooling at the
part surface is so fast that both film boiling
and nucleate boiling are completely avoided,
and the basic heat-transfer mode on the part
surface is simply convection. Direct convection

cooling is the key element of the IQ-3 process,
and it is usually employed for single-part
quenching operations.
This article provides a review of these

methods and some applications. Basic princi-
ples, metallurgy, and practical applications of
IQ methods for steel parts also are presented
in numerous technical papers, conference
proceedings, and books. A detailed description
of the IQ technology, related equipment,
and IQ applications is presented in the book
Intensive Quenching Systems: Engineering and
Design (Ref 3).

Mechanical Properties and
Cooling Rate of Quenching

Figure 2 shows a general correlation between
steel mechanical properties and the cooling
rate of the part for both the conventional
quenching process and the IQ process. Material
mechanical properties improve with cooling
rate increase during quenching, because the
greater the rate of cooling, the deeper the hard-
ened layer, and the more complete the phase
transformation that takes place in steel parts.
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Fig. 1 Correlation between part cooling rate and proba-
bility of crack formation. Source: Ref 2

Fig. 2 General correlation between steel mechanical properties and cooling rate during quenching. IQ, intensive
quenching. Source: Ref 4



The curve breaks between the conventional
quenching zone and the IQ zone. This break
illustrates that, in conventional quenching, the
part will likely crack above a certain cooling
rate. At that point, it is useless to quench faster
and attempt to obtain any further improvements
in the part mechanical properties on a distorted
or broken part.
Figure 2 also shows that, in the IQ zone, part

mechanical properties are not only greater com-
pared to the conventional quench zone, but they
continuously increase up to a certain ultimate
level for the given steel type. When in the
IQ zone, a faster quench rate on the part
surface does not improve the part properties.
This is because at the initiation of the IQ, the
part surface temperature almost instantaneously
becomes the same as the quenchant tempera-
ture. Said another way, after a certain intensity
of quench (at a very high heat-extraction rate),
the part cannot “give up” its heat any faster
than the rate of heat conduction through
the part. This is why one cannot quench too
fast during the intensive portion of the quench.
When the part surface layer has reached
the temperature of the quenchant, conduction
within the part sets a natural limit on the rate
of cooling in the subsurface layers and the core

of the part. Because conduction is also a very
rapid and a very uniform form of heat removal,
intensive quenching is able to reach the ulti-
mate goal of any quench.

Intensive Quenching and Other
Quench Methods

As noted, the IQ process is an interrupted
quench method conducted in highly agitated
water. It differs from conventional oil, polymer,
and water quenching by providing a much
greater heat-extraction rate from the parts being
quenched. Heat fluxes from the part surface
during intensive quenching (and, as a result,
the part cooling rates) are several times greater
than that for conventional quenching (Ref 5,
Chapters 3, 5, and 10). Extremely high heat-
extraction rates result in a much greater temper-
ature gradient throughout the part cross section.
As shown subsequently, the temperature gradi-
ent is a major factor affecting the formation of
very high current surface compressive stresses
that prevent parts from cracking during inten-
sive quenching. The residual surface stresses
remain compressive after the IQ process is

completed. This is in contrast to conventional
quenching, where residual surface stresses are
usually tensile or neutral.
As an example, Fig. 3 to 5 illustrate the dif-

ference in thermal, structural, and stress condi-
tions during the IQ process and conventional
quenching in oil for a cylindrical rod of
25 mm (1 in.) diameter and made of plain car-
bon AISI 1045 steel. These data were generated
by Deformation Control Technologies, Inc. of
Cleveland, Ohio (Ref 6) using the DANTE
computer program (Ref 7). As seen from
Fig. 3, during IQ, the part core is still at the aus-
tenitizing temperature at a time when the mar-
tensite transformation begins on the part
surface. A substantially deep part surface layer
transforms into martensite by the time the phase
transformation starts in the core. This is in con-
trast to conventional quenching in oil (Fig. 4),
where the temperature lag from the part core
to the surface is less than 50 �C (90 �F). This
means that the phase transformation in oil takes
place almost simultaneously through the entire
part cross-sectional area.
Figure 5 shows a distribution of the calcu-

lated residual hoop stresses in the rod after IQ
and after quenching in oil. As seen from the
figure, the residual surface compressive hoop

Fig. 3 Temperature and structural conditions during intensive quenching of 25 mm (1 in.) diameter rod made of 1045 steel

Fig. 4 Temperature and structural conditions during quenching in oil of 25 mm (1 in.) diameter rod made of 1045 steel
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stresses after the IQ process are much greater
compared to that after conventional quenching
in oil. A value of the residual hoop surface
compressive stresses after the IQ process is
�1000 MPa (�144.7 ksi), while this value after
oil quenching is only �294 MPa (�42.5 ksi).
Two factors contribute to a higher value of the
residual hoop surface compressive stresses after
the IQ process:

� Formation of a much deeper martensitic sur-
face layer at the very onset of the quench, prior
to the start of the phase transformation in the
part core; the deeper the martensitic shell or
case, the more expansion of the material takes
place in the part surface layer, and the higher
the hoop surface compressive stresses around
the still hot and plastic austenitic core.

� After the martensite transformation starts
on the rod surface, there is substantial ther-
mal shrinkage in the part core, resulting in
pulling the part martensitic layer toward the
core and inducing greater hoop compressive
stresses.

The subsequent formation of martensite in the
part core during intensive quenching ultimately
results in the core swelling and diminishing the
surface hoop compressive stresses. However, as
seen from Fig. 5, after IQ, the residual surface
hoop stresses are still compressive and much
greater than that after oil quenching. This is in
spite of the fact that the part core is martensitic
(and therefore stronger) after IQ, while the
core has a mixed structure after oil quenching.
A phenomenon of developing high residual
surface compressive stresses after IQ for
through-hardened parts illustrated previously by

computer simulations is supported by numerous
experimental data.
Along with uniformly fast cooling of the part

shell, the key element of the IQ process is the
interruption of the IQ at the proper time. The
calculated time for interruption of IQ depends
on part shape, part dimensions, type of steel,
and ultimately the desired physical properties
in accordance with the part specifications. For
example, for parts made of through-hardened
medium- and high-alloy steels, the quench is
usually interrupted at the moment of time when
surface compressive stresses are at their maxi-
mum value and the part hardened layer is at
an optimum depth. A method for calculating
an optimum interruption time during IQ is pre-
sented as follows.
After interruption of the intensive water

quench, cooling then continues in air. The ther-
mal energy coming from the still very hot part
core tempers the martensitic surface layer,
making it tougher and preventing possible
cracking. On the other hand, for parts made
of low- or medium-plain carbon steels having
a low hardenability, or for parts made of car-
burized grades of steel, the interruption crite-
rion is often calculated to provide the
hardened shell or case as deep as possible.
A very commonly posed question regarding

the IQ process is how it differs from induction
case hardening (or shell hardening) methods.
Like the IQ process, induction case hardening
provides the part with residual compressive sur-
face stresses and with a wear-resistant martensi-
tic surface. However, unlike the IQ processes,
induction case hardening strengthens only the
part surface layer. The part core does not expe-
rience any phase transformations. If core

conditioning is required, the part must be
through heated, quenched, and tempered prior
to conducting induction case hardening. This
is in contrast to the IQ methods that provide
high compressive surface stresses and, at the
same time, strengthen the core. Secondly,
induction case hardening creates hardness and
residual-stress profiles (from compressive at
the surface to tensile below the surface) that
are much steeper than those after IQ, because
only a relatively thin part surface layer is auste-
nitized by induction heating. Finally, the IQ
process is interrupted when residual surface
compressive stresses are at their maximum
value, providing the part with an optimum hard-
ened depth. The smoother hardness profile, the
high residual compressive stresses, the properly
toughened core, and the optimum depth of
hardness after IQ processes result in better part
performance characteristics—and in a single
process.
In summary, the IQ process involves inter-

rupted quenching in highly agitated water for
through hardening. Both the intensity of cooling
(the heat-extraction rate) and the cooling time
are strictly defined depending on the part shape,
dimensions, and type of steel and are determined
by computer simulations. Due to greater cooling
rates compared to conventional quenching, the
IQ process provides a better material microstruc-
ture, deeper hardened layer, and high residual
surface compressive stresses, resulting in stron-
ger parts with better fatigue life and less energy
consumed in processing. Due to the environmen-
tal benefits of IQ being a water-only quenchant,
the IQ process facilitates part-by-part heat treat-
ment operations within the manufacturing cell.

Heat Transfer during Quenching

As noted, two methods of IQ are used in
practice. One is a three-step process (IQ-2)
based on quenchant nucleate boiling during fast
cooling, followed by slow cooling in air, and
then convection cooling in the quench tank.
The other method (IQ-3) is a one-step intensive
cooling method based on direct convection
cooling of the part surface. To better understand
the fundamentals of IQ methods, it is helpful to
briefly review the modes of heat transfer during
quenching of steel parts in liquid quench media.
Heat Transfer during Conventional

Quenching.When quenching parts in oil, poly-
mer, or water, four consecutive modes of heat
transfer take place: shock nucleate boiling, film
boiling, nucleate boiling, and convection (Ref
3, Chapter 3). Figure 6 qualitatively presents
the heat flux change from the part surface dur-
ing quenching. The shock nucleate boiling pro-
cess starts at the very beginning of part
immersion into the quench bath. The heat flux
from the hot part surface during this time period
is very high, resulting in an almost instant initi-
ation of the boiling process. Due to high heat
flux during the shock boiling process, the rate
of bubble formation is so great that, in a very

Fig. 5 Distribution of residual hoop stresses in 25 mm (1 in.) diameter rod made of 1045 steel after intensive
quenching and after quenching in oil
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short time period (usually approximately 0.1 s
after the beginning of the quench), bubbles
merge with each other to form a vapor blanket
or film on the part surface. The heat flux from
the part surface required for initiation of the
film boiling mode of heat transfer is called the
first critical heat flux density, qcr1 (Fig. 6). Note
that the formation of the vapor blanket is a very
unstable process and therefore uncontrollable.
Prior to forming a vapor blanket throughout
the entire part surface, areas of the film boiling
move sporadically along the part surface, caus-
ing very nonuniform cooling. In addition,
because the vapor blanket has low thermal con-
ductivity, it creates a barrier for heat transfer
from the hot part surface to the quenchant,
resulting in sharp reduction of the heat flux
from the part surface (Fig. 6) and a slowdown
of the part cooling rate. The nonuniform and
delayed cooling, in turn, may cause excessive
part distortion and a spotty surface hardness,
often called a slack quench.
Due to a gradual reduction of the part cooling

rate, the temperature gradient throughout the
part cross section decreases, resulting in the
reduction of heat flux from the part surface.
At some point, the heat flux on the surface of
the part reaches a level at which it cannot sup-
port the film boiling process any longer. The
vapor blanket starts to collapse, and the film
boiling mode of heat transfer switches to the
nucleate boiling mode. The heat flux at the part
surface when the nucleate boiling process starts
is called the second critical heat flux density,
qcr2 (Fig. 6). Due to the absence of the vapor
blanket (a thermal barrier) on the part surface
during the nucleate boiling mode of heat trans-
fer, the heat flux from the part surface starts to rise
from qcr2 to its maximum value. Note that the
nucleate boiling process is both a very stable
and a very intensive mode of heat transfer. The
average heat-transfer coefficient from the part
surface during nucleate boiling is much greater
than that during the nonuniform film boiling pro-
cess. In the final stage of conventional quenching,
as the heat flux from the part surface further
reduces, the nucleate boiling process is replaced
by convection heat transfer from the part surface
to the liquid quenchant.
Heat Transfer during Batch Intensive

Quenching (IQ-2 Process). Similar to conven-
tional quenching, a shock boiling process
initiates from the very beginning of the IQ-2
quench. However, in contrast to conventional
quenching, the shock nucleate boiling process
never transforms into the film boiling process.
Thus, only two modes of heat transfer take place
during the IQ-2 process: nucleate boiling fol-
lowed by convection cooling. The film boiling
process is fully eliminated in IQ water tanks due
to the following measures: providing a vigorous
(intensive) agitation of the quench bath, main-
taining the water at close to ambient temperature,
and using a small amount of water additives (usu-
ally mineral salts) that affect electrostatic condi-
tions of the thin quenchant layer bearing against
the part surface, resulting in an increase of

quenchant surface tension. All these factors
increase the value of the first critical heat flux
density, qcr1, in the quench water. In other words,
a greater heat flux from the part surface is
required to bring the IQ-2 quench water to the
saturated temperature needed to initiate the film
boiling process at the part surface.
Another method for eliminating the film boil-

ing process is to provide a redundant
pressure above the surface of the quench bath.
A detailed description of this approach is pre-
sented in Ref 3 (Chapter 8) and Ref 5. Raising
the pressure in the quench chamber above the
ambient pressure results in the rise of the water
saturated temperature. This, in turn, causes an
increase of the first critical heat flux density,
qcr1, which makes initiation of the film boiling
process more difficult. For example, raising the
pressure above the quench bath from ambient
0.1 to 0.2 MPa (1 to 2 bar) results in an increase
of the water boiling temperature from 100 to
120 �C (212 to 248 �F) and an increase of qcr1
from 5.8 MW/m2 to approximately 7.5 MW/m2.
Due to the very high heat-transfer coefficient

during nucleate boiling in water, the part surface
temperature approaches the water boiling temper-
ature very quickly. The part surface temperature
stabilizes just above the quenchant boiling tem-
perature for a certain time period (Fig. 7). Note
that this period of cooling (characterized by a sta-
bilized surface temperature) is absent when
quenching parts in oil, due to a much smaller
nucleate boiling heat-transfer coefficient in oil
compared to that in IQ water tanks.
When the heat flux from the part surface drops

further, the nucleate boiling process in water is
replaced by the final mode of heat transfer: con-
vection cooling (the same final cooling mode as
in oil or polymer/water quenching).
Heat Transfer during Single-Part Intensive

Quenching (IQ-3 Process). When implement-
ing the IQ-3 process in high-velocity IQ sys-
tems, the water is flowing so fast along the
part surface that the water does not have a
chance to reach the boiling temperature. A so-
called direct convection cooling takes place
during the IQ-3 process. In this case, the

part surface temperature cools to the water tem-
perature almost instantly (Fig. 7). The IQ-3
process provides the ultimate intensive cooling
rate for steel parts during quenching that
yields the highest as-quenched hardness and
deepest quenched layer (versus conventional
oil or polymer/water quenching). The IQ-3 pro-
cess thus provides the maximum achievable
improvement in material mechanical properties
for a given alloy of steel in a given geometry.

Batch Intensive Quenching (IQ-2)

The three-step IQ method (referred to as IQ-2)
is usually applied to batch quenching. As noted,
the IQ-2 technique is a three-step procedure:

1. Fast cooling under quenchant nucleate boiling
heat-transfer conditions on the part surface

2. Slow cooling in air
3. Convection cooling in the quench tank

During the first stage of cooling, martensite
forms rapidly in the part surface layer, creating
surface compressive stresses. The fast cooling
is interrupted at an optimum time, when the
surface compressive stresses reach their maxi-
mum value. At this point, the steel part is
removed from the water quenchant. Usually, it
happens at the end of the nucleate boiling stage
of cooling (Fig. 7). In some cases (when the
part is relatively thick), the optimum cooling
time is longer than the duration of nucleate boil-
ing, and the quench is interrupted when there is
already convection heat transfer on the part sur-
face. A method and example of calculating the
optimum cooling time during the IQ-2 process
is subsequently discussed in detail.
After interruption of the intensive stage of

cooling, part cooling continues in air. During this
second stage of IQ-2, the part surface layer, or
shell, is self-tempered by the heat coming from
the hot core. The part surface temperature
increases while the part core decreases, resulting
in equalization of the part temperature through-
out its cross-sectional area. Also, in this second

Fig. 6 Schematic of heat-transfer modes during
quenching in liquid media. q

cr1
, first critical

heat flux density; q
cr2

, second critical heat flux density.
Source: Ref 3

Fig. 7 Typical cooling curves at surface and core during
intensive quenching processes (IQ-2 and IQ-3).

Ac3, austenitizing temperature; Ts, quenchant saturation
temperature (100 �C, or 212 �F); Tm, water or water/salt
solution temperature (usually 20 �C, or 68 �F)
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stage, the part compressive surface stresses
(developed as current compressive stresses in
the first stage of cooling) are fixed. As a result
of the self-tempering process, themartensitic sur-
face layer strengthens (as toughened tempered
martensite), eliminating possible part cracking
during final stages of IQ-2 cooling.
In the third phase of the IQ-2 quench, the part is

returned to the intensive quench tank for further
convection cooling to complete the required
phase transformations in the part surface layer.
This third cooling step is needed to provide the
maximum achievable improvement in material
mechanical properties; because the first stage of
cooling takes place mainly during the nucleate
boiling mode of heat transfer, and even after
cooling in air, the temperature of the part surface
layer is still above the quenchant boiling temper-
ature, which is above the martensite finish tem-
perature for a majority of steels.
An analytical mathematical model of the

nucleate boiling process was developed to
determine the duration of this stage of IQ
(Ref 3, Chapter 2). The model consists of
a one-dimensional linear differential heat-
conduction equation with a nonlinear boundary
condition for a nucleate boiling process (Ref 5).
An analytical solution of the aforementioned
mathematical model for an infinite plate, infi-
nite cylinder, and sphere is presented in Ref 5.
The solution was obtained for so-called
irregular and regular thermal conditions that take
place during quenching of steel parts (Ref 3, 5). It
was assumed that, at the moment of transition
from the nucleate boiling process to convection,
the heat flux densities for both modes of heat
transfer are equal. In other words, the heat flux
density from the part surface at the end of nucle-
ate boiling is equal to the convective heat flux
density at the beginning of convection heat trans-
fer. The following equations for calculating
the duration of the nucleate boiling process were
obtained (Ref 3, Chapter 2):

t ¼ �þ f ln
#I
#II

� �
K

a
(Eq 1)

where O = 0.48, a parameter that determines
the duration of the irregular portion of the ther-
mal process (O is a relatively small value com-
pared to t) (Ref 3, Chapter 2); f = 3.21; K is
a parameter (known as the Kondratjev form
factor) that depends on the part shape and
dimensions (Table 1), in m2; and a is the steel
thermal diffusivity, in m2/s.
Values #I and #II are calculated from Eq 2

and 3 using an iterative technique:

#I ¼ 1

b
2lð#0 � #IÞ

R

� �0:3
(Eq 2)

#II ¼ 1

b
aconv #II þ #uhð Þ½ �0: 3 (Eq 3)

where #0 ¼ T0 � Ts; #uh ¼ Ts � Tm; Ts is the
part temperature, in �C; Tm is the quenchant

temperature, in �C; l is the steel heat conduc-
tivity, in W/m � C; R is the characteristic part
dimension, in meters; aconv is the convective
heat-transfer coefficient in the quench tank, in
W/m2 � C; and b is a parameter depending on
the properties of the quenchant and vapors.
As an example, Table 1 presents the values

for the Kondratjev form factor, K, for parts of
simple shapes, while Table 2 includes data for
steel thermal conductivity and thermal diffusiv-
ity, respectively. A convective heat-transfer
coefficient, aconv, in the quench tank can be cal-
culated approximately using known experimen-
tal correlations between a nondimensional
Nusselt number, Nu, and Reynolds number,
Re, for a turbulent external flow (Ref 8), or it
can be determined experimentally for a specific
quench tank using special probes.
The results of calculations of the nucleate

boiling process duration for different steel parts
were confirmed by numerous experimental data
(Ref 3, Chapter 2). The following example
shows a procedure for calculating the duration
of the nucleate boiling process for a cylindrical
part that is 80 by 320 mm (3.15 by 12.6 in.)

diameter made of medium-alloy steel. The part
is quenched from the initial temperature of
860 �C (1580 �F) in an IQ tank with a water
flow velocity of 1.5 m/s (5.0 ft/s). First, a
Kondratjev form factor, K, is calculated using
the following equation from Table 1 for a finite
cylinder:

K ¼ 1
5:784
R2 þ 9:87

Z2

¼ 1
5:784
0:042

þ 9:87
0:322

¼ 269:4� 10�6m2

Secondly, the values of #I and #II are calcu-
lated. When determining parameter #I from
Eq 2, the following average values for
steel thermal diffusivity and thermal conductiv-
ity within the temperature range of 100 to
860 �C (212 to 1580 �F) are used: a = 5.36 �
10�6 m2/s and l = 22 W/m � K (Table 2).
Note that the thermal property values for super-
cooled austenite are applicable to a majority
of steels.
Parameter b for water at 20 �C (70 �F) is

equal to 3.45; #0 ¼ T0 � Ts = 860 �C – 100 �C
= 760 �C (1580 �F – 210 �F = 1370 �F).

Table 1 Values for Kondratjev form factor, K, for parts of simple shapes
(results of analytical calculations)

No. Part shape Coefficient K, m2 S
V ; m

�1 K S
V ; m

1 Infinite plate of thickness L L2

p2
2

L

2L

p2

2 Infinite cylinder of radius R R2

5:784

2

R

0.346R

3 Square infinite prism with equal sides of L L2

2p2
4

L

2L

p2

4 Finite cylinder of radius R and height Z 1
5:784
R2 þ p2

Z2

2

R
þ 2

Z

� �
2RZðRþ ZÞ

5:784Z2 þ p2R2

5 Finite cylinder, R = Z R2

15 � 65
4

R

0.256R

6 Finite cylinder 2R = Z R2

8:252

3

R

0.364R

7 Cube with side of L L2

3p2
6

L

0.203L

8 Finite square plate with sides of L1, L2, L3 1

p2 1
L2
1

þ 1
L2
2

þ 1
L2
3

� � 2ðL1L2 þ L1L3 þ L2L3Þ
L1L2L3

2ðL1L2 þ L1L3 þ L2L3ÞL1L2L3
p2ðL21L22 þ L21L

2
3 þ L22L

2
3Þ

9 Sphere R2

p2
3

R

0.304R

Table 2 Thermal conductivity, l, and thermal diffusivity, a, of supercooled austenite
versus temperature

Temperature

l; W
mK

�l; W
mK a; 10�6 m2

s a; 10�6 m2

s
�C �F

100 212 17.5 17.5 4.55 4.55
200 390 18 17.75 4.63 4.59
300 570 19.6 18.55 4.70 4.625
400 750 21 19.25 4.95 4.75
500 930 23 20.25 5.34 4.95
600 1110 24.8 21.15 5.65 5.10
700 1290 26.3 21.90 5.83 5.19
800 1470 27.8 22.65 6.19 5.37
900 1650 29.3 23.4 6.55 5.55

Note: �l and �a at 500 �C (930 �F) (analogously at other temperatures) mean average values for the range of 100 to 500 �C (212 to 930 �F)
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Thus, the equation for determining #I is the
following:

#I ¼ 1

b
2lð#0 � #IÞ

R

� �0:3

¼ 1

3:45

2� 22 760� #Ið Þ
0:04

� �0:3

From solving this equation, the value of #I is
equal to 17.2 �C (63.0 �F). When determining
parameter #II from Eq 3, the following values
for the convective heat-transfer coefficient and
parameter #uh are used: aconv = 5000 W/m2

�C; #uh ¼ Ts � Tm = 100 �C – 20 �C = 80 �C
(210 �F – 70 �F = 140 �F). Thus, the equation
for determining #II is the following:

#II ¼ 1

b
aconv #II þ #uhð Þ½ �0: 3

¼ 1

3:45
5000� #II þ 80ð Þ½ �0:3

From solving this equation, the value of #II is
equal to 14.6 �C (58.3 �F). From Eq 1, the dura-
tion of the transient nucleate boiling process for
the part considered is:

t ¼ �þ f ln
#I
#II

� �
K

a

¼ 0:48þ 3:21 ln
17:2 �C
14:6 �C

� �
269:4� 10�6m2

5:36� 10�6m2=s
� 51s

Single-Part IQ Process (IQ-3)

The one-step IQ method (referred to as IQ-3)
is usually employed for single-part quenching
operations. In contrast to the multistep cooling
rates of the IQ-2 process, the IQ-3 technique
involves intense one-step cooling such that heat
transfer on the part surface is simply convection
(direct convection cooling). As noted, when the
IQ-3 process is applied, part surface cooling is
so fast that both film boiling and nucleate boil-
ing are completely avoided, and the basic heat-
transfer mode on the part surface is simply
convection.
The part surface temperature cools almost

instantaneously to the water temperature, usu-
ally close to ambient temperature or approxi-
mately 20 �C (68 �F) during the IQ-3 process
(Fig. 7). Because the water temperature is
below the martensite finish temperature (Mf)
for a majority of steels, the IQ-3 process creates
the conditions for developing the maximum
possible temperature gradient throughout the
part being quenched and for developing a
100% martensitic structure in the part surface
layer. As a consequence, with the IQ-3 process,
the maximum achievable residual surface com-
pressive stresses and the highest physical prop-
erties for the part are attained (for a given
hardenability of steel alloy and for a given part
geometry). This is also why IQ-3 can often
allow the use of a less expensive, lower-alloy

steel and provide equal or better part perfor-
mance (e.g., AISI 1045 substituted for AISI
4140 alloy, or AISI 1020 substituted for case-
carburized AISI 8620 alloy).
In the IQ-3 method, intensive cooling is con-

tinuous and uniform over the entire part surface
until compressive stresses on the part surface
reach their maximum value. Note that the opti-
mal hardened depth depends on the part geom-
etry and type of steel, but the optimal hardened
depth corresponds to the maximum surface
compressive stresses. These maximized com-
pressive surface stresses will be diminished
if the core of the part is cooled further, for
example, to the quenchant temperature. There-
fore, the second key element of the IQ-3
process is to interrupt intensive cooling at the
proper time—when compressive surface stres-
ses are at their maximum value and to the
optimum depth.
When designing an IQ-3 process, two issues

should be resolved: what convective heat-
transfer coefficient (HTC) on the part surface
should be provided to eliminate the possibility
of any type of boiling, for uniform direct con-
vection cooling, and when the IQ process
should be interrupted to provide maximum
residual surface compressive stresses. The
required HTC is determined by using Eq 1
to 3, assuming that the duration of the nucleate
boiling process, t, is equal to zero (hence
the parameter O in Eq 1 is also equal to zero).
With this assumption, the required convective
HTC can be calculated from the following
equation:

aconv 	 2l #0 � #Ið Þ
R #I þ #uhð Þ (Eq 4)

The optimum duration of the IQ-3 process
for maximum residual surface compressive
stresses can be determined from the following
equation (Ref 3, Chapter 10):

t ¼ kBiV
2:095þ 3:867BiV

þ ln
T0 � Tm
T � Tm

� �� �
K

aKn
(Eq 5)

where k is a parameter equal to 1 for an
infinite plate, 2 for an infinite cylinder, and 3
for a sphere; T0 is the initial part temperature
prior to quenching, in �C; Tm is the water
temperature, in �C; T is the part core
temperature at a time when surface compres-
sive stresses are at their maximum value (this
temperature depends on the part shape and usu-
ally is in the range of 350 to 450 �C, or
660 to 840 �F, as shown by numerous calcula-
tions) (Ref 3, Chapter 7); K is the Kondratjev
form factor (Table 1); Kn is the nondimensional
parameter (known as the Kondratjev number);
and BiV is the generalized Biot number.
A generalized Biot number, BiV, is calculated

by the following formula:

BiV ¼ aconv
l

K
S

V
(Eq 6)

where S is the surface area of the part, in m2;
and V is the volume of the part, in m3.
A generalized Biot number, BiV, is a nondimen-
sional parameter that is similar to a conven-
tional Biot number used for analyzing
conduction heat transfer (Ref 8). The difference
is that a conventional Biot number is applied to
bodies of simple shapes (an infinite plate, infi-
nite cylinder, and sphere), while a generalized
Biot number is used for parts of a complex
geometry. The expressionK S

V in Eq 6 represents
a characteristic dimension for parts of complex
shapes. Note that a characteristic part dimen-
sion used for calculating a conventional Biot
number is a radius for an infinite cylinder or
sphere, or a half-thickness for an infinite plate.
The Kondratjev number, Kn, is calculated

using the following equation:

Kn ¼ BiV

BiV
2 þ 1:437BiV þ 1

� 	0:5 (Eq 7)

A nondimensional parameter, the Kondratjev
number, Kn, characterizes the intensity of cool-
ing and varies in the range of 0 to 1 (for IQ pro-
cesses, Kn > 0.8) (Ref 3, Chapter 10). The
following example shows a procedure for cal-
culating the minimum convective HTC required
for implementing the IQ-3 process and an opti-
mum cooling time for the same part as consid-
ered earlier: a cylinder of 80 by 320 mm (3.15
by 12.6 in.) diameter made of medium-alloy
steel. First, a minimum HTC that provides a
direct convection condition required by the
IQ-3 process is calculated using Eq 4:

aconv 	 2l #0 � #Ið Þ
R #I þ #uhð Þ ¼

2� 22 760� 17:2ð Þ
0:04 17:2þ 80ð Þ

¼ 8406
W

m2K

Then, a generalized Biot number, BiV, and a
Kontratjev number, Kn, are calculated using Eq 6
and 7:

BiV ¼ 8406W=m2K

22W=mK
� 269:4� 10�6 m2

�2�3:14�0:04�0:32 m2þ2� 3:14�0:042 m2

3:14�0:042�0:32 m3

¼ 5:79

Kn ¼ 5:79

5:792 þ 1:437� 5:79þ 1
� 	0:5 ¼ 0:885

Finally, the optimum cooling time is calcu-
lated by using Eq 5, taking into account that,
for cylindrical parts, maximum residual sur-
face compressive stresses are observed when
the part core temperature is 450 �C (840 �F)
(Ref 3):

t ¼ 2� 5:79

2:095þ 3:867� 5:79
þ ln

860� 20

450� 20

� �

269:4� 10�6m2

5:36� 10�6m2=s� 0:885
� 65s
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Improvement of Steel
Microstructure, Mechanical
Properties, and Stress Conditions

The significantly higher quench-cooling rates
used in the IQ processes versus conventional
quenching methods results in a different micro-
structure in the parts after intensive quenching
than after oil quenching. Depending on the
hardenability of the material, steels subjected
to IQ are harder, to a deeper level, and have a
finer structure than conventionally quenched
parts of the same alloy. Over the years, numer-
ous studies of mechanical properties of inten-
sively quenched test samples and actual parts
have been conducted (Ref 2, 4, 9–20). Some
of the data from the referenced studies are pre-
sented subsequently. The IQ data were com-
pared to the same test specimens and parts
quenched in oil. In all instances, the oil-
quenched parts and the IQ parts were made
from the same steel heat and were tempered to
the same surface hardness. The IQ parts have
shown superior mechanical properties. The data
clearly demonstrate that the IQ process signifi-
cantly improves steel mechanical properties
and parts performance characteristics versus
traditional oil quenching.
Through-Hardening Steels. Table 3 pre-

sents data on mechanical properties for
some plain carbon and through-hardened
alloy steels. Large and small cylindrical test
samples with diameters ranging from 6 to 50
mm (0.25 to 2.0 in.) were used. All test
samples were heated to their standard austeni-
tizing temperature, depending on the type
of steel. The samples were tempered after
quenching at temperatures ranging from 370
to 500 �C (700 to 925 �F). The following steel
properties were measured: tensile strength,
yield strength, elongation, reduction in area,
and impact strength. A detailed description
of the test procedures applied is presented in
Ref 9 and 16.
As an example, Fig. 8 illustrates the signifi-

cant difference in microstructure for 19 mm
(0.75 in.) test bars made of AISI 1045 steel
after IQ and after oil quenching. The signifi-
cantly finer microstructure obtained after IQ,
in turn, yields better mechanical properties
(Table 3) than the comparable oil-quenched
steels. Note that the higher hardness of the IQ
steel does not come at the expense of the ductil-
ity; in fact, the ductility is usually somewhat
higher for the IQ material. This means that the
majority of the IQ samples were stronger and,
at the same time, more ductile when compared
to the oil-quenched samples.
Generally, the IQ steels have a higher hard-

ness to a greater depth versus the oil-quenched
steels, independent of the section size of the
specimen. The rapid cooling from the IQ pro-
vides a higher strength level and also better
impact resistance, even at the higher strength
levels achieved with IQ.

Improvement of Strength and Ductility.
Intensive quenching can result in a simulta-
neous improvement of both material strength
and ductility, an effect sometimes referred to
as superstrengthening. It was first reported in
Ref 21. The mechanism of the additional
strengthening can be explained by the follow-
ing. A residual supercooled austenite in the part
surface layer plastically distorts when being
subjected to high compression from the firm
martensite plates that appear in the austenite.
This results in the formation of an extremely
high density of dislocations in the austenite that
improve the material mechanical properties
after quenching. The higher the cooling rate

within the martensite formation range, the
greater the compression from the martensite
plates and the greater the density of the disloca-
tions. During very rapid cooling, there is not
enough time for the dislocations to accumulate
in the grain boundaries and to form nuclei of
future microcracks. The dislocations are “fro-
zen” in the material. Thus, the rapidly forming
martensite plates act like microscopic “black-
smiths;” under conditions of high current stress
during intensive cooling, the expanding plates
of martensite arise explosively, deforming the
austenite and creating extremely high disloca-
tion densities. The superstrengthening effect is
similar to work hardening that takes place in

Table 3 Mechanical properties improvement for plain carbon
and alloy through-hardened steels

Steel Quench(a) Core hardness, HRC

Material strength

Bar diameter
Ultimate
strength

Yield
strength

Impact strength at 22 �C
(72 �F)

mm in. MPa ksi MPa ksi J ft � lbf

1038 IQ 26 842 123 622 90 84 62
30 1.2 Oil 23 807 117 532 77 38 28

1045 IQ 37 1191 173 1125 163 54 40
19 0.75 Oil 32 980 142 766 111 53 39

1045 IQ 28 891 129 704 102 34 25
50 2.0 Oil 27 880 128 626 91 31 23

1060 IQ 44 1465 212 1377 200 26 19
19 0.75 Oil 40 1227 178 966 140 27 20

5160 IQ 48 1728 251 1584 230 22 16
19 0.75 Oil 47 1592 231 1472 213 22 16

5160 IQ 48 1886 273 1499 217 9 7
38 1.5 Oil 48 1623 235 1292 187 9 7

4140 IQ 48 1506 218 1181 171 40 30
19 0.75 Oil 45 1350 196 1125 163 22 16

4140 IQ 44 1447 210 1072 155 20 15
50 2.0 Oil 42 1329 193 1004 146 19 14

4130 IQ 35 1084 157 984 143 95 70
22 0.87 Oil 30 925 134 809 117 125 92

40X (5140(b) IQ 28 860 125 695 101 168 124
50 2.0 Oil 20 780 113 575 83 113 83

35XM (4130)(b) IQ 30 970 141 820 119 150 111
50 2.0 Oil 30 960 139 775 112 54 40

25X1M (4118)(b) IQ 30 920 133 820 119 170 125
50 2.0 Oil 20 755 109 630 91 70 52

(a) IQ, intensive quench. (b) Russian steels with AISI equivalent in parentheses

Fig. 8 Microstructure for 19 mm (0.75 in.) diameter rod made of 1045 steel after (a) intensive quenching and (b) oil
quenching. Original magnification: 250�. Source: Ref 16
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low-temperature thermomechanical treatment
of steel. A detailed description of the material
superstrengthening effect can be found in Ref
3, Chapter 9.
Carburized Steels. The following para-

meters were evaluated for samples made of car-
burized grades of steel (Ref 16): effective case
depth (ECD), microhardness distribution from
surface to core, material microstructure, and
residual surface compressive stresses. Test sam-
ples of 30 mm (1.18 in.) diameter were made of
plain carbon AISI 1018 steel and the following
alloy steels: AISI 4320, 5120, and 8620. All
samples were carburized with the same cycle:
927 �C (1700 �F) for 5 h at 0.9% C potential.
After the carburization cycle was completed,
the samples were furnace cooled under a pro-
tective atmosphere. All alloy steel samples
were then reheated to 843 �C (1550 �F) and
quenched in oil, while AISI 1018 steel samples
were reheated to 860 �C (1580 �F) and
quenched in the IQ water tank or in the
single-part, high-velocity IQ system. All sam-
ples were tempered at 204 �C (400 �F) for 2 h.
Figure 9 presents the hardness distribution

for the processed test samples over the
entire diameter and for the 2.5 mm (0.1 in.)
surface layer. As seen from the graph,
after identical 5 h carburizing cycles, the ECD
at 50 HRC for the IQ samples was the
same or deeper compared to the alloy steel
samples quenched in oil. This is because IQ
needs less carbon in the case gradient to reach
50 HRC.
Residual-Stress Conditions. The IQ pro-

cesses provides high residual surface compres-
sive stresses for parts made of through-

hardened steels. This is in contrast to conven-
tional quench methods that provide neutral or
tensile residual stresses for these materials. As
mentioned earlier, high residual surface com-
pressive stresses after the IQ process are due
to a high-temperature gradient throughout the
part cross section at a time when martensite
starts forming in the part surface layer (Fig. 3)
and establishes high current compressive
stresses. As an example, Fig. 10 and 11 present
experimental data on residual surface compres-
sive stress profiles for cold work punches made
of shock-resisting S5 steel (Ref 11) and for a
bearing roller made of AISI 52100 steel (Ref
16). In both cases, residual stresses were
measured by the x-ray diffraction method. As
seen from Fig. 10, residual surface stresses for
the punch after quenching in oil are tensile of
approximately 200 MPa (29 ksi), while these
same stresses are compressive after IQ. The
residual surface compressive stresses for the
punch are in the range of �500 to �950 MPa
(�72 to �138 ksi). The surface stresses are still
compressive at a depth of more than 0.5 mm
(0.020 in.) from the punch surface. Note that
the presence of residual surface compressive
stresses changes the failure mode for the IQ
punches to wear from the oil-quenched punches
chipping, and it improves punch service life by
at least 100%. This means the user obtains at
least twice as many holes punched from IQ
punches versus oil-quenched punches made of
the same material.
The residual surface compressive stresses for

the bearing roller (Fig. 11) reach the maximum
value of �230 MPa (�33.3 ksi) when quench-
ing in the IQ water tank and �900 MPa

(�130 ksi) when quenching in the single-part
processing IQ system. These residual stresses
extend under the surface to a depth of 2.5 to
2.9 mm (0.10 to 0.11 in.). Note that the sin-
gle-part quenching IQ process provides higher
residual surface stresses compared to the test
sample quenched intensively in the IQ water
tank. This is because the single-part IQ method
provides greater cooling rates compared to
quenching in an IQ water tank.
Figure 12 shows a distribution of the residual

surface compressive stresses for test samples
made of carburized AISI 1018 and 8620 steels.
Test samples made of 1018 steel were
quenched in the IQ water tank and in the
single-part processing IQ system. The results
show the significantly improved residual sur-
face stress conditions for both IQ test samples
compared to the oil-quenched specimen.
Figure 13 presents a residual surface stress pro-
file for the automotive pinions made of carbur-
ized AISI 8620 steel after IQ in the IQ water
tank and conventional quenching in oil. The
residual stresses are compressive for both
quench methods. However, as seen from the
figure, the residual surface compressive stresses
are approximately two times greater when
applying the IQ process.
Table 4 presents values for the surface resid-

ual compressive stresses for various actual parts
and test samples. As seen from the figures and
Table 4, the values of surface residual stresses
of up to �900 MPa (�130 psi) can be achieved
when quenching parts intensively in water or
water/salt solutions.
Summarizing the previous information, the

following conclusions can be made:

Fig. 9 Hardness distribution for test samples made of AISI 1018, 4320, 5120, and 8620 steels. IQ, intensive quenching. Source: Ref 16
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� For a given type of steel of the same section
size, the IQ steel specimens generally
develop higher strength and, at the same
time, higher ductility than the steel samples
quenched in oil. A superstrengthening of
material takes place during IQ.

� The impact properties obtained from IQ
steels are generally superior to the impact
properties from oil-quenched steels.

� The IQ process provides high residual sur-
face stresses for parts made of through-
hardened steels, even when the part core is
fully hardened.

� For carburized grades of steel, the IQ process
provides a higher ECD with greater and dee-
per residual surface compressive stresses.

� The IQ specimens made of plain carbon car-
burized steel showed deeper ECDs, with
higher residual surface compressive stresses,
than those specimens made of alloy carbur-
ized grades that were quenched in oil.

0
–1000

–800

–600

–400

–200

0

200

400
0 0.004 0.008 0.012 0.016 0.020 0.024

0.1 0.2 0.3
Depth, mm

R
es

id
u

al
 s

tr
es

s,
 M

P
a

R
es

id
u

al
 s

tr
es

s,
 k

si

Depth, in.

0.4

Oil quenching
Intensive quenching

0.5 0.6
–145

–116

–87

–58

–29

0

29

58

Fig. 10 Residual surface stresses for S5 steel punch.
Source: Ref 11
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Fig. 11 Residual surface stresses for 52100 steel bearing roller. Source: Ref 16

Fig. 12 Residual surface stresses for 32 mm (1.3 in.) diameter bars made of 1018 and 8620
steel. IQ, intensive quenching. Source: Ref 16

Fig. 13 Residual surface stresses for automotive pinion made of 1018 and 8620 steels. IQ,
intensive quenching

Table 4 Residual surface compressive
stresses after intensive quenching and
tempering

Part

Residual
surface

compressive
stresses

MPa psi

52100 steel bearing ring, 22 cm (8.5 in.)
diameter

�136 �20

52100 steel bearing roller, 7.5 cm (3 in.)
diameter

�840 �122

52100 steel bearing roller, 4.5 cm (1.8 in.)
diameter

�900 �130

4140 steel kingpin, 4.5 cm (1.8 in.) diameter �563 �82
S5 steel punch, 4.0 cm (1.5 in.) diameter �750 �109
5160 steel torsion bar sample, 3.5 cm (1.4
in.) diameter

�311 �45

1045 steel cylindrical part, 3.5 cm (1.5 in.)
diameter

�430 �62

1547 cylindrical part, 7.29 cm (2.87 in.)
diameter

�626 �91

1547 cylindrical part, 5.0 cm (2 in.) diameter �515 �75
Pyrowear-53 carburized gear:

Oil quench
Intensive quench

�350 �51
�800 �116
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IQ Process and Part Distortion

The two major phenomena causing part dis-
tortion during conventional quenching are ther-
mally induced deformation and martensite
phase-transformation size change (swelling).
These same reasons for part distortion are also
present in the IQ process. However, an absolute
value of predicable part distortion after IQ is
usually less compared to conventional quench-
ing in oil. The major reasons for this include:

� More uniform cooling during IQ, due to the
absence of the film boiling process and to a
more uniform heat-extraction rate from the
part surface in the quench bath, reduces non-
predictable distortion.

� Phase transformation in the parts takes place
under different thermal conditions during the
IQ process.

As known, more uniform cooling during
quenching results in less part distortion. How-
ever, in many cases, even with a uniform
heat-extraction rate throughout the entire part
surface area, the part will distort due to its
shape: thin sections of the part cool faster com-
pared to thicker sections. This causes nonuni-
form thermal contraction followed by
nonuniform formation of the martensitic
shell. The IQ process usually reduces part dis-
tortion in such cases compared to conventional
quenching in oil. As an example, consider dis-
tortion for a 25 by 250 mm (1 by 10 in.) diam-
eter keyway shaft with a 6.35 by 6.35 mm (0.25
by 0.25 in.) keyway made of AISI 1045 steel.
Reference 22 presents the results of computer
simulations of the distortion for the keyway
shaft, as well as actual experimental shaft dis-
tortion measurements after quenching in oil
and after IQ in the IQ water tank or in the
single-part high-velocity IQ system. To sim-
plify the evaluation of the shaft distortion, only
one parameter characterizing the part deforma-
tion was used: the shaft bow/flatness (Fig. 14).
The results of calculations show the follow-

ing dynamics of keyway shaft distortion during
IQ. At the very beginning of the quench (prior
to the start of martensite transformation on the
part surface), the shaft is bowing toward the
keyway due to the development of current ten-
sile surface stresses at the keyway corners,
which experience greater thermal contraction
compared to the rest of the shaft. Note that at
the initiation of the quench, the hot shaft core
is still at the austenitizing temperature and very
low in strength. Therefore, the material in the
shaft core is plastic and does not resist bowing

of the shaft caused by thermal shrinking at the
surface in the keyway corners.
The direction of the shaft bowing changes after

the material at the keyway corners reaches the
martensite start temperature. The formation of
martensite causes the steel to expand, resulting
in the development of current surface
compressive stresses. These surface compressive
stresses start to bend the shaft in the opposite
direction (against the keyway). The reverse bend-
ing continues until the surface compressive stres-
ses reach their maximum value. At this point, the
thermally induced bow practically disappears.
Continued phase transformation in the shaft
causes swelling in the part core that partially can-
cels the compressive surface stresses. As a result,
the shaft bows a little bit back toward the keyway.
A calculated value of the final shaft out-of-
straightness after IQ is 98 mm (Ref 22).
During conventional quenching in oil, the

keyway shaft also bows first toward the keyway
due to thermal shrinkage of the material prior to
the start of martensite transformation. Similar
to IQ, after martensite begins to form on the
part surface, the current surface compressive
stresses created by material expansion start to
reverse the bowing of the shaft. However,
because these compressive stresses are much
smaller compared to those formed during the
IQ process, they cannot fully compensate for
the thermally induced bow. After phase trans-
formation is completed throughout the shaft
cross section, the part core swells, fully cancel-
ling compressive stresses on the part surface,
causing a reversal of the bowing toward the
keyway and increasing the final shaft distortion.
So, at the end of oil quenching, in contrast to
IQ, the keyway shaft is bent toward the keyway
(Fig. 14). A calculated value of the final shaft
out-of-straightness after quenching in oil is
871 mm (Ref 22).
A good agreement between the results of cal-

culations and the experimental data (Ref 22)
supports that the dynamics of keyway shaft dis-
tortion predicted by the computer simulation
and the dynamics described previously in the
actual parts are correct. Table 5 presents exper-
imental data (Ref 4) on keyway shaft final
distortion after the IQ processes and after con-
ventional oil quenching. As seen from Table 5,
both IQ methods provide much less keyway
shaft final distortion compared to conventional
quenching in oil. The data from Table 5 also
show that the single-part quenching IQ-3 pro-
cess produces less part distortion compared to
the batch IQ-2 method. For symmetrical parts,
the distortion can be as low as 50 mm. For
example, distortion for drive shafts made of

alloy carburized steel and having a diameter
of approximately 40 mm (1.6 in.) with a length
of 385 mm (15.2 in.) was only 50 to 70 mm
after quenching one-by-one in the IQ system.
It is important to note that at the end of

quenching, IQ parts usually have greater dimen-
sions compared to identical oil-quenched parts.
For example, computer simulations (Ref 23)
conducted for a spur gear having 40 teeth, a
module of 2.54, and a face width of 6.35 mm
(0.25 in.) show that the IQ gears grew approxi-
mately 0.05 mm (0.002 in.) more in the radial
direction compared to oil-quenched gears (0.18
versus 0.13 mm, or 0.007 versus 0.005 in.,
respectively). The major reason for this is
differences in stress states and their distributions
during the IQ process and conventional oil
quenching. In accordance with computer simula-
tions and actual x-ray measurements, the magni-
tude of residual surface hoop stresses after IQ
were approximately twice the value of hoop
compression from oil quenching. While the parts
after IQ may swell more, this distortion in part
dimensional growth is predictable and repeat-
able, and it can be managed by adjusting the pre-
heat green size of the part. The IQ process
provides repeatable distortion because more
uniform cooling fully eliminates the nonpredict-
able and nonuniform film boiling process. Unlike
random, nonuniform distortion, predictable dis-
tortion is really only expected size change, and
it is usually manageable for the part maker.
Therefore, an adjustment of the part green sizes
can address the predictable dimensional changes
resulting from the IQ process.

Design of Production IQ Systems

Currently there are two general types of IQ
equipment. The first one is designed for imple-
menting the IQ-2 quenching processes (either
for batch operations or for continuous opera-
tions). These batch IQ systems are similar to
those used with conventional oil quenching or
batch polymer water quenching methods. The
second type of IQ system is designed for imple-
menting single-part, high-velocity IQ-3 pro-
cesses. The following three key elements of
the IQ processes will dictate the design of the
applicable IQ equipment:

� Intensive quenching uses highly agitated
plain water or low-concentration water/min-
eral salt solutions as a quenchant.

� With any form of IQ, it is necessary to pro-
vide a proper high heat-extraction rate uni-
formly over the entire part surface area, to

Fig. 14 Distortion of keyway shaft during intensive
quenching and quenching in oil

Table 5 Keyway shaft distortion

Single-part oil quenching Batch oil quenching Single-part intensive quenching

mm in. mm in. mm in.

0.20–0.36 0.008 – 0.014 0.25–0.51 0.010–0.020 0.08–0.12 0.003–0.005
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develop a uniform, strong martensitic shell
and residual surface compressive stresses.

� It is necessary to interrupt IQ after a certain
dwell time, the time when the current resid-
ual surface compressive stresses are at their
maximum value and their optimum depth
in the part.

In batch-type IQ systems, multiple parts
are uniformly heated through to the austenitiz-
ing temperature, typically in a furnace in alloy
baskets. For IQ, the baskets are transferred from
the furnace hot zone to the IQ water quench
tank. Any type of batch furnace (atmosphere,
fluidized bed, or salt bath) can be used when
implementing the IQ-2 process. The IQ tank
can be separated from the furnace, or it can
be a part of an integral quench furnace. Both
of these designs are considered as follows.
Figure 15 shows an example of a production

system with a stand-alone IQ water tank. The
IQ system consists of an atmosphere furnace
(on the left) having a work zone of 91 by 91
by 122 cm (36 by 36 by 48 in.) and an IQ water
tank (on the right) of 22.7 m3 (6000 gal).
A standard transfer cart is used to move the
load from the furnace to the quench tank.
Transfer-time considerations are no different
than good conventional quenching practices;
the parts should be uniformly austenitic when
they enter the quench. The mild steel IQ tank
is equipped with four propellers that are
rotated by four 10 hp motors. Note that a simi-
lar oil quench tank would be equipped with
only two propellers rotated by 5 hp motors.
The IQ tank uses plain water with a low con-
centration of sodium nitrite salts as the quench-
ant. The quenchant flow velocity in the tank
is approximately 1.5 to 1.6 m/s (5 to 5.2 ft/s)

as it passes over the parts. An air-cooling sys-
tem maintains the quench water within the
required temperature range. The maximum
load mass per heat is approximately 900 kg
(2000 lb).
Figure 16 presents a picture of a 91 by 91 by

183 cm (36 by 36 by 72 in.) production integral
quench furnace equipped with a 39.7 m3

(10,500 gal) IQ water tank built by AFC-
Holcroft Company of Wixom, Michigan,
USA, and installed at the Euclid Heat Treating
Co. of Cleveland, Ohio, USA. The IQ tank is
equipped with four propellers that are rotated
by four motors providing a total recirculation
of approximately 5.67 m3/s (90,000 gal/min).
The approximate velocity of the quenchant in
the tank is 2 m/s (7 ft/s) past the parts. Internal
directional vanes and baffles provide a uniform
quenchant flow velocity through the workload.
The quenching chamber is equipped with a
unique lifting mechanism that provides acceler-
ated vertical motion into and out of the
quench tank. Minimizing this motion time is
very important for accurately implementing
the intensive cooling dwell time for IQ recipes.
The following major issues should be

addressed when designing batch-type IQ
systems:

� Provide a uniform water flow velocity distri-
bution throughout the cross section of the
quench tank working zone by installing a
proper set of baffles at the bottom of the tank
and straightening vanes in the propeller draft
tubes. A variation of the water flow velocity
through the quench tank work zone should
be within approximately 10%.

� Provide a water flow velocity of at least
1.5 m/s (5 ft/s).

� To maintain the water temperature in the IQ
tank not exceeding 25 �C (77 �F), the IQ
water tank should be equipped with an air-
cooling system or a chiller, or with a com-
bined system including an air-cooling unit
and a chiller.

� The propeller assembly should minimize air
entrainment into the quench tank. (The pres-
ence of air bubbles in the water reduces the
heat-extraction rate from the part being
quenched and may affect the uniformity of
cooling.)

� The propeller size and location (a depth
under the water and a distance from the tank
walls) and the parameters of the draft tubes
should be selected to minimize the total sys-
tem head resistance.

Continuous-Type IQ Systems. Figure 17
presents a sketch of an industrial continuous
heat treating line using the IQ-2 quenching pro-
cess (Ref 3, Chapter 10). The heat treating
line includes the following major components:
continuous furnace, quench tank equipped with
a chute, pump, quenchant cooling system,
variable-speed conveyer, washing unit, con-
veyer that moves the parts through the
washing unit, and continuous tempering furnace
equipped with its own conveyer.
In the first step of quenching, the parts are

intensively cooled, first while falling through
the chute and then while lying on the quench
tank conveyor. The quench tank conveyor is
of variable speed and moves the parts through
the IQ tank to the second conveyor that is
installed above the tank. During the
subsequent cooling in air (while the parts are
moving to the washing unit), the temperature
of the parts equalizes through their cross

Fig. 15 Batch-type intensive quenching (IQ) system with stand-alone IQ water
tank. Courtesy, Akron Steel Heat Treating Co.

Fig. 16 Integral quench atmosphere furnace equipped with intensive quenching water tank.
Source: Reprinted from Ref 3 with permission of ASTM International
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section, and a self-tempering process takes
place, resulting in tempering a martensitic
shell on the part. Then, the parts are inten-
sively cooled again in the unheated washing
chamber until they reach ambient temperature.
Thus, the unheated washing chamber provides
both the part cleaning (there is no oil to
remove or skim from the washwater) and the
final step of the IQ-2 process. After washing,
the parts are transferred to the tempering fur-
nace. The speeds of the quench tank conveyer
and washing unit conveyer are varied and con-
trolled in accordance with the part-specific IQ
cooling recipes.
Single-Part-Processing IQ Systems. When

performing the IQ-3 process, the parts are
usually quenched one by one with very
high-velocity water flow or jet impingement.
Figure 18 presents the layout of a typical IQ
system for single-part processing.
In practice, any through-heating source may

be used—induction, atmosphere, and so on.
The IQ-3 quench sequence is as follows. With
the pump operating and the three-way valve in
the bypass position, an austenitized part is
placed in the lower section of the quench cham-
ber. The air cylinders move the lower section
up to the stationary upper section while locking
and sealing the quench chamber in place. The
three-way valve switches from the bypass to
the quench position, and high-velocity water
starts flowing through the quench chamber and
over the austenitized part.When IQ is completed,
the three-way valve switches back to the bypass
position, and the water stops flowing through
the quench chamber and again recirculates
through the bypass line. The air cylinders open
the quench chamber by moving the lower section
down. The part is removed from the quench
chamber lower section.
The major issue to be addressed when

designing single-part quenching IQ-3 systems
is to provide a high-velocity water flow uni-
formly around the entire part surface area. This
is an especially difficult task when processing
parts of complex geometry, which may cause
the presence of stagnation zones at some areas
of the part. The stagnation zones, in turn, may
cause local film boiling, resulting in excessive
part distortion. Computational fluid dynamic
modeling is often required for designing an
optimum quench chamber configuration in
the case of complex-shaped parts processing
(Ref 24).
Figure 19 presents a picture of a production

high-velocity IQ system designed for proces-
sing helicopter gears. The IQ system is capable
of also quenching shafts, rings, rollers, and
other parts with maximum dimensions of 200
by 500 mm (8 by 20 in.) diameter. The IQ sys-
tem is equipped with a water chiller for main-
taining proper water temperature and an
atmosphere box furnace for austenitizing the
parts. The system is installed at the Euclid Heat
Treating Co. of Cleveland, Ohio, USA. A simi-
lar production IQ system was developed for
processing gun barrel steels and long shafts of
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Fig. 18 Layout of typical single-part intensive quenching system. 1, water tank; 2, water pump; 3, stationary
upper section of vertical quench chamber; 4, movable loading lower section of quench chamber; 5,

air cylinders that move lower section up and down; 6, part to be quenched; 7 and 8, two of three water lines
providing water flow through the quench chamber, and one bypass water line (not shown) used in idle conditions
immediately before and after intensive quench dwell time of the part; 9, three-way valve providing water flow
from the pump, either through the quench chamber or through the bypass line; 10, three-way valve actuator; 11,
valves controlling water flow to quench chamber; 12, flow meters on water lines. Source: Reprinted from Ref 3
with permission of ASTM International
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Fig. 17 Schematic of continuous-type intensive quenching system. I, loading point for steel parts onto the conveyor
for heating in furnace HT1; II, chute with intensive cooling devices; III, quenching tank with two conveyors;

IV, unloading point of steel parts from furnace HT2; TR1 to TR5, speed-control units for conveyor belts 1 to 5 operated
by the control device; HT1 and HT2, furnaces 1 and 2; WQ1, washing and quenching device; PM1 and PM2, pumps
1 and 2; CL1 and CL2, chillers 1 and 2; F1, filter; BX1, container for heat treated parts. Source: Reprinted from Ref 3
with permission of ASTM International
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up to 50 by 910 mm (2.0 by 36 in.) diameter
(Fig. 20). This system is equipped with an
induction heating unit for austenitizing the parts
prior to IQ.
Control and Automation Requirements.

To run IQ processes successfully and to provide

process repeatability, the following parameters
should be controlled:

� Water or water/salt solution flow velocity
and temperature

� Water/salt solution concentration

� Control of dwell time—the duration of each
stage of the IQ process

In IQ-2 systems that are equipped with high-
volume propellers, measurement of the revolu-
tions per minute and amperage draw for each
propeller ensures uniform and repeatable
quenchant flow through the workload. In IQ-3
systems, control valves and flow meters, along
with properly designed part-holding fixtures,
are used to adjust and control the water flow
uniformity and velocity around the part surfaces
being quenched.
One of the most important control elements

for IQ processes is the duration or timing of
quench and quench-interruption steps. The
accuracy of controlling this parameter depends
on the repeatability of the conveyer speed
or lifting mechanism speed when applying
IQ-2 processes. Also, for batch processing with
IQ-2, proper part spacing is necessary to pre-
vent film boiling between parts in the load.
For IQ-3 systems, proper application of the
IQ recipe depends on the time required by a
three-way valve to switch from a bypass posi-
tion to a high-velocity flow position and back,
as well as on the time required to close and
open the quench chamber. Because the duration
of quench and quench-interruption steps is typ-
ically measured in seconds, all facets of the
quench should be automated.

Practical Applications of
IQ Processes

Over the years, the IQ processes were
proved for a number of different steel products
(automotive parts, forgings, castings, railroad
equipment components, tool products, fasten-
ers, etc.). Tables 6 and 7 show some examples
of steel parts and the actual benefits obtained
by applying batch-type or single-part IQ meth-
ods (Ref 4, 11, 12, 13–15, 17–20).

Fig. 19 Single-part production intensive quenching system for processing helicopter
gears up to 200 by 480 mm (8 by 19 in.) diameter. Source: Ref 25

Fig. 20 Single-part production intensive quenching system for processing long shafts
up to 50 mm (2 in.) diameter and 915 mm (36 in.) long. Source: Ref 25

Table 6 Practical applications of single-part intensive quenching process

Part Improvement

Automotive coil spring Intensively quenched automotive coil springs made of
9259 and 9254 have longer fatigue life by13 to 27%
compared to the same springs quenched
conventionally in oil, while intensively quenched
lighter automotive coil springs have the same
fatigue life as standard springs quenched in oil.

Pulverizer
   coil spring 

Intensively quenched pulverizer coil springs
demonstrated 40% service life improvement in the
field compared to the same springs quenched
conventionally in oil.

Output shaft Heavy truck output shaft made of plain carbon 1040
steel and intensively quenched outperformed
standard output shaft made of alloy 5140 steel and
quenched in oil. Note that the use of plain carbon
steel also provides material cost savings.

Helicopter test
   gear 

Intensively quenched helicopter test gears made of
carburized Pyrowear-53 steel withstand 14% greater
load for the same fatigue life as standard gears
quenched in oil.

Automotive
   side pinion 

Automotive side pinion made of optimal-hardenability
steel and quenched intensively demonstrated better
fatigue performance compared to standard side
pinion made of carburized 8620 steel and quenched
in oil.

Aluminum
   extrusion dies 

Service life of intensively quenched aluminum
extrusion dies made of hot work H-13 steel
improves by at least 40%.
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One of the major limitations for applying IQ
processes is part dimension and shape. Part
thickness should be adequate for developing a
required temperature gradient throughout the
part, necessary for formation of the high current
and residual surface compressive stresses.
A minimum permissible part thickness depends
on the part shape as well as on the type of steel;
steels of less hardenability and carburized
grades of steel allow for less part thickness.
Based on the results of numerous IQ process
studies, the IQ method, in general, is not
recommended for parts with thickness of less
than 10 mm (0.4 in.). The IQ process is not
applicable to parts with great thickness varia-
tion, because it is practically impossible to
assign a cooling time suitable for all part sec-
tions. (The thin sections of the part could be
cooled completely prior to quench interruption,
resulting in excessive part distortion or even
cracking.)
In summary, IQ processes have been shown

to increase part hardness and strength, while at
the same time providing the same or better
material toughness versus traditional quenching
methods on typical products made of various
steel types. Manufacturers of steel parts can
improve their product quality and reduce their
costs by using the IQ processes. Some of the

proven advantages of intensive water quench-
ing include:

� Higher surface hardness and core toughness
with a greater hardened layer depth for parts
made of carburized and noncarburized
grades of steel

� Reduction of the carburization cycle for the
same ECD (compared to oil quenching),
resulting in the significant reduction of heat
treatment processing costs and an increase
of heat treating equipment production rate

� Improved part microstructure (finer grain
and superstrengthened martensite)

� Greater and deeper residual surface com-
pressive stresses

� Improved material strength and toughness
(superstrengthening of steel)

� Substitution of lower-alloy steels for a
reduction in part costs, yet no penalty to part
strength or part performance

� Possibility of making high-power density
parts—lighter parts with the same or better
performance characteristics and fatigue life
as oil-quenched parts due to the strengthen-
ing of the material and high residual surface
compressive stresses provided by the IQ
process

� Less part distortion and no part cracking

� Full elimination of quench oil and associated
costs (cost of quench oil, part washing, etc.),
resulting in a significant reduction of the
heat treatment process cost and an improved
environment

� Possibility of moving heat treatment opera-
tions into the manufacturing cell for rapid,
part-by-part heat treating, because the inten-
sive water-quenching method is an environ-
mentally friendly process
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Inverse Hardening*
B. Liščić, University of Zagreb
George E. Totten, Portland State University

INVERSE HARDENING is a term first
coined in 1978 by Shimizu and Tamura (Ref 1)
after studying the hardness distribution in round
bars, whereby the hardness profile produced by
delayed quenching is higher in the center of the
bar than it is at the surface. In 1977, Loria
showed that in some instances delayed quench-
ing can increase the depth of hardening (Ref 2).
Subsequently, in that same year, Shimizu and
Tamura explained that the phenomenon is
caused by a discontinuous change in cooling
rate during quenching, such that the effect
depends on the duration of the incubation time
preceding the abrupt change in cooling rate
(Ref 1, 3). Since then, experimental work by
Liščić and Totten (Ref 4) and numerical calcula-
tions by Chen and Zhou (Ref 5) showed that the
average cooling rate during delayed quenching
can be higher below the surface of the workpiece
than at the surface itself.
The results of these investigations made it

clear that the heat-extraction dynamics during
quenching, and not just the cooling time, are
responsible for the hardness distribution in the
quenched part. Unlike the conventional distribu-
tion, the hardness profile produced by delayed
quenching is higher in the center of the bar than
it is at the surface. In conventional quenching,
with no discontinuous change in cooling rate,
the cooling rate decreases constantly from the
surface of the workpiece toward the center. In
delayed quenching, the cooling rate is lower at
the surface, because of relatively slow or mild
cooling at the beginning of the quench, and
becomes greater below the surface and toward
the center, because of the subsequent abrupt, dis-
continuous change in heat transfer at the work-
piece surface.

Heat-Extraction Dynamics

To produce inverse hardening, a steel of ade-
quate hardenability, a workpiece of sufficiently
large cross section, an appropriate cooling

medium, and the right quenching conditions
are needed. If these conditions are met, this
controllable delayed quenching has great poten-
tial for increasing the depth of hardening, com-
pared with conventional quenching practice.
Chen and Zhou also state that delayed quench-
ing can reduce residual stresses and distortion
(Ref 5). Liščić, Grubisic, and Totten have
shown that the technique can be used to
enhance resistance to both bending fatigue and
impact (Ref 6).
Among the liquid quenchants, only solutions

of poly(alkylene glycol) (PAG) copolymer can
be tailored or preprogrammed for controllable
delayed quenching. The concentration of the
polymer is raised to a higher-than-normal level,
because control of heat transfer is best achieved
with a PAG solution of sufficiently high con-
centration. This provides a thicker film on the
workpiece surface, thus extending the vapor-
blanket stage of cooling, resulting in delayed
quenching. Other important variables that must
be properly controlled are bath temperature and
agitation rate. Heat-transfer dynamics can also
be controlled in gas-quenching applications
(especially in vacuum furnaces using pressur-
ized, high-velocity gases). Compared with liq-
uid quenching, more time is available during
cooling to adjust gas pressure and velocity, the
primary cooling variables.
Since its discovery in the 1970s, the phenom-

enon of delayed quenching is only more
recently considered for use in real-world appli-
cations for two reasons:

� Until recently, there has been no adequate
way to test for and record the quenching
intensity information that is required to
describe the heat-extraction dynamics of
real quenching processes. Neither the mag-
netic quenchometer method nor cooling
curve analysis of small-diameter (12.5 mm
in diameter by 60 mm long) nickel alloy
or silver specimens can be used for this
purpose.

� Only recently has it been revealed that higher-
concentration PAG solutions can be used for
preprogrammed controllable delayed quench-
ing (Ref 7).

Computer simulation software is needed to
first determine whether a workpiece of specific
cross section, made of a steel of specific hard-
enability, is suitable for quenching using con-
trolled heat-extraction dynamics, and, if found
suitable, to then optimize the relevant quench-
ing parameters. Also required is a method for
measuring and recording the heat-extraction
dynamics of different quenchants—in produc-
tion environments—to obtain relevant values
of the heat-transfer coefficient.
Quench Analysis. The need for a way to

measure quenching intensity has been met by
the newly developed Temperature Gradient
Quenching Analysis System (TGQAS). It can
measure, record, and evaluate all quenching pro-
cesses in common use, describing their heat-
extraction dynamics by corresponding thermody-
namic functions. The system uses the Liščić/
Nanmac probe (Ref 8), which measures and
records cooling at various positions in an actual
part. The probe measures 50 mm in diameter by
200 mm long and is made of AISI type 304 stain-
less steel. It is instrumented with three thermo-
couples at its midlength cross section, which
measure temperature at the surface, 1.5 mm
below the surface, and in the center.
Typical TGQAS test data are shown in Fig. l

for two quenchants: mineral oil at 20 �C bath
temperature without agitation, and a 25% solu-
tion of PAG copolymer (UCON Quenchant E,
Union Carbide Corporation) at 40 �C and
0.8 m/s agitation rate. Cooling curves are
shown in Fig. 1, top, while calculated heat-flux
density (Q, in W/m2) versus time curves
between different thermocouple positions are
plotted in Fig. 1, bottom.
The most important characteristic of the

heat-flux density data with regard to heat-
extraction dynamics is the time from probe
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immersion to the time where maximum heat-
flux density (tQmax) occurs. The value of tQmax

for the mineral oil is 14 s, whereas that for the
PAG solution is 72 s. The PAG test provides
an example of delayed quenching.
Because heat-flux density is the real measure

of heat extraction, it is interesting to compare

the “between 1.5 mm below surface and sur-
face” curves for both quenchants (Fig. 1, bot-
tom). For oil quenching, only 12.5 s were
needed to increase Q from 200 kW/m2 to its
maximum of 2600 kW/m2, while 35 s were
required for Q to drop back to 200 kW/m2.
For polymer quenching, 67 s—5.4 times more

time—were necessary to raise Q from
200 kW/m2 to its maximum of 2250 kW/m2,
but only 23 s—1.5 times less time—were
required for Q to return to 200 kW/m2.
These data clearly show the distinct differ-

ence in heat-extraction dynamics between the
two quenching processes. The oil quench is
characterized by rapid cooling from the begin-
ning, while the polymer quench is characterized
by a long period of relatively slow cooling fol-
lowed by a sudden rise in heat extraction,
which occurs after the polymer film bursts. This
reflects a pronounced discontinuous change in
cooling rate, which has a specific influence on
the transformation behavior of the steel being
quenched.
Cooling rate versus surface temperature

curves for the three thermocouples of the probe
are shown in Fig. 2 for the mineral oil (top) and
25% PAG solution (bottom). Note that the max-
imum cooling rate for the polymer quenchant
occurs at 1.5 mm below the surface of the
probe. Now, refer back to the PAG solution
cooling curve for the thermocouple at 1.5 mm
below the surface (Fig. 1, top). Note the distinct
change in the slope of this curve at 570 �C,
which reflects the discontinuous change in cool-
ing rate.
Temperature Fields Displayed. Using the

heat-transfer coefficient versus time values cal-
culated from the measured temperatures at the
midlength cross section of the Liščić/Nanmac
probe, a two-dimensional heat-transfer com-
puter program was developed for calculating
temperature fields during quenching. This pro-
gram can be used to produce graphical repre-
sentations of the heat-extraction dynamics
during quenching. Examples for a stainless
steel specimen (50 mm in diameter by
200 mm long) at 16, 42, 88, and 120 s after
immersion are shown in Fig. 3 for the mineral
oil (top) and 25% PAG solution (bottom). The
graphics dramatize the pronounced difference
in heat-extraction dynamics between the two
quenchants.
It should be emphasized that for transforma-

tion kinetics, it is the cooling rates below A1

that are critical and not those from the austeni-
tizing temperature to A1. For AISI 4140 steel,
for example, the A1 temperature is 730 �C. An
analysis of the average radial temperature gra-
dients between center and surface in half-length
cross sections from Fig. 3 gives the values
shown in Table 1. The following information
can be extracted from these values and the cal-
culated temperature fields (Fig. 3):

� Conventional quenching with continuous
cooling rates (mineral oil test): Cooling of
the center of the specimen within the criti-
cal temperature range (700 to 400 �C)
between 42 and 88 s occurs with a decreas-
ing temperature gradient, that is, decreasing
heat-extraction flux from the center to the
surface. Once the surface temperature has
fallen to a low value (approximately 200 �C,
after 88 s), heat transfer has essentially
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ceased because of the small temperature dif-
ference between the workpiece surface and
the surrounding quenchant. These heat-
extraction dynamics result in a normal hard-
ness distribution: the hardness in the center
is substantially lower than it is at the
surface.

� Delayed quenching with discontinuous
change in cooling rate (25% PAG solution
test): Cooling of the center of the speci-
men within the critical temperature range
(750 to 600 �C) between 42 and 88 s occurs
with an increasing temperature gradient,
that is, increasing heat-extraction flux from
the center to the surface. The result is an
increase in hardness at the center to a
value above that at the surface, or inverse
hardening.

Metallurgical Aspects

Two different processes are initiated at the
moment the austenitized workpiece is immersed
in the quenchant: heat extraction (a thermody-
namic process) and microstructural transforma-
tion (a metallurgical process). Microstructural
transformation actually begins at different times
for each point along the radius of the cross sec-
tion, when the temperature at each point drops
to the A1 temperature. The time depends on
the cross-sectional size and the cooling inten-
sity of the quenchant. The resulting hardness
at a particular point depends on the constituents
of the transformed microstructure, which, in
turn, depend heavily on the steel hardenability,
that is, on the incubation time at each isotherm.
Because incubation times are counted only at

temperatures below A1 for each point on the
cross section, the cooling rate in the critical
temperature range (A1 to Ms) is of paramount
importance.
Shimizu and Tamura found that the pearlitic

transformation during quenching with a discon-
tinuous change of cooling rate is different from
that predicted by the conventional continuous
cooling transformation (CCT) diagram, and that
this transformation is related to the length of
the incubation period preceding the change in
cooling rate. In delayed quenching, some of
the incubation period is used up at the surface
of the workpiece, while none is expended at
the center.
Delayed quenching is shown schematically

in Fig. 4(a). The total incubation period at any

Fig. 2 Cooling rate versus surface temperature curves for quenching the Liščić/Nanmac probe in mineral oil at 20 �C
without agitation (top) and 25% poly(alkylene glycol) (PAG) solution at 40 �C and 0.8 m/s agitation rate
(bottom)

Fig. 3 Heat-extraction dynamics represented by com-
puter simulations of temperature fields during

quenching of stainless steel specimens. The two-
dimensional simulations are based on heat-transfer
coefficients obtained using the Liščić/Nanmac probe
(calculation program by B. Smoljan; graphical interpretation
program by J. Galinec). PAG, poly(alkylene glycol).

Table 1 Average temperature gradient
between specimen center and surface

Immersion time, s

Average temperature gradient(a), �C/mm

Mineral oil 25% PAG solution(b)

16 10 2
42 12 4
88 6 10

120 4 6

(a) Half-length cross section, specimens of 25 mm radius, austenitized
at 850 �C. (b) PAG, poly(alkylene glycol)
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given isotherm is z, the time until the transfor-
mation starts, while x is the incubation period
before the discontinuous change of cooling rate.
A discontinuous change of cooling rate

has occurred at point P—time t1 and temperature
T1. Up to this moment, the surface of the
workpiece had consumed a portion (x) of the
total incubation time (z), but the center had
not, because at t1, its temperature was still
above A1.
Further cooling below point P proceeds at a

substantially higher rate, modifying the trans-
formation start curve, as shown in Fig. 4(b).
Because none of the incubation time has been
consumed at the center, the cooling curve for
the center begins at the A1 temperature—at
zero time. The cooling curve for the center
now does not intersect the pearlite phase field.

A center hardness higher than that of the sur-
face is the result.
Average Cooling Rates A1 to 500 �C

within Subsurface Region. The dynamics
of heat extraction during quenching and the
resulting hardness at different points of
the cross section lead to the conclusion that
the actual cooling rates between A1 and
500 �C at different distances from the surface
play the most important role. In case of delayed
quenching including a discontinuous change of
cooling rate, the heat-extraction dynamics at
different points are different from normal
quenching.
To explain this, consider normal quenching

and delayed quenching of 4140 steel, as illu-
strated in Fig. 5 and 6. Measured cooling curves
are illustrated in Fig. 5, superimposed on the

4140 CCT diagram, for the following two
quench conditions:

� Normal quench when the probe was quenched
in 20 �C mineral oil without agitation

� Delayed quench when the probe was
quenched in a 40 �C bath of polymer solution
with 15% concentration and an agitation of
0.8 m/s

In Fig. 5, the measured cooling curves TS for
the very surface, TI for the point 1.5 mm below
the surface, and TC for the center of the 50 mm
diameter probe have been superimposed on the
CCT diagram of AISI 4140 steel. Relevant tem-
perature fields have been plotted in Fig. 6(a)
and (b) for different times during quenching
onto the longitudinal cross section of the probe,
based on values measured in three points

Fig. 4 Schematic of how delayed quenching causes inverse hardening. Source: Ref 3
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mentioned for normal and delayed quenching,
respectively. By intersecting the curves in
this diagram with vertical lines for different
distances from the surface, one can derive
the respective diagrams shown in Fig. 6(c)
and (d).
Figures 6(c) and (d) correlate times after

immersion with curves of equal temperature
(isotherms) for different distances below the
surface. From the diagram in Fig. 6(c), one
can read off, for example, that points at
3/4 radius cool down to A1 in 16 s and need
23 s more to cool to 500 �C, reaching it in
39 s after immersion. The incubation time for
every isotherm (Z) is also given.

Comparing the diagrams in Fig. 6, one
can notice the difference in temperature fields
as well as the difference in times after
immersion to cool down to equal isotherms
for different distances below the surface.
Taking the isotherms for A1 = 727 �C and
for 500 �C from diagrams in Fig. 6(c) and
(d), it is possible to calculate the average
cooling rate for this temperature range (A1

� 500 �C = 227 �C) at different points from
the surface up to ½ radius. Figure 7 shows
the result of such calculations. It shows a
most interesting comparison of the heat-
extraction dynamics between normal and
delayed quenching.

In the mentioned case of normal quenching
in oil, the average cooling rate in the critical
temperature range A1 to 500 �C, being high at
the surface, decreases up to 3/4R for approxi-
mately 50%, while in the specified case of
delayed quenching, this average cooling rate,
being low at the surface, increases gradually
up to ½R. These experimentally obtained
results contribute to the understanding of
inverse hardness distribution as a consequence
of delayed quenching.
Obviously, a controlled delay in quenching can

substantially increase the depth of hardening. In
this respect, a controllable delayed quenching
technique has the potential to substitute for lower

Fig. 6 Temperature distribution curves inside a 50 mm diameter cylinder derived from (a) normal quench and (b) delayed quench. Time-temperature relations in different points
below the surface of a 50 mm diameter cylinder, derived from top figures: (c) normal quench and (d) delayed quench. Z, incubation period (in seconds)
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hardenability of the steel in achieving a greater
depth of hardening. In any case, the effect of
delayed quenching on hardness distribution
is closely connected with the hardenability of
the steel and the cross-sectional size of the
workpiece.

Quenchants Enabling Controllable
Delayed Quenching

For quenching of single workpieces, the
spray quenching technique lends itself to con-
trollable delayed quenching because the start
of spraying can be preprogrammed. For
immersion quenching of a batch of work-
pieces, PAG solutions of high concentration

are the only quenching media that, by chang-
ing the polymer concentration in the solution,
enable a predetermined and controllable delay
in quenching, uniformly for all parts in the
batch.
The quenchant used was an aqueous solution

of UCON-E, formulated with a proprietary
PAG copolymer of ethylene oxide and propyl-
ene oxide (Ref 9). This polymer is a block
copolymer that was developed to include the
well-known process advantages of the more
commonly available random PAG copolymers
(Ref 10) and also to exhibit more uniform sur-
face coverage throughout the quenching process.
When hot metal is immersed into an aqueous

solution containing any polymer, a vapor blan-
ket is formed due to the immediate volatilization
of water at the hot metal interface (Ref 11). This
vapor blanket is encapsulated by a polymer
film. For PAG quenchants, this film is fluid
and mobile. Heat transfer from the hot metal
is slow during this stage because it must occur
through a gas and must have the energy to rup-
ture the film. Upon continued cooling, the
encapsulated vapor ruptures the fluid film and
the water escapes, with heat transfer occurring
by nucleate boiling.
Higher polymer concentrations in an aqueous

solution produce thicker films. As the film
thickness increases, the film becomes more
insulating, leading to slower heat transfer in
the first period of quenching. The heat-transfer
properties of this polymer film are also affected
by the film strength at the hot metal interface
(film strength increases with polymer molecular
weight) and the viscosity of the hydrated poly-
mer at the interface throughout the quenching
process. Heat transfer is inversely proportional
to the viscosity of the quenchant at the hot
metal interface.
When the energy of the heat in the vapor

blanket stage is sufficient to rupture the
hydrated film, the heat transfer at the
surface suddenly accelerates. This is the

point when a discontinuous change of cool-
ing rate occurs. With higher polymer concen-
tration and thicker film, the time to rupture
this film is longer, providing a controll-
able parameter (in addition to the bath tem-
perature and agitation rate) for delayed
quenching.

Properties

Inverse hardening results in higher core hard-
ness than the surface, when a predetermined
change of heat transfer on the workpiece sur-
face results in heat extraction primarily from
the core. The increase in depth of hardening
depends on steel hardenability and section size.
This offers the ability to influence the hardness
distribution and properties by control of heat
transfer.
Hardness Distribution. The left curve in

Fig. 8 is the normal hardness distribution in the
cross section of a 50 mm diameter bar of AISI
4140 after quenching in unagitated mineral oil
at a bath temperature of 20 �C. The curve at right
is the inverse hardness distribution measured
after quenching a bar of the same steel in 25%
PAG solution at 40 �C bath temperature and
0.8 m/s agitation rate. Note how delayed quen-
ching significantly increased the depth of
hardening.
Low-alloy steels such as 4140 are used in

the hardened and tempered condition. Normal
and inverse hardness distribution curves for
50 mm diameter bars of 4140 tempered for
2 h at 480 �C are shown in Fig. 9. Tempering
did not affect the shape of the normal hard-
ness distribution curve; however, the curve
for the inverse-hardened steel is now essen-
tially uniform (flat) over the entire cross sec-
tion. This is an example of the rule of thumb
that during tempering, higher hardness values
decrease more than lower hardness values.
The �6 HRC greater hardness in the center

Fig. 7 Average cooling rates between A1 and 500 �C
versus distance below the surface of a 50 mm

diameter cylinder. Quenching conditions: 1) oil, 20 �C,
without agitation; 2) UCON-E, 15% concentration, 40 �C
bath temperature, 0.8 m/s agitation rate. Source: Ref 4

Fig. 8 Normal hardness distribution (1) after quenching
in oil at 20 �C without agitation. Inverse

hardness distribution (2) after quenching in UCON-E of
25% concentration, 40 �C bath temperature, and 0.8 m/s
agitation rate. Source: Ref 6 Fig. 9 Hardness distribution after tempering at 480 �C for 2 h. Source: Ref 6
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of the inverse-hardened and tempered steel
provides a “guarantee” that the microstructure
consists of essentially all tempered martensite.
In the conventionally heat treated steel, softer
constituents also are present. In terms of
mechanical properties, it is well known that
tempered, fine-grained martensite yields the
highest toughness, particularly for high strength
levels.
Effects on Fatigue Resistance. AISI 4140

specimens 50 mm in diameter by 300 mm long
were tested in bending fatigue (Ref 12). All
specimens were from the same heat of steel
and were austenitized in a protective atmo-
sphere at 860 �C.
Specimens heat treated to have a normal

hardness distribution were quenched in used
mineral oil at 20 �C, without agitation. Speci-
mens heat treated to have an inverse hardness
distribution were quenched in 25% PAG solu-
tion at 40 �C bath temperature and 0.8 m/s
agitation rate. After quenching, specimens
were tempered in a vacuum furnace for 2 h
at 500 �C.
Information about the crack growth rate is

provided by the crack growth fraction of total
test length (in percent): (Nf – Nc)/Nf, where Nf

is the number of cycles at the end of the test,
and Nc is the number of cycles to initiation of
the first crack. (The value of Nc is the number
of cycles at which the stiffness of the specimen
began to decrease.)

Fatigue tests were run at different pulsating
sinusoidal loads, with a frequency of 16 Hz
and a stress ratio, R, of 0. Test results (Fig. 10)
are plotted as S-N curves, that is, plots of nom-
inal stress amplitude versus fatigue life (num-
ber of cycles) to initial cracking. Even though
the number of tests was low, it can still be con-
cluded that the fatigue life of specimens having
an inverse hardness distribution is longer than
that of specimens having a conventional hard-
ness distribution. At 270 MPa, for example,
the stress at which most of the tests were per-
formed, fatigue life was increased by a factor
of approximately 7. It was also observed that
the crack growth portion of the test was more
uniform for specimens having an inverse hard-
ness distribution and amounted to 13 to 20% of
total fatigue life, depending on the stress.

Summary

Controllable delayed quenching technol-
ogy is based on the discontinuous change
of the cooling rate that is connected with
every delayed quenching. As theoretically
explained, the discontinuous change of the
cooling rate during quenching has a high
potential to increase the depth of hardening,
compared to normal quenching practice. The
average cooling rate within the critical tem-
perature range A1 to 500 �C decreases from

the surface toward the core for normal
quenching, while it increases in the case of
delayed quenching. The effect of delayed
quenching on hardness distribution always
depends on the hardenability of the steel
and the cross-sectional size of the work-
piece. Delayed quenching can substitute for
lower hardenability of the steel in respect
to the depth of hardening. For immersion
quenching of a batch of workpieces, aque-
ous polymer solutions (PAG) of high con-
centration are the only quenchants suitable
for controllable delayed quenching. In addi-
tion to bath temperature and agitation rate,
the main parameter to be controlled is the
polymer concentration, on which the thick-
ness of the polymer film and thus the delay
in quenching depends.
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Gas Quenching
Volker Heuer, ALD Vacuum Technologies GmbH

Introduction

The gas quenching process is usually per-
formed at elevated pressures and is therefore
mostly referred to as high-pressure gas quench-
ing (HPGQ). During HPGQ, previously auste-
nitized/thermochemically treated parts are
quenched in an inert gas flow in a pressure
range between 1 and 20 bar with gas velocities
between 0.5 and 20 m/s. When using a
nozzle field, velocities can be much higher, up
to 80 to 160 m/s. In a few cases, up to 25 bar
pressure is applied. The HPGQ process is
combined in most cases with a vacuum heat
treatment, such as low-pressure carburizing
(LPC), and in a few applications, HPGQ has
been applied after conventional gas carburizing.
The HPGQ process is usually followed by a
tempering process.
In most cases, the goal of the gas quenching

process is to improve hardness. Upon comple-
tion of austenitization, the parts are subjected
to HPGQ to change the microstructure from
austenite into martensite, thus obtaining the
desired increase in hardness.
High-pressure gas quenching is an environmen-

tally friendly and low-distortion quench process
compared to liquid quenching, such as oil, poly-
mer, or water. Dry gas quenching has the follow-
ing advantages compared to liquid quenching:

� Clean part surfaces after heat treatment; no
washing of parts necessary

� Environmentally friendly process (no dis-
posal of oil, salt bath residues, or detergent
residues)

� Full flexibility to control quench intensity
� Potential to reduce heat treatment distortion

(unwanted changes in form and size of the
part geometry during heat treatment)

� Possibility to integrate heat treatment into
the production line

Process variables that influence microstructure,
hardness, and distortion are summarized in Fig. 1.
The disadvantage of HPGQ is the somewhat

limited quench intensity compared to liquid
quench media such as oil, water, or polymer
quench. Even with the recent improvements

of HPGQ, very large components cannot
be quenched in gas successfully unless they are
made of a steel grade with excellent hardenability
(see the section “Prediction of Core Hardness” in
this article formore details). Nevertheless, HPGQ
becomes more and more popular and displaces
liquid quenching in many applications.
For the heat treatment of tool steels and

high-speed steels, HPGQ is the preferred choice
and has almost completely replaced liquid
quench media, which were formerly used.
By enhancing gas pressure and gas velocity
as well as through the development of separate
HPGQ quench chambers, or so-called cold cham-
bers, the process also has become established for
the hardening of low-alloyed case-hardening
steels and quenched and tempered steels. To date,
primary applications of HPGQ in cold chambers
are gear components (wheels, shafts, synchroni-
zers), bearing rings, and components for fuel-
injection systems (nozzles, pump heads, etc.).
Over the last few years, the technology of LPC
in combination with HPGQ has become a pre-
ferred choice for the treatment of gear compo-
nents for manual and automatic transmissions
for passenger cars.

Physical Principles

At the beginning of an HPGQ process, the
quench chamber is flooded with the
quench gas. Depending on the type of gas and
the installed equipment, it takes between 4
and 20 s to reach the desired pressure level.
Then, the gas stream is circulating through the
load and extracting energy from the compo-
nents, while the absorbed heat of the gas is
released to an integrated heat exchanger.
The amount of energy that is extracted

can be described by the heat flux density, _q.
According to Eq 1, the heat flux density
is proportional to the heat-transfer coefficient,
a. This heat-transfer coefficient is the
dominating physical parameter in quenching,
and the distribution of local a values on the
part surface is crucial for part quality after
quenching:

_q ¼ a � TSurface of the part � TGas
� �

(Eq 1)

Figure 2 shows the range of heat-transfer
coefficients for different quenching media.
These ranges are average values. The cooling
rate obtained with HPGQ is similar to the cool-
ing rate obtained with a mild oil quench. The
cooling rates obtained with strong oil quench-
ing, including agitation of the oil bath, cannot
be reached with HPGQ.
Equation 2 describes the theoretical correla-

tion between the heat-transfer coefficient, a,
and the process parameters:

a ¼ C � w0:7r0:7d�0:3Z�0:39cp
0:31l0:69 (Eq 2)

where C is a constant, w is the gas velocity, r
is the gas density, d is the part-specific
diameter, Z is the dynamic gas viscosity, cp is
the specific heat capacity of the gas, and l is
the thermal conductivity of the gas.
The constant C includes all other influences,

such as the special aerodynamic conditions in
the quench chamber, the degree of flow turbu-
lence, and so on. Once the type of quench
chamber and type of quench gas have been cho-
sen, the gas pressure and gas velocity remain
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Fig. 1 High-pressure gas quenching variables that in-
fluence microstructure, hardness, and distortion



the two crucial process parameters to adjust for
the desired quench intensity.
During the course of the HPGQ process, the

heat-transfer coefficient is almost constant over
time (Ref 1).
When comparing the mechanisms of heat

transfer between gas quenching and liquid
quenching (oil, water, polymer), a fundamental
difference is observed. Three different mechan-
isms occur during liquid quenching: film boil-
ing, bubble boiling, and convection. As a
result of these three mechanisms, the distribu-
tion of the local heat-transfer coefficients on
the surface of the component is very inhomoge-
neous (Fig. 3). These inhomogeneous cooling
conditions cause tremendous thermal and trans-
formation stresses in the component and subse-
quently may lead to distortion. During HPGQ,
only convection takes place, which results in
much more homogeneous cooling conditions.
Due to the missing phase transition in the

gaseous quench medium, HPGQ leads to
reduced distortion compared to liquid quench-
ing in many applications.
Another advantage of gas quenching is

the flexibility to precisely dial in the quench
intensity by varying the process parameters of
gas pressure and gas velocity. The quench
intensity can be adjusted specifically to the
target values of the components regarding hard-
ness and microstructure. With liquid quenching,
there is less flexibility, because only the agita-
tion and the temperature of the quenchant can
be varied. This results in a much smaller pro-
cess window for liquid quenching compared
to HPGQ.
When using liquid quenchants over a long

period of time, the heat-transfer coefficient
can deteriorate due to contamination of the
quench medium (Ref 3). When applying
HPGQ, this is not the case; the cooling rates
stay reproducible over time.

Equipment for Gas Quenching

There are two main types of equipment for
gas quenching. In the so-called single-chamber
furnaces, all process steps such as heating, aus-
tenitizing, an optional thermochemical treat-
ment, and HPGQ are performed in the same
chamber. As an alternative, cold chambers are
dedicated for quenching only. Cold chambers
are part of multichamber systems, where the
heating, austenitizing, and an optional thermo-
chemical treatment are performed in specific
treatment chambers.
For both types, an integrated high-perfor-

mance fan is used to circulate the gas via suit-
able gas-guiding systems through the hot load.
The installed motor power for the gas fan is
derived from the targeted gas velocity, the tar-
geted gas pressure, and the selected type of
gas. The typical installed motor power of a
fan ranges from 80 to 250 kW and sometimes
up to 400 kW. The heat from the load is
absorbed by the gas and released to the
integrated gas/water heat exchanger.
Figure 4 schematically shows the gas flow in

a single-chamber furnace. Heating and quench-
ing are performed in the same chamber, so the
design of the chamber is a compromise between
both functions. The gas is accelerated with one
fan and guided through the load and the heat
exchanger. By changing positions of the flaps
and guiding plates, the direction of the gas flow
can be alternated. Different single-chamber fur-
nace designs are available, such as cubic or
round chambers, quenching with gas nozzles,
and chambers with one-, two- or four-direc-
tional cooling.
Figure 5 illustrates the design of a cold

chamber for gas quenching. Before the HPGQ
process is started, the hot load is transported
into the cold chamber. After closing a pressure-
tight door, the chamber is flooded with the
quench gas. Two fans are used to accelerate
the gas through the load and the two water-
cooled heat exchangers, which are locatedFig. 2 Average heat-transfer coefficients for different quench media
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above and below the load. Besides cooling the
quench gas, the heat exchangers are used to
homogenize the gas velocity.
Cold chambers provide stronger quench

intensities compared to single-chamber fur-
naces. When designing a cold chamber, the
design of the gas flow is not compromised
by the other process steps, such as heating or
thermochemical treatment. Due to the required
space for the heating elements, in a single-
chamber furnace there is a significant gap
between the load and the inner furnace wall.
Therefore, a significant amount of gas is not
guided through the load but bypasses the load.
A further advantage of the cold chamber is that
only the load itself needs to be quenched and
not the hot inner furnace walls, as in single-
chamber furnaces.

Table 1 shows the advantages and disadvan-
tages and the typical applications for single-
chamber furnaces and for cold chambers.
For both types of equipment, it is important
to provide good uniformity of the gas-flow
velocity in order to reach homogeneous results
in terms of hardness and distortion of the
components.
The uniformity of the cooling rate is

usually determined by placing thermocouples
into the quenched components at different
positions in the load. It is recommended to
measure cooling curves in the extreme positions
of the load, such as the corners, the top-middle,
the middle-middle, and the bottom-middle
of the load. When measuring cooling curves
in a cold chamber, it is mandatory to use
a mobile electronic data-logging device,

which travels with the load through the
entire process. The disadvantage of such
a device is that it has an impact on the
measured cooling curves, because it changes
the quench performance due to its relatively
large size.

Gas Types

Mainly three types of gas are used
for HPGQ: nitrogen, helium, and argon.
Hydrogen has not been established in industrial
practice due to safety concerns. Hydrogen is
the only ignitable quench gas and therefore
requires extensive safety precautions in
the technical design of such plants and for
later operation. The quench gases clearly
differ in their quenching capacity because
of their various thermophysical properties
(Table 2).
Nitrogen is used for many industrial applica-

tions. Helium is used in some applications,
when higher quench rates are required. Because
helium is much lighter compared to nitrogen,
higher gas velocities can be provided by instal-
ling a bigger fan wheel without the need to
increase the fan power. However, the high cost
of helium makes it absolutely necessary to
recycle the helium after each quench cycle.
Argon is often used for quenching of aerospace
components.
In addition to the use of pure gases, it is

also possible to blend mixtures of gases.
Theoretical calculations verify that the heat-
transfer coefficients of gas mixtures such as
helium-carbon dioxide in a mixing ratio of
60/40% range above the values of pure
helium gas. Nevertheless, to date, the use of
gas mixtures for quenching has not become
established in practice due to the high technical
effort required to supply and maintain the
gas mixtures. Additionally, the use of carbon
dioxide as the quench gas would lead to

Fig. 4 Gas quenching in a single-chamber furnace (austenitizing/thermochemical treatment and quenching in one
single chamber)

Fig. 5 Gas quenching in a cold chamber (quenching in separate chamber)
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oxidation on the surface and discoloration of
the parts.
Besides the use of the technical gases

from Table 2, it is also possible to use dry air
as a quench gas (Ref 4). The use of air inevita-
bly leads to oxidation of part surfaces
during the quench process. However, the for-
mation of oxide layers of approximately 5 mm
on typical low-alloyed case-hardening steels
can be completely removed by shot peening
in the subsequent production step (Ref 4).
No problems have been reported regarding

surface hardness and wear properties of the
parts. Quenching with air represents a genuine
alternative, if the oxide layer can be removed
by shot peening or hard finishing after the
quench.

Cooling Curves

The quench rate depends strongly on the
shape and size of the components, the design
of the quench chamber, as well as the

configuration and weight of the load. However,
if the type of quench chamber and quench gas
have been chosen and if the load configuration
has been defined, then the gas pressure and
gas velocity remain the two crucial process
parameters to adjust for the desired quench
intensity. To determine the gas velocity of a
certain quench chamber design, the local distri-
bution of speed is measured by a hot-wire ane-
mometer. This measurement is performed in an
empty quench chamber at the level of charge
support. The gas velocity of the chamber is then
defined as the average value in this measure-
ment plane. According to Eq 2, gas velocity
as well as gas density influence the equation
for the heat-transfer coefficient, a, with an
exponent of 0.7. The gas density is directly pro-
portional to the gas pressure. Consequently, gas
pressure and gas velocity have the same impact
on the heat-transfer coefficient.
As described in the section “Equipment for

Gas Quenching” in this article, when analyzing
cooling curves, there must be a distinction
between single-chamber furnaces and cold
chambers. Figures 6 and 7 show cooling char-
acteristics of a single-chamber furnace. Cooling
curves as a function of gas pressure for 25 mm
diameter cylinders, which were quenched with
nitrogen and a gas velocity of 7 m/s, are given
in Fig. 6. In Fig. 7, cooling curves are shown
for 100 mm diameter cylinders when quenched
in 6 bar N2 with a gas velocity of 7 m/s. Cool-
ing curves for the core and the surface of the
specimen are displayed. In this case, so-called
gas reversing was applied for better cooling
uniformity (see the section “Gas-Flow Revers-
ing” in this article).
As of today (2013), single-chamber furnaces

with higher quench intensities have been devel-
oped for special applications (Ref 5).
In single-chamber furnaces, smaller compo-

nents made of medium-alloyed steel grades
are usually cooled directly to ambient tempera-
ture. Big and complex-shaped components

Table 1 Comparison of single-chamber furnaces and cold chambers
for high-pressure gas quenching

Single-chamber furnace Cold chamber

Production volume Small-production lots High-production throughput
Main fields of
application

Tools, dies, aerospace components, gear
components, bearing rings (limited size),
fuel-injection components

Gear components, machine components, bearing
rings, fuel-injection components

Typical steel grades for
treatment

M2, M3, M42, T1, H10, H11, H13, D2, D3, A2,
440C, 4xx stainless, 3xx stainless, case-
hardening steels (for small parts)

4120, 4320, 5120, 5130, 52100, 8625, 9310,
100Cr6, 20MnCr5, 27MnCr5, 18CrNiMo7-6,
8620 (for small parts), 16MnCr5 (for small
parts)

Medium-high quench
rates

Not possible (only with special furnaces) Possible

Very slow quench rates Possible (by using integrated heating system) Not possible
Temperature
measurements inside
components during
quenching

Possible Not possible (only possible by using a mobile
electronic data-logging device)

Gas-flow uniformity Often limited Optimized

Table 2 Thermophysical properties of technical gases at standard conditions
of 25 �C and 1 bar

Property Argon Nitrogen Helium Hydrogen

Chemical symbol Ar N2 He H2

Density at 15 �C and 1 bar, kg/m3 1.6687 1.170 0.167 0.0841
Ratio of density compared to air 1.3797 0.967 0.138 0.0695
Molecular mass, kg/kmol 39.9 28.0 4.0 2.01
Specific heat capacity (cp), kJ/kg � K 0.5024 1.041 5.1931 14.3
Heat conductivity (l), W/m � K 177 � 10�4 259 � 10�4 1500 � 10�4 1869 � 10�4

Dynamic viscosity (Z), N � s/m2 22.6 � 10�6 17.74 � 10�6 19.68 � 10�6 8.92 � 10�6

Fig. 6 Cooling curves as a function of gas pressure in 25 mm diameter cylinders
quenched in single-chamber furnace (Monotherm 60/60/90; bolt charge with
540 kg gross weight; quench gas: nitrogen; gas velocity: �7 m/s)

Fig. 7 Cooling curves in surface and core of 100 mm diameter cylinders quenched in
single-chamber furnace (Monotherm 60/60/90; bolt charge; middle-middle posi-
tion of the load; quench gas: 6 bar N

2
; gas velocity:�7m/s; gas reversing applied)
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made of high-alloyed steels are often hardened
in several steps. This process is known as mar-
quenching and is applied to avoid cracks during
quenching and to reduce distortion of the com-
ponents (Fig. 8).
As noted in the section “Equipment for Gas

Quenching” in this article, the development of
cold chambers led the way to providing higher
quench intensities. In parallel, the maximum
quench pressure has continuously increased
over the years. Currently, cold chambers with
a maximum pressure of 20 bar represent the
standard for HPGQ of low-alloyed steels in
mass production.
Besides quench pressure, the gas velocity

has also increased over the years to achieve higher
quench intensities. Today (2013), an average gas
velocity in the range of 12m/s and a quench pres-
sure of 20 bar is applied when using nitrogen.
When using helium, due to its low gas density,
the gas velocity can be significantly enhanced
without the need to increase motor power.
Today, average gas velocities of up to 20 m/s
can be achieved with a helium quench.
The quench intensities obtained with

HPGQ in cold chambers have been determined

in various studies (Ref 1, 7). For example, cool-
ing curves in the core of a cylindrical
specimen with different diameters were experi-
mentally determined in a cold chamber HPGQ
(Ref 1). Figure 9 shows the cooling curves
for a 10 mm diameter cylindrical specimen for
various quench parameters, and Fig. 10 shows
the cooling curves for a 50 mm diameter
specimen.
The quench parameter l800-500 is often used

for the characterization of the cooling rate.
This value is determined by taking a reading
from the cooling curve, that is, how long it
takes to cool from 800 to 500 �C. Then, this
value in seconds is multiplied by the factor
1/100 to obtain the quench parameter l800–500,
The l800–500 parameter is shown for three dif-
ferent quench conditions in a cold chamber in
Fig. 11.
When trying to predict the cooling curve of

complex-shaped components, it is mandatory
to know the magnitude of the heat-transfer
coefficient for different quench conditions.
Table 3 shows heat-transfer coefficients that
were determined experimentally with the help
of the so-called Q-probe (Ref 8) in a cold

chamber. The cooling curves in the surface and
in the core of the Q-probe were measured to
obtain these data (Ref 1). Table 3 additionally
shows the calculated a-values, derived from
Eq 2. The measured values correspond well
with the calculated values. However, it is
important to realize that the constant C =
0.10535 is only valid for the tested type of
quench chamber. Different values for constant
C will apply if Eq 2 is used for other types of
quench chambers.
As stated previously, the a-values can be

determined experimentally by measuring the
cooling curves during HPGQ. This is a well-
established procedure to determine the average
a-values on the surface of a component. How-
ever, if not the average value but the local distri-
bution of a-values on different surface areas of
the part and the local distribution within the
charge are required, then this procedure proves
to be difficult. There is another experimental
method that can be used to determine the local
a-values within the charge. This method is based
on the analogy between energy and mass trans-
fer (Ref 9). However, substantial experimental
work is required in this method. Another possi-
bility is to calculate the a-values with the help
of computational fluid dynamics simulations.
However, when doing so, it is mandatory to
validate the calculation results with the help
of experiments.

Prediction of Core Hardness

The quench intensity and the resulting core hard-
ness values after HPGQ do not depend solely on
the quench parameters of gas pressure and gas
velocity. The resulting core hardness values
depend strongly on the hardenability of the compo-
nent material, on the design of the quench
chamber, as well as on the configuration and
weight of the load. Therefore, all predictions of
core hardness results are very specific for each type
of equipment and each load configuration.Fig. 8 Use of marquenching technology in vacuum hardening to minimize distortion. Source: Ref 6

Fig. 9 Cooling curves for 10 mm diameter cylinders quenched in cold chamber
(ModulTherm) with different quench parameters

Fig. 10 Cooling curves for 50 mm diameter cylinders quenched in cold chamber
(ModulTherm) with different quench parameters
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The following examples from the heat treat-
ment of transmission components show how
core hardness values can be predicted in indus-
trial practice. When designing an HPGQ pro-
cess for gear wheels or gear shafts, it must be
predicted what values of tooth-root core hard-
ness can be achieved when using different steel
grades as material for the components. Once a
certain steel grade has been chosen, it must be
defined what quench parameters should be
applied to guarantee the targeted values of
tooth-root core hardness in serial production.
These questions can be answered by a predic-
tion method that is based on the Jominy harden-
ability curve of the steel.
The Jominy hardenability curve is a

standardized test, as described in DIN EN ISO
642 (Ref 10), using a cylindrical specimen with
25 mm diameter and 100 mm height as the
test probe. After austenitizing, the probe is hung
vertically and quenched with a water jet of well-
defined intensity. The water jet is directed toward
the lower face of the cylindrical specimen. This
means that with increasing distance from this
face, the quench rate inside the probe is continu-
ally reduced.
After completion of the quench, the hardness

profile is measured in an axis-parallel line
with 0.4 mm distance to the surface. The result-
ing curve is the so-called Jominy curve. This
curve describes the relationship between the

distance from the lower face of the probe in
millimeters (the so-called Jominy value) and
the achieved hardness in HRC. In addition to
the experimental method as described previ-
ously, the curve can be calculated from
the chemical composition of the steel grade as
well (Ref 11).
The Jominy value is described in millimeters

and therefore has the unit of distance, but ulti-
mately each Jominy value is describing the
local cooling curve inside the Jominy probe,
because the Jominy test is a standardized
quenching test. When quenching a load, every
component inside the load has a certain cooling
curve that can be described by a corresponding
Jominy value.
When applying the prediction method, the

Jominy values for different positions inside
the load are determined first. As stated earlier,
the cooling curves depend on the size and shape
of the component to be quenched, the process
parameters, the type of quench cell, and the
configuration and weight of the load. That is
why the determined Jominy values are only
valid for a specific quench scenario with a spe-
cific combination of component geometry,
quench chamber, process parameters, and load
configuration.
The fundamental steps of the prediction

method are depicted in Fig. 12. The goal is to
predict for a given type of quench chamber

and given process parameters for a certain com-
ponent geometry and load configuration which
tooth-root core hardness is achieved when using
different steel grades. To allow for such a pre-
diction, the exact Jominy hardenability curve
of the component material must be known.
After completing the heat treatment cycle, the
tooth-root core hardness values are determined
at characteristic locations in the load (e.g.,
tooth-root core hardness in a component from
the middle of the bottom layer of the load).
With this hardness value, the corresponding
Jominy value is read from the Jominy curve
of the used steel. This Jominy value charac-
terizes the local cooling rate in the tooth root
of the component for the given quench sce-
nario. A low Jominy value is equivalent to a
high cooling rate, and a high Jominy value is
equivalent to a low cooling rate in the
tooth root.
After determination of the local Jominy

value of the component, it can be predicted
what tooth-root core hardness values can be
achieved when choosing different steel grades.
If the Jominy curves of the steel grades are
known, it can be read from the Jominy curve
which hardness will be achieved.
Figure 13 shows the Jominy values that

were determined in the tooth root of gear wheels.
The values from the bottom layer are displayed
for a 20 bar He quench and a 10 bar N2 quench.

Fig. 11 Quenching parameter l800–500 as a function of the diameter of a cylindrical specimen and the quenching
parameters in cold chamber (ModulTherm). Source: Ref 1

Table 3 Calculated andmeasured heat-transfer coefficients (a) in cold chamber (ModulTherm)

Gas type Gas pressure, bar Gas velocity, m/s a calculated(a), W/m2 � K a experimental, W/m2 � K

Nitrogen 1.5 3 43 58
Nitrogen 1.5 4.8 60 75
Nitrogen 1.5 8.8 91 98
Nitrogen 10 10.1 380 380
Nitrogen 19 10.1 596 590
Helium 19 14.7 1038 990

(a) Calculated using Eq 2 with C = 0.10535; values for the lateral surface of a cylinder with 28 mm diameter (Q-probe), quenched in longitudinal
direction. Source: Ref 1

Fig. 12 (a) Prediction of tooth-root core hardness values
by determination of local Jominy values inside

the load. (b) Illustration of the procedure to predict tooth-
root core hardness when choosing a different steel grade
with a given type of quench chamber, part geometry, load
configuration and weight, and given process parameters
(gas pressure, gas velocity, etc.)
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Additionally, the Jominy curves of 16MnCr5,
21NiCrMo2, and 18CrNiMo7-6 are added to the
diagram. The hardenability curves of typical HH
steel qualities are displayed. Now the tooth-root
core hardness values can be predicted when using
these steel grades.
Figure 14 shows the Jominy values that were

determined in the tooth root of gear shafts for a
20 bar He and a 10 bar N2 quench. Again, the
hardenability curves of typical HH steel quali-
ties are displayed.
Figure 15 shows a comparison of Jominy

curves of different case-hardening steels
that are often processed with HPGQ in cold
chambers. Generally speaking, all steel grades
have a certain tolerance range of the alloying
elements. Therefore, each material has a hard-
enability scatter band with an upper- and
lower-limit curve that is defined in the material
specification. The hardenability curves from
Fig. 15 represent curves that are 1/3 of the scatter
band below the maximum Jominy curve. When
choosing the steel grade for a new application,
the hardenability scatter bands must be taken
into consideration.

Gas-Flow Reversing

High-pressure gas quenching is typically
performed with a flow direction from top
to bottom through the load. However, this uni-
directional quench can lead to variation of
the hardening results. This variation is caused
by warming of the quench gas and by aerody-
namic flow conditions, which differ from
layer to layer due to wake effects between the
layers. Modern gas-quenching chambers offer
the possibility to reverse the direction of
the gas flow during quenching. Reversing gas
flow means that the flow of gas is alternated
back and forth from top to bottom and
bottom to top. By alternating the gas-flow

direction, there is less difference in the cooling
curves of parts placed in different layers.
This reduces the spread of distortion inside
the load.
A schematic view of a quench chamber with

reversing gas flow is shown in Fig. 16. To allow
for alternating flow direction, the chamber is
equipped with flaps that are operated pneumati-
cally. Depending on the setting of the valves,
either top-to-bottom or bottom-to-top flow
direction is put into effect. The alternating flow
direction is time-controlled.
As shown in Fig. 17, the cooling curves in the

top and bottom layer converge when applying
reversing gas flow. As a result, the spread of core
hardness values within the load is significantly
reduced. In the application fromFig. 17, themax-
imum difference in tooth-root core hardness was
reduced from 90 to 40 HV.
Reversing gas flow is not only used to

reduce the spread of core hardness but also
to reduce the spread of distortion within the
load. The following is an example for such an
application. The reversing gas-flow process

was applied on the final-drive pinion planetary
gears of a six-speed automatic transmission
(Ref 12). The gears are made of 5120 material,
have an outer diameter of 31 mm, a height of
32 mm, and have 24 external teeth. One load
consists of 1056 pieces treated in 9 layers
(Fig.18).
Figure 19 shows the improvement that was

achieved when introducing the reversing gas-
flow process. When applying unidirectional gas
flow, the gas flows only from top to bottom
through the load. With reversing gas flow, the
flow of gas alternates back and forth from top
to bottom and bottom to top, as illustrated in
Fig. 16. As shown in Fig. 19, with unidirectional
flow, the parts in the middle and top layer of the
load exhibit excessive distortion. With reversing
gas flow, the helix angle variations were

Fig. 13 Prediction of tooth-root core hardness values in the bottom layer of a load
with gear wheels (hanging gears; outside diameter = 97 mm; height =
35 mm; quenched in cold chamber; ModulTherm)

Fig. 14 Prediction of tooth-root core hardness values in the bottom layer of a load with
gear shafts (outside diameter = 97 mm; height = 340 mm; quenched in cold
chamber; ModulTherm)

Fig. 15 Typical Jominy curves of case-hardening steels,
which are often processed with high-pressure

gas quenching in cold chambers. Curves indicate 1/3 of the
scatter band below the maximum Jominy curve.

Fig. 16 Schematic illustration of a quenching chamber
with reversing gas-flow technology
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significantly reduced. For example, for the right
flank of the gears from the top layer, the maxi-
mum helix angle variation was reduced by 61%.
With the optimized reversing gas-flow

process, it is not necessary to machine the teeth
of these final-drive pinion gears after heat treat-
ment. Only the bores and faces of the gear are
machined after heat treatment. This example
shows the significant potential to reduce distor-
tion with reversing gas flow.

Dynamic Gas Quenching

In addition to the possibility for adjusting
quench intensity precisely to the desired level
and the possibility for alternating gas-flow direc-
tion, HPGQ offers the possibility for changing
quench intensity during quenching. When apply-
ing this process in cold chambers, it is referred
to as dynamic quenching or interrupted quench-
ing. The goal of dynamic quenching is to reduce
distortion. The variation of quench intensity is
typically time-controlled. By lowering the cooling
speed, the thermal and transformation stresses can
be reduced, thus leading to less distortion.
It is recommended to reduce quench intensity

before the martensite start temperature (MS) is
reached in any location of the part, by reducing
the gas velocity. As a result, the thermal gradi-
ent and therefore the thermal stresses in the part
are reduced. Furthermore, the reduction in tem-
perature difference leads to a more simulta-
neous transformation into martensite in the
surface and the core, which results in a reduc-
tion in transformation stresses. By reducing
the thermal and transformation stresses, less
plastic deformation is generated and therefore
less distortion.
Figure 20 schematically shows the cooling

curves during dynamic quenching. The
diagram shows temperatures on the surface
and in the core of different-sized parts when
gas velocity is reduced to zero for a certain
time. For a large specimen, the surface temper-
ature can rise after the gas velocity is stopped,
because the hot core reheats the surface. To
prevent such reheating, the gas velocity
should not be reduced to zero but to a level that
prevents reheating.
A homogeneous temperature field inside the

component and a lower cooling speed during
martensite formation result in fewer thermal
and transformation stresses. Based on the
reduction of these stresses, the magnitude and
spread of distortion is reduced.
The process of dynamic quenching is

explained with two examples in the following.

Idler Gears

Figure 21 shows the helix angle variation
( fhb) of idler gears after application of different
quench methods. The idler gears have an out-
side diameter of 179 mm, a height of 19 mm,
67 teeth, and are made of 16MnCr5 material.

Fig. 17 Cooling curves in the tooth-root core of truck gears when applying high-pressure gas quenching with gas
reversing. Cooling curves are from the top and bottom levels of the load; additionally, the direction of gas
flow is indicated.

Fig. 18 Final-drive pinion planetary gear (diameter = 31 mm, 24 teeth) and production load (9 layers with 1056
pieces total)

Fig. 19 Reduction of distortion by application of reversing gas flow; comparison between unidirectional and
reversing gas flow (helix angle variation of final-drive pinion gears after heat treatment in bottom, middle,
and top layer; LF = left flank; RF = right flank; specified maximum after heat treatment: 38 mm)
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After HPGQ without dynamics, the variation of
fhb is slightly reduced compared to oil quench-
ing. After HPGQ with dynamic quenching, the
variation of fhb is significantly reduced (Ref 13).
In addition to the absolute values of fhb after

heat treatment, the changes of fhb during heat
treatment were determined as well. Here,
changes during heat treatment mean the differ-
ences between the values before and after heat
treatment. Compared to oil quenching, the aver-
age change of fhb was reduced by 37% for the
left flanks of the teeth and by 17% for the right
flanks of the teeth when applying HPGQ with
dynamic quenching.

Internal Ring Gears

Quenching of thin-walled parts leads
to distortion in terms of out-of-roundness.
Figure 22 shows the runout values of a ring gear
with internal toothing before and after heat

treatment. The ring gears have a diameter of 140
mm, a height of 28 mm, 98 teeth, and are made
of ASTM 5130M material. The average round-
ness before heat treatment is 30 mm. After heat
treatment on an alloy fixture and with standard
HPGQ, the runout values were far beyond the
required specification of 150 mm. By using a car-
bon-fiber-reinforced carbon (CFC) fixture, the
values were reduced significantly. When using a
CFCfixture in conjunctionwith dynamic quench-
ing, the specification of 150 mm maximum was
successfully met (Ref 14). Because the process
proved to be very stable, the gear manufacturer
was able to completely eliminate all hard-finish-
ing operations.
In another application on internal ring gears

made of 5130M material, the average change
of runout during heat treatment was reduced
to 7 mm, and the maximum change of runout
was reduced to 41 mm by application of
dynamic quenching (Ref 15).

In summary, heat treatment distortion can be
reduced significantly by application of HPGQ
and dynamic quenching. In particular, the
spread of distortion can be significantly
reduced. This leads to substantial cost-savings
because the hard-finishing operations can be
drastically reduced or even completely
eliminated.

Fixtures for Gas Quenching

When designing the load configuration, it
is mandatory for economic reasons to put as
many parts into the load as possible while
still guaranteeing the specified quality after
treatment. Typical distance between parts
in the load is 10 to 20 mm. The minimum dis-
tance between components should not be below
5 mm.
When designing the fixture, special attention

should be given to ensure the following:

� Sufficient permeability for the gas stream to
flow through the load

� Thermal mass of the fixture should be as low
as possible

� Horizontal support of the components, to
minimize distortion

� Robust design for easy handling of the
fixtures

Ideally, a three-point contact between
components and fixtures should be established.
Gear wheels can be loaded either lying
horizontally or hanging vertically in the
fixture. Shafts must hang vertically to reduce
distortion.
Two different groups of fixture materials can

be used for HPGQ: high-nickel-content alloys
and CFC materials. High-nickel-content alloys
such as DIN 1.4818 are used in oil quenching
as well. The CFC materials are made from a
carbon matrix with embedded fibers, where 50
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Fig. 20 Schematic illustration of dynamic quenching for different-sized specimens

Fig. 21 Helix angle variation (fhbmax � fhbmin) of idler gears with 179 mm diameter
made of 16MnCr5 after heat treatment with different quenching methods

Fig. 22 Pitchline runout of internal ring gears before and after heat treatment.
Material = ASTM 5130M; diameter = 140 mm; height = 28 mm; 98 teeth
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to 60% of the volume consists of fibers. The
CFC is a heat-resisting material that can be
used at temperatures up to 2000 �C if a protec-
tive atmosphere or vacuum is applied. The
strength of CFCs even increases with increasing
temperature. Compared to room temperature,
the hot bending strength at 1000 �C is increased
by �15%.
Fixtures made of CFC incorporate a light

design and do not tend to creep during use at
high temperatures. Unlike fixtures made of
alloy, no bending or cracking of the fixture
takes place even after many years of use.
When treating components on CFC fixtures, it
is guaranteed that all components are supported
horizontally in the fixture. In many applica-
tions, this leads to a reduction of component
distortion. The density of CFC is only 1400
to 1650 kg/m3 compared to �7900 kg/m3

for steel. This is why CFC fixtures are much
lighter than alloy fixtures and can be heated fas-
ter. However, this advantage is partly reduced
by the higher specific heat capacity of
CFC (�1 to 2 kJ/kg � K) compared to steel
(�0.5 kJ/kg � K). A typical CFC fixture is
shown in Fig. 23.
The maximum use temperature under

oxygen-containing atmosphere should not
exceed 350 �C. Therefore, CFC cannot be
used in atmospheric gas carburizing due to
the oxygen content in the process gas. The
use of CFC is limited to vacuum processes
such as low-pressure carburizing (LPC). These
vacuum processes are often combined with
HPGQ.
The CFC fixtures are usually much more

expensive than alloy fixtures, but they have a
much longer operating life. An operating life
of 11 years or more has been proven in indus-
trial application. When investing in CFC fix-
tures, the operating life is typically estimated
to be 5 years, whereas the operating life of

alloy fixtures is typically estimated to be 1.5
to 2 years.

Control of Distortion with
HPGQ

As with all heat treating processes, low dis-
tortion can only be achieved if the
manufacturing process chain before heat treat-
ment, including melting, casting, cutting,
soft machining, and so on, is optimized and sta-
ble. It is important to create low levels of resid-
ual stress in the components before heat
treatment. When blanks with excellent material
homogeneity and low residual-stress level are
provided, the HPGQ process can achieve low
levels of distortion.
Due to the missing phase transition in the

gaseous medium, HPGQ in many applications
leads to reduced distortion compared to liquid
quenching. For a lot of applications, it is not
the absolute height of distortion that causes
manufacturing problems but the spread of distor-
tion. When the spread of distortion is low, it can
be precompensated in soft machining. So, for
many applications the challenge is to optimize
the HPGQ in such a way that it provides a heat
treatment process with very little spread of dis-
tortion within a load and over time from load
to load. It was proven for many applications that
HPGQ leads to a significant reduction in the
spread of distortion (Ref 14, 16). Figure 24
depicts a comparison between the concentric-
ity of bevel pinions after LPC and HPGQ
and after gas carburizing and oil quenching.
The bevel pinions were made of ASTM 8625
material and have a height of 280 mm and
a head diameter of 85 mm. Further distortion
improvements can be achieved with the appli-
cation of gas-flow reversing and dynamic
gas quenching.
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Salt Quenching
J.R. Keough, Applied Process Inc.

THE USE OF MOLTEN SALTS in the
quenching of ferrous materials is covered in
this article. Salts are also used for descaling,
processing of nonferrous materials, nitriding,
and removing various coatings and ceramic
shell material. Molten salts are usually the
medium of choice for high-temperature quench-
ing. Examples are:

� Isothermal annealing of high-alloy steels
� Minimizing scaling, distortion, and cracking

of high-speed tool steels
� Reducing the risk of cracking during mar-

tensite formation (e.g., spring wire)
� Formation of high-temperature transforma-

tion products

Molten salt is the quenching medium most
commonly used in austempering and mar-
quenching of ferrous materials because:

� It transfers heat rapidly.
� It virtually eliminates the problem of a vapor

phase barrier during the initial stage of
quenching.

� Its viscosity is uniform over a wide range of
temperatures.

� Its viscosity is low at austempering
temperatures (similar to that of water at
room temperature), thus minimizing dragout
losses.

� It remains stable at operating temperatures
and is completely soluble in water, thus
facilitating subsequent cleaning operations.

� Salts can be easily recovered from wash
waters by evaporative methods and recycled.

The most common salts used for quenching
are nitrite/nitrate salts: various mixtures of
sodium nitrite (NaNO2), potassium nitrate
(KNO3), and sodium nitrate (NaNO3). A ter-
nary diagram for those salts is shown in
Fig. 1. The phase diagram illustrates the depen-
dence of melting point on ratio of the salt mix-
ture. The ratio of salt mixture may also affect
viscosity of the medium, which can influence
cooling rate (Ref 1).
The three salts shown in Fig. 1 are those

most commonly used for salt quenching.
Sodium nitrite is typically more expensive than
the potassium salts, but it has a lower melting

temperature and, as such, drains from the
quenched parts more effectively, reducing salt
dragout. Systems used at low quenching tem-
peratures primarily use a 50/50 mixture of
sodium nitrite and potassium nitrate. With these
nitrite-nitrate salt mixtures, water additions can
be accomplished to increase quench severity.
Systems operating at higher temperatures can
use a 50/50 mixture of the two nitrate salts.
A totally nitrate salt system must never use
water additions because of a resultant acid
reaction that can embrittle carbon steel parts
and quench tank components and mechanisms.
Additionally, all of these salts can be reclaimed
from the washing water, which is discussed
later.

Ranges of the low-temperature salts are
roughly (Ref 2):

� 150 to 500 �C (300 to 930 �F) for binary
mixture of equal parts of potassium nitrate
and sodium nitrite

� 260 to 620 �C (500 to 1150 �F) for binary
mixtures of potassium nitrate and sodium
nitrate

The lowest-temperature salt mixtures can
be used at operational temperatures as low as
175 �C (350 �F) with low dragout. However,
melting points as low as 80 �C (175 �F) can
be achieved with water additions up to 10%
H2O (Ref 3). Salt baths are subject to potential
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explosive degradation at temperatures above
600 �C (1110 �F) (Ref 4, 5).
Melting in of new salt requires that the

quench salts are added at the proper ratio to a
heated water bath; the volume of the salt added
is roughly equal to the water. Note: if the salt is
not added at the target ratio it may not melt.
The heating is continued. When the solids are
dissolved, additional granular salt is added with
a decreasing percentage of water. This is
repeated at a pace suitable for the heating
capacity of the system until the new bath tem-
perature exceeds the melt point of the target
nitrite-nitrate salt mixture. Then agitation
should be initiated and dry, granular salt is
added (at ratio) until sufficient volume of the
desired molten quench chemistry is obtained.

Equipment for Salt Quenching

The mass of the quench must be properly
designed for the furnace load being quenched.
A sufficient volume of cool salt must be circu-
lated to carry the heat of the quenched parts
away from the parts. A sufficient mass of
quench salt must be provided as a heat sink to
keep the temperature rise of the quenching bath
to a low, acceptable level. A 20:1 mass ratio of
quench salt to load will produce a maximum
temperature spike of 8 �C (15 �F). Lesser salt-
to-load ratios will result in greater temperature
variations during quenching and the chance
for excessive local salt decomposition.
Continuous Operation. In a continuous

operation the system must be sized so that the
conveyorized handling system can effectively
catch and carry the parts through, and out of,
the quench tank. The size and speed of the con-
veyor will depend on the capacity of the fur-
nace feeding it and the required time in the salt.
If the quench is attached to an atmosphere

furnace, special precautions must be taken so
that carbon soot can never build up in contact
with the nitrate salt, an explosion hazard that
is discussed later.
The quench tank for a continuous system

should be sized to maintain a constant tempera-
ture at maximum throughput with the cooling
capabilities of the system being used. Some
systems simply use oversized tanks and depend
on convection cooling. Other systems, depend-
ing on the system manufacturer or design, have
either forced-air cooling jackets, surface
mounting water plate coolers, or immersion
coolers to maintain the desired temperature dur-
ing maximum loading.
Agitation in continuous systems usually

consists of a pump system that produces an
upward flow of quenchant in the area where
the parts pass into the salt. The ideal flow rate
for maximum cooling is the maximum laminar
flow rate for the temperature and quench con-
figuration used. This flow rate, however, may
not be practical for very small or light parts
that could float and become scattered or miss
the conveyor.

The time in the quench is a function of the
time required to cool the parts and, in the case
of an isothermal heat treatment, to fully trans-
form the part to the desired microstructure.
For instance, medium-carbon steel clips may
transform fully from austenite to bainite in as
little as 5 min or as long as 20 min depending
on the quench temperature used. A practical
solution is to set the conveyor speed at
30 min. to cover the range and assure that
processed parts are fully transformed. In turn,
the quench conveyor is sized so that at the
30 min speed and maximum throughput the
conveyor is not overloaded.
Batch Operation. Batch quenching opera-

tions must provide systems to extract heat
quickly after the quench. Continuous quench
systems continually add a smaller mass of
quenched parts. Batch quenches, however, must
deal with a large amount of heat being removed
when a maximum mass load is quenched. This
is accomplished with oversized quench tanks,
specialized cooling systems, and agitation with
flow directed by fixed or variable baffle sys-
tems. Batch quenching systems use either undi-
rected propellers or directional pumps and
baffled systems that direct the quench upward
through the load.
For the maximum heat extraction rate, the

speed of the quenchant should be at the maxi-
mum laminar flow rate for the salt temperature
and quench configuration employed. The flow
rate will be a function of the size of the quench-
ing system and the design capacity of the agita-
tors employed. That will define the maximum
laminar (nonturbulent) flow rate achievable.
An effectively agitated quench should turn the
volume of the quench tank at least 100 times
per hour, although many quenches allow turn
rates of up to 400 quench volumes per hour.
Batch quench operations can be more flexible

than continuous systems. This is needed for
quenching things such as 52100 steels or cast
irons that may require isothermal transforma-
tion times of several hours. In fact, some
high-carbon bearing alloy steels are isother-
mally quenched for up to 24 h to achieve maxi-
mum properties. Austempered ductile iron
(ADI) quench processes can range from
30 min to over 4 h to transform the microstruc-
ture from austenite to the acicular ferrite and
carbon-stabilized austenite structure known as
ausferrite.
Step quenching is typically only used on

batch-type systems being used for austempering
or marquenching (martempering). It is accom-
plished by initially quenching the parts into a
bath that is just above the martensite start
(Ms) temperature for the shortest time neces-
sary to stabilize the temperature of the parts.
The parts are then transferred into the finish
bath. For marquenching, the secondary bath
is typically at a temperature below the Ms to
produce martensite. For austempering, the
primary bath is at a temperature above the Ms

to drop the temperature of the part rapidly.
The secondary bath is at a higher temperature

that produces the austempered (bainitic) micro-
structure of the desired hardness in a shorter
time. Step quenching is generally used to
increase the quench severity in the initial
quench. Some people have even experimented
with first quenching in the high-temperature salt
and then transferring to a lower-temperature
salt to produce a higher bainitic hardness in a
shorter time.

Time and Temperature
Considerations

The quenching temperature range will deter-
mine the salt selection and will also affect the
time required in the bath. For marquenching
(martempering), the temperature is generally
near or below the Ms. For austempering, the
bath temperature is held above the Ms and the
resultant hardness of the transformed part is a
function of the quenching temperature. Higher
quench temperatures produce lower hardness
structures. Lower quench temperatures produce
higher hardness structures. As noted, the low-
est-temperature salt mixtures can be used at
operational temperatures as low as 175 �C
(350 �F). Salt bath temperatures in the range
of 195 to 350 �C (385 to 660 �F) have only a
minimal effect on the Grossmann factor
(Table 1).
Typically nitrite-nitrate quench tanks are

made of plain carbon steel, but care must be
taken at higher quench temperatures because
plain carbon steel weakens dramatically above
approximately 400 �C (750 �F). Furthermore,
if the local temperature of the nitrate salt
exceeds approximately 540 �C (1000 �F) it
decomposes rapidly, giving off free oxygen
and spot rusting the parts. This effect can be
observed as brown “water spots” on parts run
in continuous furnaces and brown contact
marks where parts contact each other or the fix-
tures in batch quenches.
Transformation Time. The design of the

quenching system will be affected by the range
of transformation times being considered.
Quenching times can range from a few minutes
for marquenching or austempering of plain car-
bon steels, to many hours for the low-temperature
austempering of high-carbon alloy steels or

Table 1 Effect of salt temperature on
quench severity
A KNO3-NaNO2 salt with a melting temperature of 135 �C
(275 �F) was used with no agitation.

Salt temperature, �C (�F)

Grossman H factor, in.–1

Center Surface

195 (385) 0.46 0.63
200 (390) 0.45 0.65
230 (450) 0.40 0.65
270 (515) 0.45 0.64
295 (560) 0.41 0.57
350 (660) 0.43 0.58

Source: Ref 1, 6
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austempering of cast irons. Batch-type systems
may employ multiple quenches. Continuous or
semicontinuous systems must provide for a dwell
time long enough for the maximum transforma-
tion time. In these systems the conveyor speed
or push time must be adjustable and this may or
may not affect the loading rate or push time of
the austenitizing furnace.

Critical Characteristics for the
Operation of Salt Quenching
Systems

Composition of Quenchant (Chemical
Analysis, Melt Point). As previously dis-
cussed, the salt selected is largely a function
of the temperature range at which it will be
used. If a salt with a higher melting point is
used at a lower processing temperature, the salt
will thicken or freeze on the surface of the parts
as they rise from the quench and be dragged
into the wash. Salt mixtures with lower melting
temperatures drain more readily from the parts
and have a lower viscosity over the commercial
range of salt temperatures but are generally
higher priced.
Contaminants. As with any quenching sys-

tem, the quenchant must be properly main-
tained. Routine tank cleaning is required to
remove rust and debris from the tank sides
and bottom. If salt is reclaimed from the wash-
ing water, settling tanks, magnetic techniques,
or centrifugal techniques can be used to sepa-
rate undesirable particles from the water. The
salt is totally dissolved in the water and will
not settle out for concentrations below 10%.
After extended reclamation and reuse of the

salt, carbonates can form in the bath. These
form hard particles that condense on cooler sur-
faces. Carbonates can be mitigated by
controlling the pH of the wash water with a
measured acid treatment prior to reclaiming.
The salt supplier should be able to define the
process necessary for controlling carbonates.
Anti-caking agents can be found in some

commercially premixed salts. Although these
additives can minimize the agglomeration of
the salt, they can also cause unwanted foaming
and outgassing during initial melting. Unless
the salt is added with a mechanism that requires
the salt to flow freely, the use of these additives
is not recommended.
Quenches in salt-to-salt systems can be diffi-

cult to reclaim. The high-temperature salts form
a thin skin on the parts being removed from the
austenitizing salt and transferred to the quench.
Although this skin protects the parts from the
ambient atmosphere, it also forms sludge in
the quench salt that must be skimmed from
the bath. Failure to properly remove the high-
temperature salt sludge can increase the viscos-
ity and degrade the quench severity of the
quench bath.
Temperature control in the salt quench bath

is critical. (Depending on the process, a control

range well within �20 �F, or �11 �C, is
demanded.) Most salt quench processes require
a narrow temperature range to produce the
desired results. If the temperature is too low,
the salt can thicken and freeze. If the salt tem-
perature is too high, the salt can chemically
crack, giving off free oxygen that can damage
the parts and change the chemical ratio of the
salt.
The quenching system requires a heating sys-

tem sufficient to raise the temperature to the
maximum process quench temperature in the
absence of work. It requires a cooling system
sufficient to maintain a uniform temperature
while processing the maximum volume of
work.
The temperature of the salt in the presence of

a quenched load will vary from the bottom to
the top of the load. Thermocouple placement
in the quench should be such that it best
approximates the average temperature of the
salt in a maximum mass load. A secondary
monitoring thermocouple should be provided
to assure that the salt temperature has not
exceeded the system minimum or maximum
salt temperature. The thermocouple protection
tubes can be made from mild steel. If the
quench tank is heated using gas burners, mild
steel can be used for the heating tubes. While
the flame temperature is over 1090 �C (2000 �F),
the tubes are fully immersed in the salt and
temperatures do not rise much over 540 �C
(1000 �F).
Agitation and Water Additions. Agitation

in molten salt tanks is essential for both the
quality and the safety of the system. Agitation
increases the quench efficiency, increases tem-
perature uniformity, facilitates the addition
of water, and eliminates the possibility of a
boiling liquid expanding vapor explosion
(referred to as BLEVE).As previously noted,
turning the volume of the quench tank at least

100 times per hour is an effective level of agita-
tion. Many quenches allow turn rates of up to
400 quench volumes per hour.
Still (unagitated) salt is a rather poor heat

conductor. Although it is not subject to the
vapor barrier that forms in water or oil, an una-
gitated salt bath would be of little value as a
cooling medium in heat treatment. Figure 2
shows the maximum relative quench severity
of molten salt using approximate Grossman
numbers for several quenchants and conditions.
As can be seen, dry salt with agitation exceeds
the quench severity of still mineral oil. When
a small amount of water (2%) is added to an
open, agitated salt bath, the quench severity
approaches that of agitated additive oil. In spe-
cially designed pressurized batch quench sys-
tems, up to 12% water can be added, greatly
increasing the quench severity.
When maximum quench severity is desired,

the speed of the quenchant flow should be the
maximum laminar (nonturbulent) flow achiev-
able with the system. This will be affected by
the agitator design, the temperature of the salt,
the depth of the bath, and other factors. An
effective measure is to use a variable-speed agi-
tation system and experiment with speeds until
turbulence is achieved, then reduce the final
speed from that setting. The blade design on
any propeller also affects the maximum achiev-
able flow. The blades should be properly sized
to smoothly push salt at the appropriate flow
rate. An undersized or improperly design pro-
peller will shear the salt at a speed well below
the flow rate necessary to provide adequate
flow.
The quenching severity of a nitrite-nitrate

salt can be increased significantly by careful
addition of water. Agitation of the salt is neces-
sary to disperse the water uniformly. Water is
continuously evaporating from the bath surface,
and the rate of evaporation increases during

Fig. 2 Relative maximum quench severity of various quench systems compared on the Grossman scale. Source:
Research performed by Applied Process Inc. and AFC Holcroft
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quenching of hot work. Thus, it is necessary to
add water to maintain the water concentration
and a uniform quenching severity.
Water can be added with complete safety as

follows:

� Water may be misted at a regulated rate into
a vigorously agitated area of the molten
bath.

� In installations where the salt is pump circu-
lated, returning salt is cascaded into the
quench zone. A controlled fine stream of
water may be injected into the cascade of
returning salt.

� The austempering bath may be kept
saturated with moisture by introducing
steam directly into a bath. The steam line
should be trapped and equipped with a dis-
charge to avoid emptying condensate
directly into the bath.

� Steam additions of water to ADI baths is
done with operating temperatures above
260 �C (500 �F).

Addition of water to increase the quenching
severity of salt usually is made by directing
a continuous stream of water into the molten
salt bath at the agitator vortex. A protective
shroud surrounds the water spray to prevent
spattering. The turbulence of the salt carries
the water into the bath without spattering or
hazard to the operator. Water should never be
added to a salt bath by hand, by bailing, or
by bulk.
In baths exposed to atmospheric pressure,

water can be added to the approximate percen-
tages shown in Table 2. The percentage of
water in salt can be measured by sampling a

small quantity of the salt and weighing it
accurately before and after dehydrating it by
heating to 370 to 425 �C (700 to 800 �F).
Water addition also suppresses the melt point
of nitrite-nitrate salt baths. Figure 3 shows this
effect.
A critical note about water addition: water

addition can be done successfully with nitrite-
nitrate salt mixtures to effectively increase the
quench severity as mentioned previously. How-
ever, water should never be added to an all-
nitrate salt bath because an acid reaction can
occur that can embrittle the parts, as well as
the mild steel structures, tanks, and conveyors.
One-hundred-percent nitrate salt mixtures can
be used safely and cost effectively without
water addition, but the quench severity of such
baths will be limited.
The Rushman method (Ref 7) is an effective

way to determine the quench severity. Another
quench severity test is described in Ref 8. Sev-
eral suppliers also sell batch measuring devices
used to quantify quench severity. They are
called quench probes that measure cooling rate.
The devices use either electric potential, a
timed probe cooling rate, or a relative power
required to heat a probe in the bath. The data
or feedback from such devices can be used
to adjust the agitation and/or water addition to
create a specific quench severity. Performance
varies, and use of probes to quantify quench
severity is not universally recommended.
Several brands are available from suppliers
such as Thermet (India), Degussa (Germany),
Houghton (United States), IVF (Sweden),
and Ke Hui (China).
Loading and Handling Systems. The

quench transfer and loading systems must be
adequate for the purpose. They must be sized
for the maximum throughput of the heat treat
system.
In continuous belt-type systems, the parts

must fall from the belt (without hitting baffles
or chutes) directly into the quench, down
through the salt, and onto a conveyor. The con-
veyor must be designed to catch and contain
parts of all the sizes processed. It must allow
free flow of quenchant around the landing area
for the parts without pushing small parts off
of the conveyor. It must be sized to handle the

maximum furnace throughput for the longest
quench time covered in the design. Most con-
veyors of this type are mild steel with side
plates and flights that hold the parts while the
conveyor slopes upward and carries the parts
to a wash conveyor.
In semicontinuous systems (such as pusher-

type systems) the transfer to the quench eleva-
tor or hoist must be done smoothly to prevent
mechanical damage to the parts in the soft aus-
tenitic condition. The elevator or hoist that low-
ers the parts into the quench must be suitable
for the maximum load. The pushes under salt
need to be timed to allow for cumulative push
time to meet the maximum quench time
allowed for the design. (The pushes may be
shortened for processes requiring a shorter
quench.) Semicontinuous systems can employ
a secondary tank, using the first tank as the
quenching tank and the second tank as the
transformation tank.
In batch-type systems the transfer to the

quench hoist or elevator must be done smoothly
to prevent damage to the soft, hot parts. The
elevator or hoist must be adequate to smoothly
raise and lower a maximum gross load. The
area in the quench where the parts are initially
cooled must be designed to direct the quenchant
up through the load smoothly, so the under-salt
structure is often designed to baffle and
strengthen the structure. Batch-type systems
may also use a secondary (transformation) tank
if long quenches are required and the through-
put of the furnace exceeds that of a single-tank
quench.
Preventive Maintenance. As with any heat

treating system, a salt quenching system
requires a rigorous routine preventive mainte-
nance plan to assure reliable performance. The
plan should be well defined, executed as
defined, and the checks and follow-up actions
documented.
Each salt quenching system will have a dif-

ferent design, maker, and function, so the items
to be checked will be unique to the specific
equipment type. Some of the most critical items
include:

� Thermocoupling and electronic measuring
and recording devices

� Agitators (bearings, blades, speed)
� Chutes and channels
� Doors and door mechanisms
� Elevator and elevator mechanisms
� Tank wall and floor
� Water addition system
� Deposits of parts, scale, or carbonate

precipitates
� Timers

Well-maintained salt quenching tanks can pro-
vide reliable performance for decades, how-
ever, in environments where a wide range of
quenching temperatures are used, the thermal
fatigue on the steel structure can ultimately
cause cracks in the steel that will need to be
weld repaired.

Table 2 Amount of water that can be
added to a molten salt bath with proper
agitation and exposed to atmospheric
pressure

Temperature, �C (�F) Water concentration in salt, %

205 (400) ½ to 2
260 (500) ½ to 1
315 (600) ¼ to ½
370 (700) ¼

Fig. 3 Effect of water content on the freezing point of nitrite-nitrate salt bath
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Environmental and Safety
Considerations in Salt Quenching

Handling and Storage of Molten Salts.
Molten quenching salts should never be used
or stored without agitation, especially in the
presence of added water. In an extreme case
with still salt, a skin or semisolid layer can
develop on the surface of the bath. If there is
a local hot spot under that layer and the layer
is breached, even in a small way, the resultant
drop in pressure can result in the instantaneous
vaporization of the salt below and a resultant,
explosive expansion. Agitation prevents the for-
mation of the surface membrane and the possi-
bility of a boiling liquid expanding vapor
explosion.
Molten nitrate salt should not be used in the

presence of carbon-base materials such as oils.
Nitrate salts exposed to oils can create an
explosive oxidation reaction. Facilities using
salt should be free of oils and greases. Cloth,
paper, wood, and other carbon-bearing materi-
als should be stored in areas where they are
not contaminated with salt that would result in
making them more flammable. In short, salt
quenching areas should be kept clean and free
of organic materials.
Any containers, piping, pump or other

devices used to handle or move salt must be
clean, dry, and free of paint or oil. Baking of
such containers and implements at a tempera-
ture above 400 �C (750 �F) is necessary before
handling molten quench salt. New pipe is often
coated with an organic finish. If that finish is
not fully burned off and it comes into contact
with molten nitrate salt, an explosive oxidation
reaction will result. After pipes, containers,
tools, and such have been burned off and used,
they can be stored in a clean dry location and
safely used subsequently for molten salt
handling exclusively without re-baking.
Parts Washing, Salt Disposal, and Recla-

mation. After quenching, the parts have a thin
film of quench salt on their surfaces. This film
must be removed by water washing. Failure to
properly wash the parts will cause them to cor-
rode, the salt mixing with some machining
fluids can produce a hazardous chemistry, and
paint or plating adhesion will be problematic.
This, necessarily, results in a quantity of water
with an increasing salt content that must be
dealt with safely and within legal regulations.
Although nitrites are used as meat curatives

and nitrates are used as fertilizers, they are all
considered to be low-level hazardous materials
and are subject to national and local rules for
handling and disposal. In many localities trea-
ted salt-quench wash water, with a certain max-
imum salt percentage, containing no chlorides
or cyanates and within a codified pH range,
can be discharged into the sewer. The processor
must check the regulations in the local
community.
Salt costs in heat treating systems with no

reclamation can run from 5 to 15% of heat treat

sales. Salt costs in a facility with a fully capita-
lized reclamation system can be reduced to less
than 2% of heat treat sales (including equip-
ment depreciation, energy costs, pH balancing,
and handling).
Salt-to-salt processors must deal with the

separation of high-temperature (hardening) salt
contamination in the quench salt, making salt
reclamation a more expensive process. The
hardening salt has a higher melting temperature
and contains hazardous materials that can only
be disposed of in licensed hazardous waste
dumps. Figure 4 shows the solubility of harden-
ing salt in a nitrite-nitrate salt versus the tem-
perature of the quench.
Hardening salt can be separated by lowering

the salt bath temperature to near the melt point
and skimming the solid hardening salt layer
from the surface. Skimming devices exist for
this purpose. Atmosphere-to-salt producers can
directly and economically reclaim the salt from
the wash water. Salt-to-salt processors must
undertake the aforementioned separation pro-
cess prior to reclamation.
Salt reclamation is accomplished by acid

treating of the wash water to a suitable (near
neutral) pH, filtering/separating out of solids,
and distillation of the salt from the wash water.
Distillation can be accomplished using stand-
alone, externally heated reclamation devices or
with devices integrated into the quench using
external power or waste heat from the heat
treating process. Such systems can be pur-
chased from heat treat equipment suppliers or
custom designed for a specific facility.
Over time, reclaimed salt will increase in

nitrate percentage due to the thermochemical

dynamics of the quenching process. Regular
melt-point and chemical analyses will provide
the user direction in salt addition to maintain
the quench bath chemistry within a controlled
range. Typically, salt additions to reclaimed
baths are higher-percentage nitrite salts.
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Fluidized-Bed Quenching
Weimin Gao, Lingxue Kong, and Peter Hodgson, Institute for Frontier Materials, Deakin University

FLUIDIZATION occurs when fine-grained
materials such as quartz sand are filled into a
tank with a gas-penetrable bottom, and a gas,
such as air, is blown up through the bottom at
such a rate that the buoyed weight of the parti-
cles is completely supported by the drag force
imposed by the gas. The particles are then able
to move relative to one another. During fluidi-
zation, the bed of particles gains the appearance
and many properties of a true liquid. The flui-
dized bed provides a means for exchanging heat
between a metal part, the solid particles, and
the fluidizing gas and is viable for quenching.
The potential of using the properties of the

fluidized particle bed for quenching metals
was first outlined in the 1950s. Since then, the
use of fluidized beds has been investigated for
a wide range of quenching applications, from
cast iron and tool steels to aluminum alloys,
and their use in industrial production is still
growing (Ref 1–3).

Design of Quenching Fluidized Beds

The basic design of a quenching fluidized
bed is shown schematically in Fig. 1
The bed consists of a container or retort with

lateral walls and a gas-penetrable bottom (the
so-called gas distributor), in which fine-grinded
materials, typically aluminum oxide particles,
are fluidized by a passing gas introduced into
the bed through the distributor. Parts to be heat
treated are immersed in the fluidized bed, indi-
vidually or loaded all together in a basket.
Cooling of the bed to extract the heat removed
from the load being quenched to maintain bed
temperature is performed by external water jack-
ets or internal tubing. This section briefly consid-
ers some of the important aspects of equipment
design.
Gas Distributor. The gas distributor (also

called a grid) induces a uniform and stable flu-
idization across the entire bed cross section. To
ensure an even distribution of fluidizing gas, it
is necessary to use distributors with dense gas-
entry points, for instance, a sufficient number
of holes in a perforated metal plate distributor,
to have an adequate pressure drop through it.
Otherwise, the bed will tend to fluctuate in

density with channelling and slugging. This is
more important for shallow beds, such as wire
patenting beds, because once channels have
formed, these may persist, so that gas mainly
passes up through the void regions of the bed,
while nonfluidization prevails in other regions.
On the other hand, because an excessive pressure
drop can contribute appreciably to the power cost,
it is much more practical to keep this to a mini-
mum, consistent with approaching an even gas
distribution.
The other most important design variables

for a gas distributor include that it should sup-
port the weight of the bed when the gas is shut
off, not become blocked by particles and atmo-
spheric dust, not cause weepage of solids into
the plenum beneath the distributor, and not
cause the injected gas to directly impinge on
the fixed surfaces, such as container walls or
cooling tubes. More design tips and details are
provided in major texts and information sources
on fluidization (Ref 4).
It is practical to adopt a layer of coarse

refractory particles to act as the distributor.
The layer is located under the fine particle
layer, and the size of its constituted particles
is sufficiently large so as to remain unfluidized
when the bed is operating.
Plenum. The plenum, or windbox, is the

chamber immediately below the distributor.
A good design of the plenum and of the con-
necting gas supply ducting should provide an
even distribution of gas without relying solely
on the pressure drop through the gas distributor.
However, for the case where the ratio of the
pressure drop through the distributor to the
bed pressure drop is high enough, the plenum
design will probably not be that important.
Container. The container is designed to fill a

certain height of granules to form the fluidized
bed. Refractory containers are generally used
for the fluidized beds without an external cool-
ing jacket, while retorts fabricated from a high-
melting-point metal alloy are preferable for the
fluidized beds with a surrounded cooling jacket
to remove heat from the fluidized beds.
Aswith convection quenching tanks such as oil

and water, the fluidized bed must be designed for
a maximum temperature rise of no more than
20 to 40 �C (40 to 70 �F) during the quenching

cycle. The basic calculations used to size the con-
tainer are identical in principle to that of sizing
other quench systems, and thus, the heat load is
calculated and related to the physical characteris-
tics of the bed. For a continuous process, a bed
with as shallow a depth as possible is preferable,
because this gives the lowest pressure drop and
power consumption. Beds too-deep will lead to
an increase in the pressure drop through both the
particle bed and gas distributor plate.
Bed Cooling and Temperature Control.

The quantity of heat that transfers to the bed
from the hot parts must be carried off. For a
continuous quenching fluidized bed, the rate of
heat removal must be the same as the heat-
release rate to maintain a constant quenching
temperature. This can occur via the fluidizing
gas that is blown in at a low temperature, takes
the heat from the particles, and then leaves the
bed at a higher temperature. By regulating
the entrance temperature and the flow rate of
the fluidizing gas, the temperature of the flui-
dized bed may be kept at a constant value.
However, the primary cooling by the fluidizing
gas is limited, because the velocity of the flui-
dizing gas through the bed cannot be forced
up to more than the terminal velocity of the par-
ticles and is, generally, determined by appro-
aching the cooling rate required by the heat
treatment process for the parts. Such a fluidized
bed is also limited in its production capacity per
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Fig. 1 Schematic representation of quenching fluidized
bed



square meter of bed surface, so that a large flui-
dized bed must be designed to maintain the
quenching temperature.
When the heat released from the hot treated

parts largely exceeds the heat-removal capabil-
ity of the quenching fluidized bed through only
the fluidizing gas, it is necessary to use addi-
tional cooling systems and bed-temperature
control means. These include a cooling container
(Fig. 1), cooling pipes immersed in the bed, regu-
lar water spray, and air cooling of the bed surface
(Fig. 2).
Cooling Retort. The retort is similar to that

used in the external resistance-heated fluidized
bed in terms of heat transfer. It is surrounded
by a cooling jacket of a fluid, typically water,
instead of a series of electrical elements. The
amount of heat that can be removed by the
cooling jacket is limited by the ratio of the area
of retort surface to the bed volume. For wide,
shallow beds, the cooling retort will probably
be inefficient. The water jacket is preferably
designed to have a higher heat-transfer rate
from the retort to the cooling fluid than that
from the fluidized bed to the retort. Various
types of jackets can be used, such as conven-
tional jackets with or without spiral baffles,
dimple jackets, partial-pipe jackets (often called
limpet jackets), and so on.
Immersed Cooling Pipes. The bed heat can

be removed by cooling tubes immersed in the
fluidized bed. This method provides a wide
range of cooling rates, depending on the total
length of the tubes, the configuration of the
tubes in the bed, the cooling-fluid property,
and the cooling-fluid flow rate. This cooling
system with a controllable cooling-fluid flow
rate provides a means to adjust and to maintain
a constant temperature inside the quench bed
for constant operation.
The cooling pipes can be in various shapes

and configurations in fluidized beds. The heat-
transfer surfaces or other fixed surfaces
immersed into the beds should be either vertical
or horizontal, not inclined, because oblique sur-
faces may cause the gas and particles to flow
toward the higher end of the tubes.
When the cooling pipes are arranged along

the inside wall of the container, the pipe sur-
faces should be separated sufficiently to avoid
channelling upward in the gap, causing deflui-
dization of the region and local gas bypass.
For the cooling pipes horizontally crossing the
fluidized bed, the density of the pipes per
square meter bed surface should be controlled
so as not to cause the bed to collapse and not
to disturb the fluidization.
The heat-removal rate of the immersed cooling

tube system is determined by the heat-transfer
characteristics of the fluidized bed and forced
convection flow through the tubes. When a
fluidized bed at a temperature of Tbed is cooled
by immersed thin tubes with a diameter of
D, and the coolant inside the tubes has a tem-
perature of Tcf, the rate of the heat that can be
removed by per meter length of tubes can be
approximated by:

q ¼ �D
hbedhcf

hbed þ hcf
Tbed � Tcfð Þ (Eq 1)

The convective heat-transfer coefficient
between the cooling tubes and the fluidized
bed, hbed, is usually of the order of 300 to
500 W/m2 � K (50 to 90 Btu/h � ft2 � �F), while
on the coolant side the heat-transfer coefficient
for laminar flow in the cooling tubes of a length
L, hcf, can be determined by:

NuD ¼ 3:66þ 0:065ReDPr
D
L

1þ 0:04 ReDPr
D
L

� �2=3 (Eq 2)

or by:

NuD ¼ 0:023Re0:8D Pr0:4 (Eq 3)

for turbulent flow, where the Nusselt number
NuD = Dhcf/k; the Reynolds number ReD =
ruD/m; the Prandtl number Pr = Cpm/k; and r,
Cp, k, m, and u are the density, specific heat,
thermal conductivity, dynamic viscosity, and
velocity of the cooling fluid, respectively. The
transition from laminar to turbulent flow of
the cooling fluid occurs at a Reynolds number
of approximately 2300.
Water is typically used as the coolant. How-

ever, particle agglomeration may occur on the
pipes, because the residual moistness in the flui-
dizing gas condenses against the cold cooling
pipes. This leads to a particle-cake formation
around the pipes, which reduces the heat trans-
fer to the tubes and also causes the fluidized
bed to rapidly block up or collapse. Therefore,
it is preferable to regulate the water flow rate
to control the cooling rate in order to keep the
cooling-zone bed temperature above the satura-
tion temperature of the fluidizing gas. An alter-
native is to use ambient air as the cooling fluid,
although air has a smaller cooling capacity than

water, or use a dry fluidizing gas to avoid the
condensation.
Bed Surface Spray Cooling. Spray cooling

occurs when ambient air is blown into the
surface-particle layer above a fluidized bed.
The air contacts with the particles erupted from
the bed and the particles that constitute the
upper surface of the bed, removing part of the
energy of the particles due to the particle-gas
convective heat-transfer effects. The cooled
particles return into the bed, and hot particles
are drawn up to the bed surface by the fluidiz-
ing gas and cooled there, so that a continuous
heat removal is implemented by the bed-surface
air spray. This cooling system generally con-
sists of a ventilator, a regulator, and ducts to
transport air to the air ejectors.
The advantages of this method are no distur-

bance in the bed, simple equipment, and very
low cost for coolant. The main disadvantage is
its small heat-removal capacity for deep beds,
due to the low portion of surface particles being
cooled relative to all bed particles when air is
used above the bed. When the air is mixed up
with atomized water, the cooling capacity is
enhanced, due to the latent heat of evaporation
in addition to substantial single-phase convec-
tion. However, care should be taken to avoid
particle agglomeration in the upper surface of
the bed.

Quenching Power

Heat-Transfer Characteristics

Cooling Rates. The cooling rate in a flui-
dized bed is higher compared to air cooling
and approximately 10% lower than molten salt
quenching. However, the fluidized bed can oper-
ate at lower temperatures without solidifying.

Fig. 2 Schematic representation of continuous-cooling fluidized bed with immersed cooling tubes and surface air
spray cooling
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A comparison of the cooling curves of a fluidized
bed to other common types of quenchants is given
in Fig. 3. It is obvious that the fluidized-bed
quench is slower than water and oil. The cooling

rate in (�C/s) obtained in the fluidized bed is
approximately 65% of that of the oil bath in this
case. However, in high-temperature quenching,
fluidized beds may provide a higher cooling rate
than oil or water because there is no boiling in
the fluidized beds.
Heat-TransferCoefficients.The heat-transfer

coefficient is a useful and comparable quantita-
tive measure for assessing the quenching power
of a medium. With the help of computational
modeling, cooling rate and temperature change
at any position in a specific part, such as at the
surface and in the center, in a quenching
medium can be reasonably predicted by the
heat-transfer coefficient to obtain a general opin-
ion on the possible application of the quenchant
medium for the part, without the need of practi-
cal data or performing physical measurement for
the quenching of the part to be treated.
The value of the heat-transfer coefficient of a

fluidized bed depends on many technological
factors and can vary between wide limits.

Values of some fluidized beds are given in
Fig. 4 and compared with other quench media.

Fundamental Factors Affecting
Quenching Power

The quenching power of fluidized beds
mainly depends on particle size, particle mate-
rial, fluidizing gas composition, fluidizing gas
flow rate, bed temperature, and the arrangement
of quenched parts with respect to one another
and to the bed.
Fluidized Particles. Desirable properties of

particles intended for quenching fluidized beds
include appropriate particle size, density and
shape, good attrition resistance, appropriate
hardness, no surface stickiness, inert to high
temperatures of 1500 �C (2730 �F) and above,
good resistance to thermal shock, no chemical
reactivity with the fluidizing gases, and no tox-
icity. They should also be readily available and
inexpensive. The size, density, and shape deter-
mine the fluidization quality and cooling rate.
The particle classification of Geldart depending
on the particle diameter and the relative density
difference between the fluid phase and the solid
particles (Ref 5) can be used to choose the par-
ticles in regard to the fluidization quality.
Rounded particles provide a good fluidization
and cause less surface wear than particles with
sharp corners and edges.
Particle size has the greatest influence on heat

transfer in fluidized beds (Table 1). Figure 5
also illustrates changes in the cooling rate with
different particle sizes. The optimum particle
size is in the range of 100 to 150 mm (4 to
6 mils). Small grains show a tendency to agglom-
erate, an irregular fluidization, and excessive dust
from the bed. The heat transfer is also consider-
ably affected by the bed density, which, in turn,
depends on the density of the particle material
themselves and on the degree of their loosen-
ing. The most commonly used materials are
aluminum oxide (Al2O3) and silicon carbide

Fig. 3 Comparison of cooling curves for 16 mm (0.6 in.)
diameter steel bars cooled in various quenching

media from approximately 780 �C (1440 �F) to room
temperature. Source Ref 3

Fig. 4 Guide to the range of heat-transfer coefficients for various quench media against fluidized-bed quenching.
Source: Ref 2

Table 1 Effect of grain diameter and density of fluidized bed (quartz sand) on the heat-
transfer coefficient, W/m2 � K (Btu/h � ft2 � �F)

Density Diameter, mm (mils)

kg/m3 lb/ft3 50 (2.0) 100 (4.0) 200 (8.0) 400 (16.0)

1300 80 700 (125) 570 (100) 400 (70) 240 (40)
650 40 540 (95) 390 (70) 260 (45) 160 (30)
325 20 410 (70) 280 (50) 200 (35) 100 (20)

Source: Ref 6

Fig. 5 Effect of alumina grain size on cooling rates for
50 mm (2 in.) diameter and 100 mm (4 in.)

length steel samples quenched in an ambient-temperature
fluidized bed. Source: Ref 1
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(SiC) particles operated at a bed density of
approximately 1761 kg/cm3 (110 lb/ft3). The
thermal conductivity of the particles has little
or no effect on the heat transfer.
Fluidizing Gas. The effect of the type of

fluidizing gas on the quenching power is mainly
attributed to its thermal conductivity. Higher
conductivity provides a higher cooling rate, as
shown in Fig. 6. Hydrogen and helium, which
have thermal conductivities of 0.168 and
0.139 W/m � K (0.0975 and 0.0805 Btu/h � ft � �F),
respectively, at room temperature, are high- ther-
mal-conductivity gases, while nitrogen and air,
which have a thermal conductivity of approxi-
mately 0.024 W/m � K (0.014 Btu/h � ft � �F),
are low-thermal-conductivity gases by com-
parison. The thermal conductivity of argon is
0.0177 W/m � K (0.010 Btu/h � ft � �F) and that
of steam is 0.045 W/m � K (0.026 Btu/h � ft � �F).
Also, mixtures of low and high thermal- conduc-
tivity gases are used. The heat-transfer coeffi-
cients that these gases can provide are given
in Fig. 4. Other considerations when choosing
fluidizing gas include the cost and reaction
(oxidation) with the treated parts.
Air and nitrogen are generally used as the

supporting gas when lower heat-transfer coeffi-
cients are acceptable. Because of the safety
issues of hydrogen, helium is the preferred flui-
dizing gas to obtain a high cooling rate. The

high cost of helium, between 20 and 30 times
the cost per cubic meter of nitrogen, is the
major problem in changing over to it. The use
of steam or water vaporization as an additive
to the bed necessitates that the bed be operated
well above the vaporizing temperature of water.
A cheap and simple way to create a nonoxidiz-
ing bed atmosphere is to use cooled exhaust gas
from a combustion furnace.
Fluidization Velocity. As the flow rate of

the fluidizing gas from the minimum fluidiza-
tion velocity increases, the heat-transfer coeffi-
cient initially increases, reaches a maximum,
and then decreases. The increased velocity is
required for cooling as opposed to heating.
The optimum heat transfer for cooling can be
achieved when the fluidizing velocity is 3 to
4.5 times the minimum fluidizing velocity

required for fluidization. Typical velocities,
for example, range between 0.05 and 0.08 m/s
(0.16 to 0.26 ft/s) for 100 mm (0.004 in.) corun-
dum particles. The variation of fluidization
velocity can be likened to the effect of agitation
in oil and water quench tanks.
Bed temperature influences the quenching

capacity of a fluidized bed because of the
heat-transfer coefficient at the cooled parts and
the difference between the temperatures of the
part and the cooling medium. The increase in
heat-transfer coefficient with temperature is
mainly because of the increase in thermal con-
ductivity of the fluidizing gas around the part.
A high temperature difference results in a high
heat flux. Fig. 7 shows the variation of the cool-
ing rate at specimen temperatures of 700 and
550 �C (1290 and 1020 �F) as a function of
the bed temperature.
Bed Pressure. Because system pressure

affects thermodynamic and transport properties
of the fluidizing gas, a pressurized operation
yields a lower minimum fluidization velocity
and enhances the heat transfer. The convective
heat transfer is higher under high-pressure
operations than it is under ambient pressure,
due to a higher gas density and an increase in
the thermal conductivities of the gas phase
and the dense gas-solid phase. The effect of sys-
tem pressure on fluidization and heat transfer
strongly depends on particle size. For particles
greater than approximately 100mm (4mils), pres-
sure effects are obvious (Fig. 8, 9). Materials of
this size are essentially the particles used in
quenching fluidized-bed and other powders of
Geldart group B and D. For particles smaller than
100 mm (Geldart group A powders), change in

Fig. 7 Effect of fluidized-bed temperature on the center
cooling rate between 800 and 500 �C (1470 and

930 �F) of steel specimens 30 � 120 mm (1.2 � 4.7 in.)
and 75� 100mm (3� 4 in.) in diameter. Source: Ref 1, 7, 8

Fig. 8 Effect of pressure on minimum fluidization
velocity. Source: Ref 9

Fig. 9 Effect of system pressure on heat-transfer coefficient. Source: Ref 10 for large-particle data; Ref 11 for fine-
particle data

Fig. 6 Effect of gas composition on cooling rates for a
50 mm (2 in.) diameter cylinder. Source: Ref 3
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pressure has no effect on minimum fluidization
velocity (Fig. 8). High-pressure sealed quenching
in a fluidized bed is capable of producing quench
rates comparable to oil quenching.
Geometry of Parts and Their Configura-

tion in a Bed. The effect of cooling rate on
the shape of treated parts in fluidized beds is
similar to that in other quenching media. The
section size and the surface-area-to-volume
ratio are essential as a single part is treated in
a fluidized bed, whereas with loads comprised
of several parts, the arrangement of the parts
plays an important role, as shown in Fig. 10.
In addition, a peculiar occurrence in quenching
fluidized beds is the “shield” effect caused by
deposition of the bed material on the upper sur-
face of the treated parts and in cavities and
holes (Fig. 10, 11), which adversely affects
the uniformity of cooling and thus the unifor-
mity of hardness developed. The particle shield
acts like a thermal screen, hindering heat trans-
fer. Fig. 12 shows the dependence of heat trans-
fer on the orientation of the treated surface to
the stream lines of gas and particles in a flui-
dized bed. To even out heat transfer between
the sides and top face of a section, the workload
should be continuously moved, rotated, or hori-
zontally vibrated during cooling.

Application of Fluidized-Bed
Quenching

Fluidized-bed quenching provides a number
of advantages relative to quenching in molten
metal and molten salt baths and oil quenching:

� There are no toxic vapors and gases, com-
pared to salt baths, and no fire and smoke
associated with quenching oil.

� The parts contain no salt residues and require
no posttreatment as needed with salt baths.

Fig. 10 Images of dense phase (light regions) and bubbles (dark regions) in Al
2
O

3
fluidized beds with (a) 30 �

30 mm (1.2 � 1.2 in.) square-section parts and (b) 30 mm (1.2 in.) diameter cylinders at a fluidizing air
velocity of 0.055 m/s (0.18 ft/s) (minimum fluidizing velocity = 0.021 m/s, or 0.069 ft/s)

Fig. 11 Effect of part arrangement and shade phenomenon on cooling conditions.
(a) Abnormal arrangement. (b) Correct arrangement. (c) Shade phenomenon.
Source: Ref 12

Fig. 12 Dependence of heat-transfer coefficient on the surface orientation of an
80 mm (3.2 in.) diameter by 30 mm (1.2 in.) long cylinder. Source: Ref 13
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� The melting operation that is necessary with
salt baths is not needed, so the fluidized bed
is continuously ready for use, and energy
consumption is reduced.

� Unlike vaporizable liquid quench media
such as oil and water, where boiling limits
the quenching rate and adversely affects
uniform quenching and causes distortion,
fluidized-bed quenching does not vary
through the quenching process.

The major barrier to the use of fluidized beds
in quenching is that they exhibit a lower
quenching power than salt baths. This may rule
out fluidized-bed quenching for some applica-
tions due to part geometry or alloy quench sen-
sitivity. Cost is another significant disadvantage
when expensive fluidizing gases such as helium
are used and not recycled.
In addition to the aforementioned advantages,

there are two important features that fluidized-
bed quenching possesses. The heat-transfer coef-
ficient can be adjusted over a wide range, because
of the rapid change of gases and the flow rate of
the gas within the bed. The fluidized bed can
operate at any low temperature, and different-
temperature quenching processes can work
together. Therefore, in cases where hardness
values in fluidized-bed quenching are slightly
lower than those of the other quenchants, higher
hardness can be obtained by slightly decreasing
the fluidized-bed temperature. These, to some
extent, compensate its major drawback of low
cooling rate compared to salt baths.

Fluidized-Bed Quenching Processes

Fluidized-bed quenching can be used for many
grades of tool and alloy steels, and its potential for
use in other applications continues to increase. It
is possible for hydrogen or helium fluidized-bed
cooling to replace oil quenching in a large num-
ber of applications. In heating operations and in
marquenching and martempering, helium and
hydrogen fluidized beds are good substitutes for
salt baths in some situations. If correctly con-
trolled, fluidized-bed quenching can replace
high-pressure quenching in a vacuum furnace.
Fluidized-bed quenching is also used to acceler-
ate cooling after tempering or to heat treat alumi-
num alloys.
Fluidized beds can be operated in batch

model for general quenching applications and
in continuous model for various types of wire,
tube, and strip quenching.
Conventional Batch Quenching. Fluidized-

bed quenching is performed in a conventional
manner, where one carrying gas is used and
the treated parts stay in the fluidized bed
through the cooling cycle. Low-temperature
quenching of air-hardening tool steels, for
example, is a typical application. The process
requires that the quench rate must be severe
enough to effect full metallurgical transforma-
tion of thick sections while not causing severe
distortion or cracking. The quenching powers

Fig. 13 Cooling curves for fluidized-bed quenching of a 430 kg (946 lb) H13 hot-work steel die casting tool. T/C,
thermocouple. Source Ref 3

Fig. 14 Three-zone fluidized-bed arrangement and quench-temperature ranges. Source Ref 12
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of various fluidized beds with respect to the car-
rying gas can be found in Fig. 4. With the use
of hydrogen and helium, a fluidized bed affords
a cooling rate similar to that of an unagitated
salt bath. Using helium gas at 28 �C (82 �F),
for example, the heat-transfer coefficient is
in the range of 820 to 870 W/m2 � K (144 to
153 Btu/h � ft2 � �F), with a maximum cooling
rate of 22 �C/s (40 �F/s). This cooling rate is
fast enough to form satisfactory metallurgical
properties in steels such as SAE 8620 (Ref 2).
A fluidized bed that uses a water additive was
designed to replace salt baths for austempering
low-alloy steels (Ref 3).
Two-Step Batch Quenching. The conven-

tional fluidized bed has insufficient heat-transfer
characteristics to be used in the quenching of
medium- and low-alloy steels because the critical
stage of their cooling cycle is the first 10 s, where
a high cooling rate is necessary to avoid precipita-
tion of proeutectoid carbides at the grain bound-
aries. This limitation is overcome by a two-step
process. In the first step, helium is used in the
critical portion of the cycle (the nose of the isother-
mal transformation curve). In the second phase,
nitrogen replaces helium for the rest of the cycle.
The following are some application cases.
Case One. The two-step fluidized-bed

quenching process was applied in austempering
4340 medium-carbon steel tools to replace salt
processing; that is, the parts were austenitized
at 920 �C (1690 �F), quenched in salt at
315 �C (600 �F), and then held for 30 min at
that temperature. In fluidized-bed quenching,
helium was used for the first 30 to 60 s and then
the carrying gas was switched from helium to
nitrogen for the remainder of the cycle. For
the two-step process, the quench temperature
was reduced from 330 to 295 �C (625 to 565 �F).
The hardness of these parts was lower than that
of those treated with the salt process. The
desired result was obtained by slight reductions
in the fluidized-bed temperature.

Case Two. In marquenching hot die steel
H13, a fluidized bed at approximately 320 �C
(610 �F) was used for 5 to 7 min in the initial
critical period. When the bed temperature
increased to between 500 and 520 �C (930
and 970 �F) due to the heat extracted from the
hot dies, the dies were removed and finally
quenched in a cold-quench fluidized bed
operating at 40 �C (105 �F). The results of a
typical cooling process are given in Fig. 13.
The marquenching of H13 tool steels was also
implemented by initially quenching the parts
in a cold- or ambient-quench fluidized bed for
7 min, then transferring them to a second bed
at 350 �C (660 �F), and finally cooling in a flui-
dized bed at ambient temperature.
Continuous Quenching. Continuous

fluidized-bed quenching exhibits high flexibil-
ity and improved process control, especially
when operating together with fluidized-bed
heating. The most typical example uses flui-
dized beds for the heating and cooling opera-
tions to perform wire patenting, as shown in
Fig. 14. In between two tanks for austenitizing
and austempering at a temperature of approxi-
mately 500 �C (930 �F), a short, water-cooled
tank for fluidized-bed quenching at approxi-
mately 100 �C (210 �F) is installed. The wire
to be patented is placed in this tank for a short
time so that its temperature only decreases to
approximately 500 �C (930 �F). Sealed quench-
ing with an inert gas (nitrogen)-purged hood
traveling between heating furnaces and quench-
ing fluidized beds is also a practical case.
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Spray Quenching

Introduction

Adapted from “Spray Quenching” in
Handbook of Quenchants and Quenching
Technology (Ref 1)

The term spray quenching refers to a wide
variety of quenching processes that involve heat
removal facilitated by the impingement of a
quenchant medium on a hot metal surface.
Some of these processes have obvious differ-
ences, while others are similar and differ only
in degree. Examples include the addition of
droplets of water (or other volatile liquids) to
a gas quenching stream in fog quenching (Ref
1); quenching with water or water/air streams
(Ref 2); sprays of volatile liquid quenchants
other than water (Ref 3); and high-pressure jets
of an oil (Ref 4), water (Ref 5, 6–7), or aqueous
polymer solution (Ref 8) under the liquid level
in a bath.
One advantage of spray quenching, relative

to other quench methods, is that a large and
adjustable range of cooling rates is achievable
by simple changes in flow rates and pressures.
The high rates of heat extraction possible with
sprays are critical for attaining a good depth
of hardness. Segerberg (Ref 5) has examined

this and illustrated the results with the cooling
curves shown in Fig. 1. Immersion quenching
was performed using an oil and a polymer solu-
tion. The water flux for the spray quench was
chosen to give a cooling curve with a vapor
film of the same duration as that for the oil
immersion quench. The quantitative impact of
the higher rate of cooling found with the spray
system was determined using 35 by 100 mm
(1.4 by 4.0 in.) cylindrical samples of SAE
52100 ball bearing steel. These cylinders were
heated to 850 �C (1560 �F) and quenched in a
fast oil at 50 �C (120 �F), or a 15% aqueous
solution of a polyalkylene glycol (PAG) poly-
mer at 25 �C (77 �F), or by the water spray
quenching system. Hardness distributions along
the diameter of the cylinder are shown in Fig. 2.
The higher cooling rates achieved by the
immersion quench in the PAG solution and by
the water spray quench account for the greater
depth of hardness shown in Fig. 2.
Spray quenching is used to optimize heat

transfer for hardening while simultaneously
developing the desired distribution and level
of stress (Ref 9). With spray quenching, the
heat-transfer coefficient from the part to
the quenching medium is directly related to
the flow rate, turbulence, and impingement
pressures of the quenchant at the hot surface.
It is possible to adjust these parameters during
the quench to yield a cooling profile achievable
in no other way (Ref 2, 5, 10,11–12). Compu-
terized adjustment of these variables during
the quench also have been extensively explored
(Ref 2, 5, 10, 13,14,15,16,17–18). This ability
to control and vary the heat-transfer coefficient

during the quench may produce properties that
would otherwise require more expensive,
higher-alloy materials (Ref 9, 19–22).
The next section of this article, “Water

Quenching Heat Transfer,” reviews heat-
transfer characteristics of immersion quenching
and spray quenching with water. Liquid quen-
ching provides high cooling rates required for
the steel hardening process. Water is the most
commonly used liquid in quenching because it
is readily available, easy to pump, nontoxic,
and inflammable. Quenching can be carried
out by directly submerging the part in a quench
bath, bottom reflooding, falling film, sprays,
and impinging jets. Impinging jets are used to
remove extensive amounts of heat locally,
while sprays are used to achieve less but more
uniformly distributed cooling rates.
Concepts of Spray Quenching. When

quenching a hot metal part in a water bath,
the cooling mechanisms vary according to
regions, as illustrated in Fig. 3 (Ref 13, 23,
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Fig. 1 Cooling rates for spray, polymer, and oil immersion
quenching

Fig. 2 Hardness distributions for spray, polymer, and
oil immersion quenching Fig. 3 Heat transfer versus surface temperature



24), showing the heat transfer from the part as a
function of its surface temperature. Figure 3
also relates the surface temperature and heat-
transfer coefficient to the mechanism of heat
removal. Upon immersion, the part will first
be surrounded by a vapor blanket, which will
collapse as the part cools. The heat transfer
through this vapor blanket is poor, and the part
will cool slowly in this region.
The second region of the cooling curve is

called the nucleate boiling region and corre-
sponds to rapid heat transfer caused by direct
contact of the part with the water. In this
region, the part is still very hot and the water
will boil vigorously. The high heat of water
vaporization accounts for the very rapid heat
transfer. In the third, or convective, cooling
region, the surface of the part has cooled to a
temperature below the boiling point of water.
Only convective heat transfer occurs in this
region.
The rate of heat removal from a quenched

part can be increased by agitation, which
reduces the stability of the vapor blanket
that surrounds the part during the early stage
of the quench. The effect of agitation on
the cooling mechanism of a silver probe
quenched by immersion in a 60 �C (140 �F)
water bath is shown in Fig. 4 (Ref 6).
A stream of water with a velocity of Vi was
injected below the surface of the bath and
directed at the probe. The greater the flow
rate (agitation), the higher the temperature at
which the vapor blanket mechanism was dis-
placed by the much more effective nucleate
boiling mechanism.
Cooling by the impact of a stream of

droplets or liquid in spray quenching is also
represented by Fig. 3. Fluid flow is used to
accelerate the quench by rupturing the vapor
blanket. The high agitation rates inherent in a
spray quench also accelerate cooling in the
nucleate boiling and convective cooling por-
tions of the quench. Based on the mathematics
needed to describe the spray systems, one
author has stated that “spray cooling is also a
sort of turbulent flow cooling” in all three
regions of the cooling curve (Ref 25). In fact,
it is useful to use the same terms to describe
the heat-transfer mechanisms in both spray
and immersion quenching.
Consider a series of water droplets moving

toward the surface of a hot metal plate. The first
droplet will contact the plate, and the surface
temperature of the droplet at the point of con-
tact will instantly rise. If the plate is sufficiently
hot that the liquid in the contact zone is raised
above its limiting superheat temperature
(260 �C, or 500 �F, for water), then a portion
of the liquid will evaporate in approximately
0.001 s (Ref 11). This evaporation will occur
before the original spherical shape of the drop-
let has been significantly deformed. Because
the contact region represents a small fraction
of the mass of the drop, no significant heat
removal from the plate will have occurred.
The vapor film that forms will push the

remaining portion of the droplet away from
the plate. This vapor blanket provides a partial
insulating barrier and inhibits the impact of
additional droplets. Only those droplets with
sufficient kinetic energy (momentum) will be
able to penetrate the vapor film and strike the

plate. The result will be a film of liquid sepa-
rated from the plate by a layer of vapor. This
is called the film boiling or nonwetting phase.
The heat-transfer process for this state can be

pictured as shown in Fig. 5 (Ref 2, 26). The
heat-transfer rate through the vapor film is

Fig. 4 Effect of agitation on the cooling curve

Fig. 5 Heat transfer in the vapor blanket portion of a spray quench
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relatively slow; therefore, there is a relatively
slow decrease in the temperature of the plate.
As the temperature falls, the thickness of the
vapor film will decrease (Ref 5). At a character-
istic temperature, which is dependent on the
quench conditions, the droplets with higher-
than-average kinetic energy will penetrate the
vapor film, contact the plate, and begin to
spread out on the surface. The temperature at
which this occurs is called the Leidenfrost
point. At this temperature, regions of the plate
will be observed to be “wetted” by the
quenchant.
The increased contact of the droplets with the

metal surface will result in a corresponding
increase in the heat transfer from the plate,
causing the plate temperature to decrease more
rapidly. A larger number of droplets will pene-
trate the film, and heat transfer will increase
until the entire plate is wet with boiling liquid.
At this point, the heat-transfer process is char-
acterized by nucleate boiling. Further reduction
of the plate temperature leads to an end of boil-
ing, and the heat-transfer mechanism becomes
dependent on convective cooling. In practice,
the Leidenfrost temperature is found to be a
function of the surface physical properties
(Ref 6, 11, 27, 28) as well as its temperature
(Ref 29, 30).

Water Quenching Heat
Transfer

M.S. Hamed and A.B. Ahmed, McMaster
University, Hamilton, Ontario, Canada

Immersion Quenching

Oils and water are the most widely used
liquids in steel quenching processes. Water,
although most commonly used, causes cracks
and distortion for quenched parts. Uniformity

in the heat-transfer coefficient in the film and
nucleate boiling regimes is required to abate
such problems (Ref 31). The heat-transfer coef-
ficient in water immersion quenching depends
on the surface temperature of the part, the
thermophysical properties of the part, and the
initial water bulk temperature (Ref 32).
Bamberger developed the following correaltion
of the heat-transfer coefficient in immersion
quenching:

himm ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
KrC exp 0:32

ye � ys
yb � ye

� �s
þ hv þ hrad (Eq 1)

where:

hrad ¼ se
y4e � y4a
ye � ya

and hv is the stable film evaporation heat-trans-
fer coefficient.
Investigating the heat transfer during quench-

ing operations experimentally has many diffi-
culties associated with it: measuring the
temperature of the quenched part surface, deter-
mining the cooling rate, and quantifying the
heat-transfer coefficient, especially with the
two-phase nature of the flow. Recently, enor-
mous attention has been given to modeling the
heat-transfer coefficient in water immersion
quenching, taking into consideration the boiling
phase change. Srinivasan et al. (Ref 33, 34)
developed a numerical code for immersion
quenching processes. They used the most
widely and commonly used relations to esti-
mate the heat-transfer coefficient: Nusselt’s
method for film condensation to model film
boiling, Zuber’s relation for the critical heat
flux, and Rohsenow’s correlation for nucleate
boiling. Their results matched the experimental
data, except for some deviations in the case of
complex shape quenching in the transition boil-
ing regime.
The Effect of Quenching Agitation. When

the part is first immersed in the water, the adja-
cent water layer evaporates rapidly, forming a
vapor layer with low heat-transfer coefficient.
Film boiling dominates until the surface

temperature falls to the Leidenfrost point or the
vapor layer breaks at higher temperature.
Agitation helps in breaking the vapor layer. The
collapse starts from the corners of the
part toward the center, augmenting the heat-
transfer coefficient and increasing the cooling
rate. Quenchant stirring, quenchant circulation,
and submerged jet/spray mixing are the most
commonly used techniques in quench tank agita-
tion (Ref 35). Hernandes-Morales et al. (Ref 36)
compared the heat-transfer rate in quenching of a
steel disk in stagnant water and in agitated water.
The stability of the vapor layer was severely
affected by the water stirring, with an increase
of 65% in the film boiling heat-transfer coeffi-
cient compared to stagnant water. Sedighi et al.
(Ref 37) carried out an experimental investiga-
tion to quantify the agitation effect for flowing
oil in the quench tank. They found that the time
required to cool a cylinder from 860 to 100 �C
(1580 to 212 �F) was reduced to half when the
oil speed was quadrupled across the cylinder in
the transverse configuration.

Spray Quenching

Spray quenching is superior to immersion
quenching in that the cooling rate range can
be adjusted by changing the flow rate and liquid
pressure. Different spray and jet types can be
used, as shown in Fig. 6. Spray quenching fol-
lows the boiling cure. The water droplet accel-
erates the quenching process by rupturing the
vapor layer. The vapor layer is formed when
water droplets from the spray touch the hot sur-
face, and the liquid in contact with the plate
evaporates, leaving the droplet in its spherical
shape with a miniature contact with the surface.
McGinnis and Holman (Ref 39) quantified the
maximum heat flux from a single droplet on a
heated surface. The maximum heat flux existed
because of two opposing effects of the increas-
ing temperature gradient and the weaker con-
tact between the surface and the droplet with
time. The vapor layer dramatically decreases
heat removal from the surface. Because the

Fig. 6 The three main water-cooling configurations on runout tables. From left to right: spray, laminar, and water curtain. Source: Ref 38
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droplets from the spray have high momentum,
they break the vapor layer and wet the surface
(Ref 35).
Sozbir et al. (Ref 40) compared low-mass-flux

spray jets with air jets and found that the heat-
transfer coefficient increases with the increase
of thewater-mass flux, between 0 and 7.67 kg/m2/s,
for the mist-jet, as shown in Fig. 7. They pointed
out that the increase in the heat flux was due to
the fact that the droplet hits the same place on
the surface. They indicated that the droplet
velocity has a minor effect on the heat-transfer
coefficient augmentation. High water velocity
results in distortion of the droplet when it hits
the surface.
Sengupta et al. (Ref 41) found that vapor film

boiling in steel continuous casting is the domi-
nant heat-transfer mode, and it is preferred
because its heat-removal rate is mass-flux
dependent. They established an empirical corre-
lation for water heat-transfer coefficient with
the following spray nozzle characteristics: type,
nozzle separation, distance of the nozzle from
the surface, and water-mass flux. Ciofalo et al.
(Ref 42) carried out a transient study of the
effect of different nozzles on swirl spray cool-
ing. Their results are limited to the configura-
tions they used. The reported heat flux is
higher than the other reported heat fluxes for
the same water-mass flux. Most of the empirical
models developed for cooling steel plates can-
not be applied for other conditions than the
ones they have been developed for. Bamberger
and Prinz (Ref 32) carried out experiments on
spray cooling using water pressure between
0.12 and 0.5 MPa (0.017 and 0.07 ksi) and
related the spray heat-transfer coefficient to
the immersion heat-transfer coefficient given
in Eq 1, as follows:

hspr ¼ 0:69 log
_Vw

6� 10�4
himm � hradð Þ þ hrad (Eq 2)

Mudawar and Valentine (Ref 13) carried out
steady-state experiments up to 400 �C (750 �F)
and were able to correlate the heat-transfer
coefficient locally to the hydrodynamic proper-
ties of the spray (droplet velocity, 10.6 to 26.5 m/s,
or 34.8 to 86.9 ft/s; droplet diameter, 0.434 to
2.005 mm, or 0.017 to 0.079 in.; and volumetric
flux, 0.6 to 9.96 � 10�3 m3/s). The Nusselt
number correlation in the single-phase region
(Eq 3) is based on the Reynold’s and Prandtl
numbers. The Reynold’s number is based on
the characteristic velocity of the volumetric flux
and the mean droplet diameter as the character-
istic length. The heat-transfer rate in the nucle-
ate boiling regime (Eq 4) is independent of the
hydrodynamic properties and depends only on
the surface and film temperatures:

Nu0:5 ¼ 2:569 Re0:780:5 Pr0:56f (Eq 3)

q00 ¼ 1:87� 10�5 ðTw � TfÞ5:55 (Eq 4)

Jet Quenching

Because the water jet is not uniformly spread
over the quenched part and it is more concen-
trated over a narrow region, there is hydrody-
namic variations in the flow, which results in
a nonuniform cooling pattern. However,
impinging jets produce significantly high cool-
ing rates. Several studies have been carried
out investigating cooling rates in quenching
processes using impinging jets.
Transient Studies. Ishigai et al. (Ref 43)

obtained the boiling curves for a free impinging
jet with jet velocity between 0.65 and 3.5 m/s
(2.1 and 11.5 ft/s) and liquid subcooling of 5
to 55 �C (40 to 130 �F). They reported that
the heat flux and the minimum surface

temperature are significantly affected by the
degree of subcooling. At 2 m/s (6.6 ft/s) jet
velocity, as the degree of subcooling increased
from 5 to 15 �C (40 to 60 �F), the minimum sur-
face temperature increased by more than 100 �C
(180 �F). At higher degrees of subcooling, the
heat flux tended to be constant with a decrease
in the surface temperature. This phenomenon
has been recently referred to as the shoulder heat
flux (Ref 44), due to the intermittent surface
rewetting.
Hall et al. (Ref 45) quenched a copper disk at

650 �C (1200 �F) with a water-jet velocity
ranging from 2 to 4 m/s (6.6 to 13.1 ft/s). They
noticed a sharp drop in the critical heat flux in
the stagnation zone compared to the radial flow
zone. They attributed that to the deceleration of
the flow in the radial direction and the decrease
in the shear force on the bubbles in the bound-
ary layer, which led to a significant increase in
the boundary layer thickness. The minimum
heat flux was found to decrease with the radial
position also, and the minimum temperature
depended on the liquid film hydrodynamics.
Mozumder et al. (Ref 46) reported similar
trends. They also noted that the maximum heat
flux position moves circumferentially outward
following the wetting front. Karwa et al.
(Ref 47) studied the wetting front propagation
and hydrodynamic effects on a flat surface.
Akmal et al. (Ref 48) studied the wetting front
on cylindrical surfaces.
Islam et al. (Ref 49) captured different flow

patterns while quenching a surface at 500 to
600 �C (930 to 1110 �F) with a 2 mm (0.08 in.)
upward water jet of 5 to 80 �C (40 to
175 �F) of subcooling impinging on the surface
with a velocity range from 3 to 15 m/s (9.8 to
49.2 ft/s). The six distinctive flow patterns
depended on the surface thermal characteristics:
material type, surface finish and aging, and sur-
face temperature.They also studied the varia-
tions in the cooling rate due to the different
boiling regimes.
Steady-State Investigations of Jet Cooling.

Wolf et al. (Ref 50) carried out steady-state
experiments using a 10 mm (0.4 in.) wide water
jet kept at 50 �C (120 �F) of subcooling imping-
ing on a horizontal flat surface. The surface
heat flux was controlled by the means of direct
heating using a direct-current power supply.
The heat-transfer coefficient was quantified for
the single-phase convection, partial, and fully
nucleate boiling regimes. The effect of the jet
velocity, between 2 and 5 m/s (6.6 and 16.4 ft/s)
was clear in the single-phase and partial boiling
regimes, where the flow hydrodynamics were
dominant over bubble dynamics. The jet veloc-
ity had no significant effect in the fully devel-
oped boiling regime. The heat flux was not a
function of the jet velocity and the only func-
tion of the surface superheat:

q00 ¼ 63:7ðTw � TsatÞ2:95 (Eq 5)

Robidou et al. (Ref 44, 51) were able to
investigate the entire boiling curve at the jetFig. 7 Water-mass-flux effect on heat-transfer coefficient. Source: Ref 40
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stagnation point and up to a location 55 times
the jet width, which was 10 mm (0.4 in.). The
maximum degree of subcooling was 20 �C
(70 �F), and the maximum jet velocity was 1 m/s
(3.3 ft/s). The jet impinged on a flat horizontal
surface indirectly heated with ten heaters in an
attempt to achieve constant surface tempera-
ture. They studied the effect of subcooling,
jet velocity, immersion, and jet-to-heater
spacing on the different boiling regimes. In
the forced convection regime, the boiling curve
was shifted up with the increase of subcooling
and jet velocity. However, in the nucleate boil-
ing regime, no parameter was found to have
an effect on the heat flux and the boiling
curve. The critical heat flux was found to
increase with the increase in jet velocity and
subcooling and to decrease with the distnace
from the stagnation point.
Modeling of jet cooling includes global and

mechanistic forms.
Global Modeling. Most of the work cited in

the previous two sections involved the develop-
ment of an empirical correlation of the heat flux
to the jet parameters and surface superheat.
Although these kinds of relations are easy and
fast to apply, they are limited to the conditions
for which they have been developed. Omar et
al. (Ref 52) developed an empirical/analytical
model to predict the stagnation heat flux from

a free planar jet impinging on a horizontal flat
surface. With the assumption of enough liquid
superheat around the bubbles in the bubbly layer,
bubbles departed the surface and then collapsed
in the layer above, at the saturation temperature.
Additional disturbances are induced due to bub-
ble dynamics, which result in an enhancement
of the heat transfer. Such enhancement has been
represented by an additional diffusion term in
the momentum and energy equations. The total
diffusivity term in the momentum and energy
equations (Eq 6 and 7) is assumed to be the
sum of the molecular and the proposed bubble-
induced diffusivity:
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By solving the equations in a nondimensional
form, they derived Eq 8 to calculate the nucle-
ate boiling heat flux at the surface:

q00nb ¼ eþ
0:5

rlCp0 ðTsat � T1Þ
ffiffiffiffiffiffiffiffiffiffi
�CVjv

w

r
dy
dZ

����
Z¼0

(Eq 8)

Solving Eq 8 requires a value for the diffusi-
vity e. They successfully correlated the

diffusivity to nondimensionless groups that
represent the flow:

eþ ¼ Rex1b Jax4sup Jax5sub
Wex2b þ x3

(Eq 9)

where x1, x2, x3, x4, and x5 are constants repre-
senting the effect of different forces on the bub-
ble diffusivity. The model has been validated. It
gave predictions of the heat flux with variations
in the range of +30 and �15% from the experi-
mental data.
Mechanistic Modeling of Jet Cooling. On the

contrary to global models, mechanistic models
have the ability to quantify total heat flux, and
each component of heat flux independently,
based on the submodels or experimental obser-
vations for bubble maximum diameter, release
frequency, and density of the nucleation sites.
One of the oldest wall flux partitioning models
was proposed by Griffith (Ref 53) when he
noticed a subcooled boiling region with low
void fraction and a less subcooled boiling
region with high void fraction. In the first
region, the scattered static bubbles acted as sur-
face disturbances, and the heat flux components
are due to the single-phase flow and boiling,
while in the second region the heat is assumed
to transfer to the liquid through condensation
of the bubbles.
Based on an earlier work of flow boiling heat

transfer by Basu et al. (Ref 54), Omar (Ref 55)
recently applied the wall heat flux partioning
concept to the stagnation zone heat flux pro-
duced by an impinging jet. Omar assumed that
the total heat flux is the sum of three partitions
due to forced convection, evaporation, and tran-
sient conduction heat fluxes, as shown in Fig. 8:

q00w ¼ q00FC þ q00TC þ q00ev (Eq 10)

Omar found a closure for his mechanistic
model by developing submodels for the bubble
growth diameter and bubble growth terminal
scenario. He assumed that after the bubble
grows, it may slide or collapse in place, based
on whether the dynamic equilibrium or the ther-
mal equilibrium condition would be reached
first (Fig. 9). Applying these equilibrium condi-
tions, Omar calculated the maximum bubbleFig. 8 Different heat flow paths. Source: Ref 55

Fig. 9 Two bubble growth-termination scenarios. (a) Dynamic equilibrium. (b) Thermal equilibrium. Source: Ref 55
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diameter. He used high-speed imaging and an
intrusive optical probe to collect information
about bubble dynamics (diameter, frequency,
and number).
To find closure for his model, Omar also

modeled the onset of nucleate boiling, bubble
frequency, and nucleation-site density. Onset
of nucleate boiling was correlated as a function
of the film velocity, which is a function of the
jet velocity. Using the optical probe, Omar
measured the bubble frequency as a function
of the dimensionless flow parameters. The
model was validated using experimental data
and was found to be �30% accurate.

Summary

Water quenching is one of the most common
ways in steel heat treatment to achieve the
required hardness. Besides the enormous
advantages of using water, it also serves a wide
range of cooling rates in quenching. Each con-
figuration has its difficulties in estimating the
heat flux and the quenched part temperature,
which requires more studies for predictiveness
and expectedness of the process.
Spray quenching achieves more uniform sur-

face cooling with no cracks and deformations,
while immersion quenching is more suitable
for complex large parts. Different agitation
techniques are used to establish uniformity of
the quenched part. Jet cooling has the capability
of local cooling, which makes it, along with
spray quenching, a good way to quench parts
on a runout table.
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Press Quenching
Arthur Reardon, The Gleason Works

PRESS QUENCHING is a specialized
quenching technique that can be utilized during
heat treatment to minimize the distortion of com-
plex geometrical components. The distortion
encountered in industrial heat treating operations
can result from a wide variety of independent
contributing factors. These include, among
others, the quality and prior processing history
of the material from which the component in
question has been manufactured; the residual
stress distribution and prior thermal history of
the component; and the generation of unbal-
anced thermal and transformation stresses
induced by the quenching operation itself. High
precision components such as industrial bearing
races and automotive spiral bevel gears can often
distort unpredictably during unconstrained or
free oil quenching as a result of these factors.
Press quenching can help to minimize the dis-

tortion of such components by using specialized
tooling for generating concentrated forces that
constrain the movement of the component in a
carefully controlled manner. When performed
correctly, this method of quenching can often
achieve the relatively stringent geometrical
requirements stipulated by industrial manu-
facturing specifications. It is routinely performed
on a wide variety of complex components manu-
factured from both ferrous- and nonferrous-based
alloys. Common steel alloys that are routinely
press quenched include high-carbon through-
hardening grades such as AISI 52100 and A2 tool
steel, as well as low-carbon carburizing grades
such as AISI 3310, 8620, and 9310.
Carburizing steels in particular can benefit

from the process of press quenching, due to
the nature of their processing and popularity
in many of the automotive and gearing assem-
blies used in industrial and consumer products.
Ideally, during quenching the transformation
temperature should be the same throughout the
entire cross section of the component so that
it is capable of transforming uniformly. How-
ever, in case-carburized components, the mar-
tensite start transformation temperature is not
uniform throughout the entire cross section of
the part. The carbon that is diffused into the
part surface during the carburizing process pro-
duces a composition gradient that results in a
gradient in the transformation temperature near
the surface. During quenching, this gradient can

promote or aggravate distortion issues in such
components. Nonuniformities in the base
material microstructure (such as in heavily
segregated or improperly normalized material)
can also contribute to this type of distortion.
Uniformly large, thin-walled components such
as large-diameter bearing races are, in general,
more readily susceptible to these distortion-
related issues than are relatively thick, massive,
compact geometries. While press quenching
cannot eliminate these effects, its use can help
to minimize them.
The severity of the distortion encountered

during heat treatment depends strongly on the
nature of the heat treating process that is used.
To minimize distortion issues during quench-
ing, heat should be extracted from the compo-
nent in as uniform a manner as possible. This
can be difficult to achieve in cases where sud-
den changes in geometry occur, such as, for
example, when thin sections are located adja-
cent to heavy or thick sections on the same
component. A good example of this is the teeth
on a gear or pinion. The teeth have a greater
surface-area-to-volume ratio than the body of
the gear or pinion, and they have a tendency
to distort by “unwinding” during quenching.
Although free or unconstrained quenching of
such parts can lead to unpredictable distortion,
this characteristic movement of gear teeth is
so reproducible during the press-quenching
operation (Ref 1) that it is often incorporated
into the gear design itself to minimize post-
quench grinding removals. As the workpiece
is submerged into the quenching medium, the
teeth tend to cool and contract more rapidly
than the adjacent heavier sections. As a result
of this varying quench rate, the thinner or ligh-
ter sections tend to harden more rapidly and
contract, while the balance of the component
is still in an expanded state. Because the
heavier sections cool and contract at a relatively
slower rate, they encounter resistance to their
movement at the point where the thin sections
adjoin them. The outcome is that the thin sec-
tions transform more quickly than the thick sec-
tions, resulting in temperature gradients and
nonuniform transformation-induced stresses.
This particular issue can be addressed in press
quenching by selectively directing the quench-
ant flow toward the thicker sections and

baffling it away from the thinner sections to
promote a more uniform quench. This capability
is achieved primarily through the use of
specialized tooling. By implementing this impor-
tant technique, lower levels of transformation-
induced distortion can result.

Equipment

Quenching machines initially came into
widespread industrial use in the United States
in the early 1930s and were used primarily in
the processing of automotive ring gears for
applications involving passenger cars and
trucks (Fig. 1). These machines can be hydrau-
lically or pneumatically actuated (depending on
the specific design) and can use a variety of
quenching media, the most common being oil.
While the geometrical design and optional fea-
tures may have changed dramatically in these
machines over the decades since their initial
introduction, their basic functionality has
remained the same. A representative version
of a modern quenching machine is depicted in
Fig. 2. The overall design consists of several
fundamental components, including the upright
machine section, a control panel, a lower die
table, tooling, and a base. A chiller is used for
maintaining the quenchant temperature within
a specified, narrow range and may be included
as a part of an individual machine system or
used in a central reservoir that is connected to
multiple quenching machines simultaneously.
The machine upright houses the upper die
ram, the hydraulic manifolds, hydraulic lines,
solenoids and valves, and the electrical panel
control box. A control screen listing the various
features that may be adjusted during the course
of a quenching cycle is depicted in Fig. 3.
A schematic of the base, which serves as a res-
ervoir for the quench oil and also supports the
lower die assembly, is shown in Fig. 4. The
upright is recessed from the front of the
machine base to allow full access to the lower
die for placing the components to be quenched
on the tooling or for removing them after
quenching is completed when the machine is
in the “out” position.
During operation, the component to be

quenched is either manually or robotically
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removed from a separate furnace (usually a
box, continuous rotary, or pusher-type furnace)
and is placed onto the tooling of the lower die
assembly. A close-up view of this die assembly
is shown in Fig. 5. It should be noted that the
efficiency of the transfer mechanism from the
furnace to the quenching machine is often a
critical parameter in press quenching. Transfer
times should be kept to a minimum to minimize
heat loss. If this step requires too much time,
then hardness-related issues and undesirable
transformation products may be generated as a
result of a slack quench. After the part is suc-
cessfully loaded onto the lower die assembly,
the machine is actuated and the part is retracted
into the machine, where it is centered below the
upper hydraulic ram assembly. The outer
machine guard is lowered as the assembly des-
cends, and the center ram actuates one (or mul-
tiple) internal expanders that make contact with
the inner diameter(s) of the component at the
specified pressure points to maintain roundness
at these locations (Fig. 6). Each of the compo-
nents of the ram assembly (center expander,
inner and outer dies) is controlled indepen-
dently of each other through three separate pro-
portional valves, and they are monitored via
pressure transducers. A predetermined pressure
level is usually maintained by the expander
throughout the quench cycle, although in some
machines that possess the required program-
ming capability, this pressure may be varied
over the course of the quenching cycle. The
inner and outer dies are lowered to make phys-
ical contact with the upper surfaces of the com-
ponent being quenched, to control alignment,
dish, and part flatness during the course of the
quenching cycle. The flow of quench oil, which

Fig. 1 One of the 64 cm (25 in.) automatic quenching machines manufactured by The Gleason Works in Rochester,
NY, in the early 1930s. The operator is removing a large spiral bevel gear from the lower die assembly after
the quenching operation has been completed. Courtesy of The Gleason Works, Rochester, NY

Fig. 2 Modern version of the Gleason 529 quenching
machine. Courtesy of The Gleason Works,
Rochester, NY

Fig. 3 Control screen showing the various parameters that may be adjusted over the course of a typical quenching
cycle. Courtesy of The Gleason Works, Rochester, NY
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may be preset or preprogrammed, is then acti-
vated to quench the part.
Figure 7 illustrates an example of a quench

oil circulation path that can be established
within the quenching chamber. Oil is pumped
into the quench chamber through apertures
around the outside diameter of the lower die.
As the chamber fills up surrounding the compo-
nent, oil flows out of the top. If the tooling is
properly designed, the direction of oil flow over
the component can be adjusted to obtain the
best overall results. The elongated apertures at
the exit may be adjusted to restrict oil flow or

may be fully opened to maximize flow, depend-
ing on the requirements for the part in question.
The lower dies are constructed from several dif-
ferent concentric slotted rings that may be
rotated to provide full flow or to restrict oil flow
to the underside of the part. These particular
features can be finely adjusted to help minimize
the degree of distortion attributed to uneven
heat removal during quenching. Timed seg-
ments during the quenching cycle can also be
used to vary both the oil flow rate and duration
to establish a well-defined quenching recipe for
a specific part design.

The lower die table typically rides on trans-
verse rods and is either driven by a hydraulic
or pneumatic piston. A cam allows adjustment
of the individual rings in the lower die assem-
bly. Through actuation of the cam assembly,
these individual rings may be forced into a
dishing or coning position to better accommo-
date the required part geometry (Fig. 8). A side
benefit of this arrangement is the relatively fast
and easy method that can be employed of cut-
ting and installing shims under each ring as
necessary to establish proper contact with the
component being quenched. Proper support of
the part is a critical aspect of press quenching,
and tooling design plays a key role in this
regard.
The oil-quenching process itself may consist

of up to three general stages:

� The initial vapor blanket stage, where the
first oil to come in contact the part is
instantly vaporized and forms a vapor barrier

Fig. 4 Schematic representation of the oil flow from the oil reservoir to the chiller and back to the quenching
machine. Courtesy of The Gleason Works, Rochester, NY

Fig. 5 Lower die assembly of a quenching machine in
the “out” position. Note the spring-loaded

center expander cone and the individual slotted rings.
Courtesy of The Gleason Works, Rochester, NY

Fig. 6 (a) A hot gear placed into position on the lower die assembly is ready for press quenching. (b) Lowering the center ram and the upper inner and outer dies to make contact
with the part. (c) Starting the timing cycle; the oil flow is initiated into the quenching chamber and around the part. Source: Ref 2
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that surrounds the part and acts as an effec-
tive thermal insulting layer

� The vapor transport stage, where oil breaks
through the vapor blanket, resulting in more
rapid heat transfer

� The liquid stage, where heat extraction occurs
predominately by convective heat transfer

For uniform heat extraction to occur during the
initial stages of quenching, the oil flow rates
must be sufficient to prevent the formation of
a vapor blanket. If vapor bubbles are allowed
to form in areas around the surface of the com-
ponent, uneven heat extraction will result that
can lead to unacceptable hardness variations
and distortion. After this initial quenching stage
has been successfully eliminated, lower
quenchant flow rates may be safely tolerated.
The quenchant flow rate profile that is ulti-
mately established for the part in question must
be carefully selected so that the hardness and
geometry requirements are satisfactorily met.
Too slow of a quench rate will result in a slack
quench, hardness variations, and undesirable
transformation products. Too rapid of a quench
rate could result in unacceptable part distortion
and/or cracking. The establishment of the
proper oil flow rate profile and selection of an

oil flow path around the part are often deter-
mined by using a trial-and-error process. Suc-
cess frequently depends on the experience,
knowledge, and skill of the machine operator.
The average oil temperature for most press-

quenching operations typically falls somewhere
within the range of approximately 25 to 75 �C
(75 to 165 �F), depending on the nature of the
quenching operation, the type of quench oil being
used, the material in question, and post-heat-treat
property requirements. Average quench oil tem-
peratures exceeding 60 �C (140 �F) should gener-
ally be avoided as a precaution to prevent damage
to the machine seals that are used to contain the
quench oil. Proper and routine maintenance of
the quench oil bath is important (Ref 4). It is
often a neglected aspect of the press-quenching
process and can lead to unexpected variations
in the hardening response of the materials pro-
cessed in these types of systems. As the quench
oil continues to be used, the oil additives gradu-
ally break down, and fine particulates can accu-
mulate over time, even if the oil is continuously
filtered. If left undetected, this can lead to accel-
erated quench rates, which can compromise the
integrity of the oil-quenching process. Monitor-
ing of the quench bath for oil viscosity, flash
point, water content, sludge content, and

precipitation number should be performed peri-
odically based on usage. Testing of the quench
oil should be performed on a quarterly basis at
a minimum.

Factors in Distortion Control

In summary, the primary critical factors
affecting component distortion during the
press-quenching operation are:

� Quality and prior processing history of the
material from which the component in ques-
tion has been manufactured

� Residual-stress distribution and prior ther-
mal history of the component

� Generation of unbalanced thermal and trans-
formation stresses induced by the quenching
operation

� Material grade and austenitizing temperature
profile used

� Transfer time between the austenitizing fur-
nace and the quenching machine

� Type, quantity, condition, and temperature
of quenchant used

� Direction and selective metering of quench-
ant flow over the component

Fig. 7 Schematic diagram illustrating contact of the center expander and the inner and outer dies with the part during
quenching. The various components labeled in the diagram are (1) machine guard attached to the upper die

assembly; (2) outer upper die; (3) inner upper die; (4) component undergoing quench; (5) lower die assembly; and
(6) center expander cone. The oil flow path in the quench chamber is depicted by the flow line arrows. Courtesy of
The Gleason Works, Rochester, NY

Fig. 8 (a) Schematic diagram illustrating the
mechanism used to control dishing. This

mechanism permits the inner ring of lower die to be
raised or lowered (arrow) to compensate for dishing.
Source: Ref 3. (b) Actual lower die assembly showing
the dial that controls the mechanism for raising or
lowering the individual slotted rings. Courtesy of The
Gleason Works, Rochester, NY
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� Duration of quench at various flow rates
� Proper quench die tooling design, setup, and

maintenance
� Locations of contact points on the compo-

nent for applying pressure
� Amount of pressure applied for maintaining

component geometry
� Pulsing

The last item in this list is a unique feature of
press quenching. The inner and outer dies are
typically pulsed during quenching to maintain
the geometry of the part in order to minimize
distortion. The pulse feature periodically eases
the applied pressure exerted by the inner and
outer dies and allows the component to contract
normally as it cools, while still maintaining the
desired part geometry. Without this feature, the
stresses that would be induced from frictional
contact between the die assembly and the part
would not allow the component to contract nor-
mally as it cools. Pulsing effectively reduces
this frictional contact and avoids distortion
issues due to eccentricity and out-of-flatness.
When properly applied, the pulsing technique
keeps the dies in contact with the part through-
out the quenching cycle but allows the pressure
to be released and then reapplied approximately
every 2 seconds. Although the inner and outer
dies are typically cycled in this manner, the
expander pressure is not normally pulsed. Most
press-quenching machines used in industry
today (2013) utilize this design feature; how-
ever, it is not a recent development. For dec-
ades, the pulsing technique has been an
integral feature of semiautomatic press-quench-
ing machines designed for high production
rates. An illustration of one of these semiauto-
matic machine designs is shown in Fig. 9.
Each component that is press quenched

requires a specific die tooling design configura-
tion and machine setup. Expanding segmental
dies are often employed to maintain bore size
and roundness in bearing races and gears. If a
component possesses a bore diameter that is
physically too small to accommodate these seg-
mental dies, a solid plug could be used instead
to control the diameter and taper of the bore.
The plug would simply be pressed out after
quenching. It is imperative that when there are
different locating surfaces on the lower die
assembly that the dimensions between these
surfaces be held to a close tolerance from
piece to piece. Failure to adhere to this rule will
result in inconsistent results and unwanted dis-
tortion. In addition to expanding dies, contract-
ing dies are also available to maintain the
geometrical tolerances for the outside diameter,

where this is a critical factor. A good example
of this is gears that incorporate thin web
sections in conjunction with relatively heavy
sections for gear teeth, bosses, and bearing
diameters. Gears used in aerospace applications
often incorporate several of these features,
which may cause them to contract unevenly
during quenching. This problem can be effec-
tively remedied by the application of compres-
sive loads on the outside surface of the
component.
The tolerances that can be achieved through

press quenching are impressive. For example,
if the bore on a 230 mm (9 in.) diameter gear
is held to 0.025 mm (0.001 in.) out of round
in the soft condition, it can often achieve
0.064 mm (0.0025 in.) out of round after press
quenching. The same gear, when placed on a
surface plate, should not permit a gap that a
0.05 mm (0.002 in.) feeler gage can access any-
where between the plate and back surface of the
gear. For gears up to 460 mm (18 in.) in diam-
eter, this gap should be less than 0.075 mm
(0.003 in.). These stringent tolerances are rou-
tinely achievable through press quenching,
provided that the factors listed earlier are

properly addressed (i.e., good-quality forgings
are used, correct normalizing is performed prior
to machining, good machining practices are fol-
lowed with sharp cutting tools, etc.). An exten-
sion of press quenching is the roller-quenching
method used for controlling distortion in long
cylindrical parts, shafts, or crankshafts up to
1020 mm (40 in.) long and 200 mm (8 in.) in
diameter. This technique involves using rollers
to exert carefully controlled loads on a hot
component while it is rotating between centers
as the quenching chamber is filled with flowing
oil. Figure 10 provides a representative image
of one of these highly specialized quenching
machines.
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Fig. 10 Image of worm gear loaded into a roller-die
quenching machine. After the machine

guard is lowered, the flow of quench oil is initiated to
uniformly quench the part as it rotates between centers.
Courtesy of The Gleason Works, Rochester, NY

Fig. 9 Schematic diagram of four-position
semiautomated press-quenching machine
using the pulsing principle. Source: Ref 3, 5
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Wire Patenting
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Wire Patenting Processes

Wire is one of the most important standard
products of iron and steel, with multiple pur-
poses in many industries, such as mechanical
and power engineering, mine and harbor haul-
age, marine applications such as fishing, bridge
construction, and civil engineering. Drawing is
the main manufacturing process of wire, and
in many cases, multiple annealing steps are
needed due to the work-hardening effect when
it is made. Furthermore, the final mechanical
properties of wire rely on a unique heat treat-
ment process: patenting.
Lead Baths. Lead bath patenting has been

carried out in virtually every wire mill that pro-
duces high-carbon steel wire since its discovery
one century ago. This is due to the many advan-
tages offered by the medium of molten lead,
which exhibits good heat-transfer characteris-
tics, giving an adequate structure and a combi-
nation of strength and ductility that promote
superior drawing. Nevertheless, molten lead
baths also suffer from two main disadvantages:
high cost due to expensive purity lead, drag-out
losses, and equipment and maintenance costs;
and toxicity resulting from lead fumes and lead
dust, which are very difficult to dispose of and
recycle. Problems of pollution by lead are well
known and are subject to strict scrutiny and
control by health and safety regulatory agen-
cies. With an increasing environmental con-
sciousness, it is certain that such health and
safety regulations will become more stringent
globally. The question should be posed by both
metallurgists and environmentalists as to
whether the use of molten lead will be capable
of meeting future requirements in terms of
environmentally conscious products. In view
of the disadvantages and limitations outlined,
the possibility of replacing molten lead with
nontoxic media or techniques is increasingly
important.

Aqueous Carboxymethyl Cellulose Solu-
tion as a Lead Bath Alternative. There have
been various wire-patenting processes that have
been developed as acceptable alternatives to the
use of molten lead baths, including air (Ref 1),
mist (Ref 2), molten salt (Ref 1), water (Ref 3,

4), fluidized-bed processes (Ref 5), and aqueous
polymer solutions such as aqueous solutions of
sodium polyacrylates (Ref 4). One aqueous
polymer solution that has been extensively
studied for use in wire patenting and which
has considerable commercialization potential
as an alternative to molten lead baths is an
aqueous solution of carboxymethyl cellulose
(CMC) (Ref 6, 7). Aqueous CMC solutions
have been shown to be biodegradable and non-
toxic (Ref 8–10) and to result in potentially
favorable wire-patenting properties.
Spray quenching is a cooling method with

good flexibility in heat treatment. A unique
and important aspect is the ability to change
the cooling rate during the quenching process
by altering the compressed air pressure or
quenchant flux according to the cooling require-
ment of the workpiece through a certain tem-
perature range (Ref 11). Some aqueous
polymer solutions can be used as a moderator
in spray quenching to further expand the advan-
tages of spray quenching and therefore to
increase its applications (Ref 12).

Cooling Behavior Experiment
Materials and Procedures

Commercial gages of wires were used for
comparison. One type was 3.9 to 6.5 mm
(0.15 to 0.25 in.) diameter 0.70 % C steel wires,
and the other was AISI 321 austenitic stainless
steel wire (with the same diameter) that will
not undergo phase transformation on heating
and/or cooling.
To investigate the cooling characteristics and

the transformation behavior of the steel to be
tested, a steel wire probe was designed (Ref 13)
with a built-in thermocouple located at the
geometric center, as shown in Fig. 1. When the
wire probe was quenched from the austenitic
temperature into a molten lead bath or an aque-
ous polymer solution, cooling time-temperature
curves were recorded, and the cooling time-
temperature data subsequently were processed
using a computer to obtain cooling-rate
curves (Ref 14, 15). The system is shown in
Fig. 2. A schematic illustration of the fog-

cooling experimental facility is illustrated in
Fig. 3; it consistedmainly of a spraying atomization
system with opposite-set nozzles and compressed
air and quenchant supplies. Microstructural charac-
terizations were performed using a Nikon Epiphot
300 optical microscope and a JEOL JSM-7001F
field-emission scanning electronic microscope
(SEM).
Two types of aqueous polymer solutions were

used for comparison. One was polyvinyl alcohol
(PVA), which usually is used as a spray-cooling
medium for surface induction heat treatment.
In this experiment, the use concentration was
0.05 to 0.4%. The other aqueous polymer was
CMC, whose molecular formula is (C6H7O2

(OH)2OCH2COONa)n, and the use concentra-
tion was less than 0.05% due to its viscosity-
concentration behavior.

Cooling Curves and Cooling-Rate
Curves Results and Analysis

Measurement in CMC Solutions. Figure 4
shows the cooling curve and cooling-rate curve
of 5 mm (0.2 in.) steel wire during patenting in
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Fig. 1 Schematic illustration of steel wire probe



0.10 and 0.25% CMC aqueous polymer solu-
tions. Hardness tests indicated that the steel
wire was through hardened when immersion
quenched in 0.1% CMC polymer solution, indi-
cating that an undesirable martensite transfor-
mation occurred. However, the desired fine
pearlite microstructure was obtained when
quenched in the 0.25% CMC polymer solution.
It is interesting that the cooling curve measured
in the higher-concentration aqueous CMC poly-
mer solution exhibited the same exothermic
“hump” phenomenon during cooling as
observed during lead bath patenting, although
the cooling rate was approximately 40 �C/s
(72 �F/s). This “zero cooling rate” shown on
the cooling-rate curve of Fig. 4(b) was indica-
tive of a pearlite-type transformation because
the vapor blanket (film boiling) stage would
be sufficiently long for austenite to transform
into pearlite with increasing polymer

concentration. Unfortunately, the initial cooling
rate still was slower, which may result in the
coarser pearlite or even separation of primary
ferrite from the subcooled austenite during
cooling. When the wires cooled into the nucle-
ate boiling stage, although the cooling rate is
greater in the lower-temperature range, the
pearlite transformation was completed.
It is well known that the cooling curves

change dramatically with increasing concentra-
tions of a polymer quenchant. Typically, the
vapor blanket cooling stage is extended and
cooling rates decrease as the polymer quench-
ant concentration increases. When the steel has
cooled to the characteristic point that indicates—
for vaporizable quenchants such as aqueous
CMC polymer solutions—the cooling process
moved from film boiling to nucleate boiling,
this becomes an insurmountable obstacle for
further acceleration of cooling during the

initial stage for patenting using one concentra-
tion of an aqueous polymer solution. Because
the pearlite transformation was completed dur-
ing the vapor blanket cooling stage, no addi-
tional phase-transforming latent heat would
be emitted when the steel wire is passed
through the lower-temperature transformation
range. In fact, only when the cooling power
of the cooling medium cannot be balanced
with the latent heat of the steel wire it is
possible for the proeutectoid ferrite to
separate, which depends on the size of the
steel wires and the CMC polymer quenchant
concentration.
Microstructure Comparison. Optical

micrographs of the microstructures of patented
high-carbon steel wires are shown in Fig. 5.
The microstructures exhibit fine pearlite mor-
phology. Because of limited resolution, it was
not possible to clearly distinguish differences
in microstructures for these two test specimens
using optical microscopy. Figure 6 shows the
micrographs obtained using a field-emission
SEM. At high magnification approaching the
nanometer scale, it is clear the lamellar struc-
ture obtained by patenting in a lead bath is finer
than that obtained when patenting in the CMC
aqueous polymer solution. Although the lamel-
lar cementite in the latter is slightly thicker but
crushed due to higher transformation stress, it is
not likely to negatively affect bulk deformation
of the wire upon drawing (Ref 16).

Fig. 2 System for measuring cooling curves

Fig. 3 Schematic diagram of experimental system for fog cooling

Fig. 4 Cooling curve and cooling-rate curve of 5 mm
(0.2 in.) steel wire during patenting in (a) 0.10%

carboxymethyl cellulose (CMC) and (b) 0.25% CMC. Note
the different time scales, because cooling was substantially
slower in the higher-concentration CMC solution shown in
Fig. 4(b).
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Typical Cooling Curve in Fog Cooling

Figure 7 shows the typical cooling curve and
cooling-rate curve measured by a 5 mm (0.2 in.)
steel wire probe in fog cooling. There are two
main characteristics of this figure: the apparent
pearlite transformation manifestation, and the
typical three stages that occurred in immersion
quenching in a vaporized quenchant. Pearlite
transformation starts at point A and finishes at

point B, which indicates the temperature and
the moment involved. Point C marks the transi-
tion point from the dynamic vaporizing blanket
stage to the dynamic boiling stage. From the
cooling-rate curve, the maximum cooling rate
(umax) and the average cooling rate between
900 and 600 �C (1650 and 1110 �F) (u900�600)
can be obtained and used as investigated indica-
tors for comparison.

Influence Order of Spray Parameter
when Polymer Additive Introduced

When steel wire is being spray quenched, the
cooling process becomes complicated because
of the interaction of transformation heat and a
number of spray parameters, and more compli-
cated after introducing a polymer additive. To
determine the influence of the spray parameters,
the liquid pressure (PL), compressed air pres-
sure (PA), and solution concentration were
selected as the main parameters to be orthogo-
nally tested. In the test, CMC was selected as
a polymer additive (the only linear factor that
influences the cooling ability), and the distance
between nozzles was set at 1000 mm (40 in.).
The levels in the orthogonal test were selected
within the ranges favorable both for comparison
and for application; the investigation targets
consisted of the maximum cooling rate (umax),
the average cooling rate through the high-
temperature range (u900�600), and the time for
pearlite transformation to begin (ts). All of the
parameters and the results of the orthogonal test
are shown in Tables 1 to 3. Because the cooling
capacity in the dynamic vapor blanket stage
is of most importance for patenting, umax,
u900�600, and ts are taken as the investigated
indicators, which are collected from the
measured cooling curves (Ref 12).

Fig. 5 Optical micrographs of 0.70% C steel wire
patented at 550 �C (1020 �F) in (a) lead bath

and (b) 0.25% carboxymethyl cellulose aqueous
solution

Fig. 6 Optical micrographs of lamellar pearlite
structure of 5 mm (0.2 in.) steel wire

patented at 550 �C (1020 �F) in (a) lead bath and
(b) 0.25% carboxymethyl cellulose aqueous solution

Fig. 7 Typical cooling curve and cooling-rate curve
measured by a 5 mm (0.2 in.) steel wire probe
in fog cooling

Table 2 Orthogonal test array and results

Factors
Pressure of liquid
medium (PL), MPa

Pressure of compressed
air (PA), MPa

Concentration of
aqueous solutions, %

Investigated indicators

Maximum cooling rate at dynamic vapor
blanket stage of cooling curve (ymax)

Average cooling rate between 900–600 �C
(1650�1110 �F) (y900–600)

Time for pearlite
transformation
to start (ts), s

�C/s �F/s �C/s �F/s

1 I I I 60.5 108.9 38 68 6.1
2 I II II 93.5 168.3 59 106 4.05
3 I III III 87.9 158.2 57 103 4.2
4 II I II 88.1 158.6 44 79 5.35
5 II II III 86.8 156.2 58 104 4.4
6 II III I 44.9 80.8 30 54 8.0
7 III I III 50.1 90.2 35 63 6.2
8 III II I 40.0 72 27 49 7.6
9 III III II 74.0 133.2 53 95 5.9

Table 1 Levels of orthogonal test

Levels

Pressure of liquid medium (PL) Pressure of compressed air (PA) Concentration of
aqueous solutions, %MPa ksi MPa ksi

I 0.30 0.04 0.20 0.03 0.5
II 0.20 0.03 0.15 0.02 0.1
III 0.10 0.015 0.10 0.015 0.05
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The value “R” stands for the magnitude of
the impact factor of the spray parameters at
the suggested test levels. The orthogonal test
results are summarized in Fig. 8, where it can
be seen that the investigation targets were
regularly dominated by the three main spray
parameters. The order of the influence was
polymer concentration (conc.), liquid pressure
(PL), and compressed air pressure (PA), which
shows a regular sequence.
Cooling Curves and Cooling-Rate Curves

with Polymer Additive on Spraying. The cool-
ing curves and cooling-rate curves under the
same spraying parameters measured by a steel
wire probe with a diameter of 5 mm (0.2 in.)
with tap water, 0.05% PVA, and 0.05% CMC
are shown in Fig. 9, left and right, respectively.
These results show that spray quenching with a
polymer additive could significantly improve
the cooling rate above 600 �C (1110 �F), which
is called the dynamic vapor blanket stage
(Ref 17), but could not maintain the same regu-
larity in the low-temperature range. Also, from
these cooling curves, it can be seen from the
characteristic points for the three cooling stages
that spray cooling using a polymer quenchant is
a more complicated heat-transfer process than
observed during immersion quenching, which
may be caused by either the bulk effect of the
probe or the dynamic spraying process. When
a steel probe is quenched in the spray fog, many
very small droplets continuously collide against
the hot surface and quickly vaporize to form
a dynamic vapor blanket. The vapor blanket

gradually diminishes and then finally disap-
pears as the temperature of the probe decreases,
so that the entire cooling process was moder-
ately transitioned between the three stages,
which is totally different from the heat-extrac-
tion process of the deposited liquid organic
polymer film on the surface of a workpiece dur-
ing immersion quenching (Ref 18).
These data indicate that the polymer additive

not only would form a thick polymer film on a
hot workpiece surface upon spray quenching at
the high-temperature range but also would
change the physical properties of the spray
medium, such as surface tension (s), vapor
pressure, and boiling point, to improve spray
conditions. Spray media containing polymer
additives form a uniform single-phase solution
before atomizing, but when atomized pneumati-
cally, a dual-phase flow of droplets and air
affect the surface-cooling process during spray-
ing and should not be neglected (Ref 17). The
relationship between the work required to form
many new droplet surfaces (W), the surface ten-
sion of the solution (s), and the newly formed
surface area of the droplets (DS) may be
expressed as:

s ¼ W=�S N �m�1
� �

In a spray system, the surface area of new
droplets that are formed (DS) can be used to
indicate spraying status. When the work
provided for atomizing (W) is determined, the
surface tension of the liquid solution (s) will

directly influence the atomizing process. Most
polymer additives behave as high-molecular-
weight surfactants. When the concentration of
the spray medium is very low, the binding force
between the molecules in solution is primarily
of the van der Waals type, which is much less
than that of pure water, which is favorable for
atomizing the polymer solution. The smaller
the droplet, the easier vaporization occurs on
the surface of a workpiece. All of these factors
contributed to the accelerated cooling of the
wire probe during the dynamic vapor blanket
stage.

Concentration-Fog Flux Effect

This work has shown that there exists an
optimum combination between polymer con-
centration and spray parameters to obtain the
maximum cooling rate, which can be called
the concentration-fog flux effect (Ref 11).
Figure 10, left and right, respectively, shows
the cooling curves and cooling-rate curves
obtained during spray quenching with different
concentrations of CMC solution using fixed
spray parameters. The cooling rate achieved the
maximum value in the high-temperature range
when the concentration was 0.25%. Under the
same conditions, there existed another maximum
cooling rate at a lower temperature range. How-
ever, this occurred at a concentration of 0.05%.
Conversely, when the quenching solution con-
centration was fixed and there was only one

Table 3 Analysis of orthogonal test results

Items(a)

Pressure of liquid medium (PL) Pressure of compressed air (PA) Concentration of aqueous solutions

ymax y900-600 ts ymax y900�600 ts ymax y900�600 ts

KI 241.9 154 14.35 198.7 117 17.65 145.4 95 21.7
KII 219.8 132 17.75 220.3 144 16.05 255.6 156 15.3
KIII 164.1 115 19.7 206.8 140 18.1 224.8 150 14.8
kI 80.6 51.3 4.78 66.2 39 5.9 48.5 31.7 7.2
kII 73.3 44.0 5.92 73.4 48 5.35 85.3 52 5.1
kIII 54.7 38.3 6.57 68.9 46.7 6.0 74.9 50 4.9
R 25.9 13 1.79 7.2 9 0.7 36.8 20.3 2.7

(a) Ki = S (sum total at one level); ki = S/3 (average value of Ki); R = kimax – kimin

Fig. 8 Comparison of orthogonal test results

Fig. 9 Complete cooling curves (left) and cooling-rate
curves (right) of fog cooling with different

polymers. 1 = tap water; 2 = 0.05% polyvinyl alcohol;
3 = 0.05% carboxymethyl cellulose

Fig. 10 Effect of polymer concentration on cooling chara
cteristics. 1 = 0.05% carboxymethyl cellulose
(CMC); 2 = 0.25% CMC; 3 = 0.5% CMC
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variable spray parameter, there existed another
important parameter in addition to cooling
capacity and spray parameter.
Figure 11, left and right, respectively, shows

the cooling curves and cooling-rate curves
obtained merely by changing one spray param-
eter. These phenomena verify that when the
surface temperature, cooling area, and thermal
capacity of a wire probe are given, the total liq-
uid amount vaporized on the cooling area of
the probe is closely related to the fog flux
(mL � cm�2 � s�1). Any small change of the
concentration, liquid pressure, air pressure, or
distance between nozzles will cause a large var-
iation in the flux, which therefore will result in
variations of the amount of liquid vaporized on
the surface of the probe. To obtain a maximum
cooling rate, these three main factors—total liq-
uid amount vaporized on the cooling surface,
solution concentration, and spray parameters—
should be optimized.
As the temperature of the probe surface

decreases, the solutions sprayed onto the probe
surface could not vaporize immediately but
instead formed a layer of organic polymer film.
Although this film exists dynamically, the rela-
tionship among the three main factors follows a
different cooling mechanism. At the lower tem-
perature range, the conditions to obtain a maxi-
mum cooling rate differ from those at a higher
temperature range, which is not related to the
patenting treatment.

Controlled Fog-Cooling Patenting
with CMC Additive

The cooling process exhibited during lead
bath patenting was simulated by using the flex-
ibility and controllability of spray quenching
with a low concentration of the polymer addi-
tive. Figure 12 shows the cooling curve and
cooling-rate curve of 5 mm (0.2 in.) high-carbon
steel wire during controlled fog-cooling patent-
ing with 0.05% CMC polymer. It can be seen
that the cooling status of spray cooling with a
polymer additive was similar to the cooling
process in a lead bath. When pearlite transfor-
mation starts, the “hump” on the cooling-rate
curve resulted from the latent heat of phase

transformation, which was much lower than
that obtained with a tap water spray, indicating
that the transformation would proceed under a
smaller temperature range and the size of the
fine pearlite colony would become finer. The
typical fog-cooling patented microstructure of
steel wire of different diameters obtained with
a polymer additive is shown in Fig. 13. The
mechanical properties of steel wires are listed
in Table 4.

Conclusion

According to cooling curves and cooling-rate
curves measured by wire probes and micro-
structure examination, the 0.70% C steel wires
can complete pearlite-type transformation in a
lead bath, aqueous polymer solution, and con-
trolled fog-cooling method.
The patenting of carbon steel in higher-

concentration aqueous CMC solutions is similar
to a continuous cooling transformation.
The pearlite-type transformation is completed
in a higher temperature range before the wire
comes to the bath temperature. It is important
to accelerate the primary cooling rate during
the high-temperature range (above the
nose of the time-temperature transformation
diagram) and maintain the transformation
throughout a constant temperature range to
obtain the correct microstructure when seek-
ing aqueous polymer quenchant alternatives
for lead baths.
A small amount of polymer additive in

spraying could modify the physical properties
of the spray medium and improve atomizing
status, which would effectively accelerate
the cooling rate of the dynamic vapor
blanket stage above 600 �C (1110 �F). The
concentration-fog flux effect further improves
the flexibility of spraying and makes it easier
to control the cooling process. The controlled
fog-cooling trial of high-carbon steel wires
verifies that the cooling process is steady
and can simulate patenting in a lead bath for
steel wire.
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Cleaning of Steel for Heat Treatment
Mohammed Maniruzzaman, Caterpillar Inc.
Xiaolan Wang and Richard D. Sisson, Jr., Worcester Polytechnic Institute

SURFACE TREATMENT is an important
step for all manufacturing processes. The
deposited or absorbed layers of various ele-
ments and contaminants change the surface
characteristics and can adversely affect the sur-
face treatment processes, such as coatings,
paintings, adhesive bonding, welding, brazing,
and soldering as well as the heat treatment
process.
The cleaning of the part often seems a rather

unimportant process in heat treatment operation
compared to other surface treatment processes.
However, cleaning before and after heat treat-
ment is important for the quality of the part
and sometimes dramatically influences the
subsequent processes. For example, contami-
nants left on the surface may adversely affect
the diffusion process in carburizing, nitriding,
or nitrocarburizing processes. Haase et al.

(Ref 1–3) investigated the effects of various
contaminants on the gas nitriding performance
of steels. A set of experimental results is shown
in Fig. 1. In spite of different gas-phase pre-
treatments, all contaminanted surfaces reduced
the nitrogen uptake, resulting in no or less hard-
ness increase than that of the cleaned reference
surface. The contaminants may also cause some
visible defects during the heat treatment pro-
cess. The rework of defective parts is difficult;
it consumes time and money and may not be
feasible. The barrier contaminant layers may
have to be removed mechanically, for example,
by grinding or blasting, which may create other
problems, such as a change in dimensions of
the workpiece and the roughness of the surface.
Afterwards, the parts must be heat treated
again, consuming more time and money. After
the parts are hardened, the surface may become

contaminated again, so additional cleaning
may be required. It should be noted that the
cleaning residue may also affect the heat treat-
ment process. Silicate-based alkaline solution
or silicone-based defoaming agent residue may
cause spotty carburizing or nitriding. Hardness,
porosity, thermal coefficient of expansion, con-
ductivity, melting point, specific heat, and the
effect of hydrogen embrittlement must be con-
sidered during surface cleaning. Hardened
steels can become embrittled by hydrogen dur-
ing cleaning. Pictures of workpieces before
and after oil quenching heat treatment are
shown in Fig. 2, which shows the visible discol-
oration of workpieces due to oil residue on the
surface.
A cleaning system used in the heat treatment

operation is comprised of the following steps
(Ref 4):

1. Cleaning
2. Rinsing
3. Soil separation within the cleaning machine
4. Drying
5. Waste soil disposal

In the cleaning step, the soils are removed
from the steel surface by one or a combination
of three basic actions: mechanical, thermal,
and chemical. Mechanical actions include abra-
sive surface blasting, spray jet cleaning, use of
ultrasonic to loosen the dirts, hand cleaning with
a brush, and so on. Thermal action involves
heating the environment or cleaning medium.
The chemical actions include a dissolving action
or a surface-active action. In a dissolving action,
the surface contaminants are absorbed by or dis-
solved in the cleaning medium, such as an
organic solvent dissolving an oil. On the other
hand, in a surface-active action, the soils are
desorbed or loosened from the part surfaces with
the aid of surface-active agents.
In the rinsing step. the cleaning fluid and

soils are diluted with and/or displaced by soil-
free fluid to an acceptable level. This step can
be repeated as necessary. The diluted clean-
ing/rinsing solutions are removed from the part
surface by evaporation or some other noneva-
porative methods in the drying step.
Soil in the cleaning machine must be sepa-

rated or removed periodically to minimize

ASM Handbook, Volume 4A, Steel Heat Treating Fundamentals and Processes
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Fig. 1 Nitriding response of two steels contaminated by cutting oil and nitrided for 4 h at 520 �C (970 �F) with
a nitriding potential of 10. Contaminated surfaces are pretreated at between 300 and 400 �C (570 and

750 �F) (preoxidation in air, followed by treatment in nitrogen or a mixture of nitrogen and hydrogen), and the results
are compared with cleaned surface-nitrided samples. Adapted from Ref 1



recontamination of the part and the dragout of
soils to the rinsing step. Disposal of waste soil
is also an important step in the cleaning opera-
tion. In this step, the soils are removed from the
solution so that the detergent or solvent can be
reused and the soils can be recovered in a suffi-
ciently pure form for either efficient disposal or
possible reuse.
The steps for measuring the effectiveness of

the cleaning system in a heat treating process
are shown in a flow chart in Fig. 3. Pre- and
postcleaning are used based on the cleanliness
requirements for the subsequent process and
the end product. The cleanliness degree can be
measured by using various techniques. This
article identifies the surface contaminants that
may affect the heat treatment processes and
the end-product quality. Various cleaning meth-
ods and the chemicals needed to clean different
surface contaminants are also identified and
discussed.

The processing procedures, equipment
requirements, effects of variables, and safety
precautions that are applicable to individual
cleaning processes are covered in Surface Engi-
neering, Volume 5 of ASM Handbook. Addi-
tional relevant information is also contained in
the articles “Environmental Regulation of Sur-
face Engineering,” “Vapor Degreasing Alterna-
tives,” and “Compliant Wipe Solvent Cleaners”
in the same volume of ASM Handbook.

Surface Contaminants on Heat
Treated Parts

Before heat treating, the workpieces are
treated in various ways: machining, casting,
forming, joining, and other processes. The
workpiece surface is influenced and changed.
There are two distinct changes: mechanical

(deforming, compressing, abrasion, and so on)
and chemical (phosphate layers, reaction with
corrosion protection, cooling fluids, oil, and so
on). Figure 4 shows a schematic of the surface
of a typical workpiece before heat treatment.
The bulk material is covered by four layers:

the deformed boundary layer, the reaction
layer, the sorption layer, and the contamination
layer. The binding energy for each layer grows
weaker toward the surface. The deformed
boundary layer is formed during the mechanical
treatment. The reaction layer includes metal
oxides, sulfides, or phosphorus compounds.
Reaction layers also are formed during phos-
phating. They are thin but have excellent adhe-
sion and can be very dense. On the sorption
layer, compounds of the grease are bound by
chemisorptions or physisorptions. The final
layer is the contamination layer—the most
important layer in the cleaning process. This
layer contains residues of the previous proces-
sing steps, for example, oil, grease, chips,
cleaner residues, or water ingredients (Ref 5).
Incoming parts from the previous operation

have various contaminants on the surface. From
machining, cutting fluids, chips, oil, rust pre-
ventive, water ingredients, and rust may appear
on the surface. If the parts are made by casting,
the contamination will contain oxides, sand,
lubricant, dust, and so on. Forming and shaping
will bring lubricants, oxides, and dust on the
surface. Joining will bring oxides, wax, and
dust on the surface.
Contaminants can be classified into five

broad categories (Ref 6):

� Pigmented drawing compounds
� Unpigmented oil and grease
� Chips and cutting fluids
� Rust and scale
� Miscellaneous surface contaminants

Pigmented compounds, including graphite,
molybdenum disulfide, and so on, are often
used in lubricants, heat treating, and hot form-
ing protected coatings and are left on the sur-
face after shape forming, joining, and other
processes. All pigmented compounds are diffi-
cult to remove, because of their chemical inert-
ness to acid and alkalis and their tight
adherence to the metal surface.
Common shop oils and greases, unpigmented

drawing lubricants, rust-preventive oils, and
quenching and lubricating oils are unpigmented
oils. They can effectively be cleaned by several
cleaners.
Cutting and grinding fluids used for machin-

ing can be classified into three groups:

� Plain or sulfurized mineral and fatty oils,
chlorinated mineral oils, and sulfurized
chlorinated mineral oils

� Conventional or heavy-duty soluble oils
with sulfur or other compounds added, and
soluble grinding oils with wetting agents

� Chemical cutting fluids, which are water sol-
uble and generally act as cleaners

Fig. 2 Workpieces (a) before heat treatment and (b) after quenching

Fig. 3 Flowchart for pre- and post-heat-treatment cleaning operation

266 / Steel Heat Treatment Processes



These three types of fluids are easily removed,
while the chips fall away during cleaning.
Rust and scale attached on the surface are

usually removed by physical methods, because
of the different adhesion mechanism.
Miscellaneous surface contaminants may

include polishing, buffing compounds, lapping
compounds, and residue from magnetic particle
inspection.
Substrate Considerations. The selection of

a cleaning process must be based on the sub-
strate being cleaned as well as the contaminants
to be removed. Steels are highly resistant to
alkalis and are attacked by essentially all acidic
material. Corrosion-resistant steels, also referred
to as stainless steels, have a high resistance to
both acids and alkalis, but the degree of resis-
tance depends on the alloying elements.

Cleaning Methods

Cleaning processes used for removing contami-
nants are varied, and their effectiveness depends
on the requirements of the specific application.
The many factors that must be considered in
selecting ametal-cleaningprocess include (Ref6):

� Type of soil to be removed
� Base material to be cleaned (i.e., ferrous,

nonferrous, etc.)
� Importance of the condition of the surface to

the end use of the part
� Degree of cleanliness required
� Existing capabilities of available facilities
� Environmental impact of the cleaning processes
� Cost
� Total surface area to be cleaned
� Fragility, size, and intricacy of the part
� Effects of previous processes
� Rust-inhibition requirements
� Materials handling factors
� Surface requirements of subsequent opera-

tions (gas carburizing, vacuum carburizing,
gas nitriding, phosphate conversion coating,
painting, and plating)

Only a few of these factors can be quantified.
Among these factors, the type of soil to be
removed, the degree of cleanliness required, and
the cost are most important. A manufacturing
company tends to choose as much flexibility
and versatility in a facility as the cost allows.
The size of the largest workpiece is used in
establishing the cleaning processes, equipment
sizes, and handling methods. There are various
cleaning methods and media available; the selec-
tion is greatly based on the degree of cleanliness
and the next procedures to be performed. If a part
has a complex shape, some of the line-of-sight
processes will not work very well. The presence
of blind holes in a part usually indicates the need
for a process that includes sprays of some type,
together with a relatively higher vapor-pressure
cleaner to assist the drying process. The part vol-
ume and the longest rigid dimension of the part
help to determine such things as tank size for

immersion processes or pressure vessel size for
supercritical fluid methods. With a simple shape,
the workpiece can be cleaned effectively by
immersion or immersion and spray when the
parts are no more than approximately 500 mm
(20 in.) across. Large parts of this type can be
cleaned more effectively by spraying.
Cleaning methods can be classified into three

broad categories: mechanical, chemical, and
electrochemical. The mechanical cleaning
methods include grinding, brushing, steam or
flame jet cleaning, abrasive blasting, and

tumbling. The main chemical cleaning methods
are solvent cleaning, emulsion cleaning, alka-
line cleaning, acid cleaning, pickling, and des-
caling. The electrochemical cleaning methods
are electropolishing, electrolytic alkaline clean-
ing, and electrolytic pickling. Figure 5 shows
various cleaning methods for different contami-
nants. Table 1 summarizes the various cleaning
methods and their effectiveness. Some of the
most commonly used cleaning methods and
their applicability are discussed in the follow-
ing paragraphs.

Fig. 4 Various layers on the surface of a workpiece before heat treatment

Fig. 5 Cleaning methods
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Abrasive blast cleaning (Ref 6–9) is the pro-
cess of cleaning a hard surface by forcing small
solid particles across that surface at high speeds
propelled by an air stream or water jet. The con-
taminants are removed from the part surface by
the resulting impact force. Borazon (cubic boron
nitride), ceramic, corundum (alumina or alumi-
num oxide), dry ice, glass bead, silicon carbide
(carborundum), zirconia, and alumina are usually
used as the solid particles. This method is widely

used for removing all classes of scale and rust
from ferrous mill products, forgings, castings,
weldings, and heat treated parts. Depending on
the requirement, abrasive blast cleaning can be
the sole process, or it can be combined with pick-
ling, which is applied afterward to remove the
remainder. It should be noted that blasting has
limited use on complex and curved surfaces and
on parts with deep crevices, threads, or machined
surfaces. Also, it cannot be used on parts where

the dimensions must be retained. Glass bead
cleaning (blasting) is used for cleaning threaded
or precision parts, high-strength steel, titanium,
and stainless steel. Abrasive cleaning is also fre-
quently used as the only allowable cleaning
method for steels that are sensitive to hydrogen
embrittlement.
Tumbling (Ref 6–13) is a technique for

smoothing and polishing a hard substance. It
is the least expensive method for removing

Table 1 Metal-cleaning processes

Cleaning process Cleaning media Application Effectiveness

Emulsion cleaning:

� For intermittent or occasional cleaning

� Particles of soils are suspended in cleaning
medium, then separated from surface

� Prepare for phosphating and precleaning
before alkaline cleaning

� Water- or water-solvent-based solutions

� Emulsions of hydrocarbon solvents such
as kerosene and water with emulsifiable
surfactant

� Pigmented drawing compounds

� Unpigmented oil and grease

� Cutting fluids and chips

� Faster but less thorough than alkaline cleaners

� Leaves a film that protects the steel against
corrosion

� Most effective method for pigmented
compounds

� Effective, inexpensive means of removing all
three types of cutting fluids

Alkaline cleaning:

� Both physical and chemical actions may be
used

� Alkaline immersion, spray cycles

� Removes oil and grease by saponification or
emulsification

� Degree of cleanliness depends largely on
thorough mechanical agitation

� Mix of ingredients such as surfactants,
sequestering agents, saponifiers,
emulsifiers, and chelators

� Also with various forms of stabilizers and
extenders

� Some pigmented drawing
compounds

� Unpigmented oil and grease

� All three types of cutting and
grinding fluids

� Rust, light scale, and carbon smut

� Efficient and economical against unpigmented
oil and grease. Capable of cleaning to a no-
water-break surface

� Usually least expensive process to remove
cutting fluids and polishing and buffing
compounds

� Marginally effective against pigmented
compounds. May require hand slushing and
manual brushing to remove all traces of
pigment

Alkaline descaling:

� More costly, slower than acid pickling. No
metal is lost because chemical action stops
when the rust or scale is removed.

Solvent cleaning:

� Applied by swabbing, static tank immersion,
spray or solid stream flushing, or vapor
condensation

� Effective as preliminary or conditioning
cleaner to decrease time in final cleaner

� Typical organic solvents are
trichloroethylene, methylene chloride,
toluene, and benzene.

� Unpigmented common oil and
grease

� Cutting fluids and chips of the
first group (frequently)

� Lack of effectiveness, rapid contamination
against pigmented compounds

� Possibility of leaving residues, often requiring
additional steps

� More costly than alkaline or emulsion methods

Acid cleaning � Various organic acid solutions such as
citric acid, acid deoxidizing solutions

� Light, blushing rust (storage rust
from high humidity)

� Effective against light, blushing rust

Abrasive blast cleaning:

� Widely used with air stream or water jet � Uses small, sharp particles propelled by an
air stream or water jet

� All classes of scale and rust � Preferred for removing heavy scale and paint

� Only allowable cleaning method for steels
sensitive to hydrogen embrittlement

Tumbling � Can use either dry abrasives (deburring
compounds) or descaling compounds

� Rust and scale � Least expensive process against rust and scale

� Cannot uniformly descale complex-shaped
parts with deep recesses and other
irregularities

Pickling � Done in hot, strong solutions of sulfamic,
phosphoric, sulfuric, or hydrochloric acid

� Scale � Complete removal of scale from mill products
and fabricated parts

� Electrolytic pickling removes scale twice as
fast.

Salt bath descaling:

� Bath operates within temperatures of 400 to
525 �C (750 to 975 �F)

� Several types of salt baths are used. � Scale � Seldom used alone for scale removal

� No loss of metal

� No danger of hydrogen embrittlement

� Required water quenching may cause cracking
or warping of complex parts
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scale and rust, but the size and shape of parts
are limited by the process. Tumbling in dry
abrasives (deburring compounds) is often
used for clean, small workpieces. However,
complex-shaped parts with deep recesses and
other irregularities cannot be descaled uni-
formly by tumbling and may require several
hours of tumbling if that method is used. Add-
ing descaling compounds in solution rather
than deburring compounds often decreases the
required time by 75%.
Solvent cleaning (Ref 6, 8, 9, 12, 13) is the

dissolution of contaminants by an organic sol-
vent. Typical solvents are trichloroethylene,
methylene chloride, toluene, and benzene. The
solvent can be applied by swabbing, tank
immersion, spray or solid stream flushing, or
vapor condensation. Vapor degreasing is
accomplished by immersing the work into a
cloud of solvent vapor; the vapor condenses
on the cooler work surface and dissolves the
contaminants. Subsequent flushing with liquid
solvent completes the cleaning process. Tem-
perature elevation accelerates the activity.
One major drawback of solvent cleaning is

the possibility of leaving some residue on the
surface, often necessitating additional cleaning
steps. Another more significant disadvantage is
the environmental impact of solvent cleaning
processes. In fact, much effort is being expended
on replacing solvent-based processes with more
environmentally acceptable aqueous-based pro-
cesses (see the article “Vapor Degreasing Alter-
natives” in Surface Engineering, Volume 5 of
ASM Handbook).
Solvent cleaning is seldom recommended for

removing pigmented compounds, except for
occasional preliminary or rough cleaning before
other methods. For example, parts are sometimes
soaked in solvents such as kerosene or mineral
spirits immediately following the drawing opera-
tion to loosen and remove some of the soil, but the
principal effect of the operation is to condition
parts for easier cleaning by more suitable meth-
ods, such as emulsion or alkaline cleaning.
Solvent cleaning may be used to remove

common oils and greases from metal parts.
Methods vary from static immersion to multi-
stage washing. Eight methods of solvent clean-
ing, listed in increasing order of their
effectiveness, are as follows:

� Static immersion
� Immersion with agitation of parts
� Immersion with agitation of both the solvent

and the parts
� Immersion with scrubbing
� Pressure spraying in a spray booth
� Immersion scrubbing followed by spraying
� Multistage washing
� Hand application with wiper

The shape of the part influences the cycle and
method selected. For example, parts that will
nest or entrap fluids are cleaned by dipping in
a high-flash naphtha, Stoddard solvent, or
chlorinated hydrocarbon for 5 to 30 s at room

temperature. The time depends on the type
and amount of soil. Parts that are easily bent
or otherwise damaged are sprayed for 30 s to
2 min at room temperature. Complex parts are
soaked at room temperature for 1 to 10 min.
Solvent cleaning is most widely used as a pre-

liminary or conditioning cleaner to degrease.
The shape of the parts influences the cycle and
method selected. It is commonly used for clean-
ing between machining operations, to facilitate
the inspection. Solvents can remove chips and
cutting fluids by soaking (with or without agita-
tion), hand wiping, or spraying. Cleaning with
chlorinated solvents in a mechanical degreaser
or brushing or spraying with petroleum solvents
quickly removes most of the gross soil after
buffing or polishing. A number of solvents and
their properties are found in the articles on
vapor degreasing and solvent cleaning in Sur-
face Engineering, Volume 5 of ASM Handbook.

Biosolvents such as soy methyl ester, lactate
ester, and other bio-derived chemicals or biosur-
factants can also effectively be used as a solvent
to remove oil, grease, paint, cutting fluid, and
adhesives (Ref 14, 15). Soy methyl ester exhibits
excellent solvent characteristics. It can replace
the use of chlorinated hydrocarbon- and fluoro-
carbon-based solvents such as mineral spirits,
lacquer thinner, xylene, methyl ethyl ketone,
and other hydrocarbon degreasing solvents. Bio-
solvents are noncarcinogenic, nonozone deplet-
ing, nonflammable, and biodegradable.
Emulsion cleaning (Ref 6, 8, 12, 13) is the

most effective way to remove pigment com-
pounds. It relies on mechanical wetting and
floating to remove contaminants from the sur-
face. However, this method is usually added
when graphite or molybdenum disulfide are on
the surface. Water-solvent-based solutions,
which have a concentration of 1 to 10%, used
in a power spray washer, have the best results
in removing pigmented compounds. The normal
spray time is 30 to 60 s at 54 to 77 �C (129 to
171 �F), depending on the flashpoint of the
cleaner. In continuous cleaning, two adjacent
spray zones or a hot water (60 to 66 �C, or 140
to 151 �F) rinse stage located between the two
cleaner spraying zones is common practice.
Cleaning with an emulsifiable solvent, a

combination of solvent and emulsion cleaning,
is an effective technique for removing pigmen-
ted compounds. Emulsifiable solvents may be
used either full strength or diluted with a hydro-
carbon solvent, 10 parts to 1 to 4 parts of emul-
sifiable solvent. Workpieces with heavy
deposits of pigmented compound are soaked
in this solution, or the solution is slushed or
swabbed into heavily contaminated areas. After
thorough contact has been made between the
solvent and the soil, workpieces are rinsed in
hot water, preferably by pressure spray. Emulsi-
fication loosens the soil and permits it to be
flushed away. Additional cleaning, if required,
is usually done by either a conventional emul-
sion or an alkaline cleaning cycle.
For removing unpigmented compounds,

emulsion cleaners are widely used for

occasional or intermittent cleaning; they leave
a thin layer to protect the steel piece against
rust. They are mostly used in preparing the sur-
face for phosphating, plating, and postcleaning
after alkaline cleaning.
Emulsion cleaning is an effective and inex-

pensive means of cleaning all three types of
cutting fluids by dipping or spraying. Attendant
fire hazard is not great if operating temperatures
are at least 8 to 11 �C (14 to 20 �F) below the
flash temperature of the hydrocarbon used.
Emulsion cleaning is often used with a sur-
face-activating agent, after alkaline cleaning.
It is more economical to remove the major por-
tion of the soil by alkaline cleaning first, fol-
lowed by emulsion cleaning to remove the
remainder. If painting or phosphating is the
next step, emulsion cleans the alkali residues
and protects the painting or phosphating sys-
tems from contamination.
Alkaline cleaning (Ref 6, 8, 12, 13) is the

mainstay of industrial cleaning and may
employ both physical and chemical actions.
These cleaners contain combinations of ingredi-
ents such as surfactants, sequestering agents,
saponifiers, emulsifiers, and chelators as well
as various forms of stabilizers and extenders.
Except for saponifiers, these ingredients are
physically active and operate by reducing sur-
face or interfacial tension, by formation of
emulsions, and by suspension or flotation of
insoluble particles. Solid particles on the sur-
face are generally assumed to be electrically
attracted to the surface. During the cleaning
process, these particles are surrounded by wet-
ting agents to neutralize the electrical charge
and are floated away, are held in solution sus-
pension indefinitely, or eventually are settled
out as sludge in the cleaning tank.
Alkaline cleaning can remove graphite

and molybdenum disulfide pigmented hot form-
ing and heat treating protective coatings, which
are the most difficult pigmented compounds
to be removed, by using hot alkaline scale-
conditioning solutions. The softer pigmented
compounds can usually be removed by immer-
sion and spray cycles. The degree of cleanliness
obtained depends largely on thorough mechani-
cal agitation in tanks or barrels, or strong impin-
gement if a spray is used. The use of ultrasonics
in alkaline cleaning is also highly effective in
removing tough pigmented drawing compounds.
The size of the parts is limited for alkaline

immersion; the part should be no longer than
approximately 508 mm (20 in.) (Ref 6). The
recommended minimum spray pressure is 0.10
MPa (0.015 ksi). Larger parts can be cleaned
more effectively by spraying. Energy-saving,
low-temperature, solventized alkaline cleaners
are available for soak cleaning. Similarly, low-
temperature electrocleaners are effectively
employed in industry, operating at 27 to 49 �C
(81 to 120 �F).
Alkaline cleaners are efficient and economi-

cal for removing unpigmented oil and grease
and can achieve a no-water-break surface. They
remove oil and grease by saponification,
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emulsification, or both. Silicones, paraffin, and
sulfurized, chlorinated, oxidized, or carbonized
oils are difficult but can be removed by alkaline
cleaners. However, alkalis will contaminate
paint and phosphate coating systems, so thor-
ough rinsing is necessary. Cold water rinsing
is recommended. Parts should be kept wet
between stages, and delays before subsequent
processing should be kept to a minimum. Alka-
line cleaning is the least expensive method, and
it also can be used in cleaning all three types of
cutting and grinding fluids, rust-preventive oils,
and soils left by polishing and buffing.
Acid Cleaning (Ref 6, 8, 12, 13). In acid

cleaning, detergents, liquid glycol ether, and
phosphoric acid are effective in removing pig-
mented compounds from engine parts, even if
dried. By using a power spray, these acid solu-
tions can clean the parts without manual scrub-
bing. Phosphoric acid cleaners may cause some
discoloration, but they will not etch steel. Acid
cleaners are usually used in a power spray.
Some cleaners remove light, blushing rust and
temporarily form a thin film of protection. They
are high in cost but are often used in large fer-
rous parts, such as truck cabs. Phosphoric or
chromic acid cleaners, with power spray or
soak cleaning, are used in removing most cut-
ting fluids. These methods are expensive; how-
ever, in some cases they are used because of
their ability to remove light rust, such as the
rust that forms on ferrous metal in storage
under high humidity. A typical power spray
acid cleaning cycle consists of washing the part
with 15 to 19 g/L phosphoric acid at 74 to
79 �C (165 to 174 �F) for 3 to 4 min, followed
by rinsing in 4 to 7.5 g/L phosphoric acid at
74 to 79 �C for 1 to 1.5 min. Various organic-
acid-based solutions, such as citric acid, are
also used to remove rust from stainless steels,
including the 400-series and the precipitation-
hardening steels.
Vapor degreasing (Ref 6, 10) is not

environmentally friendly due to the use of
perchloroethylene 1,1,1-trichloroethane and tri-
chloroethylene. Therefore, it cannot be used in
many states today (2013). This cleaning method
has limited value for removing pigmented com-
pounds because it may leave a residue of
dry pigment that can be even more difficult
to remove. However, modifications of this
method, such as slushing, spraying, or ultra-
sonic cleaning, can be used for 100% removal
of the easier-to-clean pigments, such as whit-
ing, zinc oxide, or mica, but not for difficult-
to-clean pigments, such as graphite or molybde-
num disulfide. Perchloroethylene is preferred
for removing water-containing soils. This
method is often used for occasional or intermit-
tent cleaning.
Vapor degreasing is an effective and widely

used method for removing a wide variety of oils
and greases. It has proved especially effective
for cleaning soluble soil from cracks, such as
rolled or welded joints. Vapor degreasing is
particularly well adapted for cleaning oil-
impregnated parts, such as bearings, and for

removing solvent-soluble soils from the inter-
iors of storage tanks.
Vapor degreasing will remove the first group

of cutting fluids easily and completely, but the
fluids from the second and third groups cannot
be completely removed. The vapor phase will
not remove chips or other solid particles, but
by combining with an air blowoff, chips can
be removed. The operating and maintenance
cost of a vapor degreaser could be as high as
four times that of emulsion cleaning with the
same utility (Ref 12).
Supercritical fluid (SCF) cleaning espe-

cially SCF CO2, is a good substitute for
chlorofluorocarbon-based cleaning methods
(Ref 16). The SCF makes an ideal solvent
because of its liquidlike density and gaslike
transport properties of diffusivity and viscosity,
zero surface tension, and the pressure-dependent
solvent power over the range of interest. It is
effective in removing numerous oils, fluids,
adhesives, and chemical compounds with an
85 to 99% removal rate (Ref 17). Although SCF-
based cleaninghas beenused in the food, fragrance,
andpetroleum industries for years, it is slowly gain-
ing acceptance as an economical replacement
for bulk cleaning in othermanufacturing industries.
Its low cost, low critical temperature (31.7 �C,
or 89.1 �F) and pressure (7.3MPa, or 72 atm), tun-
ability by adjusting pressure and temperature to
remove particular contaminants, nontoxicity, and
ease of recycleability make it an excellent choice
for cleaning applications.
Ultrasonic cleaning can effectively be used

to remove a variety of surface contaminants by
using high-frequency sound waves in the range
of 20 to 200 kHz (above the upper limit of
human hearing, or approximately 18 kHz) from
parts immersed in aqueous media, which can be
water, water with surfactants, alkaline, acid, or
even organic solvents. The contaminants can
be grease, cutting oil, sludge, machine chips,
buffing and polishing compounds, mold-releasing
agents, corrosion deposits, and other particu-
lates. The passage of ultrasonic waves through
the liquid medium creates tiny gas bubbles,
which provide a vigorous scrubbing action on
the parts being cleaned.
Two frequency ranges are used for cleaning

metal surfaces: 20 to 40 kHz for heavy-duty
cleaning of items such as engine blocks and
heavy metal parts and for removal of heavy,
greasy soils; and 40 to 70 kHz for general
cleaning of machine parts to remove small par-
ticles (Ref 18, 19). The cleaning systems are
comprised of ultrasonic transducers mounted
on a radiating diaphragm, an electrical genera-
tor, and a tank filled with cleaning fluids. Ultra-
sonic cleaning provides excellent penetration
and cleaning of intricately shaped parts, such
as small crevices and tight spaces between sur-
faces. Its effectiveness can exceed the perfor-
mance of vapor degreasing. A disadvantage of
ultrasonic cleaning processes is the high capital
cost of the power supplies and transducers.
The use of this process is largely restricted to

applications in which other methods have proved

inadequate. Despite the high cost of ultrasonic
cleaning, it has proved economical for applica-
tions that would otherwise require hand opera-
tions. Part size is a limitation, although no
definite limits have been established. The com-
mercial use of ultrasonic cleaning has been lim-
ited principally to small parts. The process is
used as a final cleaner only, after most of the soil
is removed by another method. Ultrasonic clean-
ing, in some cases, has resulted in fatigue failure
of parts. Proper racking and isolation from the
tank wall will often solve this problem.
An extremely high degree of cleanliness with-

out damage is required on some expensive deli-
cate parts (e.g., fuel injection equipment).
Ultrasonic cleaning with alkaline solution, fol-
lowed by spray with alkaline and immersion/
spray rinsing, is ideal for this application. Ultra-
sonic cleaning is rapidly replacing the old
pressure-solvent spray/agitated immersion tech-
nologies, which were only partially effective.
Parts that normally took an hour or more to
clean using solvent cleaning processes are now
effectively cleaned in just a few minutes of ultra-
sonic cleaning. Other inherent advantages of this
approach are that it is nondestructive to the parts,
it uses more environmentally friendly cleaning
solutions, and it is much safer with respect to
the explosion dangers that are characteristic of
many solvent cleaning technologies. As always,
the primary drawback to ultrasonic cleaning is
the comparatively high upfront capital cost.
Pickling (Ref 6–13) is used for the complete

removal of surface oxide, scale, and dirt from
mill products and fabricated parts by using hot,
strong solutions of sulfamic, phosphoric, sulfu-
ric, or hydrochloric acid (Ref 11). Pickling is gen-
erally used as the second step after abrasive blast
cleaning or salt bath descaling, which removed
the major portion. Acid concentrations of
approximately 3% and a temperature of approxi-
mately 60 �C (140 �F) or lower are the most com-
monly used parameters in pickling.
Salt bath descaling (Ref 6) is an effective

way to remove scale on carbon alloy, stainless,
and tool steels. Several types of salt baths either
reduce or oxidize the scale. Because it operates
at a temperature range of 400 to 525 �C (750 to
975 �F), the parts are heat treated again by
using this method.
Usually, salt bath descaling and quenching

are followed by acid pickling as a final step in
removing the last of the scale. The supplemen-
tary pickling is done with more dilute acids at
lower temperatures and for shorter times than
are used in conventional pickling. A solution
of 3% sulfuric acid at a maximum temperature
of approximately 60 �C (140 �F) is commonly
used for pickling after salt bath descaling. Other
acids are used at comparable concentrations.
Metal loss and the danger of acid embrittlement
are negligible in this type of pickling. Very
high operating temperatures and high facility
costs discourage widespread use of this process.
Alkaline descaling (Ref 6, 9) or alkaline der-

usting is used to remove rust, light scale, and
carbon smut from carbon alloy, and stainless
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steels and from heat-resisting alloys. The process
is more costly and slower in its action than acid
pickling of ferrous alloys, but no metal is lost
using the alkaline method, because chemical
action stops when the rust or scale is removed.
Alkaline descaling also allows complete free-
dom from hydrogen embrittlement.
A number of proprietary compounds are

available. They are composed mainly of sodium
hydroxide (60% or more) but also contain che-
lating agents. Immersion baths are usually oper-
ated from room temperature to 71 �C (160 �F)
but can be used at 93 to 99 �C (199 to
210 �F) with concentrations of approximately
0.9 kg (32 oz) of compound to 4 L of water.
Required immersion time depends on the thick-
ness of the rust or scale.
The rate of oxide removal can be greatly

increased by the use of current in the bath, either
continuous direct or periodically reversed. In one
instance, an electrolyzed bath descaled steel parts
in 1 min, as compared to 15 min for a nonelectro-
lytic bath doing the same job. However, parts
must be racked for electrolytic descaling, which
increases the cost because of the additional
equipment, increased power requirement, and
decreased bath capacity.
The addition of approximately 0.5 kg (18 oz)

of sodium cyanide per 4 L of water increases
the effectiveness of electrolyzed baths. How-
ever, when cyanide is used, the bath tempera-
ture should be kept below 54 �C (129 �F) to
prevent excessive decomposition of the cya-
nide. One manufacturer descales heat treated
aircraft parts in an alkaline descaling bath,
using direct current and cyanide additions.
Another manufacturer descales similar work in
an alkaline bath operated at 82 to 93 �C (180
to 199 �F) with a lower concentration of descal-
ing compound, 60 to 90 g/L, and no cyanide.
The latter bath is operated at a current density
of 2 to 20 A/dm2 and with periodic current
reversal (55 s anodic, followed by 5 s cathodic).
Alkaline permanganate baths are also used for
descaling. Proprietary products available are
used at approximately 120 g/L, 82 to 93 �C
(180 to 199 �F), 30 min or longer, depending
on scale thickness and condition.
Despite the high cost of alkaline descaling

baths, they can be economical. Because alkaline
descaling baths are compounded for detergency
as well as derusting, chemical cleaning and der-
usting are accomplished simultaneously. Paint,
resin, varnish, oil, grease, and carbon smut are
removed along with rust and scale. Thus, in a sin-
gle operation, work is prepared for phosphating,
painting, or electroplating. If parts are to be
plated, the cost of electrolytic descaling may be
comparable to that of the nonelectrolytic process,
because in either case workpiecesmust be racked
before final cleaning and plating. An electrolytic
descaling bath may serve as the final cleaner.
Alkaline descalers are used for applications

on critical parts such as turbine blades for jet
engines, where risk of hydrogen embrittlement,
loss of metal, or etched surfaces cannot be tol-
erated. Alkaline descaling may also be chosen

for parts made of high-carbon steel or cast iron,
because acid pickling will leave smut deposits
on these metals. Because of the time required,
alkaline descaling is seldom used for removing
heavy scale from forgings.
Electrolytic alkaline cleaning is a modifica-

tion of alkaline cleaning in which an electrical
current is imposed on the part to produce vigor-
ous gassing on the surface to promote the
release of soils. Electrocleaning can be either
anodic or cathodic. Anodic cleaning is also
called reverse cleaning, and cathodic cleaning
is called direct cleaning. The release of oxygen
gas under anodic cleaning or hydrogen gas
under cathodic cleaning in the form of tiny bub-
bles from the work surface greatly facilitates
lifting and removing of surface soils.
Electrolytic alkaline cleaning provides a high

level of agitation close to the work surface,
because of the gas generated, and is an effective
method for removing polishing and buffing resi-
dues. Electrocleaners can be easily contaminated
by polishing and buffing compounds as well as
steel particles that may be attracted to the work.
Precleaning is necessary. Parts on which mineral
oil has been used as a polishing compound should
always be precleaned before being electrocleaned.
Use of both heavy-duty alkaline soak cleaners and
electrocleaners is often necessary to provide a
water-break-free surface. The presence of large
amounts of animal or vegetable oils or fatty acids
and abrasives in the polishing and buffing com-
pounds will react with free caustic and form soaps
in the electrocleaner, shortening its life.
Electrolytic Pickling. Although more expen-

sive than conventional pickling, electrolytic
pickling can remove scale twice as fast and
may prove economical where time is limited.
In an automatic plating installation, electrolytic
pickling removes light scale and oxidizes dur-
ing the time allowed in the pickling cycle and
eliminates a preliminary pickling operation.
For this purpose, a solution of 30% hydrochlo-
ric acid is used at 55 �C (130 �F) and 3 to
6 V for 2 to 3 min. Cathodic current is used.
Sulfuric acid formulas also are used electrolyt-

ically. A cycle for removing light scale from
spot-welded parts is a solution of 10% sulfuric
acid at 82 �C (180 �F) and 3 to 6 V for 5 to 20 s.
The main disadvantage of electrolytic pick-

ling is its high cost. In addition to the require-
ment for more elaborate equipment, all
workpieces must be racked.

Cleanliness Measurement

Before cleaning the parts, the amount of con-
taminants on the surface must be quantified.
After cleaning, the degree of cleanliness also
must be measured. Measuring cleanliness helps
to ensure product quality.

Qualitative Tests

There are several simple methods (Ref
20–24) that can be used on the shop floor.

These techniques are totally qualitative and
can be used to detect contaminants that are
more than 0.1 g/in.2:

� Magnified visual inspection
� Black light
� Water-break test
� White/clean towel test
� Transparent tape test

Magnified Visual Inspection. This method
requires a magnifying glass that can be used
to examine a part directly and observe any
gross contamination that may not be visible
with the naked eye. It is a method used in non-
critical cleaning applications where only gross
contamination needs to be detected. It has the
advantage of requiring minimum equipment.
An area separate from production, such as a
small laboratory, is used, and inspectors must
be well trained.
Black Light. This test requires a dark room

and black light source for direct visual inspec-
tion of parts. This method is a pass/fail test that
will work on any material with a contaminant
that fluoresces under black light, provided the
part itself does not fluoresce. The operator sim-
ply places the part under the black light and
inspects the part. This method has most of the
same applications of magnified visual inspec-
tion. The contaminants fluoresce, so they are
even easier to notice. This method is practical
only for testing smaller parts.
Water-Break Test. This simple method

takes advantage of the fact that many contami-
nants of interest are hydrophobic. This is a
pass/fail test that is typically used for metal sur-
faces, and water is flowed over the part. If the
water sheets off the surface evenly, the part is
clean. If the water channels or beads on certain
areas, the part is considered to be contaminated
with a hydrophobic substance (oil/grease). This
test can be done in production areas or as a batch
test and is also usable on very large parts, such
as airplane wings. To be effective, the water
used in the test must be free of surfactants or
other contaminants that would cause the water
to flow evenly in the presence of contamination,
and the part must be of a geometry that allows
water to flow across the surface of interest.
White/Clean Towel Test. The part surface

is wiped with a white cloth or paper. The pres-
ence of soil on the cloth or paper indicates the
degree of cleanliness. This is the simplest way
to test for cleanliness, but using this method
will wipe off some film, left by the former
cleaning processes, that protects the steel from
rust.
Transparent Tape Test. A strip of transpar-

ent tape is affixed to the surface in question
with firm pressure. The tape is removed and
placed on a clean, white sheet of paper. The
clean surface should appear as white as
the original sheet of paper. For this method,
the degree of contamination can be defined
according to the amount of contaminant on
the tape.
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Quantitative Tests

As the degree of cleanliness is classified, a
quantitative cleanliness measurement is also
necessary on the heat treatment shop floor.
The method should be nondestructive, portable,
easily evaluated, and cost-effective. Gravimet-
ric measurement and dirt catching are used in
gross verification measurements. Some modern
and advanced techniques can also be used on
the heat treatment shop floor.
Gravimetric Measurement (Ref 20–22).

This method requires a highly sensitive scale
that can weigh parts to an accuracy of ±1 mg
or better. This method is used on small parts
of any material to detect gross contamination,
but it does not require any other equipment
besides the scale. Parts must be weighed prior
to being contaminated and then again after con-
tamination. After cleaning, the part is oven dried
and weighed again. The difference between the
initial weight and the postcleaning weight is
attributed to any residual contamination left on
the part. If there is no difference in these two
weights, the part is considered clean. A small
laboratory is needed to conduct these tests, and
large parts cannot be tested in this way.
Dirt Catching (Wash and Filter) (Ref 20).

This method uses the same equipment as the
direct gravimetric method and has the same
issues. However, instead of weighing the part
directly, a fine filter patch is weighed before
the contaminants are flushed off the part and
collected, and again after. A solvent is used to
flush the contaminants off and through the filter
patch, and the filter patch is weighed.
Advanced Techniques. There are several

spectroscopy-based techniques (Ref 24–30) that
can be used to identify surface contaminants on
heat treated parts. Fourier transform infrared
(FTIR) and Raman spectroscopy could provide
spectra of the contaminants, but they need a
standard reference library of known contami-
nants to match and identify. Low-level surface
contamination on the metal surface can also
be detected and measured by grazing-angle
reflectance FTIR spectroscopy. Laser-induced
breakdown spectroscopy is an atomic emission
spectroscopy technique that is minimally
destructive and uses successive nanosecond
laser pulses to ablate a small amount of
material from the surface. It can be used for
elemental analysis of the contaminants. The
instruments using these techniques are currently
available in compact and portable format so
that they can be used on the heat treatment
shop floor. The most promising and emerging
technique is direct solid probe mass spectrome-
try equipped with desorption atmospheric pres-
sure chemical ionization (DAPCI) (Ref 31).
DAPCI employs corona discharge directed at
the surface of interest, using a carrier gas to
desorb and ionize surface contaminants, such
as hydrocarbon-based oil, and using mass
spectrometry to record the spectra of the con-
taminants under ambient conditions. This device
is yet to be commercialized as a portable device.

How Clean Is Clean?

“Free of oil and grease” and “remove all
chips, oil, dirt, etc.” are often used as specifica-
tions. How clean is clean for heat treatment?
For different processes, the cleanliness require-
ment is different. The required cleanliness level
for a desired performance can be determined by
using some means of quantifying the surface
cleanliness measurement to correlate product
performance with contaminant level, in that
way, establishing the degree of contamination
that can be tolerated. The degree of cleanliness
in heat treated parts can be quantified by assign-
ing level numbers on the scale of 1 to 5, with 1
being the best and 5 being the worst. For exam-
ple, annealing and normalizing requires the
most undemanding level (level 5), but gas
quenching in a low-pressure carburization sys-
tem has some strict requirements (level 2) on
surface contamination. Once the level of cleanli-
ness is defined, the quantifying measurement is
needed to exam the level of cleanliness achieved
during production to assure that the surface
meets the established cleanliness requirements.

Case Studies

The level of cleanliness requirement for heat
treated parts mainly depends on the subsequent
operations. Several case studies discussing the
cleaning methods and their effects on part sur-
faces are presented here.
Case Study 1 (Ref 32). In steel wire

manufacturing, wires must be phosphated
before reshaping. The phosphate layer allows
better sliding and provides temporary corrosion
protection. The phosphate layer and the support
compounds must be completely removed before
the heat treatment. If not, cracks will form in
the glasslike iron phosphate layers.
Grün (Ref 32) experimentally investigated the

cleaning of phosphate layers.Demulsifying clean-
ingwith rinsingwas necessary before dephosphat-
ing to reduce saponification to aminimum.During
precleaning, the quenching oils can also be
removed. To remove the phosphate layer, highly
alkaline (pH> 12) products containing complex-
ing agents and surfactants are used. The complex-
ing agents are biodecomposible, and the metal
complexes (zinc, iron) can be removed easily in
the usual wastewater treatment.
Case Study 2 (Ref 33). Cooling lubricants

and preservation agents on the workpiece surface
can have a detrimental effect on the heat treatment
result. The contaminants impede thediffusionpro-
cess. Difficulties in heat treatment are mainly
caused by graphite, molybdenum disulfide, and
compounds of chlorine, sulfur, silicon, phospho-
rus, and boron in cooling lubricants. They form
diffusion-inhibiting layers during heating. Resi-
dues can also impair the surface appearance and
are often the cause of surface spotting.
Cronan (Ref 33) suggested several cleaning

methods suitable to wash away contaminants.
Acid cleaning, which has a pH value < 2, can

remove oil from the surface. Hydroxide cleaning
can remove oil aswell. Themost popular hydrox-
ide agents are either tensile-based washing
agents or builder based (hydroxides and mineral
salts). The combination of appropriate cleaners
and cleaning equipment can achieve good results.
Case Study 3. Clark (Ref 34) experimented

with acid cleaning of 304L stainless steel.
The sample was prepared in a sequence of polish,
air anneal, acid clean, and passivate.
Two different cleaning solutions were used:
2 vol% HF + 10 vol% HNO3 in water, and
14 vol% Turco Nitradd (Henkel Corp.) + 25 vol
%HNO3 inwater. Intergranular surface ditching,
observed onmany of the examined stainless steel
surfaces, was shown to result from air annealing
and acid cleaning of stainless steel during normal
manufacturing. The ditched air-annealed and
acid-cleaned stainless steel samples were more
resistant to subsequent acid attack than vacuum-
annealed or polished samples without ditches.
Case Study 4 (Ref 6). The gear illustrated as

part 1 in Fig. 6 is made of 8620 steel, carburized
and hardened to approximately 56 to 58 HRC.
Although the part is processed in a controlled
atmosphere, a descaling operation is required.
Abrasive blastingwithfine steel grit or chilled iron
shot (SAEG40 or S170) proved themost econom-
ical method for cleaning large tonnages of such
parts used in the manufacture of trucks, tractors,
and similar vehicles. Acid pickling was precluded
because of hydrogen embrittlement, and descaling
in molten salt was unsuitable because of the soft-
ening effect of the high-temperature bath.
Conventional abrasive blasting may deleteri-

ously affect the dimensions of precision gears
or pinions. In these special applications, alka-
line descaling or wet blasting with a fine abra-
sive, such as glass beads, under carefully
controlled conditions is indicated.
Case Study 5 (Ref 6). Normally, abrasive

blasting would be the preferred method for
removing rust and scale from a rough ferrous
metal casting such as part 2 in Fig. 6. Chilled
iron shot or steel abrasives are usually the most
economical abrasives for this purpose.
Pickling is seldom used for descaling cast-

ings, such as cast iron, because smut is depos-
ited and must be removed by another cleaning
operation. Severe pitting is also likely to result.
Salt baths have been successfully used for

descaling ferrous castings, but there is danger
of cracking and excessive distortion for config-
urations such as part 2.
Case Study 6 (Ref 6). Barrel or vibratory

tumbling is probably the most economical
method for removing scale or rust from steel
parts such as part 3 in Fig. 6, if they are no
larger than approximately 50 to 75 mm (2 to
3 in.). For similar but larger parts, abrasive
blasting is usually a better choice.
However, if such parts are close to finished

dimensions and these dimensions are critical,
a nonabrasive method of cleaning should be
chosen. If parts are made of low-carbon steel
and are not heat treated, pickling in inhibited
hydrochloric or sulfuric acid is satisfactory
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and less expensive, and hydrogen embrittlement
is not a factor. However, if such parts are made
of high-carbon (or carburized) steel and are
heat treated, acid pickling would be hazardous
and alkaline descaling would be preferred.

Pollution Control and Resource
Recovery

The cleaning of metal surfaces may generate
volumes of waste. The increasing cost of waste
disposal has a great impact on process cost and
should be considered in selecting cleaning
processes. Treatment of waste within the plant
should be considered to reduce cost, reduce

liability, permit reuse of the raw material,
and improve process control. A good example
of closed-loop recycling is the distillation purifi-
cation of vapor degreasing solvents. The federal
Environmental Protection Agency (EPA) has
established compliance guidelines, but state and
local regulations are often more stringent. For
more information, see the article “Environmental
Regulation of Surface Engineering” in Surface
Engineering, Volume 5 of ASM Handbook.

Safety

In the use of any metal-cleaning process,
there are possible safety, health, and fire

hazards that must be considered. The degree
of hazard is dependent upon such factors as
the specific materials and chemicals involved,
the duration of employee exposure, and the spe-
cific operating procedures.
Information is presented in Table 2 on the

types of hazards that may be associated with
each cleaning process and the general control
measures to be used for each hazard.
The Occupational Safety and Health Adminis-

tration (OSHA) has established in its General
Industry Standards (29 CFR 1910) regulations
pertaining to a varietyof safetyandhealthhazards.
Those sections of the standards that may apply to
each cleaning process are referenced in Table 2.
Because of the unusual fire hazard associatedwith

100 mm (4 in.)

255 mm (10 in.)

50 mm (2 in.)

Part 1

Part 2

Part 3

Fig. 6 Sample part configurations cleaned by various
processes. Source: Ref 6

Table 2 Safety and health hazards of cleaning processes

Cleaning process Hazard/air contaminant Control measures OSHA/NFPA references

Abrasive blasting Silica dust/total dust
exposures

Local exhaust ventilation (29 CFR)
Respiratory protection 1910.94(a)
Goggles or face shield 1910.95

Noise exposures Noise exposures 1910.133
Hearing protective devices 1910.134

Skin abrasion Leather protection garments 1910.1000
Table Z-3

Acid cleaning Acid gas or mist exposure Local exhaust ventilation 1910.94(L)
Respiratory protection 1910.133
Goggles or face shield 1910.134

Skin contact Impervious gloves and garments 1910.1000
Table Z-1

Alkaline cleaning Alkaline mist exposure Local exhaust ventilation 1910.94(d)
Respiratory protection 1910.133
Goggles or face shield 1910.134

Skin contact Impervious gloves and garments 1910.1000
Table Z-1

Emulsion cleaning Petroleum or chlorinated
hydrocarbons

Local exhaust ventilation 1910.94(d)
Respiratory protection 1910.132

Alkaline mist exposures Local exhaust ventilation 1910.133
1910.134
1910.1000

Tables Z-1, Z-2
Respiratory protection . . .
Goggles or face shield . . .

Skin contact Impervious gloves and garments . . .
Pickling Acid gas or mist exposures Local exhaust ventilation 1910.94(d)

Respiratory protection 1910.133
Goggles or face shield 1910.134

Skin contact Impervious gloves and garments 1910.1000
Table A

Salt bath descaling Burns Heat-resistant gloves and garments 1910.132
Face shield 1910.133

Toxic gases Local exhaust ventilation 1910.134
Respiratory protection 1910.1000

Table Z-1
Fire/explosion Proper facility design, construction, maintenance NFPA 86C, Chapter 11

Proper controls for tank
Proper work procedures

Solvent cleaning Petroleum or chlorinated
hydrocarbon exposure

Local exhaust ventilation 1910.94(d)
1910.132
1910.133

Respiratory protection 1910.134
1910.1000

Skin contact Impervious gloves and garments Tables Z-1, Z-2
Tumbling Noise exposure Noise enclosure for equipment 1910.95

Hearing protective devices
Vapor degreasing Chlorinated hydrocarbon

exposure
Condenser cooling system and appropriate
thermostats

1910.94(d)

Minimize dragout
Local exhaust ventilation

Solvent decomposition
products

Eliminate hot surfaces above 400 �C (750 �F) in
the vicinity

1910.94(d)

Eliminate sources of ultraviolet radiation in the
vicinity

Proper monitoring of solvent for acid buildups to
prevent exothermic decomposition

OSHA/NFPA, Occupational Safety and Health Administration/National Fire Prevention Association. Source: Ref 6
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salt bath descaling, an applicable chapter of the
National Fire Prevention Association standards
has also been referenced.

Summary

For proper assessment of the cleaning opera-
tion, four parameters must be analyzed: the sub-
strate, the degree of cleanliness required, the
nature of the soil, and the incoming water quality.
(The condition of the incoming water is often
overlooked in metal cleaning.) Aqueous cleaners
are generally better than solvent cleaners at
removing soils or particulate matter. The rinsing
and drying steps are of particular concern, espe-
cially with complex geometries or parts that are
susceptible tocorrosion, becausewater can remain
on the part and cause flash rust. Compared to sol-
vents, aqueous systems generally have higher cap-
ital costs and require elaborate rinsing and drying
procedures as well as tighter process controls for
optimum cleaning. Spent solvents are classified
as a hazardous waste. Handling and disposal
of these solvents are more involved and expensive
than other cleaning alternatives. There are a few
emerging technologies for precision cleaning that
are technologically and economically efficient
and could also be used for surface cleaning of heat
treated parts, such as argon/nitrogen cryogenic
aerosol and ice-air jet (Ref 35, 36).
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Stress-Relief Heat Treating of Steel*

STRESS-RELIEF HEAT TREATING is
used to relieve stresses that remain locked in a
structure as a consequence of a manufacturing
sequence. This definition separates stress-relief
heat treating from postweld heat treating in that
the goal of postweld heat treating is to provide,
in addition to the relief of residual stresses,
some preferred metallurgical structure or prop-
erties (Ref 1, 2). For example, most ferritic
weldments are given postweld heat treatment
to improve the fracture toughness of the heat-
affected zones. Moreover, austenitic and non-
ferrous alloys are frequently postweld heat
treated to improve resistance to environmental
damage.
Stress-relief heat treating is the uniform heat-

ing of a structure, or portion thereof, to a suit-
able temperature below the transformation
range (Ac1 for ferritic steels), holding at this
temperature for a predetermined period of time,
followed by uniform cooling (Ref 2, 3). Care
must be taken to ensure uniform cooling, partic-
ularly when a component is composed of vari-
able section sizes. If the rate of cooling is not
constant and uniform, new residual stresses
can result that are equal to or greater than those
that the heat treating process was intended to
relieve.
Stress-relief heat treating can reduce distor-

tion and high stresses from welding that can
affect service performance. The presence of
residual stresses can lead to stress-corrosion
cracking (SCC) near welds and in regions of a
component that has been cold strained during
processing. Furthermore, cold strain per se can
produce a reduction in creep strength at ele-
vated temperatures.
Residual stresses in ferritic steels can cause

significant reduction in resistance to brittle frac-
ture. In a material that is not prone to brittle
fracture, such as an austenitic stainless steel,
residual stresses can be sufficient to provide
the stress necessary to promote SCC even in
environments that appear to be benign (Ref 4).

Sources of Residual Stress

There are many sources of residual stress;
they can occur during processing of the

material from ingot to final product form (Ref
4, 5). Residual stresses can be generated during
rolling, casting, or forging; during forming
operations such as shearing, bending, drawing,
and machining; and during fabrication, in par-
ticular, welding. Residual stresses are present
whenever a component is stressed beyond its
elastic limit and plastic flow occurs. Table 1
lists a summary of compressive and tensile
residual stresses at the surface of parts fabri-
cated by common manufacturing processes.
Bending a bar during fabrication at a tempera-

ture where recovery cannot occur (cold forming,
for example) will result in one surface location
containing residual tensile stresses, whereas a
location 180� away will contain residual com-
pressive stresses (Ref 6).
Quenching of thick sections results in high

residual compressive stresses on the surface of
the material. These high compressive stresses
are balanced by residual tensile stresses in the
internal areas of the section (Ref 7).
Grinding is another source of residual stres-

ses; these can be compressive or tensile in nature,
depending on the grinding operation. Although
these stresses tend to be shallow in depth, they
can cause warping of thin parts (Ref 8).
Welding. The cause of residual stresses that

has received the most attention in the open lit-
erature is welding. The residual stresses asso-
ciated with the steep thermal gradient of
welding can occur on a macroscale over rela-
tively long distances (reaction stresses) or can
be highly localized (microscale) (Fig. 1). Weld-
ing usually results in localized residual stresses
that approach levels equal to or greater than
the yield strength of the material at room
temperature.

Thermal Stress-Relief Methods

The basic premise of a stress-relief method is
to produce rearrangement of atoms from their
momentary equilibrium position (higher residual-
stress state) to more stable positions associated
with lower potential energy or stress state. Meth-
ods can be classified into three broad categories:
thermal, chemical, and mechanical (Ref 9)—
including the more recent mechanical method of

vibratory stress relief (especially in the subreso-
nant region). Chemical and mechanical methods
are not discussed here.
Thermal stress-relief methods include,

among others, annealing, aging, and reheat
treatment (e.g., postweld heat treatment). In
general, a stress-relief operation involves heat-
ing the part to a certain temperature, holding
at the elevated temperature for a specified
length of time, followed by cooling to room
temperature. Primary reduction in residual
stresses takes place during the holding period
due to creep and relaxation. Thus, if computer
simulation of a thermal stress-relief method is
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Table 1 Summary of compressive and
tensile residual stresses at the surface of
parts created by common manufacturing
processes

Compression at the surface

Surface working: shot peening, surface rolling, lapping, etc.
Rod or wire drawing with shallow penetration(a)
Rolling with shallow penetration(a)
Swaging with shallow penetration(a)
Tube sinking of the inner surface
Coining around holes
Plastic bending of the stretched side
Grinding under gentle conditions
Hammer peening
Quenching without phase transformation
Direct-hardening steel (not through-hardened)
Case-hardening steel
Induction and flame hardening
Prestressing
Ion exchange

Tension at the surface

Rod or wire drawing with deep penetration
Rolling with deep penetration
Swaging with deep penetration
Tube sinking of the outer surface
Plastic bending of the shortened side
Grinding: normal practice and abusive conditions
Direct-hardening steel (through-hardened)(b)
Decarburization of steel surface
Weldment (last portion to reach room temperature)
Machining: turning, milling
Built-up surface of shaft
Electrical discharge machining
Flame cutting

(a) Shallow penetration refers to less than �1% reduction in area or
thickness; deep penetration refers to greater than �1%. (b) Depends
on the efficiency of quenching medium



considered, it generally entails a thermal-elastic-
plastic-creep analysis of the part.
A number of factors influence the relief of

residual stresses, including level of stress,
permissible (or practicable) time for their
relief, temperature, and metallurgical stabil-
ity. Thermal stress relief is still conducted
much as it has been done for most of the
20th century. However, advanced equipment
designs have been developed for more rapid
convective heating and stress relief (Ref 10).
Rapid heating is defined as “any heating
method that accelerates conventional furnace
heating” (Ref 11). Heat-transfer rates of up
to 30 times those achieved in conventional
convection furnaces are possible (Ref 12). In
the past, rapid heating technology has been
applied primarily to the forging industry,
where steel is heated to 1000 to 1250 �C
(1830 to 2280 �F). It has been much less
commonly encountered in the heat treating

industry, although rapid heating is enjoying
increased use for stress relieving, particularly
for spring wire.
Typically, stress-relieving times for specific

alloys are obtained from standards such as
those listed in Table 2 for wire. The stress-
relieving times shown in Table 2 were devel-
oped for conventional convection-heated batch
ovens. With rapid stress-relieving technology,
the total stress-relieving time for 16 mm (0.63 in.)
diameter chromium-silicon wire can be reduced
to 10 min or less (Ref 15).
Time-Temperature Factors. Little or no

stress relief occurs at temperatures below 260 �C
(500 �F), and approximately 90% of the stress is
relieved at 540 �C (1000 �F). The maximum tem-
perature for stress relief is limited to 30 �C (54 �F)
below the tempering temperature.
The relief of residual stresses also is a time-

temperature phenomenon, such that similar
relief of residual stresses can be achieved by

holding a component for longer periods at a
lower temperature. Examples of time-temperature
effects are shown in Fig. 2 and 3 for stress relief of
specific steels.
Time-temperature effects on stress relief can

be modeled parametrically by the Larson-Miller
equation:

Thermal effect ¼ T log tþ 20ð Þ � 10�3 (Eq 1)

where T is temperature (Rankine), and t is the
time in hours. For example, holding a piece at
595 �C (1100 �F) for 6 h provides the same
relief of residual stress as heating at 650 �C
(1200 �F) for 1 h. The thermal effect on resid-
ual stress is described as a percentage of yield
strength, as plotted in the example in Fig. 4 of
data for a specific grade of steel.
The stress-relief response of steel can also

be represented by curves such as those in
Fig. 5. The example in Fig. 5 is from the
HY-100 steel data in Fig. 3. As an example
of the use of these curves, it is seen from
Fig. 5 that a 1 h anneal at 450 �C (840 �F)
results in approximately 50% stress relief
(point X in Fig. 5a). If the same level of stress
relief is desired by using 400 �C (750 �F), the time

Fig. 1 Examples of the causes of residual stresses. (a) Thermal distortion in a structure due to heating by solar
radiation. (b) Residual stresses due to welding. (c) Residual stresses due to grinding. Source: Ref 4

Table 2 Oven stress-relief temperatures and times for wire

Material Specification

Temperature

Time, min�C �F

Beryllium-copper ASTM B134 or ASTM B197 315 600 120
Blue temper N/A 230 450 30
Brass wire ASTM B134 190 375 30
Chrome-silicon ASTM A401 or SAE J157 370 700 60
Chrome-silicon (Lifens) SAE J157 385 725 60
Chrome-vanadium ASTM A231 370 700 60
Galvanized MB class I or II ASTM A674 230 450 30
Hastelloy C . . . 330 500 30
HDMB class I or II ASTM A227 230 450 30
High tensile hard drawn ASTM A679 230 450 30
Inconel 600 . . . 650 1200 90
Inconel X700 spring temper AMS 5699 650 1200 240
Inconel X750/1 temper AMS 5699 650 1200 240
Monel 400 . . . 425 800 60
Music wire (tin coated) ASTM A288 150 300 30
Music wire (cadmium-zinc coated) ASTM A288 205 400 30
Music wire AMS 5112 280 540 60
OTMB ASTM A229 230 450 30
Phosphorus bronze (grade A) ASTM B159 190 375 30
301 stainless steel . . . 345 650 30
302 stainless steel AMS 5688 345 650 30
304 stainless steel ASTM A313 345 650 30
316 stainless steel ASTM A313 345 650 60

N/A, not applicable. Source: Ref 13, 14

Fig. 2 Relationship between time and temperature in
the relief of residual stresses in steel. Source:
Ref 3
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Fig. 3 Residual stress as a function of stress-relief ann-
ealing temperature and time for HY-100 steel.
Source: Ref 16
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required is obtained by drawing a vertical line
from the 1 h/450 �C (840 �F) point until the
400 �C (750 �F) sloping curve is intersected, at
which a time of 20 h is obtained at point X in
Fig. 5(b) (Ref 17).

Alloy Considerations. Relief of residual
stresses represents typical stress-relaxation
behavior, in which the material undergoes
microscopic (sometimes even macroscopic)
creep at the stress-relief temperature. Creep-
resistant materials, such as the chromium-bear-
ing low-alloy steels and the chromium-rich
high-alloy steels, normally require higher
stress-relief heat treating temperatures than
conventional low-alloy steels. Typical stress-
relief temperatures for low-alloy ferritic steels
are between 595 and 675 �C (1100 and 1250 �F).
For high-alloy steels, these temperatures may
range from 900 to 1065 �C (1650 to 1950 �F).
For high-alloy steels, such as the austenitic

stainless steels, stress relieving is sometimes
done at temperatures as low as 400 �C (750 �F).
However, at these temperatures, only modest
decreases in residual stress are achieved.
Residual stresses can be significantly reduced
by stress-relief heat treating those austenitic
materials in the temperature range from 480
to 925 �C (900 to 1700 �F). At the higher
end of this range, nearly 85% of the residual

stresses may be relieved. Stress-relief heat
treating in this range, however, may result in
sensitizing susceptible material. This metallur-
gical effect can lead to SCC in service (Ref
18). Frequently, solution-annealing tempera-
tures of approximately 1065 �C (1950 �F)
are used to achieve a reduction of residual
stresses to acceptably low values.
Some copper alloys may fail by SCC due to

the presence of residual stresses. These stres-
ses are usually relieved by mechanical or ther-
mal stress-relief treatments. Stress-relief heat
treating tends to be favored because it is more
controllable, less costly, and also provides a
degree of dimensional stability. Stress-relief
heat treating of copper alloys is usually car-
ried out at relatively low temperatures, in the
range from 200 to 400 �C (390 to 750 �F)
(Ref 5).
Resistance of a material to the reduction of

its residual stresses by thermal treatment can
be estimated with a knowledge of the influence
of temperature on its yield strength. Figure 6
provides a summary of the yield-strength-to-
temperature relationship for three generic clas-
ses of steels. The room-temperature yield
strength of these materials provides an excel-
lent estimate of the level of localized residual
stress that can be present in a structure. To
relieve the residual stress requires that the com-
ponent be heated to a temperature where its
yield strength approaches a value that corre-
sponds to an acceptable level of residual stress.
Holding at this temperature can further reduce
the residual stress through the reduction of
strain due to creep. Uniform cooling after resid-
ual-stress heat treating is mandatory if these
levels of residual stress are to be maintained.

Stress Relief of Springs

Residual stresses are certain to be generated
during spring manufacture, and stress relief is
one of the most common heat treating processes
used in spring manufacturing. For a given
spring material with a certain strength and sur-
face quality, residual stress is a key variable
that influences fatigue resistance.

Fig. 6 Variation of yield strength with temperature for
three generic classes of steel. Source: Ref 19

Fig. 5 Residual stress as a function of annealing time and temperature for the HY-100 steel data in Fig. 3. (a) Anneal
at 450 �C (840 �F) results in approximately 50% stress relief (point X ). (b) Same level of stress relief with 400 �C
(750 �F) treatment requires 20 h (point X ).

Fig. 4 Stress-relief data of a steel plotted versus the
Larson-Miller equation (Eq 1). Source: Ref 16
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Compression springs, torsion springs, flat
springs, and retaining rings can be stress
relieved and cold set. The treatment used
depends on the design and application require-
ments of the individual spring. Compression
springs, cold wound from pretempered or
hard-drawn high-carbon spring wire, should
always be stress relieved to remove residual
stresses produced in coiling. Extension springs
are usually given a stress-relieving treatment
to relieve stresses induced in forming hooks or
other end configurations, but such treatment
should allow retention of stresses induced for
initial tension.
The treatment of wire retaining rings depends

on whether the loading tends to increase or
decrease the relaxed diameter of the spring.
Most rings contain residual stresses in tension
on the inside surface. For best performance,
rings that are reduced in size in the application
should not be stress relieved, while expanded
rings should be. This consideration applies
equally to torsion springs. It is common prac-
tice to give these springs a low-temperature
heat treatment to provide dimensional stability.
Stress relieving affects the tensile strength

and elastic limit, particularly for springs made
from music wire and hard-drawn spring wire.
The properties of both types of wire are
increased by heating in the range of 230 to
260 �C (450 to 500 �F). Oil-tempered spring
wire, except for the chromium-silicon grade,
shows little change in either tensile strength or
elastic limit after stress relieving below
315 �C (600 �F). Both properties then drop
because of temper softening. Wire of chro-
mium-silicon steel temper softens only above
approximately 425 �C (800 �F).
The properties of spring steels are usually not

improved by stress relieving for more than
30 min at temperature, except for age-harden-
able alloys such as 631 (17-7 PH) stainless
steel, which requires approximately 1 h to reach
maximum strength. Typical stress-relief tem-
peratures for steel spring wire are given in
Table 3. When springs are to be used at ele-
vated temperatures, the stress-relieving tem-
peratures should be near the upper limit of the

range to minimize relaxation in service. Other-
wise, lower temperatures are better (Ref 20).
Examples of stress-relief data are in Fig. 7

to 9 for three common spring materials (Ref
21). The data in Fig. 7 plot the effect of tem-
perature on yield strength for a 1 h stress-
relief. This is the type of analysis used to

determine recommendations for stress-relief
temperatures. The data in Fig. 8 are used to
refine the time required for complete stress
relief. Figure 9 combines the effect of temper-
ature for three different treatment times to
quick assess optimal stress-relief temperature
to achieve desired mechanical properties.

Table 3 Typical stress-relieving
temperatures for steel spring wire
Applicable only for stress relieving after coiling and not
valid for stress relieving after shot peening

Steel

Temperature(a)

�C �F

Music wire 230–260 450–500
Hard-drawn spring wire 230–290 450–550
Oil-tempered spring wire 230–400 450–750(b)
Valve spring wire 315–400 600–750
Cr-V spring wire 315–400 600–750
Cr-Si spring wire 425–455 800–850
Type 302 stainless 425–480 800–900
Type 631 stainless 480 þ� 6(c) 900 þ� 10(c)

(a) Based on 30 min at temperature. (b) Temperature is not critical and
can be varied over the range to accommodate problems of distortion,
growth, and variation in wire size. (c) Based on 1 h at temperature

Fig. 7 Effect of temperature on 1 h stress relief of 2 mm (0.080 in.) diameter spring wire. (a) Hard-drawn carbon wire.
(b) Music wire. Source: Ref 21
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Fig. 8 Effect of stress-relief time at two temperatures for 2 mm (0.080 in.) diameter hard-drawn carbon wire. At these
temperatures, the bulk of stress relief occurs after 20–30 min. Source: Ref 21
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Normalizing of Steel*

Introduction

Normalizing of steel is a heat treating process
that is often considered from both a thermal pro-
cessing and amicrostructural standpoint. In terms
of thermal processing, normalizing is defined as
heating of a ferrous alloy to a suitable tempera-
ture above the transformation range and then
cooling it in air to a temperature substantially
below the transformation range. Good normaliz-
ing practice requires that:

� The piece being treated be uniformly heated
to a temperature high enough to cause com-
plete transformation of ferrite to austenite

� It remain at this temperature long enough to ach-
ieve uniform temperature throughout its mass

� It be permitted to cool in still air or in a con-
trolled manner (such as a tunnel with cool-
ing fans) to produce desired microstructure.

Normalizing also is described in terms of
microstructure. Normalizing is used to convert

a heterogeneous structure, such as develops
from a high-austenitizing-temperature treatment
(e.g., during hot forging), to a finer and more
uniform structure. The microstructures in Fig. 1
illustrate the effect. The annealed microstruc-
ture consists of coarse primary ferrite grains
that have formed on the boundaries of large
austenite grains. When the steel with this
microstructure is reaustenitized in a lower tem-
perature range, smaller austenite grains form,
and a finer structure results upon air cooling
(Fig. 1b).
In addition to the refinement of the prior aus-

tenite grains, there is a reduction in the size of
the primary ferrite grains. This is due to the
effect of the temperature of formation on the
nucleation rate of these crystals. The nucleation
rate of primary ferrite crystals formed isother-
mally is shown schematically in Fig. 2(a). In
the higher temperature range, the lower the
transformation temperature, the higher the
nucleation rate. Figure 2(b) shows that this pro-
duces finer ferrite grains on air cooling. In

addition, the faster cooling allows less primary
ferrite to form, so that more pearlite is present
(Fig. 3) Also, because the pearlite forms in a
lower temperature range, it will be finer and
hence harder.
With appropriate processing that produces a

larger percent of finer pearlite, a normalized
steel would be appreciably harder than the same
steel in the annealed condition. However, the
purpose of normalizing varies considerably.
Normalization may increase or decrease the
strength and hardness of a given steel in a given
product form, depending on the thermal and
mechanical history of the product. The func-
tions of normalizing may overlap with (or be
confused with) those of annealing, hardening,
and stress relieving. Improved machinability,
grain-structure refinement, homogenization,
and modification of residual stresses are among
the reasons normalizing is done. Homogeniza-
tion of castings by normalizing may be done to
break up or refine the dendritic structure and
facilitate a more even response to subsequent
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Fig. 1 Microstructures showing the refinement of primary ferrite grains by normalizing of a 0.5% C steel. (a) Air cooled from hot working range (e.g., 1200 �C, or 2190 �F).
(b) Normalized after treatment in (a). Source: Ref 1



hardening. Similarly, for wrought products,
normalization can help reduce banded grain
structure due to hot rolling, as well as large grain
size or mixed large and small grain size due to
forging practice.

Heating and Cooling

For normalizing, austenitizing is carried out in
a temperature range slightly higher than that nor-
mally used for hardening for water quenching, to

ensure a homogeneous austenite. Typically, the
work is heated to a temperature approximately
55 �C (100 �F) above the upper critical line of
the iron-iron carbide phase diagram, as shown in
Fig. 4; that is, above Ac3 for hypoeutectoid steels
and above Acm for hypereutectoid steels. To be
properly classed as a normalizing treatment, the
heating portion of the process must produce a
homogeneous austenitic phase prior to cooling.
Figure 5 compares the time-temperature cycle
of normalizing to that of full annealing. Typical
normalizing temperatures for many standard
steels are given in Table 1.
Uniform cooling requires free circulation of

air around each piece so that there is no area
in which the cooling has been restricted or
accelerated. Restriction of the cooling rate will
alter the operation from a normalizing to an
annealing treatment.
The cooling curves in Fig. 6 demonstrate the

effect of mass and section size on cooling in
still air for carbon steel bars ranging from 100
to 270 mm (4 to 10½ in.) in diameter. A sum-
mary of cooling curves at the bar center is in
Fig. 7. Cooling curves on a logarithmic scale
are plotted in Fig. 8.

Fig. 2 Effect of normalizing process on primary ferrite formation. (a) Effect of temperature on the nucleation rate of
primary ferrite at the grain boundaries of austenite. (b) Effect of cooling rate from austenite on the grain size of
the primary ferrite crystals. Source: Ref 1

Fig. 3 Extent and finer structure of pearlite in a 0.5% C plain carbon steel from (a) furnace cooling (annealing) and (b)
air cooling (normalizing). Source: Ref 1

Fig. 5 Comparison of time-temperature cycles for
normalizing and full annealing. The slower

cooling of annealing results in higher temperature
transformation to ferrite and pearlite and coarser
microstructures than does normalizing. Source: Ref 2

Fig. 4 Partial iron-iron carbide phase diagram showing
typical normalizing range for plain carbon steels
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Applications of Normalizing
Based on Steel Classification

A broad range of ferrous products can be
normalized. Normalizing may harden, soften,
or stress relieve, depending on the condition
of the product before normalizing. All of the
standard low-, medium-, and high-carbon
wrought steels can be normalized, as well as
many castings. Many steel weldments are nor-
malized to refine the structure within the
weld-affected area. Austenitic steels, stainless
steels, and maraging steels either cannot be nor-
malized or are not usually normalized. Tool
steels are generally annealed by the steel
supplier.
The details of normalizing treatments applied

to three typical production parts are given in

Table 2, which also lists the reasons for normal-
izing and gives some of the mechanical proper-
ties obtained in the normalized and tempered
condition. Comparisons of typical hot-rolled
or annealed mechanical properties versus typi-
cal normalized properties are presented in
Table 3.
Figure 9 shows that high-carbon steels with

large amounts of pearlite have high transition
temperatures and therefore will fail in a brittle
manner even well above room temperature.
On the other hand, low-carbon steels have sub-
zero transition temperatures and are quite tough
at room temperature (Ref 2).
Depending on the mechanical properties

required, normalizing may be substituted for
conventional hardening when the size or shape
of the part is such that liquid quenching may
result in cracking, distortion, or excessive

dimensional changes. Thus, parts that are of
complex shape or that incorporate sharp
changes in section may be normalized and tem-
pered, provided that the properties obtained are
acceptable.
The rate of heating generally is not critical

for normalizing; on an atomic scale, it is
immaterial. In parts having great variations in
section size, however, thermal stress can cause
distortion.
Time at temperature is critical only in that it

must be sufficient to cause homogenization.
Sufficient time must be allowed for solution of
thermodynamically stable carbides or for diffu-
sion of constituent atoms. Generally, time suffi-
cient for complete austenitization is all that is
required. One hour at temperature, after the fur-
nace recovers, per inch of part thickness, is con-
sidered to be standard. Parts often can be
austenitized adequately in much less time (with
a saving of energy). In cases where normalizing
is done to homogenize segregated structures,
longer times may be required.
The rate of cooling significantly influences

both the amount of pearlite and the size and
spacing of the pearlite lamellae. At higher cool-
ing rates, more pearlite forms, and the lamellae
are finer and more closely spaced. Both the
increased amount of pearlite and the greater
fineness of the pearlite result in higher strength
and higher hardness. Conversely, lower cooling
rates result in softer parts.
The effect of mass on hardness (via its effect

on cooling rate) is illustrated by the data in
Table 4. In any part having both thick and thin
sections, the potential exists for variations in
cooling rate and thus for variations in strength
and hardness as well. This can also increase
the probability of distortion or even cracking.
Cooling rate sometimes is enhanced with fans
to increase strength and hardness of parts or to
decrease the time required, following the fur-
nace operation, for sufficient cooling of parts
to permit convenient handling.
After parts have cooled uniformly through

their cross section to black heat below Ar1
(the parts are no longer red, as when they were
removed from the furnace), they may be water
or oil quenched to decrease the total cooling
time. In heavy sections, cooling of the center
material to black heat may require consider-
able time. Thermal shock, residual thermally
induced stress, and resultant distortions are fac-
tors to be considered. The microstructure remains
essentially unaffected by the increased cooling
rate, provided that the entire mass is below the
lower critical temperature, Ar1, although changes
involving precipitates may occur.
Carbon Steels. Table 1 lists typical normal-

izing temperatures for some standard grades of
carbon steel. These temperatures can be inter-
polated to obtain values for carbon contents
not listed.
Steels containing 0.20% C or less usually

receive no treatment subsequent to normalizing.
However, medium- or high-carbon steels are
often tempered after normalizing to obtain spe-
cific properties, such as a lower hardness for

Grade

Temperature(a)

�C �F

Plain carbon steels

1015 915 1675
1020 915 1675
1022 915 1675
1025 900 1650
1030 900 1650
1035 885 1625
1040 860 1575
1045 860 1575
1050 860 1575
1060 830 1525
1080 830 1525
1090 830 1525
1095 845 1550
1117 900 1650
1137 885 1625
1141 860 1575
1144 860 1575

Standard alloy steels

1330 900 1650
1335 870 1600
1340 870 1600
3135 870 1600
3140 870 1600
3310 925 1700
4027 900 1650
4028 900 1650
4032 900 1650
4037 870 1600
4042 870 1600
4047 870 1600
4063 870 1600
4118 925 1700
4130 900 1650
4135 870 1600
4137 870 1600
4140 870 1600
4142 870 1600
4145 870 1600
4147 870 1600
4150 870 1600
4320 925 1700
4337 870 1600
4340 870 1600
4520 925 1700
4620 925 1700
4621 925 1700
4718 925 1700
4720 925 1700

Grade

Temperature(a)

�C �F

4815 925 1700
4817 925 1700
4820 925 1700
5046 870 1600
5120 925 1700
5130 900 1650
5132 900 1650
5135 870 1600
5140 870 1600
5145 870 1600
5147 870 1600
5150 870 1600
5155 870 1600
5160 870 1600
6118 925 1700
6120 925 1700
6150 900 1650
8617 925 1700
8620 925 1700
8622 925 1700
8625 900 1650
8627 900 1650
8630 900 1650
8637 870 1600
8640 870 1600
8642 870 1600
8645 870 1600
8650 870 1600
8655 870 1600
8660 870 1600
8720 925 1700
8740 925 1700
8742 870 1600
8822 925 1700
9255 900 1650
9260 900 1650
9262 900 1650
9310 925 1700
9840 870 1600
9850 870 1600
50B40 870 1600
50B44 870 1600
50B46 870 1600
50B50 870 1600
60B60 870 1600
81B45 870 1600
86B45 870 1600
94B15 925 1700
94B17 925 1700
94B30 900 1650
94B40 900 1650

Table 1 Typical normalizing temperatures for standard carbon and alloy steels

(a) Based on production experience, normalizing temperature may vary from as much as 27 �C (50 �F) below to as much as 55 �C (100 �F) above
indicated temperature. The steel should be cooled in still air from indicated temperature.
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straightening, cold working, or machining.
Whether tempering is desirable depends on spe-
cific property requirements and not on carbon
content and section-size requirements. Table 3
presents typical mechanical properties of

selected carbon and alloy steels in the hot-
rolled, normalized, and annealed conditions.
Because of pearlite lamellae and spacing, a
low- or medium-carbon steel of thin section
may be harder after normalizing than a high-

carbon steel of large section size subjected to
the same treatment.
Alloy Steels. For alloy steel forgings, rolled

products, and castings, normalizing is com-
monly used as a conditioning treatment before
final heat treatment. Normalizing also refines
the structures of forgings, rolled products,
and castings that have cooled nonuniformly
from high temperatures. Table 1 lists typical
normalizing temperatures for some standard
alloy steels. Alloy carburizing steels such as
3310 and 4320 usually are normalized at tem-
peratures higher than the carburizing tempera-
ture to minimize distortion in carburizing and
to improve machining characteristics. Carbur-
izing steels of the 3300 series sometimes are
double normalized, with the expectation of
minimizing distortion; these steels are tem-
pered at approximately 650 �C (1200 �F) for
intervals of up to 15 h to reduce hardness to
below 223 HB for machinability. Carburizing
steels of the 4300 and 4600 series usually can
be normalized to a hardness not exceeding
207 HB and therefore need not be tempered
for machinability.
Hypereutectoid alloy steels such as 52100 are

normalized for partial or complete elimination
of carbide networks, thus producing a structure
that is more susceptible to 100% spheroidiza-
tion in the subsequent spheroidize annealing
treatment. The spheroidized structure provides
improved machinability and a more uniform
response to hardening.

Fig. 6 Effect of mass and section on cooling curves in still air. Note the difference in the horizontal scales of the two rows.

Fig. 7 Summary of center-cooling curves from Fig. 6
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Some alloy grades require more care in heat-
ing to prevent cracking from thermal shock.
They also require longer soaking times because
of lower austenitizing and solution rates. For
many alloy steels, rates of cooling in air to room
temperature must be carefully controlled. Cer-
tain alloy steels are forced-air cooled from the
normalizing temperature in order to develop spe-
cific mechanical properties.

Forgings

When forgings are normalized before carbur-
izing or before hardening and tempering, the
upper range of normalizing temperatures is
used. However, when normalizing is the final
heat treatment, use is made of the lower range
of temperatures.
Furnaces. Any appropriately sized furnace

may be used for normalizing. Furnace type
and size will depend upon the specific need.
In a continuous furnace, forgings to be nor-
malized are usually placed in shallow pans,
and a pusher mechanism at the loading end
of the furnace transports the pans through the
furnace. Furnace burners located on both sides
of the furnace fire below the hearth, and

combustion products rise along the walls of
the work-zone muffle and exhaust into the roof
of the furnace. No atmosphere control is used.
Combustion products enter the work zone
through ports lining both sides of the entire
hearth. A typical furnace is 9 m (30 ft) long
and has 18 gas burners (or 9 oil burners) on
each side. For purposes of temperature control,
such a furnace is divided into three 3 m (10 ft)
zones, each having a vertical thermocouple
extending into it through the roof of the
furnace.
Processing. Small forgings are usually nor-

malized as received from the forge shop. A typ-
ical furnace has five pans in each of the three
furnace zones. Heating is adjusted so that the
work reaches normalizing temperature in the
last zone. After passing through the last zone,
the pans are discharged onto a cooling con-
veyor. The work, while still in the pans, is
cooled in still air to below 480 �C (900 �F); it
is then discharged into tote boxes, where it
cools to room temperature. Total furnace time
is approximately 3½ h, but during this period
the work is held at the normalizing temperature
for only 1 h.
Normalizing of large open-die forgings usu-

ally is performed in batch-type furnaces

pyrometrically controlled to narrow tempera-
ture ranges. Forgings are held at the normaliz-
ing temperature long enough to allow
complete austenitizing and carbide solution to
occur (usually one hour per inch of section
thickness) and then are cooled in still air.
Axle-Shaft Forging. In forging an axle shaft

made of fine-grained 1049 steel, only one end
of the forging bar was heated to upset the
wheel-flange section. When the part was exam-
ined in cross section from the flanged end to the
cold end, the metallurgical conditions discussed
subsequently were revealed.
The hot-worked flanged area of the axle

exhibited a fine-grained structure as a result of
the hot working at the forging temperature
(approximately 1095 �C, or 2000 �F). However,
a section adjacent to the flange, which also had
been heated to the forging temperature but
which had not been hot worked, exhibited a
coarse-grained structure. Nearer the cool end
of the shaft, a zone that reached a temperature
of approximately 705 �C (1300 �F) exhibited a
spheroidized structure. The cold end of the
shaft retained its initial fine grain size through-
out the forging operation.
In subsequent operations, this shaft was to be

mechanically straightened, machined, and
induction hardened. Because of the mixed grain
structure, these operations posed several pro-
blems. The coarse-grained area adjacent to
the flange was extremely weak in the trans-
verse direction, and there was a possibility that
fracture would occur if this section were sub-
jected to a severe straightening operation.
The spheroidized area would not respond ade-
quately to induction hardening because the
solution rate of this type of carbide formation
was too sluggish for the relatively rapid rate
of induction heating. Furthermore, the mixed
metallurgical structure would present difficul-
ties in machining. Consequently, normalizing
was required in order to produce a uniformly
fine-grained structure throughout the axle shaft

Fig. 8 Logarithmic time scale of cooling curves for steel bar of various diameters

Table 2 Typical applications of normalizing and tempering of steel components

Part Steel Heat treatment Properties after treatment Reason for normalizing

Cast 50 mm (2 in.)
valve body, 19 to
25 mm (3/4 to 1 in.)
in section
thickness

Ni-Cr-Mo Full annealed at 955 �C
(1750 �F), normalized at
870 �C (1600 �F),
tempered at 665 �C
(1225 �F)

Tensile strength, 620 MPa
(90 ksi); 0.2% yield
strength, 415 MPa (60 ksi);
elongation in 50 mm, or
2 in., 20%; reduction in
area, 40%

To meet mechanical-property
requirements

Forged flange 4137 Normalized at 870 �C
(1600 �F), tempered at
570 �C (1060 �F)

Hardness, 200 to 225 HB To refine grain size and
obtain required hardness

Valve-bonnet
forging

4140 Normalized at 870 �C
(1600 �F) and tempered

Hardness, 220 to 240 HB To obtain uniform structure,
improved machinability,
and required hardness
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Table 3 Properties of selected carbon and alloy steels in the hot-rolled, normalized, and annealed conditions

AISI
grade(a) Condition or treatment

Tensile strength Yield strength

Elongation(b), %
Reduction
in area, %

Hardness,
HB

Izod impact strength

MPa ksi MPa ksi J ft � lbf

1015 As-rolled 420 61 315 46 39.0 61 126 111 82
Normalized at 925 �C (1700 �F) 425 62 325 47 37.0 70 121 115 85
Annealed at 870 �C (1600 �F) 385 56 285 41 37.0 70 111 115 85

1020 As-rolled 450 65 330 48 36.0 59 143 87 64
Normalized at 870 �C (1600 �F) 440 64 345 50 35.8 68 131 118 87
Annealed at 870 �C (1600 �F) 395 57 295 43 36.5 66 111 123 91

1022 As-rolled 505 73 360 52 35.0 67 149 81 60
Normalized at 925 �C (1700 �F) 485 70 360 52 34.0 68 143 117 87
Annealed at 870 �C (1600 �F) 450 65 315 46 35.0 64 137 121 89

1030 As-rolled 550 80 345 50 32.0 57 179 75 55
Normalized at 925 �C (1700 �F) 525 76 345 50 32.0 61 149 94 69
Annealed at 845 �C (1550 �F) 460 67 345 50 31.2 58 126 69 51

1040 As-rolled 620 90 415 60 25.0 50 201 49 36
Normalized at 900 �C (1650 �F) 595 86 370 54 28.0 55 170 65 48
Annealed at 790 �C (1450 �F) 520 75 350 51 30.2 57 149 45 33

1050 As-rolled 725 105 415 60 20.0 40 229 31 23
Normalized at 900 �C (1650 �F) 750 109 430 62 20.0 39 217 27 20
Annealed at 790 �C (1450 �F) 635 92 365 53 23.7 40 187 18 13

1060 As-rolled 815 118 485 70 17.0 34 241 18 13
Normalized at 900 �C (1650 �F) 775 113 420 61 18.0 37 229 14 10
Annealed at 790 �C (1450 �F) 625 91 370 54 22.5 38 179 11 8

1080 As-rolled 965 140 585 85 12.0 17 293 7 5
Normalized at 900 �C (1650 �F) 1015 147 525 76 11.0 21 293 7 5
Annealed at 790 �C (1450 �F) 615 89 380 55 24.7 45 174 7 5

1095 As-rolled 965 140 570 83 9.0 18 293 4 3
Normalized at 900 �C (1650 �F) 1015 147 505 73 9.5 14 293 5 4
Annealed at 790 �C (1450 �F) 655 95 380 55 13.0 21 192 3 2

1117 As-rolled 490 71 305 44 33.0 63 143 81 60
Normalized at 900 �C (1650 �F) 470 68 305 44 33.5 54 137 85 63
Annealed at 860 �C (1575 �F) 430 62 285 41 32.8 58 121 94 69

1118 As-rolled 525 76 315 46 32.0 70 149 109 80
Normalized at 925 �C (1700 �F) 475 69 315 46 33.5 66 143 103 76
Annealed at 790 �C (1450 �F) 450 65 285 41 34.5 67 131 107 79

1137 As-rolled 625 91 380 55 28.0 61 192 83 61
Normalized at 900 �C (1650 �F) 670 97 400 58 22.5 49 197 64 47
Annealed at 790 �C (1450 �F) 585 85 345 50 26.8 54 174 50 37

1141 As-rolled 675 98 360 52 22.0 38 192 11 8
Normalized at 900 �C (1650 �F) 710 103 405 59 22.7 56 201 53 39
Annealed at 815 �C (1500 �F) 600 87 355 51 25.5 49 163 34 25

1144 As-rolled 705 102 420 61 21.0 41 212 53 39
Normalized at 900 �C (1650 �F) 670 97 400 58 21.0 40 197 43 32
Annealed at 790 �C (1450 �F) 585 85 345 50 24.8 41 167 65 48

1340 Normalized at 870 �C (1600 �F) 835 121 560 81 22.0 63 248 92 68
Annealed at 800 �C (1475 �F) 705 102 435 63 25.5 57 207 71 52

3140 Normalized at 870 �C (1600 �F) 890 129 600 87 19.7 57 262 54 40
Annealed at 815 �C (1500 �F) 690 100 420 61 24.5 51 197 46 34

4130 Normalized at 870 �C (1600 �F) 670 97 435 63 25.5 60 197 87 64
Annealed at 865 �C (1585 �F) 560 81 360 52 28.2 56 156 62 46

4140 Normalized at 870 �C (1600 �F) 1020 148 655 95 17.7 47 302 23 17
Annealed at 815 �C (1500 �F) 655 95 420 61 25.7 57 197 54 40

4150 Normalized at 870 �C (1600 �F) 1160 168 740 107 11.7 31 321 12 9
Annealed at 815 �C (1500 �F) 730 106 380 55 20.2 40 197 24 18

4320 Normalized at 895 �C (1640 �F) 795 115 460 67 20.8 51 235 73 54
Annealed at 850 �C (1560 �F) 580 84 430 62 29.0 58 163 110 81

4340 Normalized at 870 �C (1600 �F) 1280 186 860 125 12.2 36 363 16 12
Annealed at 810 �C (1490 �F) 745 108 475 69 22.0 50 217 52 38

4620 Normalized at 900 �C (1650 �F) 570 83 365 53 29.0 67 174 135 98
Annealed at 860 �C (1575 �F) 510 74 370 54 31.3 60 149 94 69

4820 Normalized at 860 �C (1580 �F) 760 110 485 70 24.0 59 229 110 81
Annealed at 815 �C (1500 �F) 685 99 460 67 22.3 59 197 94 69

5140 Normalized at 870 �C (1600 �F) 795 115 475 69 22.7 59 229 38 28
Annealed at 830 �C (1525 �F) 570 83 295 43 28.6 57 167 41 30

5150 Normalized at 870 �C (1600 �F) 870 126 530 77 20.7 59 255 31 23
Annealed at 825 �C (1520 �F) 675 98 360 52 22.0 44 197 26 19

5160 Normalized at 860 �C (1575 �F) 960 139 530 77 17.5 45 269 11 8
Annealed at 815 �C (1495 �F) 725 105 275 40 17.2 31 197 10 7

6150 Normalized at 870 �C (1600 �F) 940 136 615 89 21.8 61 269 35 26
Annealed at 815 �C (1500 �F) 665 97 415 60 23.0 48 197 27 20

8620 Normalized at 910 �C (1675 �F) 635 92 360 52 26.3 60 183 100 74
Annealed at 870 �C (1600 �F) 540 78 385 56 31.3 62 149 115 83

8630 Normalized at 870 �C (1600 �F) 650 94 430 62 23.5 54 187 95 70
Annealed at 845 �C (1550 �F) 565 82 370 54 29.0 59 156 95 70

8650 Normalized at 870 �C (1600 �F) 1025 149 690 100 14.0 45 302 14 10
Annealed at 795 �C (1465 �F) 715 104 385 56 22.5 46 212 30 22

8740 Normalized at 870 �C (1600 �F) 930 135 605 88 16.0 48 269 18 13
Annealed at 815 �C (1500 �F) 695 101 415 60 22.2 46 201 41 30

9255 Normalized at 900 �C (1650 �F) 930 135 580 84 19.7 43 269 14 10
Annealed at 845 �C (1550 �F) 775 112 490 71 21.7 41 229 10 7

9310 Normalized at 890 �C (1630 �F) 910 132 570 83 18.8 58 269 119 88
Annealed at 845 �C (1550 �F) 820 119 440 64 17.3 42 241 79 58

(a) All grades are fine grained except for those in the 1100 series, which are coarse grained. (b) In 50 mm (2 in.)
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prior to straightening, machining, and induc-
tion hardening.
Low-Carbon Steel Forgings. In contrast to

the medium-carbon axle shaft discussed in the
preceding paragraphs, forgings made of carbon
steels containing 0.25% C or less are seldom
normalized. Only severe quenching from above
the austenitizing temperature will have any sig-
nificant effect on their structure or hardness.
Structural Stability. Normalizing and tem-

pering is also a preferred treatment for promoting
the structural stability of low-alloy heat-resistant
alloys, such as AMS 6304 (0.45% C, 1% Cr,
0.5% Mo, and 0.3% V), at temperatures up to
540 �C (1000 �F). Wheels and spacer rings used
in the cold ends of aircraft gas-turbine engine
compressors are typical of parts subjected to such
treatment to promote structural stability.
Multiple normalizing treatments are

employed to obtain complete solution of all
lower-temperature constituents in austenite by
the use of high initial normalizing temperatures
(for example, 925 �C, or 1700 �F) and to refine
final pearlite grain size by the use of a second
normalizing treatment at a temperature closer
to the Ac3 temperature (for example, 815 �C,
or 1500 �F) without destroying the beneficial
effects of the initial normalizing treatment.
Double normalizing is usually applied to carbon
and low-alloy steels of large dimension where
extremely high forging temperatures have been
used (Ref 5). Locomotive-axle forgings made
of carbon steel to Association of American
Railroads Specification M-126, Class F (ASTM
A236, Class F), containing 0.45 to 0.59% C and
0.60 to 0.90% Mn, are double normalized to
obtain a uniformly fine grain structure along
with other exacting mechanical-property
requirements. Forgings made of a low-carbon

steel (0.18% C) with 1% Mn intended for
low- temperature service are double normalized
to meet subzero impact requirements.

Bar and Tubular Products

Frequently, the finishing stages of hot-mill
operations employed in making steel bar and
tube produce properties that closely approxi-
mate those obtained by normalizing. When this
occurs, normalizing is unnecessary and may
even be inadvisable. Nevertheless, the reasons
for normalizing bar and tube products are gen-
erally the same as those applicable to other
forms of steel.
The machinability of steel bars and tubular

products depends on a combination of hardness
properties and microstructure. For a low-carbon
alloy steel, a coarse pearlitic structure obtained
by normalizing or annealing maximizes
machinability. In the case of medium-carbon
alloy steel, a lamellar pearlitic structure
obtained by annealing is desirable in order to
optimize machinability. For a high-carbon alloy
steel, a spheroidized structure lowers the hard-
ness and increases the machinability of the
alloy. Prior processing, part configuration, and
processing following machining should be
taken into consideration when determining the
need for annealing or normalization.
In general, annealing improves machinability

more than normalization does. Normalizing is
used to correct the effects of spheroidization,
but the steel bar or tube still needs to be
annealed. Multiple anneals and tempering are
normally used on only small-diameter parts
such as wire gage products. Type 4340 is one
of the few steels that is typically delivered to

the customer with a normalized heat treatment,
due to machining specifications standard in the
aircraft industry.
Tubes are easier to normalize than bars of

equivalent diameter, because the lighter section
thickness of tubes permits more rapid heating
and cooling. These advantages help minimize
decarburization and promote more nearly
uniform microstructures in tube products.
Furnace Requirements. Continuous fur-

naces of the roller-hearth type are widely used
for normalizing tube and bar products, espe-
cially in long lengths. Batch-type furnaces or
other types of continuous furnaces are satisfac-
tory if they provide some means for rapid dis-
charge and separation of the load to permit
free circulation of air around each tube as it
cools. Continuous furnaces should have at least
two zones: one for heating and one for soaking.
Cooling facilities should be ample so that

Fig. 9 Change in impact transition curves with increasing pearlite content in normalized carbon steels. Source: Ref 2

Table 4 Effect of mass on hardness of
normalized carbon and alloy steels

Grade

Normalizing
temperature

Hardness, HB, for bar with
diameter, mm (in.), of:

�C �F 13 (½) 25 (1) 50 (2) 100 (4)

Carbon steels, carburizing grades

1015 925 1700 126 121 116 116
1020 925 1700 131 131 126 121
1022 925 1700 143 143 137 131
1117 900 1650 143 137 137 126
1118 925 1700 156 143 137 131

Carbon steels, direct-hardening grades

1030 925 1700 156 149 137 137
1040 900 1650 183 170 167 167
1050 900 1650 223 217 212 201
1060 900 1650 229 229 223 223
1080 900 1650 293 293 285 269
1095 900 1650 302 293 269 255
1137 900 1650 201 197 197 192
1141 900 1650 207 201 201 201
1144 900 1650 201 197 192 192

Alloy steels, carburizing grades

3310 890 1630 269 262 262 248
4118 910 1670 170 156 143 137
4320 895 1640 248 235 212 201
4419 955 1750 149 143 143 143
4620 900 1650 192 174 167 163
4820 860 1580 235 229 223 212
8620 915 1675 197 183 179 163
9310 890 1630 285 269 262 255

Alloy steels, direct-hardening grades

1340 870 1600 269 248 235 235
3140 870 1600 302 262 248 241
4027 905 1660 179 179 163 156
4063 870 1600 285 285 285 277
4130 870 1600 217 197 167 163
4140 870 1600 302 302 285 241
4150 870 1600 375 321 311 293
4340 870 1600 388 363 341 321
5140 870 1600 235 229 223 217
5150 870 1600 262 255 248 241
5160 855 1575 285 269 262 255
6150 870 1600 285 269 262 255
8630 870 1600 201 187 187 187
8650 870 1600 363 302 293 285
8740 870 1600 269 269 262 255
9255 900 1650 277 269 269 269

Note: All data are based on single heats. Source: Ref 3, 4
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uniform cooling can proceed until complete
transformation has occurred. If tubes are
packed or bundled during cooling from a high
temperature, the purpose of normalizing is
defeated, and a semiannealed or a tempered
product results.
Generally, protective atmospheres are not

used in roller-hearth continuous furnaces for
normalizing bar or tube products. The scale that
forms during normalizing is removed by acid
pickling or abrasive blast cleaning.

Castings

In industrial practice, steel castings may be
normalized in car-bottom, box, pit, or continu-
ous furnaces. The same heat treating principles
apply to each type of furnace. The effect of
normalizing on hardness and toughness is com-
pared with annealing and quench-temper treat-
ments in Fig. 10 and 11, respectively.
Furnace Loading. Furnaces are loaded with

castings in such a manner that each casting will
receive an adequate and uniform heat supply.
This may be accomplished by stacking castings
in regular order or by interspersing large and
small castings so that load concentration in
any one area is not excessive. At normalizing
temperatures, the tensile strength of steel is
greatly reduced, and heavy unequal sections
may become distorted unless bracing and sup-
port are provided. Accordingly, small and large
castings may be arranged so that they support
each other.
Loading Temperature. When castings are

charged, the temperature of the furnace should
be such that the thermal shock will not cause
metal failure. For the higher-alloy grades of
steel castings, such as C5, C12, and WC9, a
safe furnace temperature for charging is 315
to 425 �C (600 to 800 �F). For lower-alloy

grades, furnace temperatures may be as high
as 650 �C (1200 �F). For cast carbon steels
and low-alloy steels with low carbon contents
(low hardenability), castings may be charged
into a furnace operating at the normalizing
temperature.
Heating. After the furnace has been charged,

the temperature is increased at a rate of approx-
imately 225 �C/h (400 �F/h) until the normaliz-
ing temperature is reached. Depending on steel
composition and casting configuration, a reduc-
tion in the rate of heating to approximately 28
to 55 �C/h (50 to 100 �F/h) may be necessary
to avoid cracking. Extremely large castings
should be heated more slowly to prevent devel-
opment of extreme temperature gradients.
Soaking. After the normalizing temperature

has been reached, castings are soaked at this
temperature for a period that will ensure com-
plete austenitization and carbide solution. The
duration of the soaking period may be predeter-
mined by microscopic examination of speci-
mens held for various times at the normalizing
temperature.
Cooling. After the soaking period, the castings

are unloaded and allowed to cool in still air. Use
of fans, air blasts, or other means of accelerating
the cooling process should be avoided.

Sheet and Strip

Hot-rolled steel sheet and strip (approxi-
mately 0.10% C) are normalized primarily to
refine grain size, to minimize directional prop-
erties, and to develop desirable mechanical
properties. Uniformly fine equiaxed ferrite
grains are normally obtained in hot-rolled sheet
and strip by finishing the final hot-rolling oper-
ation above the upper transformation tempera-
ture. However, if part of the hot-rolling

operation is performed on steel that has trans-
formed partially to ferrite, the deformed ferrite
grains usually will recrystallize and form
abnormally coarse-grained patches during the
self-anneal induced by coiling or piling at tem-
peratures of 650 to 730 �C (1200 to 1350 �F).
Also, relatively thin hot-rolled material, if it is
inadvertently finished well below the upper
transformation temperature and coiled or piled
while it is too cold to self-anneal, may possess
directional properties. These conditions are
unsuitable for some types of severe press-
drawing applications and may be corrected by
normalizing.
Normalizing also may be used to develop high

strength in alloy steel sheet and strip if the pro-
ducts are sufficiently high in carbon and alloy
contents to enable them to transform to fine pearl-
ite or martensite when cooled in air from the nor-
malizing temperature. In general, the hardened
material is tempered to attain an optimum combi-
nation of strength and ductility. Typical mechan-
ical properties of normalized 4130, modified
4335, and modified 4340 steel sheet are given in
Table 5.
Processing. The normalizing operation con-

sists of passing the sheet or strip through an
open, continuous furnace where the material is
heated to a temperature approximately 55 to
85 �C (100 to 150 �F) above its upper transfor-
mation temperature, 845 to 900 �C (1550 to
1650 �F), thus obtaining complete solution of
the original structure with the formation of aus-
tenite and then air cooling the material to room
temperature.
Furnace Equipment. Normalizing furnaces

are designed to heat and cool sheets singly or
two in a pile. They are built in the form of long,
low chambers and usually comprise three sec-
tions: a preheating zone (12 to 20% of the total
length); a heating, or soaking, zone (approxi-
mately 40% of the total length); and a cooling
zone, which occupies the remaining 40 to 50%
of the length.
Heating Arrangements. Normalizing fur-

naces usually are heated with gas or oil and
do not employ protective atmospheres. There-
fore, sheets are scaled during heat treatment.
Burners are arranged along each side of the
heating zone; they usually are above the con-
veyor but occasionally are both above and
below it. The furnace roof, which is higher in
the preheating and soaking zones than in the
cooling zone, is usually built in sections. In
most furnaces, both the preheating zone and
the cooling zone are heated by the hot gases
from the heating zone. However, both of these
zones may be equipped with burners for more
accurate temperature control. Air is excluded
by regulating the draft to maintain a slight pres-
sure within all zones.
Conveyor-Type Furnaces. In modern fur-

naces of the conveyor type (the only type suit-
able for treating short lengths), sheets are
carried through each of the three zones on rotat-
ing disks made of heat-resistant alloys. These
disks have polished surfaces, which prevent

Fig. 10 Brinell hardness of cast carbon steels as a
function of carbon content and heat
treatment. Source: Ref 6

Fig. 11 Effect of various heat treatments on the
Charpy V-notch impact energy of a 0.30%
C steel. Source: Ref 6
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them from scratching the sheets, and are stag-
gered to ensure uniform heating. The disks are
mounted on water-cooled shafts, which are
driven by variable-speed motors through chains
and sprockets or shafts and gears. These fur-
naces may be up to 2.5 m (100 in.) wide and
from 27 to 61 m (90 to 200 ft) long. Fuel con-
sumption is 2.3 to 5.2 � 106 kJ/tonne (2.0 to
4.5 � 106 Btu/ton) of steel treated, and produc-
tion rates vary from 2.7 to 10.9 tonnes (3 to
12 tons) per hour.
Normalizing in a three-zone conveyor-type

furnace equipped with pyrometric controls is a
relatively simple operation. If scratching of
sheets is to be avoided, the sheets are brought
to the charging table and hand laid, one or more
at a time, on a rider or conveyor sheet. Heavy
sheets are normalized singly, but lighter sheets
may be stacked two in a pile. To control heat-
ing and retard scaling, single sheets may be laid
on a rider sheet and covered with a cover sheet.
Sheets are carried by disk-rollers into the pre-
heating zone, where they absorb heat rapidly
because of the large temperature differential
between the sheets and the interior of the fur-
nace and because of the large surface-to-

volume ratio. As the sheets become heated
and the temperature differential is reduced, the
rate of heat absorption slackens. After traveling
4½ to 6 m (15 to 20 ft), the sheets enter the
soaking zone at a temperature several degrees
below the normalizing temperature. Heating is
completed in the soaking zone, which is main-
tained at a constant temperature, and sheets
are held at the required temperature for a time
sufficient to convert the microstructure to aus-
tenite before they are passed into the cooling
zone. The sheets emerge from the cooling zone
at a temperature that can be varied between 150
and 540 �C (300 and 1000 �F) and are con-
veyed for a short distance on the runout table,
where, after being cooled rapidly in air, they
are carefully removed from the rider sheet.
The trip through such a furnace is carried out
at a uniform speed of 0.03 to 0.10 m/s (5 to
20 ft/min) and requires 5 to 20 min to complete.
Catenary Furnaces. The catenary, or free-

loop, type of furnace is designed for continuous
normalizing of cold-reduced steel unwound
from coils; it does not have rolls or any other
type of conveyor for supporting the material
passing through the heating zone. The heating

zones of catenary furnaces range in length from
6 to 15 m (20 to 50 ft). The preheating and
cooling zones usually are shorter than those in
conveyor-type furnaces and, for some kinds of
work, may be omitted entirely. At their exit
ends, catenary furnaces may incorporate pick-
ling or other descaling equipment for removing
surface oxides formed on the steel during
normalizing.
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Table 5 Typical mechanical properties of normalized alloy steel sheet

Grade

Thickness Tensile strength Yield strength(a)

Elongation(b), % Hardness, HRCmm in. MPa ksi MPa ksi

4130 4.9 0.193 835 121 585 85 14 25
4335(c) 4.6 0.180 1725 250 1240 180 8 48
4340(c) 2.0 0.080 1860 270 1345 195 7 50

(a) At 0.2% offset. (b) In 50 mm (2 in.). (c) Modified: 0.40% Mo, 0.20% V
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Annealing of Steel*
Revised by Satyam S. Sahay, John Deere Asia Technology Innovation Center, Pune, India

ANNEALING is a generic term denoting a
treatment that consists of heating to and holding
at a suitable temperature followed by cooling at
an appropriate rate, primarily for the softening
of metallic materials. Generally, annealing is
done by heating in furnaces, although at times,
annealing by induction heating is also done
when rapid heating is an effective method (such
as annealing of wire after drawing).

Metallurgical Principles

Generally, in plain carbon steels, annealing
produces a ferrite-pearlite microstructure
(Fig. 1). Steels may be annealed to facilitate
cold working or machining, to improve
mechanical or electrical properties, or to pro-
mote dimensional stability.
The iron-carbon binary phase diagram

(Fig. 2) can be used to better understand
annealing processes (Ref 1). Although no
annealing process ever achieves true equilib-
rium conditions, it can closely parallel these

conditions. In defining the various types of
annealing, the transformation temperatures or
critical temperatures are usually used.
Critical Temperatures. The critical tem-

peratures define the onset and completion of
the transformation to or from austenite. The
equilibrium critical temperatures depicted on
the binary iron-carbon phase diagram (Fig. 2)
are A1 and A3 for hypoeutectoid steel and A1

and Acm for the hypereutectoid steel (Ref 1).

It must be noted that due to the nonequilibrium
effect, the critical cooling temperatures Ar1,
Ar3, and Arcm (denoted with a suffix “r” for
the French word refroidissement meaning cool-
ing) are lower, whereas the critical heating tem-
peratures Ac1, Ac3, and Accm (denoted with a
suffix “c” for the French word chauffage) are
higher than the corresponding equilibrium tem-
peratures. Various alloying elements markedly
affect these critical temperatures. For example,
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Fig. 1 Fully annealed 1040 steel showing a ferrite-
pearlite microstructure. Etched in 4% picral
plus 2% nital. Original magnification: 500�

* Updated from Annealing of Steel and Continuous Annealing of Steel, Heat Treating, Vol 4, ASM Handbook, ASM International, 1991, p 42–66

Fig. 2 Iron-carbon binary phase diagram with superimposed full annealing, process annealing, and spheroidizing
treatments. Source: Ref 1



chromium raises the eutectoid temperature, A1,
and manganese lowers it. The upper and lower
critical temperatures can be calculated using
the actual chemical composition of the steel
(Ref 2).

Annealing Cycles

In practice, annealing cycles are classified
based on the specific purpose and the tempera-
ture to which the steel is heated and the method
of cooling used. The maximum temperature
may be below the lower critical temperature,
A1 (subcritical annealing); above A1 but below
the upper critical temperature, A3 in hypoeutec-
toid steels, or Acm in hypereutectoid steels
(intercritical annealing); or above A3 (full
annealing), which has been illustrated in Fig. 2.
Because some austenite is present at tem-

peratures above A1, cooling practice through
transformation is a crucial factor in achieving
desired microstructure and properties. Accord-
ingly, steels heated above A1 are subjected
either to slow continuous cooling or to isother-
mal treatment at some temperature below A1

at which transformation to the desired micro-
structure can occur in a reasonable amount of
time. Under certain conditions, two or more
such cycles may be combined or used in suc-
cession to achieve the desired results. The suc-
cess of any annealing operation depends on
the proper choice and control of the thermal
cycle, based on the metallurgical principles dis-
cussed in the following sections.

Subcritical Annealing

Subcritical annealing does not involve for-
mation of austenite. The prior condition of the
steel is modified by such thermally activated
processes as recovery, recrystallization, grain
growth, and agglomeration of carbides. The
prior history of the steel is therefore an impor-
tant factor.
In as-rolled or forged hypoeutectoid steels

containing ferrite and pearlite, subcritical
annealing can adjust the hardnesses of both
constituents, but excessively long times at tem-
perature may be required for substantial soften-
ing. The subcritical treatment is most effective
when applied to hardened or cold-worked
steels, which recrystallize readily to form new
ferrite grains. The rate of softening increases
rapidly as the annealing temperature appro-
aches A1. Cooling practice from the subcritical
annealing temperature has very little effect on
the established microstructure and resultant
properties. A more detailed discussion of the
metallurgical processes involved in subcritical
annealing is provided in Ref 3.

lntercritical Annealing

Austenite begins to form when the tempera-
ture of the steel exceeds A1. The solubility of

carbon increases abruptly (nearly 1%) near the
A1 temperature. In hypoeutectoid steels, the
equilibrium structure in the intercritical range
between A1 and A3 consists of ferrite and aus-
tenite, and above A3 the structure becomes
completely austenitic. However, the equilib-
rium mixture of ferrite and austenite is not
achieved instantaneously. For example, the rate
of solution for a typical eutectoid steel is shown
in Fig. 3. Undissolved carbides may persist,
especially if the austenitizing time is short or
the temperature is near A1, causing the austen-
ite to be inhomogeneous. In hypereutectoid
steels, carbide and austenite coexist in the inter-
critical range between A1 and Acm; and the
homogeneity of the austenite depends on time
and temperature. The degree of homogeneity
in the structure at the austenitizing temperature
is an important consideration in the develop-
ment of annealed structures and properties.
The more homogeneous structures developed
at higher austenitizing temperatures tend to pro-
mote lamellar carbide structures on cooling,
whereas lower austenitizing temperatures in
the intercritical range result in less homoge-
neous austenite, which promotes formation of
spheroidal carbides.
Austenite formed when steel is heated above

the A1 temperature transforms back to ferrite
and carbide when the steel is slowly cooled
below A1. The rate of austenite decomposition
and the tendency of the carbide structure to be
either lamellar or spheroidal depend largely on
the temperature of transformation. If the austen-
ite transforms just below A1, it will decompose
slowly. The product then may contain relatively
coarse spheroidal carbides or coarse lamellar

pearlite, depending on the composition of the
steel and the austenitizing temperature. This
product tends to be very soft. However, the
low rate of transformation at temperatures just
below A1 necessitates long holding times in iso-
thermal treatments, or very slow cooling rates
in continuous cooling, if maximum softness is
desired. Isothermal treatments are more effi-
cient than slow continuous cooling in terms of
achieving desired structures and softness in
the minimum amount of time. Sometimes, how-
ever, the available equipment or the mass of the
steel part being annealed may make slow con-
tinuous cooling the only feasible alternative.
As the transformation temperature decreases,

austenite generally decomposes more rapidly,
and the transformation product is harder, more
lamellar, and less coarse than the product
formed just below A1. At still lower transfor-
mation temperatures, the product becomes a
much harder mixture of ferrite and carbide,
and the time necessary for complete isothermal
transformation may again increase.
Temperature-time plots showing the progress

of austenite transformation under isothermal
(IT) or continuous transformation (CT) condi-
tions for many steels have been widely pub-
lished (Ref 4, 5) and illustrate the principles
just discussed. These IT or CT diagrams may
be helpful in design of annealing treatments
for specific grades of steel, but their usefulness
is limited because most published diagrams rep-
resent transformation from a fully austenitized,
relatively homogeneous condition, which is
not always desirable or obtainable in annealing.
In the continuous annealing process, the

intercritical annealing is leveraged to develop

Fig. 3 Austenitizing rate-temperature curves for commercial plain carbon eutectoid steel. Prior treatment was
normalizing from 875 �C (1610 �F); initial structure, fine pearlite. First curve at left shows beginning of

disappearance of pearlite; second curve, final disappearance of pearlite; third curve, final disappearance of carbide;
fourth curve, final disappearance of carbon concentration gradients.
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dual-phase and tri-phase microstructures, with
final microstructure consisting of islands of
martensite in a ferritic matrix. Depending on
the alloy content of the austenite pools and the
cooling conditions, the austenite may not fully
transform, and the microstructure will consist
of martensite/retained austenite regions in a fer-
ritic matrix.
Cooling after Transformation. After the

austenite has been completely transformed, lit-
tle else of metallurgical consequence can occur
during cooling to room temperature. Extremely
slow cooling may cause some agglomeration
of carbides and, consequently, some slight fur-
ther softening of the steel, but in this regard
such slow cooling is less effective than high-
temperature transformation. Therefore, there is
no metallurgical reason for slow cooling after
transformation has been completed, and the
steel may be cooled from the transformation
temperature as rapidly as feasible to minimize
the total time required for the operation.
If transformation by slow continuous cooling

has been used, the temperature at which con-
trolled cooling may be stopped depends on the
transformation characteristics of the steel. How-
ever, the mass of the steel or the need to avoid
oxidation are practical considerations that may
require retarded cooling to be continued below
the temperature at which the austenite transfor-
mation ceases.
Effect of Prior Structure. The finer and

more evenly distributed the carbides in the prior
structure, the faster the rate at which austenite
formed above A1 will approach complete
homogeneity. Therefore, the prior structure
can affect the response to annealing. When
spheroidal carbides are desired in the annealed
structure, preheating at temperatures just below
A1 sometimes is used to agglomerate the prior
carbides in order to increase their resistance to
solution in the austenite on subsequent heating.
The presence of undissolved carbides or con-
centration gradients in the austenite promotes
formation of a spheroidal, rather than lamellar,
structure when the austenite is transformed.
Preheating to enhance spheroidization is appli-
cable mainly to hypoeutectoid steels but also
is useful for some hypereutectoid low-alloy
steels.

Supercritical or Full Annealing

A common annealing practice is to heat
hypoeutectoid steels above the upper critical
temperature (A3) to attain full austenitization.
The process is called full annealing. In hypoeu-
tectoid steels (under 0.77% C), supercritical
annealing (that is, above the A3 temperature)
takes place in the austenite region (the steel is
fully austenitic at the annealing temperature).
However, in hypereutectoid steels (above
0.77% C), the annealing takes place above the
A1 temperature, which is the dual-phase austenite-
cementite region. Figure 2 shows the
annealing temperature range for full annealing

superimposed in the iron-carbon binary phase
diagram. In general, an annealing temperature
50 �C (90 �F) above the A3 for hypoeutectic
steels and A1 for hypereutectoid steels is
adequate.
Austenitizing Time and Dead-Soft Steel.

Hypereutectoid steels can be made extremely
soft by holding for long periods of time at the
austenitizing temperature. Although the time
at the austenitizing temperature may have only
a small effect on actual hardnesses (such as a
change from 241 to 229 HB), its effect on
machinability or cold-forming properties may
be appreciable.
Long-term austenitizing is effective in hyper-

eutectoid steels because it produces agglomera-
tion of residual carbides in the austenite.
Coarser carbides promote a softer final product.
In lower-carbon steels, carbides are unstable at
temperatures above A1 and tend to dissolve in
the austenite, although the dissolution may be
slow.
Steels that have approximately eutectoid car-

bon contents generally form a lamellar transfor-
mation product if austenitized for very long
periods of time. Long-term holding at a temper-
ature just above the A1 temperature may be as
effective in dissolving carbides and dissipating
carbon-concentration gradients as is short-term
holding at a higher temperature.

Guidelines for Annealing

The metallurgical principles discussed previ-
ously have been incorporated by Payson (Ref 6)
into the following seven rules, which may be
used as guidelines for development of success-
ful and efficient annealing schedules:

� Rule 1: Fully homogeneous austenitized
steel transforms to completely lamellar
pearlitic structure after annealing, whereas
heterogeneous austenitized steel transforms
to nearly spheroidal annealed carbides.

� Rule 2: The softest condition in the steel is
usually developed by austenitizing at a tem-
perature less than 55 �C (100 �F) above A1

and transforming at a temperature (usually)
less than 55 �C (100 �F) below A1.� Rule 3: Because very long times may be
required for complete transformation at tem-
peratures less than 55 �C (100 �F) below A1,
allow most of the transformation to take
place at the higher temperature, where a soft
product is formed, and finish the transforma-
tion at a lower temperature, where the time
required for completion of transformation is
short.

� Rule 4: After the steel has been austenitized,
cool to the transformation temperature as
rapidly as feasible to minimize the total
duration of the annealing operation.

� Rule 5: After the steel has been completely
transformed, at a temperature that produces
the desired microstructure and hardness,
cool to room temperature as rapidly as

feasible to decrease further the total time of
annealing.

� Rule 6: To ensure a minimum of lamellar
pearlite in the structures of annealed 0.70
to 0.90% C tool steels and other low-alloy
medium-carbon steels, preheat for several
hours at a temperature approximately 28 �C
(50 �F) below the lower critical temperature
(A1) before austenitizing and transforming
as usual.

� Rule 7: To obtain minimum hardness in
annealed hypereutectoid alloy tool steels,
heat at the austenitizing temperature for a
long time (approximately 10 to 15 h), then
transform as usual.

These rules are applied most effectively
when the critical temperatures and transforma-
tion characteristics of the steel have been estab-
lished and when transformation by isothermal
treatment is feasible.

Annealing Temperatures

From a practical sense, most annealing prac-
tices have been established from experience.
For many annealing applications, it is sufficient
simply to specify that the steel be cooled in the
furnace from a designated annealing (austeni-
tizing) temperature. Temperatures and asso-
ciated Brinell hardnesses for simple annealing
of carbon steels are given in Table 1, and simi-
lar data for alloy steels are presented in Table 2.
Heating cycles that employ austenitizing

temperatures in the upper ends of the ranges
given in Table 2 should result in pearlitic struc-
tures. Predominantly spheroidized structures
should be obtained when lower temperatures
are used.
When an alloy steel is annealed to obtain a

specific microstructure, greater precision is
required in specifying temperatures and cooling
conditions for annealing. Table 3 presents, for a
variety of standard alloy steels, typical sche-
dules for such annealing operations.
In isothermal annealing to produce a pearlitic

structure, particularly in forgings, an austenitiz-
ing temperature as much as 70 �C (125 �F)
higher than that indicated in Table 3 may be
selected in order to decrease the austenitizing
time.
For most steels, as indicated in Table 3,

annealing may be accomplished by heating to
the austenitizing temperature and then either
cooling in the furnace at a controlled rate or
cooling rapidly to, and holding at, a lower tem-
perature for isothermal transformation. Both
procedures result in virtually the same hard-
ness; however, considerably less time is
required for isothermal transformation.

Spheroidizing

The majority of all spheroidizing activity is
performed for improving the cold formability

Annealing of Steel / 291



of steels. It is also performed to improve the
machinability of hypereutectoid steels, as well
as tool steels. A spheroidized microstructure is
desirable for cold forming because it lowers
the flow stress of the material. The flow stress
is determined by the proportion and distribution
of ferrite and carbides. The strength of the fer-
rite depends on its grain size, any ferrite
strengthening by alloying additions (such as sil-
icon or manganese), and the rate of cooling.
Whether the carbides are present as lamellae
in pearlite or spheroids radically affects the
formability of steel.
Steels may be spheroidized, that is, heated

and cooled to produce a structure of globular
carbides in a ferritic matrix. Figure 4 shows
1040 steel in the fully spheroidized condition.
Spheroidization can take place by the following
methods:

� Prolonged holding at a temperature just
below Ae1� Heating and cooling alternately between
temperatures that are just above Ac1 and just
below Ar1� Heating to a temperature just above Ac1, and
then either cooling very slowly in the fur-
nace or holding at a temperature just below
Ar1� Cooling at a suitable rate from the minimum
temperature at which all carbide is dissolved
to prevent reformation of a carbide network,
and then reheating in accordance with the
first or second methods in this list (applica-
ble to hypereutectoid steel containing a car-
bide network)

It should be noted that it is difficult to estab-
lish consistent designations for critical tempera-
tures. In discussions about heating with
prolonged holding, the critical temperatures of
interest should be the equilibrium temperatures
Ae1 and Ae3. Terminology becomes more

arbitrary in discussions of heating and cooling
at unspecified rates and for unspecified holding
times.
Figure 2 shows the range of temperatures

used for spheroidization of hypoeutectoid and
hypereutectoid steels. The rates of spheroidiz-
ing provided by these methods depend some-
what on prior microstructure, being greatest
for quenched structures in which the carbide
phase is fine and dispersed. Prior cold work also
increases the rate of the spheroidizing reaction
in a subcritical spheroidizing treatment.
An example of the effect of prior microstruc-

ture on spheroidization is given in Fig. 5 for the
same 1040 steel shown in Fig. 1 (further exam-
ples are found in Ref 7). The micrograph in
Fig. 5(a) shows the extent of spheroidization
of the 1040 steel with a prior martensitic micro-
structure after holding 21 h at 700 �C (1290 �F).
Figure 5(b) shows the extent of spheroidization
after the same time/temperature heating cycle
with a prior ferrite-pearlite microstructure.
Spheroidization has occurred in the 1040 steel
with the prior martensitic microstructure. On
the other hand, it has only just begun in the
same steel with the prior ferrite-pearlite micro-
structure. Figure 6 shows that after 200 h at
700 �C (1290 �F), the spheroidization process
is almost completed in the prior ferrite-pearlite
steel; however, traces of the pearlitic areas can
still be seen.
For full spheroidizing, austenitizing tempera-

tures either slightly above the Ac1 temperature
or approximately midway between Ac1 and
Ac3 are used. If a temperature slightly above
Ac1 is to be used, good loading characteristics
and accurate temperature controls are required
for proper results; otherwise, it is conceivable
that Ac1 may not be reached and that austeniti-
zation may not occur.
Low-carbon steels are seldom spheroidized

for machining, because in the spheroidized

condition they are excessively soft and
“gummy,” cutting with long, tough chips.
When low-carbon steels are spheroidized, it is
generally to permit severe deformation. For
example, when 1020 steel tubing is being pro-
duced by cold drawing in two or three passes,
a spheroidized structure will be obtained if the
material is annealed for ½ to 1 h at 690 �C
(1275 �F) after each pass. The final product will
have a hardness of approximately 163 HB. Tub-
ing in this condition will be able to withstand
severe deformation during subsequent cold
forming.

Table 1 Recommended temperatures and cooling cycles for full annealing of small carbon
steel forgings
Data are for forgings up to 75 mm (3 in.) in section thickness. Time at temperature usually is a minimum of 1 h for sections up
to 25 mm (1 in.) thick; ½ h is added for each additional 25 mm (1 in.) of thickness.

Steel

Annealing temperature

Cooling cycle(a)

Hardness range, HB

�C �F
�C �F From To From To

1018 855–900 1575–1650 855 705 1575 1300 111–149
1020 855–900 1575–1650 855 700 1575 1290 111–149
1022 855–900 1575–1650 855 700 1575 1290 111–149
1025 855–900 1575–1650 855 700 1575 1290 111–187
1030 845–885 1550–1625 845 650 1550 1200 126–197
1035 845–885 1550–1625 845 650 1550 1200 137–207
1040 790–870 1450–1600 790 650 1450 1200 137–207
1045 790–870 1450–1600 790 650 1450 1200 156–217
1050 790–870 1450–1600 790 650 1450 1200 156–217
1060 790–845 1450–1550 790 650 1450 1200 156–217
1070 790–845 1450–1550 790 650 1450 1200 167–229
1080 790–845 1450–1550 790 650 1450 1200 167–229
1090 790–830 1450–1525 790 650 1450 1200 167–229
1095 790–830 1450–1525 790 655 1450 1215 167–229

(a) Furnace cooling at 28 �C/h (50 �F/h)

Table 2 Recommended annealing
temperatures for alloy steels (furnace
cooling)

AISI/SAE
steel

Annealing temperature
Hardness
(max), HB�C �F

1330 845–900 1550–1650 179
1335 845–900 1550–1650 187
1340 845–900 1550–1650 192
1345 845–900 1550–1650 . . .
3140 815–870 1500–1600 187
4037 815–855 1500–1575 183
4042 815–855 1500–1575 192
4047 790–845 1450–1550 201
4063 790–845 1450–1550 223
4130 790–845 1450–1550 174
4135 790–845 1450–1550 . . .
4137 790–845 1450–1550 192
4140 790–845 1450–1550 197
4145 790–845 1450–1550 207
4147 790–845 1450–1550 . . .
4150 790–845 1450–1550 212
4161 790–84 1450–155 . . .
4337 790–84 1450–155 . . .
4340 790–84 1450–155 223
50B40 815–870 1500–1600 187
50B44 815–870 1500–1600 197
5046 815–870 1500–1600 192
50B46 815–870 1500–1600 192
50B50 815–870 1500–1600 201
50B60 815–870 1500–1600 217
5130 790–845 1450–1550 170
5132 790–845 1450–1550 170
5135 815–870 1500–1600 174
5140 815–870 1500–1600 187
5145 815–870 1500–1600 197
5147 815–870 1500–1600 197
5150 815–870 1500–1600 201
5155 815–870 1500–1600 217
5160 815–870 1500–1600 223
51B60 815–870 1500–1600 223
50100 730–790 1350–1450 197
51100 730–790 1350–1450 197
52100 730–790 1350–1450 207
6150 845–900 1550–1650 201
81B45 845–900 1550–1650 192
8627 815–870 1500–1600 174
8630 790–845 1450–1550 179
8637 815–870 1500–1600 192
8640 815–870 1500–1600 197
8642 815–870 1500–1600 201
8645 815–870 1500–1600 207
86B45 815–870 1500–1600 207
8650 815–870 1500–1600 212
8655 815–870 1500–1600 223
8660 815–870 1500–1600 229
8740 815–870 1500–1600 202
8742 815–870 1500–1600 . . .
9260 815–870 1500–1600 229
94B30 790–845 1450–1550 174
94B40 790–845 1450–1550 192
9840 790–845 1450–1550 207
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As with many other types of heat treatment,
hardness after spheroidizing depends on carbon
and alloy content. Increasing the carbon or
alloy content, or both, results in an increase in
the as-spheroidized hardness, which generally
ranges from 163 to 212 HB (Table 3). Deforma-
tion after transformation significantly acceler-
ates the spheroidization kinetics as well as
results in higher degree of spheroidization
(Ref 8).
It must be noted that fine carbides dispersed

in the austenite phase can initiate eutectoid
transformation either by pearlite reaction or
divorced eutectoid transformation (DET).
While both these methods have been known

for a significantly long time, the majority of
industrial spheroidization processes have been
designed by leveraging the pearlite reaction. It
recently has been highlighted that the DET path
is more efficient in terms of transformation time
(Ref 9). It has been demonstrated for the hyper-
eutectoid steel that DET can be promoted over
the pearlite reaction by maintaining a lower
austenitization temperature and slower cooling
rates (less than 830 �C, or 1525 �F, and a cool-
ing rate slower than 500 �C/h, or 900 �F/h, for
52100 steel) (Ref 9). In the DET reaction, the
pre-existing carbide particles grow directly by
diffusion of carbon from the austenite matrix,
resulting in a transformation product comprising

spheroidized carbides in a ferrite matrix. Com-
pared to 10 to 16 h of spheroidization time
required in the conventional continuous-cool or
isothermal spheroidal anneal methods leveraging
pearlite transformation, the DET spheroidization
can be done in less than 1 h (Ref 9), resulting in
significant savings in energy as well as furnace
productivity. It was also shown that chromium
addition reduces the carbide size, whereas
manganese addition promotes pearlitic trans-
formation. In a more recent study (Ref 10), it
has been shown that chromium addition can
be leveraged for widening the DET reaction
regime, in terms of austenitization temperature
and time.

Table 3 Recommended temperatures and time cycles for annealing of alloy steels

Steel

Austenitizing
temperature

Conventional cooling(a)

Isothermal method(b)

Hardness
(approx.), HB

Temperature

Cooling rate

Time, h

�C �F Cool to

Hold, h�C �F From To From To �C/h �F/h �C �F

To obtain a predominantly pearlitic structure(c)

1340 830 1525 735 610 1350 1130 10 20 11 620 1150 4.5 183
2340 800 1475 655 555 1210 1030 8.5 15 12 595 1100 6 201
2345 800 1475 655 550 1210 1020 8.5 15 12.7 595 1100 6 201
3120(d) 885 1625 . . . . . . . . . . . . . . . . . . . . . 650 1200 4 179
3140 830 1525 735 650 1350 1200 10 20 7.5 660 1225 6 187
3150 830 1525 705 645 1300 1190 10 20 5.5 660 1225 6 201
3310(e) 870 1600 . . . . . . . . . . . . . . . . . . . . . 595 1100 14 187
4042 830 1525 745 640 1370 1180 10 20 9.5 660 1225 4.5 197
4047 830 1525 735 630 1350 1170 10 20 9 660 1225 5 207
4062 830 1525 695 630 1280 1170 8.5 15 7.3 660 1225 6 223
4130 855 1575 765 665 1410 1230 20 35 5 675 1250 4 174
4140 845 1550 755 665 1390 1230 15 25 6.4 675 1250 5 197
4150 830 1525 745 670 1370 1240 8.5 15 8.6 675 1250 6 212
4320(d) 885 1625 . . . . . . . . . . . . . . . . . . . . . 660 1225 6 197
4340 830 1525 705 565 1300 1050 8.5 15 16.5 650 1200 8 223
4620(d) 885 1625 . . . . . . . . . . . . . . . . . . . . . 650 1200 6 187
4640 830 1525 715 600 1320 1110 7.6 14 15 620 1150 8 197
4820(d) . . . . . . . . . . . . . . . . . . . . . . . . . . . 605 1125 4 192
5045 830 1525 755 665 1390 1230 10 20 8 660 1225 4.5 192
5120(d) 885 1625 . . . . . . . . . . . . . . . . . . . . . 690 1275 4 179
5132 845 1550 755 670 1390 1240 10 20 7.5 675 1250 6 183
5140 830 1525 740 670 1360 1240 10 20 6 675 1250 6 187
5150 830 1525 705 650 1300 1200 10 20 5 675 1250 6 201
52100(f) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6150 830 1525 760 675 1400 1250 8.5 15 10 675 1250 6 201
8620(d) 885 1625 . . . . . . . . . . . . . . . . . . . . . 660 1225 4 187
8630 845 1550 735 640 1350 1180 10 20 8.5 660 1225 6 192
8640 830 1525 725 640 1340 1180 10 20 8 660 1225 6 197
8650 830 1525 710 650 1310 1200 8.5 15 7.2 650 1200 8 212
8660 830 1525 700 655 1290 1210 8.5 15 8 650 1200 8 229
8720(d) 885 1625 . . . . . . . . . . . . . . . . . . . . . 660 1225 4 187
8740 830 1525 725 645 1340 1190 10 20 7.5 660 1225 7 201
8750 830 1525 720 630 1330 1170 8.5 15 10.7 660 1225 7 217
9260 860 1575 760 705 1400 1300 8.5 15 6.7 660 1225 6 229
9310(e) 870 1600 . . . . . . . . . . . . . . . . . . . . . 595 1100 14 187
9840 830 1525 695 640 1280 1180 8.5 15 6.6 650 1200 6 207
9850 830 1525 700 645 1290 1190 8.5 15 6.7 650 1200 8 223

To obtain a predominantly ferritic and spheroidized carbide structure

1320(d) 805 1480 . . . . . . . . . . . . . . . . . . . . . 650 1200 8 170
1340 750 1380 735 610 1350 1130 5 10 22 640 1180 8 174
2340 715 1320 655 555 1210 1030 5 10 18 605 1125 10 192
2345 715 1320 655 550 1210 1020 5 10 19 605 1125 10 192
3120(d) 790 1450 . . . . . . . . . . . . . . . . . . . . . 650 1200 8 163
3140 745 1370 735 650 1350 1200 5 10 15 660 1225 10 174
3150 750 1380 705 645 1300 1190 5 10 11 660 1225 10 187
9840 745 1370 695 640 1280 1180 5 10 11 650 1200 10 192
9850 745 1370 700 645 1290 1190 5 10 11 650 1200 12 207

(a) The steel is cooled in the furnace at the indicated rate through the temperature range shown. (b) The steel is cooled rapidly to the temperature indicated and is held at that temperature for the time specified. (c) In isothermal
annealing to obtain pearlitic structure, steels may be austenitized at temperatures up to 70 �C (125 �F) higher than temperatures listed. (d) Seldom annealed. Structures of better machinability are developed by normalizing or by
transforming isothermally after rolling or forging. (e) Annealing is impractical by the conventional process of continuous slow cooling. The lower transformation temperature is markedly depressed, and excessively long cooling
cycles are required to obtain transformation to pearlite. (f) Predominantly pearlitic structures are seldom desired in this steel.
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Process Annealing

As the hardness of steel increases during cold
working, ductility decreases and additional cold
reduction becomes so difficult that the material
must be annealed to restore its ductility. Such
annealing between processing steps is referred
to as in-process or simply process annealing. It
may consist of any appropriate treatment. In most
instances, however, a subcritical treatment is ade-
quate and least costly, and the term process
annealing without further qualification usually
refers to an in-process subcritical anneal.
Figure 7 shows the range of temperatures

typically used for process annealing. It is often
necessary to specify process annealing for parts
that are cold formed by stamping, heading, or
extrusion. Hot-worked high-carbon and alloy
steels also are process annealed to prevent them
from cracking and to soften them for shearing,
turning, or straightening.
Process annealing usually consists of heating

to a temperature below Ae1, soaking for an
appropriate time, and then cooling, usually in
air. In most instances, heating to a temperature
between 10 and 20 �C (20 and 40 �F) below
Ae1 produces the best combination of micro-
structure hardness and mechanical properties.
Temperature controls are necessary only to pre-
vent heating the material above Ae1 and thus
defeating the purpose of annealing.
When process annealing is performed merely

to soften a material for such operations as cold
sawing and cold shearing, temperatures well
below Ae1 normally are used, and close con-
trols are unnecessary.
In the wire industry, process annealing is

used as an intermediate treatment between the
drawing of wire to a size slightly larger than
the desired finished size and the drawing of a
light reduction to the finished size. Wire thus
made is known as annealed-in-process wire.

Process annealing is used also in the production
of wire sufficiently soft for severe upsetting
and to permit drawing the smaller sizes of
low-carbon and medium-carbon steel wire that
cannot be drawn to the desired small size
directly from the hot-rolled rod. Process anneal-
ing is more satisfactory than spheroidize
annealing for a material that, because of its
composition or size (or both), cannot be drawn
to finished size because it either lacks ductility
or does not meet physical requirements. Also,
material that is cold sheared during processing
is process annealed to raise the ductility of the
sheared surface to a level suitable for further
processing.

Annealed Structures for Machining

Different combinations of microstructure
and hardness, considered together, are signifi-
cant in terms of machinability. For instance,
Fig. 8 shows that a partially spheroidized 5160
steel shaft was machined (by turning) with
much less tool wear and better surface finish
than the same steel in the annealed condition
with a pearlitic microstructure and a higher
hardness. Based on many observations, opti-
mum microstructures for machining steels of
various carbon contents are usually as follows:

The type of machining operation is also a
factor. For example, certain gears were made
from 5160 steel tubing by the dual operation
of machining in automatic screw machines
and broaching of cross slots. The screw-
machine operations were easiest with thor-
oughly spheroidized material, but a pearlitic
structure was more suitable for broaching.
A semispheroidized structure proved to be a
satisfactory compromise.
Semispheroidized structures can be achieved

by austenitizing at lower temperatures, and
sometimes at higher cooling rates, than those
used for achieving pearlitic structures. The
semispheroidized structure of the 5160 steel
tubing mentioned previously was obtained by
heating to 790 �C (1450 �F) and cooling at
28 �C/h (50 �F/h) to 650 �C (1200 �F). For this

Fig. 4 Spheroidized microstructure of 1040 steel after
21 h at 700 �C (1290 �F). 4% picral etch.
Original magnification: 1000� Fig. 5 Effect of prior microstructure on spheroidizing a 1040 steel at 700 �C (1290 �F) for 21 h. (a) Starting from a

martensitic microstructure (as-quenched). (b) Starting from a ferrite-pearlite microstructure (fully annealed).
Etched in 4% picral plus 2% nital. Original magnification: 1000�

Carbon, % Optimum microstructure

0.06–0.20 As-rolled (most economical)
0.20–0.30 Under 75 mm (3 in.) diameter, normalized; 75

mm diameter and over, as-rolled
0.30–0.40 Annealed, to produce coarse pearlite, minimum

ferrite
0.40–0.60 Coarse lamellar pearlite to coarse spheroidized

carbides
0.60–1.00 100% spheroidized carbides, coarse to fine

Fig. 6 The extent of spheroidization at 700 �C
(1290 �F) for 200 h for the 1040 steel starting

from a ferrite-pearlite microstructure etched in 4%
picral. Original magnification: 1000�
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steel, austenitizing at a temperature of approxi-
mately 775 �C (1425 �F) results in more spher-
oidization and less pearlite.
Medium-carbon steels are much more diffi-

cult to fully spheroidize than are high-carbon

steels, such as 1095 and 52100. In the absence
of excess carbides to nucleate and promote the
spheroidizing reaction, it is more difficult to
achieve complete freedom from pearlite in
practical heat treating cycles.

At lower carbon levels, structures consisting
of coarse pearlite in a ferrite matrix often are
found to be the most machinable. In some alloy
steels, this type of structure can best be
achieved by heating to temperatures well above
Ac3 to establish a coarse austenite grain size,
then holding below Ar1 to allow coarse lamellar
pearlite to form. This process sometimes is
referred to as cycle annealing or lamellar
annealing. For example, forged 4620 steel gears
were heated rapidly in a five-zone furnace to
980 �C (1800 �F), cooled to 625 to 640 �C
(1160 to 1180 �F) in a water-cooled zone, and
held at that temperature for 120 to 150 min.
The resulting structure—coarse lamellar pearl-
ite in a ferrite matrix—had a hardness of 140
to 146 HB (Ref 11).

Industrial Annealing

Types of Furnaces. Furnaces for annealing
are of two basic types: batch furnaces and con-
tinuous furnaces (Ref 12). Within either of
these two types, furnaces can be further classi-
fied according to configuration, type of fuel
used, method of heat application, and means
by which the load is moved through, or sup-
ported in, the furnace. Other factors that must
be considered in furnace selection are cost, type
of annealing cycle, required atmosphere, and
physical nature of parts to be annealed. In many
cases, however, the annealing cycle used is dic-
tated by the available equipment.
Batch-type furnaces are necessary for large

parts such as heavy forgings and often are pre-
ferred for small lots of a given part or grade of
steel and for the more complex alloy grades
requiring long cycles. Specific types of batch
furnaces include car-bottom, box, bell, and pit
furnaces. Annealing in bell furnaces can pro-
duce the greatest degree of spheroidization (up
to 100%). However, the spheroidizing cycles
in bell furnaces are long and last from 24 to
48 h depending on the grade of material being
annealed and the size of the load.
Continuous furnaces such as roller-hearth,

rotary-hearth, and pusher types are ideal for iso-
thermal annealing of large quantities of parts of
the same grade of steel. These furnaces can be
designed with various individual zones, allow-
ing the work to be consecutively brought to
temperature, held at temperature, and cooled
at the desired rate. Continuous furnaces are
not able to give complete spheroidization and
should not be used for products that require
severe cold forming.
Furnace Atmospheres. Electric furnaces

used with air atmospheres, and gas furnaces
used with atmospheres consisting of the pro-
ducts of combustion, cannot be regulated for
complete elimination of oxidation of the steel
being treated. Only atmospheres independent
of the fuel are generally considered satisfac-
tory for clean or bright annealing. Excessive
oxidation during annealing usually is prevented
by the use of controlled atmospheres in

Fig. 7 Iron-carbon binary phase diagram showing the temperature region for process annealing

Fig. 8 Effect of partial spheroidization on surface finish and tool life in subsequent machining of 5160 steel.
(a) Annealed (pearlitic) microstructure (hardness: 241 HB) and surface finish of flange after machining of

eight pieces. (b) Tool life between grinds, min. (c) Partially spheroidized microstructure (hardness: 180 HB) and
surface finish of flange after machining of 123 pieces
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conjunction with a suitable furnace that is
designed to exclude air and combustion gases
from the heating chamber. The gases and gas
mixtures used for controlled atmospheres
depend on the metal being treated, the treat-
ment temperature, and the surface requirements
of the parts being annealed. The need to elimi-
nate decarburization as well as oxidation is
often a significant factor in the selection of
annealing atmospheres.
The gas most widely used as a protective

atmosphere for annealing is exothermic gas.
This gas is inexpensive, the raw materials for
making it are readily available, and the results
obtained with it are generally excellent. Hydro-
carbon gases such as natural gas, propane,
butane, and coke-oven gas are commonly
burned in an exothermic-gas producer, creating
a self-supporting, heat-producing combustion
reaction. A commonly used exothermic gas
mixture contains 15% H2, 10% CO, 5% CO2,
1% CH4, and 69% N2. This gas is used for
bright annealing of cold-rolled low-carbon steel
strip. It will decarburize medium-carbon and
high-carbon steels, however, because of the car-
bon dioxide and water vapor it contains.
Allowable decarburization on spheroidize

annealed blanks or coiled rod can be quite
restrictive. As long as the furnace has excellent
sealing characteristics, low-dewpoint exother-
mic gas can protect the steel from decar-
burization. Many commercial heat treaters
compensate for the sealing problems of fur-
naces by using a blend of exothermic and endo-
thermic gases. Depending on the carbon content
of the stock that is being processed, the blend
can be varied. A great deal of caution must be
exercised when such blends are used, because
endothermic gas forms an explosive mixture
with air as the temperature drops below
760 �C (1400 �F).
Other atmospheres commonly used in anne-

aling include endothermic-base, dissociated

ammonia, and vacuum atmospheres. Nitrogen-
base atmospheres became popular among heat
treaters in the 1980s due in part to rising costs
of utilities such as natural gas and water. The
nitrogen is blended with small percentages of
additives such as methane, propane, propylene,
and carbon monoxide.
Uniformity of Temperature. One potential

contribution to the failure of an annealing oper-
ation is a lack of knowledge of the temperature
distribution within the load of steel in the fur-
nace. Furnaces large enough to anneal 18 Mg
(20 tons) of steel at a time are not uncommon.
In some large forging shops, workpieces can
weigh in excess of 270 Mg (300 tons). The
larger the furnace, the more difficult it is to
establish and maintain uniform temperature
conditions throughout the load, and the more
difficult it is to change the temperature of the
steel during either heating or cooling.
Furnace thermocouples indicate the tempera-

ture of the space above, below, or beside the
load, but this temperature may differ by 28 �C
(50 �F) or much more from the temperature of
the steel itself, especially when the steel is in
a pipe or box, or when bar or strip is packed
in a dense charge in a quiescent atmosphere.
When these conditions exist, the distribution
of temperature throughout the load during heat-
ing and cooling should be established by plac-
ing thermocouples among the bars, forgings,
coils, and so on. A good practice is to spot weld
a thermocouple to the workpiece or to use
embedded thermocouples (thermocouples
placed in holes drilled into the workpiece).
Regulation of the furnace during the annealing
operation should be based on the temperatures
indicated by these thermocouples, which are
in actual contact with the steel, rather than on
the temperatures indicated by the furnace
thermocouples.
Uniformity across Load. The uniformity

across the charge is strongly influenced by the

manner it is loaded in a furnace. For example,
during the continuous annealing of rod bundles
in a multizone roller-hearth furnace, the pack-
ing density of rods, as well as the bundle diam-
eter, has significant impact on the uniformity
across the bundle as well as the furnace produc-
tivity (Ref 13, 14). Figure 9 shows that, com-
pared to the core rod, the surface rod in the
bundle has a higher temperature during the
heating phase, which switches to a lower tem-
perature during the cooling phase. Furthermore,
the higher packing density of the bundle
enhances thermal conductivity across the bun-
dle, resulting in a higher temperature in the core
rods compared to a bundle with lower packing
density (Fig. 9a). It is interesting to note that
when rods are packed as bundles, due to a
higher number of contact points and increased
contact resistance, the temperature of the core
rods decreases with a reduction in rod diameter
for a fixed bundle diameter and packing frac-
tion. This is counterintuitive because during
annealing of a single rod in a continuous fur-
nace, the core temperature decreases with an
increase in rod diameter. The core temperature
significantly impacts the hardness of the
annealed core rod (Fig. 9d). In practice, the
industrial operation is optimized by managing
the hearth speed, packing fraction rod, and bun-
dle diameters to maximize furnace productivity
(Ref 14). The charge configuration effect can
also be observed during coil annealing of steel
sheet, as illustrated in Fig. 10(a) (Ref 15, 16).
In this case, for a fixed coil diameter, reduction
in sheet thickness results in increased number
of contact points with lower core temperature,
necessitating a higher cycle time during the
batch annealing process.

Fig. 9 Surface and core temperature profiles to examine the effect of (a) packing density, (b) bundle diameter, and
(c) rod diameter. (d) Effect of temperature profile on hardness of core rods. Source: Ref 13

Fig. 10 During batch annealing of steel sheet coil,
(a) the cycle time increases with decrease in

sheet thickness for a given coil diameter due to
increased contact resistance, and (b) reduction in
heating rate enhances the annealing kinetics due to AlN
precipitation-recrystallization-grain growth interactions.
Source: Ref 16
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The common practice of controlling an
annealing operation through the core tempera-
ture can be deceptive due to the nonlinear
phase-transformation effects. For example, dur-
ing batch annealing of aluminum-killed cold-
rolled steel sheet, due to the complex interplay
between precipitation, recrystallization, and
grain growth, heating rates have significant
impact on the annealing kinetics. As a result,
it is possible to reduce the heating rate yet
enhance the annealing kinetics as well as the
furnace productivity (Fig. 10b) (Ref 16). This
is counterintuitive, because generally the heat-
ing cycle is considered to be furnace limited
and there is a tendency to maximize it during
industrial annealing operations.
These numerous possibilities of load con-

figuration as well as complex interactions of
governing phase-transformation kinetics in an
industrial scenario can be effectively captured
through mathematical modeling of the anneal-
ing operation, resulting in significant improve-
ment in quality and furnace productivity
(Ref 16–18).

Annealing of Steel Sheet and Strip

In terms of total tonnage of material pro-
cessed, annealing of sheet and strip during pro-
duction of steel-mill products represents the
major use of annealing. Because such annealing
is done to prepare the material for further pro-
cessing (such as additional cold rolling or fabri-
cation into parts), and because the temperatures
employed are usually below the A1 tempera-
ture, the more specific terms subcritical anneal-
ing and process annealing are appropriate,
although common practice is to use the term
annealing without qualification.

Annealing of sheet steel products is per-
formed on a commercial scale by either batch
annealing or continuous annealing. In a batch
annealing furnace, multiple (four to five) cylin-
drical cold-rolled steel coils of outer diameter
in the range of 1.5 to 2.5 m (4.9 to 8.2 ft), inner
diameter of 0.5 to 0.7 m (1.6 to 2.3 ft), and
widths of 1.0 to 1.4 m (3.3 to 4.6 ft), weighing
approximately 14 to 27 Mg (15 to 30 tons)
each, are stacked on a base unit with a recircu-
lation fan and cooling system (Ref 15). The
steel coils, separated by convector plates for
gas recirculation, are placed under a cylindrical
steel cover and annealed in a reducing atmo-
sphere (Fig. 11a). During the last couple of dec-
ades, two- to threefold reduction in batch
annealing time has been achieved by switching
from pure N2 or N2 + H2 to pure H2 atmosphere
due to seven times higher thermal conductivity
and fourteen times lower density of hydrogen
gas (Fig. 11b). The slow heating and cooling
rates during the batch annealing operation
ensure that all carbon dissolved during anneal-
ing precipitates upon cooling. This results in
excellent ductility, although some nonunifor-
mity develops because the sheet at the outer
surface and inner core of a coil experience dif-
ferent thermal histories.
In contrast, continuous annealing of sheet

involves the rapid passage of uncoiled sheet
through a two-stage furnace for times on the
order of a few minutes (Fig. 12a). The first stage

rapidly heats the steel to annealing temperature
between 675 and 850 �C (1250 and 1550 �F)
above the A1 temperature and soaks for approxi-
mately 1 min to achieve recrystallization and
limited grain growth. This is followed by the
second stage of taper cooling for partial precipi-
tation of solute carbon from the ferrite phase
and/or higher primary cooling rates for higher
carbon supersaturation in the ferrite (Fig. 12b).
This increases the driving force and promotes
carbon precipitation during the subsequent
overaging stage and prevents strain aging of the
annealed sheet. The metallurgical advantages of
continuous annealing over conventional batch
annealing include improved product uniformity,
surface cleanliness and shape, and the versatility
to produce a wide range of steel grades.

Sheet Steels for Automotive
Applications

Steels for automotive applications require high
formability and deep-drawing characteristics,
which necessitates higher normal anisotropy (�r)
and high ductility. The quantity �r represents
the mean of the drawability values taken from
measurements in the longitudinal (L), trans-
verse (T), and two 45� (A + B) orientations;
therefore, �r ¼ 0:25 L þ T þ 45 �A þ 45 �Bð Þ. In
addition, low strength and low-strain-aging
index are desired.

Fig. 11 (a) Schematic diagram of a batch annealing
furnace. (b) Thermal profile during batch
annealing of cold-rolled sheet. Source: Ref 15

(b)

(a) Continuous annealing

Intermediate cooling rate

Annealing
furnace

Annealing/soaking

Taper cooling ~10°C/s (gas-jet cool)

Overaging (2-3 min)Heating
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Primary cooling ~50-400 °C/s
(roll quench, mist cool, hot-water quench,
or high-power gas-jet cool)

Overaging
furnace

Fig. 12 (a) Schematic diagram of a continuous annealing furnace. (b) Typical continuous annealing thermal profile
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The usual method of manufacturing cold-
rolled sheet and strip is to produce a hot-rolled
coil, pickle it to remove scale (oxide), and cold
roll it to the desired final gage. Cold rolling
may reduce the thickness of the hot-rolled
material in excess of 90%, which increases the
hardness and strength of the steel but severely
decreases its ductility. If any large amount of
subsequent cold working is to be done, the duc-
tility of the steel must be restored.
Annealing of the cold-rolled steel normally is

designed to produce a recrystallized ferrite
microstructure from the highly elongated,
stressed grains resulting from cold work.
Figure 13 shows the effect of annealing on the
microstructure of a low-carbon cold-rolled
sheet steel. The cold-rolled microstructure is
shown in Fig. 13(a) in contrast to the partially
and fully recrystallized microstructures in
Fig. 13(b and c). During heating of the steel,
and in the first segment of the holding portion
of the cycle, the first metallurgical process to
occur is recovery. During this process, internal
strains are relieved (although little change in
the microstructure is evident), ductility is mod-
erately increased, and strength is slightly
decreased.
As annealing continues, the process of

recrystallization occurs, and new, more
equiaxed ferrite grains are formed from the
elongated grains. During recrystallization,
strength decreases rapidly, with a corres-
ponding increase in ductility. Further time at
temperature causes some of the newly formed
grains to grow at the expense of other grains;
this is termed grain growth and results in mod-
est decreases in strength and small (but often
significant) increases in ductility.
Most plain carbon steels are given an anneal-

ing treatment that promotes full recrystalliza-
tion, but care must be taken to avoid excessive
grain growth, which can lead to surface defects
(such as “orange peel”) in formed parts.
The rates at which the previously mentioned

metallurgical processes proceed are functions
of both the chemical composition and the prior
history of the steel being annealed. For

example, small amounts of elements such as
aluminum, titanium, niobium, vanadium, and
molybdenum can decrease the rate at which
the steel will recrystallize, making the anneal-
ing response sluggish and therefore necessitat-
ing either higher temperatures or longer
annealing times to produce the same properties.
Although the presence of these alloying ele-
ments is generally the result of deliberate addi-
tions intended to modify the properties of the
sheet (as in the case of aluminum, titanium,
niobium, and vanadium), some elements may
be present as residual elements (molybdenum,
for example) in quantities great enough to mod-
ify the response to annealing. Conversely,
larger amounts of cold work (greater cold
reductions) will accelerate the annealing
response. Therefore, it is not possible to
specify a single annealing cycle that will pro-
duce a particular set of mechanical properties
in all steels; the chemical composition and the
amount of cold work also must be taken into
account.
Commercial-Quality, Drawing-Quality,

and Deep-Drawing-Quality Steels. Commer-
cial-quality plain carbon steel is the most
widely produced steel, which is suitable for
moderate forming. Drawing-quality (DQ) steel
is produced to tighter mechanical-property
restrictions for use in more severely formed
parts. Drawing-quality special-killed steel is
produced to be suitable for the most severe
forming applications. Structural-quality steel is
produced to specified mechanical properties
other than those for the previously mentioned
three grades.
The coiling temperature after hot rolling as

well as the heating rate during annealing have
a significant impact on �r, which is different
for batch and continuous annealing operations
(Ref 19, 20). The desired coiling and annealing
temperatures are <600 and 720 �C (1100 and
1330 �F) for batch annealing and >700 and
850 �C (1290 and 1560 �F) for continuous
annealing. The higher coiling temperature
ensures complete AlN precipitation, which
coarsens during high temperature during

continuous annealing and promotes strong
{111} texture, resulting in high �r values. In
contrast, the lower coiling temperature for the
subsequent batch annealing process promotes
AlN precipitation, which interacts and retards
the recrystallization kinetics during its slow
heating process, resulting in desirable pancake
grain structure with strong {111} texture and
higher deep-drawing characteristics. Further-
more, reduction in carbon and manganese con-
tent significantly enhances the �r values.
The deleterious effect of AlN particles in

inhibiting grain growth during continuous
annealing can be circumvented by the addition
of boron (Ref 21). The addition of boron, up
to the boron:nitrogen stoichiometric level,
results in a lowering of strength without the
necessity of resorting to high hot-mill coiling
temperatures. However, a product with boron
added has a low �r-value (Ref 22).
Interstitial-Free (IF) Steels. In IF steels, the

elimination of interstitials (carbon and nitrogen)
is accomplished by adding sufficient amounts
of carbide/nitride-forming elements (generally
titanium and/or niobium) to tie up carbon and
nitrogen completely, the levels of which can
be reduced to less than 50 ppm by modern
steelmaking/casting practices, including vac-
uum degassing.
The choice of the microalloying additions

(titanium, niobium, or titanium plus niobium)
and the hot-mill coiling practice influence
the recrystallization temperature (that is, the
minimum temperature required on the anneal-
ing line to ensure 100% recrystallization) and
product properties. A higher coiling tempera-
ture lowers the recrystallization temperature
and, in conjunction with heavy cold reduction
(�80%), results in superior forming proper-
ties. A high annealing temperature is pre-
ferred for increased grain growth and high
�r-values. The cooling rate after annealing is
not critical, and no overaging treatment is
required. Because of this, the IF steels are
ideally suited for the production of highly form-
able, continuously annealed, cold-rolled, hot-
dip-coated steels.

Fig. 13 A low-carbon sheet steel in the (a) as-cold-rolled unannealed condition, (b) partially recrystallized annealed condition, and (c) fully recrystallized annealed condition.
Marshall’s etch. Original magnification: 1000�
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Depending on the processing conditions, the
mechanical properties of IF steels fall in the
following ranges:

� Yield strength: 130 to 170 MPa (19 to
25 ksi)

� Total elongation: 40 to 47%
� �r-value: 1.6 to 2.2
� n-value: 0.25 to 0.28

Higher yield strengths, up to 300 MPa (43 ksi),
are achieved by solid-solution strengthening
with phosphorus, manganese, or silicon
(Ref 23).
Bake-hardening steels are characterized by

their ability to exhibit an increase in yield
strength due to carbon strain aging during
paint-baking operations at moderate tempera-
tures (125 to 180 �C, or 260 to 355 �F). Bake
hardening has little effect on tensile strength.
Plain Carbon Steels. In the continuous

annealing of plain carbon steels, the final solute
carbon is restricted to less than approximately
10 ppm by the fine-tuning of the primary cool-
ing rate and the overaging temperature/time to
ensure adequate freedom from ambient strain
aging. This level of solute carbon, however, is
sufficient to realize a bake-hardening (175 �C,
or 350 �F, for 20 min) yield strength increment
of up to 50 MPa (7 ksi) (Ref 24).
In dual-phase steels, the martensite phase

(�20 to 30 vol%) suppresses ambient strain
aging (Ref 25). Accordingly, a higher solute
carbon concentration and a consequent larger
bake-hardening yield strength increment
(�90 MPa, or 13 ksi) are feasible.
In IF steels, a bake-hardening strength incre-

ment can be generated if several conditions are
satisfied (Ref 26):

� Niobium or niobium + titanium chemistry
with a niobium-to-carbon atomic ratio less
than or equal to 1

� High annealing temperatures (�850 �C, or
1560 �F) in the continuous-annealing line
to permit partial dissolution of the NbC
precipitates

� Rapid cooling of �20 �C/s (35 �F/s) after
annealing

� No overaging, to prevent the reprecipitation
of carbon

In addition, if processed on a hot-dip galvaniz-
ing line, rapid cooling between the coating pot
temperature and approximately 200 �C (400 �F)
is necessary to circumvent precipitation of the
solute carbon as Fe3C. A bake-hardening yield
strength increment of 20 to 40 MPa (3 to 6 ksi)
has been reported (Ref 23).
Solution-Strengthened and Microalloyed

High-Strength Low-Alloy Steels (Ref 27–
31). In solution-strengthened steels, alloying
additions of manganese, phosphorus, and/or
silicon are made to increase strength by substi-
tutional solid-solution strengthening: approxi-
mately 3 MPa (0.4 ksi) per 0.1% Mn, 7 MPa
(1 ksi) per 0.01% P, and 8.5 MPa (1.2 ksi) per

0.1% Si. These elements are equally effective
whether the steel is batch or continuously
annealed. With continuous annealing, lower
alloying additions are needed to achieve a
desired strength level, however, because of the
finer ferrite grain size. The finer grain size is a
result of, first, the very fast heating rate (com-
pared to batch annealing), which leads to more
nucleation, and, in turn, a fine grain size, and
second, the short soak time (<1 min), which
prevents the growth of the fine recrystallized
ferrite grains. The continuous-annealing ther-
mal profile used to produce solid-solution-
strengthened steels consists primarily of a
recrystallization annealing followed by overa-
ging, as in the case of DQ and/or deep-drawing-
quality steels.
In microalloyed high-strength low-alloy

(HSLA) steels, which contain microadditions
of niobium, titanium, or vanadium (niobium is
generally preferred), higher strength levels are
achieved by precipitation strengthening and
grain refinement. In a continuous-annealing
process, the microalloy carbonitride particles
can provide effective precipitation strengthen-
ing because the short annealing time prevents
the occurrence of any appreciable particle

coarsening. In contrast, the coarsening of the
precipitate particles that occurs during batch
annealing results in a considerable decrease in
the precipitation strengthening, although the
particles do retard grain growth to some extent.
As a consequence, for the same composition, a
higher yield strength is achievable with contin-
uous annealing (Fig. 14).
The HSLA steels are sensitive to the hot-mill

coiling temperature, and a low-temperature
coiling practice is preferred to maximize pre-
cipitation strengthening. The thermal profile
on a continuous-annealing line for microalloyed
HSLA steels is similar to that for the solution-
strengthened steels. However, the HSLA steels
require higher annealing temperatures to ensure
complete recrystallization, because the carboni-
tride particles of niobium, titanium, and vana-
dium retard recrystallization.
Yield strength levels ranging from approxi-

mately 280 to 550 MPa (40 to 80 ksi) are possi-
ble and practical with solution-strengthened and
microalloyed HSLA steels. Yield ratio, that is,
the ratio of yield strength to tensile strength,
is approximately 0.8. Like the plain carbon
steels, these steels exhibit bake-hardening
characteristics.

Fig. 14 Comparison of strength levels achievable by means of continuous and batch annealing of solution-
strengthened and high-strength low-alloy steels. Source: Ref 27
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Dual-phase steels are unique in that they
deform by a continuous yielding behavior,
because the martensite is a continuous source
of dislocations during plastic deformation. Most
other low-carbon steels that display a yield
point upon deformation need to be skin passed
or temper rolled to provide a source of disloca-
tions for continuous yielding behavior. Steels
displaying a yield point are undesirable for
many forming operations because of the

formation of Lüders bands (Fig. 15) that blem-
ish the surface.
Annealing of dual-phase steels involves

soaking in the intercritical or two-phase
(ferrite-plus-austenite) region, followed by the
transformation of some of the austenite into
martensite. The martensite is responsible for
the higher strength levels, especially tensile
strength, of these steels (Ref 31, 32). To pro-
mote the austenite-to-martensite transforma-
tion, a critical level of hardenability is needed,
depending on the cooling rate. Lower harden-
ability, from a reduced amount of manganese
(and/or molybdenum, chromium) in the steel,
can be tolerated with a higher cooling rate
(Fig. 16). These steels are generally annealed
for a short period (usually less than 5 min) in
the intercritical range, followed by rapid cool-
ing. The resulting microstructure is 10 to 20%
martensite by volume in a matrix of ferrite.
The continuous-annealing process is ideal for
producing dual-phase sheet grades.
There are several types of dual-phase steels,

determined by the thermal profile of the
continuous-annealing line following the inter-
critical anneal. Low-hardenability steels can
be produced most economically by directly
water quenching from the intercritical anneal-
ing temperature, followed by overaging to tem-
per the martensite. High-hardenability dual-
phase steels (with high manganese and molyb-
denum content) are produced by lowering the
quenching temperature by gas-jet cooling and
lowering the overaging temperature. Further-
more, fully martensitic steels can also be

produced by annealing and water quenching.
The martensitic transformation is often aided
by boron addition.
Tin mill products are distinguished from

their cold-rolled sheet mill counterparts chiefly
by the fact that they are produced in lighter
gages (0.13 to 0.38 mm, or 0.005 to 0.015 in.)
and by the fact that some of them are coated
with tin or chromium and chromium oxide for
corrosion resistance. The sequence used for
processing single-reduced tin mill products is
similar to that for cold-rolled sheet, that is,
pickling, cold reducing, annealing, and temper
rolling of hot-rolled coils. Double-reduced pro-
ducts are cold rolled an additional 30 to 40%
following annealing (this step replaces temper
rolling). Whereas much of the tonnage pro-
duced in tin mills is batch annealed, a consider-
able amount is continuous annealed. (Facilities
for continuous annealing currently are more
prevalent in tin mills than in sheet mills.)
Because tin mill products traditionally have

been produced at facilities separate from sheet
mills and because applications for these pro-
ducts are different from those for cold-rolled
sheet, tin mill products have been assigned sep-
arate designations for indicating the mechanical
properties developed during annealing. A list of
these temper designations is given in Table 4.
The conventional tinplate continuous-

annealing lines involve soaking at 650 to
700 �C (1200 to 1300 �F), followed by slow
gas-jet cooling (�10 �C/s, or 20 �F/s) to the ambi-
ent temperature. The T4 (Rockwell hardness, HR
30T = 61� 3) and T5 (HR 30T = 65� 3) tempers
are being produced on these lines using plain car-
bon aluminum-killed chemistries.
The production of T2 (HR 30T = 53 � 3) and

T3 (HR 30T = 57 � 3) tempers by continuous
annealing have necessitated several chemistry
restrictions and process modifications. The opti-
mum carbon level is 0.02 to 0.07%, with total
nitrogen restricted to less than 0.003%. Hotmill
coiling is restricted to below 630 �C (1165 �F)
to prevent deterioration of corrosion resistance
due to the presence of coarse carbides (Ref
34). Rapid cooling (40 to 70 �C/s, or 70 to
125 �F/s) from 700 �C (1300 �F), followed by

Fig. 15 Stretcher-strain marks (Lüders bands) on the
surface of a range component after forming.
Original magnification: 0.25�

Fig. 16 Effect of cooling rate from the intercritical temperature on the manganese required to form dual-phase
microstructures. Source: Ref 33

Table 4 Temper designations for steel tin
mill products

Designation Hardness aim, HR 30T

Batch (box)-annealed products

T1 52 max
T2 50–56
T3 54–60

Continuously annealed products

T4 CA 58–64
T5 CA (TU) 62–68
T6 CA 67–73

Double-reduced products

DR-8 73
DR-9 76
DR-9M 77
DR-10 80
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overaging at 400 to 450 �C (750 to 840 �F) for
60 s, is necessary to reduce the carbon concen-
tration solute and, consequently, the hardness.
The rapid cooling is achieved by means of
high-speed gas-jet cooling systems (Ref 35).
Improved hardness distribution, improved

corrosion resistance as a result of enhanced sur-
face cleanliness, and the prevention of surface
defects caused by the surface enrichment of
carbon and manganese are the key advantages
of continuous annealing over batch-annealed
tinplate sheets.
Open-coil annealing, which is done in

batch furnaces, involves loose rewinding of a
cold-reduced coil to provide open spaces
between successive laps. This allows the con-
trolled atmosphere gases to be drawn between
the laps, providing faster and more uniform
heating and cooling than are obtained with
tightly wound coils. In addition, by control of
the hydrogen content and dewpoint of the atmo-
sphere, decarburizing conditions can be estab-
lished. The carbon content of the steel can
thereby be reduced to low levels for such mate-
rials as enameling steel and electrical steel.
Loose rewinding of coils for open-coil

annealing is done on a turntable having a verti-
cal mandrel. As the coil is wound, a twisted
wire spacer is inserted between the laps. This
spacer remains in the coil during annealing
and is removed after the coil has been removed
from the furnace. The coil is then tightly
rewound and is ready for temper rolling.

Annealing of Steel Forgings

Annealing of forgings is most often per-
formed to facilitate some subsequent operation,
usually machining or cold forming. The type of
annealing required is determined by the kind
and amount of machining or cold forming to
be done as well as the type of material
involved. For some processes it is essential that
the microstructure be spheroidal, whereas for
others spheroidal structures may not be neces-
sary or even desirable.
Annealing of Forgings for Machinability.

In many cases, a structure suitable for machin-
ing can be developed in low-carbon steel for-
gings by transferring the forgings directly
from the forging operation to a furnace heated
to a proper transformation temperature, holding
them at this temperature for a time sufficiently
long to permit all the austenite to transform,
then cooling in air. In this process, the effective
austenitizing temperature is the finishing tem-
perature of forging, not the initial forging tem-
perature. This process is capable of producing
reasonably uniform structures in forgings of
uniform sections. However, in forgings shaped
such that some portions are cooler than others,
this difference in finishing temperature will
cause the structures to be dissimilar. This pro-
cess generally will not produce a spheroidal
structure except in high-alloy steels containing
large amounts of carbide-forming elements. If

a lamellar structure is suitable for subsequent
operations, however, this process can minimize
the energy usage and lower costs by reducing
processing and handling time.
In many instances where the product or

subsequent process requires a more consistent
hardness, forgings can be subcritical annealed
by heating to a temperature between 10 and
20 �C (20 and 40 �F) below Ae1, holding suffi-
ciently long (determined by degree of softening
required), and then cooling in air (or equiva-
lent). Care should be taken to maintain the tem-
perature below Ae1 to prevent formation of
austenite, which would require a much lower
cooling rate.
In forgings produced from higher-carbon

steels with or without significant amounts of
alloying elements, a spheroidal structure gener-
ally is preferable for high-speed machining
operations. Direct transfer of high-carbon steel
forgings to a furnace for transformation some-
times can be used as the preliminary step of
an annealing cycle and as a means of preventing
the possibility of cracking in deep-hardening
steel parts, but seldom will produce satisfactory
properties alone. Most annealing of high-carbon
steel forgings is done either in a batch furnace
or in a continuous tray pusher furnace. Typical
schedules for spheroidizing 52100 steel in a batch
furnace are as follows:

� Austenitize by holding at least 2 h at 790 �C
(1450 �F), furnace cool at 17 �C/h (30 �F/h)
to 595 �C (1100 �F), then air cool

� Austenitize by holding at least 2 h at 790 �C
(1450 �F), cool as rapidly as practical to
750 �C (1380 �F), cool at 6 �C/h (10 �F/h)
to 675 �C (1250 �F), then air cool

� Austenitize by holding at least 2 h at 790 �C
(1450 �F), cool as rapidly as practical to
690 �C (1275 �F), transform isothermally by
holding at this temperature for 16 h, then air
cool

In all instances, the load should be distributed
to promote uniform heating and cooling. Use of
circulating fans in the furnace chamber will
greatly aid in producing a product that is
uniform in both hardness and microstructure.
A typical continuous furnace for annealing

steel forgings may consist of five or six zones.
An example of a specific spheroidize annealing
treatment in such a furnace is given in the next
section.

Annealing of Forgings for Cold Forming
and Re-Forming. If a steel forging or blank
requires further cold forming, it may be neces-
sary to soften it to enhance its plastic-flow char-
acteristics. In general, this type of annealing is
done only to the extent that the forming opera-
tion requires, that is, to satisfy dimensional,
mechanical, and tool-life requirements, as well
as to prevent cracking and splitting. Much inter-
mediate annealing is done successfully, but
cold forming processes are best performed on
parts with totally spheroidized microstructures,
especially for parts made of high-carbon steels.

In one plant, both 5160 and 52100 steels
have been successfully spheroidized with a
common cycle in a six-zone tray pusher fur-
nace. In this cycle, the temperatures in the six
zones are 750, 750, 705, 695, 695, and 680 �C
(1380, 1380, 1300, 1280, 1280, and 1260 �F).
Time in each zone is 150 min. This process
yields 5160 steel forgings with hardnesses of
170 to 190 RB and 52100 steel parts with hard-
nesses of 175 to 195 RB, both suitable for cold
or warm restrike operations.
In another cold-forming plant, 15B35 steel is

processed in either a continuous roller-hearth
furnace or a bell furnace, depending on the
severity of the cold-forging operation. The con-
tinuous furnace is a two-zone furnace with zone
temperatures at 750 �C (1380 �F) and 695 �C
(1280 �F). Annealing time in each zone is
between 90 and 120 min. The parts then enter
a water-cooled cooling bed and exit the furnace
at approximately 260 �C (500 �F). Only a par-
tially spheroidized structure is obtainable in this
furnace. If a nearly full-spheroidized structure
is required, bell furnaces are used (Fig. 17).
A typical cycle for a 4500 kg (10,000 lb) load
involves soaking at 760 �C (1400 �F) for 8 h
followed by a slow cool to 675 �C (1250 �F)
and a rapid cool afterward.
A commercial heat treater uses a further var-

iation of the processing cycle in its bell fur-
naces. The cycle for a 14,000 kg (31,000 lb)
load involves soaking at 765 �C (1410 �F) for
24 h, furnace cooling to 675 �C (1250 �F),
and holding at that temperature for 16 h, fol-
lowed by a rapid cooling.
Low-carbon steels generally can be cold

formed successfully after being heated to tem-
peratures near A1 and then being cooled
through 675 �C (1250 �F) at a controlled rate.
In one plant, 5120 steel annealed 1 to 2 h at
745 �C (1375 �F) and slow cooled has been
cold formed successfully. Large quantities of
1008, 1513, 1524, 8620, and 8720 steels are
being cold formed after annealing cycles con-
sisting of 1 to 6 h at 720 �C (1325 �F), followed
by slow cooling. The severity of the forming
operation, as well as the grade of steel and his-
tory of the part, determines the extent of
annealing required. Batch furnaces, continuous
tray pusher furnaces, and continuous belt fur-
naces are being used successfully to perform
these types of annealing operations on low-car-
bon steels.
Any part that contains significant stresses

resulting from cold forming or restrike opera-
tions should be reviewed for some type of
stress-relief process. Stress relieving usually is
done by means of time-temperature cycles that
result in slight reductions in hardness. These
cycles often consist of 1 h at 425 to 675 �C
(800 to 1250 �F).
Annealing to Obtain Pearlitic Microstruc-

tures. Forgings—especially plain and alloy
high-carbon steel forgings—are isothermally
annealed to produce a pearlitic microstructure
that is preferred for a subsequent process. In
steels that are to be induction hardened, for
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example, the carbide distribution of a fine
pearlitic structure offers excellent preparation
for optimum control in selective hardening
while producing a reasonably machinable core

structure. Isothermal annealing to obtain line
pearlite can be performed in batch or continu-
ous furnaces; however, temperature control
and uniformity are more critical than in conven-
tional slow cooling cycles because a particular
microstructure and a particular hardness level
usually are desired. In one plant, a continuous
belt-type furnace is used for isothermal anneal-
ing of 1070 steel forgings. The forgings are uni-
formly heated for 30 min at 845 �C (1550 �F),
cooled to 675 �C (1250 �F), and held for 20
min, then rapidly cooled. The microstructure
produced is essentially fine lamellar pearlite
with a hardness of 219 to 228 HB. The hardness
and the structure can be modified by adjusting
the transformation temperature.

Annealing of Bar, Rod, and Wire

Significant tonnages of bar, rod, and wire are
subjected to thermal treatments that decrease
hardness and prepare the material for
subsequent cold working and/or machining.
For low-carbon steels (up to 0.20% C), short-
time subcritical annealing often is sufficient
for preparing the material for further cold work-
ing. Steels with higher carbon and alloy con-
tents require spheroidizing to impart maximum
ductility.
Most carbon and alloy steel coiled products

can be successfully spheroidized. In batch
annealing, it is helpful to use higher-than-normal
temperatures (for example, 650 �C, or 1200 �F)
during initial heating for purging because the
higher initial temperature promotes a lower
temperature gradient in the charge during
subsequent heating into the temperature range
between A1 and A3. Use of a higher purge tem-
perature also promotes agglomeration of the
carbides in the steel, which makes them more
resistant to dissolution in the austenite when
the charge temperature is finally elevated. These
undissolved carbides will be conducive to the
formation of a spheroidal rather than a lamellar
structure when transformation is complete.
Knowledge of the temperature distribution in

the furnace and in the load can be a major fac-
tor in achieving a good, consistent response to
spheroidization. Temperature distribution and
control are much more critical in batch and vac-
uum furnaces, which may handle loads of up to
27 Mg (30 tons), than in continuous furnaces, in
which loads of only 900 to 1800 kg (2000 to
4000 lb) may be transferred from zone to zone.
Test thermocouples should be placed strategi-
cally at the top, middle, and bottom (inside
and outside) of the charge during development
of cycles. In spheroidizing, to minimize forma-
tion of pearlite on cooling, it is important to
ensure that no part of the charge be allowed to
approach A3. Conversely, if temperatures only
slightly above A1 are used and temperature
controls are inaccurate because of poor place-
ment of thermocouples, it is probable that the
A1 temperature will not be attained and that
no austenitization will occur.

Table 5 gives typical mechanical properties
that can be obtained in hypoeutectoid plain car-
bon steels by spheroidizing. Recommended
temperatures and times for lamellar and spher-
oidize annealing of hypoeutectoid alloy steels
are presented in Table 3.
Prior cold working increases the degree of

spheroidization and provides even greater duc-
tility. For example, 4037 steel in the as-rolled
condition normally can be spheroidized to a
tensile strength of approximately 515 MPa
(75 ksi). If, however, the material is drawn
20% and then spheroidized (referred to as
spheroidize annealed in-process), the resulting
tensile strength will be approximately 470 MPa
(68 ksi).
Although prior cold work can enhance

response to annealing, caution must be observed
in spheroidizing cold-worked plain carbon steels
with 0.20% C or less. Unless a reduction of at
least 20% is applied, severe grain coarsening
may be observed after spheroidizing. Such grain
coarsening is the result of a unique critical com-
bination of strain and annealing temperature for
the particular steel and may severely impair
subsequent performance.
In the wire industry, a wide variety of in-

process annealing operations have been evolved
for rendering coiled material suitable for further
processing that may require formability, draw-
ability, machinability, or a combination of these
characteristics. One large wire mill reports cur-
rent use of 42 separate and distinct annealing
cycles, the majority of which represent compro-
mises between practical considerations and
optimum properties. For example, annealing
temperatures below those that may yield opti-
mum softness sometimes must be used in order
to preclude scaling of wire coils, which often
can occur even in controlled-atmosphere fur-
naces. Even slight scaling may cause the coil
wraps to stick together, which can impede coil
payoff in subsequent operations.
Some of the terms used to describe various

in-process annealing treatments are in common
usage throughout the wire industry, whereas
others have been developed within specific
plants or mills. No attempt is made here to list
or define all the names that refer to specific
treatments.

Fig. 17 Microstructures of 15B35 steel. (a) In the as-
received hot-rolled condition, microstructure

is blocky pearlite. Hardness is 87 to 88 HRB. (b) In the
partially spheroidized condition following annealing in a
continuous furnace. Hardness is 81 to 82 HRB. (c) In the
nearly fully spheroidized condition following annealing
in a bell furnace. Hardness is 77 to 78 HRB.

Table 5 Typical mechanical properties of
spheroidized plain carbon steels

Steel

Tensile strength

Hot rolled Spheroidized

MPa ksi MPa ksi

1010 365 53 295 43
1018 450 65 365 53
1022 470 68 385 56
1030 585 85 415 60
1038 600 87 485 70
1045 675 98 515 75
1060 860 125 550 80
1065 910 132 600 87
1524 510 74 450 65
1541 710 103 540 78
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Patenting is a special form of annealing that
is unique to the rod and wire industry. In this
process, which usually is applied to medium-
and higher-carbon grades of steel, rod or wire
products are uncoiled, and the strands are deliv-
ered to an austenitizing station. The strands are
then cooled rapidly from above A3 in a molten
medium—usually lead at approximately 540 �C
(1000 �F)—for a period of time sufficient to
allow complete transformation to a fine pearl-
itic structure. Both salt baths and fluidized beds
have also been used for this purpose. This treat-
ment increases substantially the amount of
subsequent wiredrawing reduction that the
product can withstand and permits production
of high-strength wire. Successive drawing and
patenting steps may be employed if necessary,
to obtain the desired size and strength level.
Austenitizing for patenting can be accom-

plished in oil, gas, or electric furnaces; in high-
temperature lead or salt baths; or by induction
or direct resistance heating. As an alternative to
quenching in molten lead, continuous air cooling
often is employed. Such air patenting is less
expensive than lead patenting but results in
coarser pearlite and often more proeutectoid fer-
rite, a microstructure that is less desirable from
the standpoint of drawing high-strength wire.

Annealing of Plate and
Tubular Products

Plate products are occasionally annealed to
facilitate forming or machining operations.
Annealing of plate usually is done at subcritical
temperatures, and long annealing times gener-
ally are avoided. Maintaining adequate flatness
can be a significant problem in annealing of
large plates.
Tubular products known as mechanical tub-

ing are used in a variety of applications that can
involve machining or forming. For these pro-
ducts, which are made from various grades of
steel, annealing is a common treatment. In most
annealing cycles, subcritical temperatures and
short annealing times are used to reduce hard-
ness to the desired level. High-carbon grades,
such as 52100, generally are spheroidized to
facilitate machining. Tubular products manu-
factured in pipe mills are rarely annealed.
These products normally are used in the as-
rolled, the normalized, or the quenched and
tempered condition.

Accelerated Cycling Annealing

Historically, the annealing cycles comprised
three segments: heating, soaking, and cooling.
Depending on the charge dimensions and target
transformation, there could be additional soak-
ing segments. This philosophy of minimizing
the number of segments during heat treating
has not changed despite significant advances
in the modern programmable controllers and
online-control systems. These modern control

systems enable deployment of a large number
of controlled segments during the heat treating
operation.
The possibility of significant acceleration in

the transformation kinetics by replacing the
conventional isothermal soaking segment with
controlled cyclic segments has been demon-
strated (Ref 36). The accelerated phase trans-
formation during cyclic thermal processing has
been observed in a variety of solid-state phase
transformations, including recrystallization
(Ref 37), grain growth (Ref 36), austempering
(Ref 38, 39), and spheroidizing of steel (Ref 40).
As compared to the conventional isothermal
processing (Fig. 18a), in the cyclic processing,
the phase transformation is carried out in a nar-
row temperature range, where the temperature
is cycled in a controlled manner between the
high and low temperatures (Fig. 18b). The
acceleration of transformation kinetics during
cyclic thermal processing has been envisioned
as a novel way to reduce the energy consump-
tion and enhance the productivity of these
industrial operations.
During cyclic grain growth of aluminum-

killed steel, annealing was carried out between
two temperatures with an amplitude range
of 75 to 120 �C (165 to 250 �F), where the tem-
perature was varied with a frequency of 5 to
20 �C/min (10 to 35 �F/min) (Ref 36). It was
observed that cyclic annealing results in higher
grain growth compared to the maximum tem-
perature limit, with a possibility of 15%

reduction in the annealing time and 20% reduc-
tion in energy cost (Ref 41). It was also noted
that during cyclic annealing, both cyclic fre-
quency as well as amplitude have significant
impact on the transformation kinetics. In addi-
tion, both the amplitude and frequency demon-
strate a presence of optimum value with highest
rate of transformation kinetics (Ref 36). Similar
observations were made for the cyclic recrystal-
lization of cold-rolled steel (Ref 37). In the
aforementioned work, these results were also
modeled and explained on the basis of an addi-
tional nonisothermal component in the rate
equation.
Bainitic transformation kinetics were also

precisely studied by Gleeble experiments,
where accelerated kinetics, with as high as 80%
reduction in time, were observed during cyclic
austempering as compared to conventional iso-
thermal austempering (Ref 38, 39). In another
work, cyclic spheroidization treatment around
Ac3 was found to accelerate the spheroidization
kinetics in a medium-carbon steel (Ref 40).
The accelerated kinetics were attributed to

the nonisothermal effects arising from heating
rate and temperature-reversal effects imposed
during cyclic processing. It was hypothesized
that in addition to thermal excitation, during
cyclic annealing, extra nonisothermal excitation
is available for grain growth, the magnitude of
which increases with an increase in the heating
rate (Ref 36). Furthermore, this acceleration
during cyclic processing has been modeled on

Fig. 18 (a) Conventional annealing with isothermal soaking segment. (b) Cyclic treatment with soaking segment
having temperature fluctuations with controlled frequency and amplitude. The temperatures and time
given here are illustrative.
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the basis of thermally activated escape of an
overdamped Brownian particle from the meta-
stable state of a system driven by a time-
periodic force (Ref 37), which resulted in an
additional nonisothermal component in the
rate constant of the Johnson-Mehl-Avrami-
Kolmogorov-type kinetic models. The extra
nonisothermal excitation mentioned in the
hypothesis was the nonisothermal term in the
rate equation.
The accelerated transformation kinetics dur-

ing cyclic annealing can be effectively used
by replacing the constant-temperature soaking
segment with controlled cyclic perturbations,
below the required isothermal temperature.
The accelerated transformation kinetics during
cyclic treatments will reduce the total cycle
time with a resultant enhancement in productiv-
ity, whereas reduction in energy consumption
will be effected due to the reduction in cycle
time as well as the reduction in the mean
furnace temperature during cyclic treatment.
During cyclic annealing under laboratory
conditions, the benefits have been quantified
as 10 to 15% productivity enhancement and
15 to 20% energy reduction. It must be noted
that cyclic processing is amenable to compo-
nents and shapes with lower thicknesses. For
example, it can be easily implemented during
continuous annealing of sheets and tubes. How-
ever, due to the dampening of thermal ampli-
tude for thick components, for example,
billets, bars, or batch annealing of coils, ther-
mal cycling may not be very effective. The
importance of nonlinearity in transformation
kinetics is emphasized in this work.
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Subcritical Annealing and Normalizing
Roger N. Wright, Rensselaer Polytechnic Institute

THE TERM anneal encompasses many
operations in steel processing (see the article
“Annealing of Steel” in this Volume). While
these operations vary considerably, they usu-
ally have the purpose of transforming the steel
into a predictable state, and often a state that
affords improved secondary processing lati-
tude. This article provides additional details
on the metallurgy and process specifics of sub-
critical annealing, which involves heating
below the lower critical temperature (A1), such
that austenite does not form during subcritical
annealing. Practical implications for induction
annealing are included.
In principle, the starting microstructure can be

ferrite, pearlite, bainite, martensite, tempered
martensite, and combinations thereof. Often, the
starting microstructure has been cold worked,
with the main purpose of the anneal being to
remove cold work by way of recovery and recrys-
tallization. Somewhat parallel or overlapping
stages of subcritical annealing response may be
described as follows:

a. Transformation of the initial microstruc-
ture to a combination of ferrite and car-
bide. Microstructural interpretation typically
is important in regard to understanding of the
transformation response. Normalizing anneals
accomplishmuch the same purpose (discussed
in this article and the article “Normalizing of
Steels” in this Volume).

b. Transformation of a cold-worked structure
to a stress-relieved, recovered, and recrystal-
lized structure of ferrite and carbide

c. Transformation of a structure of ferrite and
carbide to a structure involving globular car-
bides, of increased coarseness

In response “a” from subcritical annealing, if
the starting microstructure is martensitic, then
anneals of appropriate temperature and time will
carry carbide development through the range of
tempered structures, ending up (if desired) with
an overtempered distribution of globular car-
bides in ferrite. If the starting structure is that
of ferrite and pearlite, the annealing may cause
a degeneration of the pearlite, en route to a struc-
ture of globular carbides in ferrite.
Most practical subcritical annealing involves

responses “b” and “c”. Annealing en route to

response “b” is often called process annealing,
and its purpose is to remove the effects of cold
work so as to allow continued cold working
with reduced risk of fracture, or simply to pro-
vide a softer, more tough and ductile structure
to properly suit an application. When excep-
tionally low strength is desired, the anneal
may be continued for a long time (for example,
ten or more hours) at a temperature just below
the critical temperature, to achieve a structure
of ferrite and very coarse, globular carbides.
Such an anneal is called a spheroidizing anneal,
in view of the spheroidal morphology of the
carbides. Spheroidizing anneals may cause
coarsening of the ferrite structure; however,
such a response is modest compared with the
grain-growth dynamics possible with austenitic
structures and hot working.

Subcritical Temperatures

Nominal Subcritical Annealing Tempera-
tures for Plain Carbon and Low-Alloy Steels.
In the most elementary practices, anneals are
described in terms of a temperature, presum-
ably maintained for the order of a very few
minutes for in-line, continuous processing, or
an hour in the case of batch processing, or
ten hours or more in the case of a spheroidiza-
tion anneal. Time is important, as discussed
subsequently, but it remains that anneals are
unfortunately often specified only in terms of
a temperature.
The iron-iron carbide phase diagram, shown in

Fig. 1, provides a useful template for presenting
carbon steel annealing and heat treating tempera-
tures (Ref 1). The critical temperature, or A1, is
727 �C (1341 �F). Handbook recommendations
for through-going process annealing of carbon
steels are 11 to 22 �C (20 to 40 �F) below A1, or
from 705 to 716 �C (1301 to 1321 �F) (Ref 1).
These temperatures are rather close to the crit-
ical temperature, and operations with limited
temperature control may require the targeting
of somewhat lower ranges. For that matter,
many casual process annealing practices
involve a few hours in the 500 to 650 �C (930
to 1200 �F) range.
It must be noted that aspects of subcritical

annealing response occur at temperatures

considerably below the A1 temperature of
727 �C (1341 �F). In the case of cold-worked
structures, the nominal recrystallization tempera-
ture of ferrite is 500 �C (930 �F), although lower
temperatures have been cited, particularly as a
threshold for stress relief and recovery. Thus,
for the case of, say, a 700 �C (1290 �F), one-hour
anneal, stress relief, recovery, and recrystalliza-
tion occur very early in the process, and carbide
transformations are the principal response over
time at the threshold temperature. Air cooling is
the general practice, although variations in cool-
ing rate are of little consequence.
It should be noted that the use of tempera-

tures and times rather in excess of the recrystal-
lization range is often necessary to achieve
through-heating of a large workpiece configura-
tion (coil, plate, etc.) or to meet certain soaking
requirements. On the other hand, use of mini-
mally necessary temperatures and times may
be desirable for rapid in-line processing or to
minimize scaling.
Process annealing temperatures for low-alloy

steels should reflect the effect of the alloying
additions on the critical temperature. Empirical
formulas have been generated to project,
roughly, the effect of alloying additions (and
residual elements) on the eutectoid, or critical,
temperature. A representative relationship for
common alloying and residual elements is as
follows:

A1 ¼ 727�C þ ½ð25� wt%SiÞ þ ð17� wt%CrÞ
þ ð81� wt%MoÞ � 6:8� wt%MnÞ
� ð12� wt%NiÞ��C

It will be seen that the projected effects on the
A1 of the commonly present manganese and sili-
con will largely cancel each other in carbon and
low-alloy steels. On the other hand, the projected
effect on A1 of the presence of chromium and
molybdenum in a 41xx-series steel can be signifi-
cant, as can the effect of nickel, chromium, and
molybdenum in a 43xx steel. For example, a mid-
range composition for a plain carbon 1022 steel
leads to the projection of essentially no change
in A1, whereas a midrange composition for a
chromium-molybdenum 4140 steel leads to a
projected increase in A1 of 33

�C (59 �F). Finally,
a midrange composition for a Ni-Cr-Mo 4340
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steel leads to a projected increase in A1 of only
15 �C (27 �F), in view of the effect of nickel in
lowering the A1.
This having been said, published values for

A1 temperatures for carbon and low-alloy steels
vary significantly, and handbook recommenda-
tions for process annealing temperatures do
not always reflect the subtleties of low-alloy
additions. Nevertheless, refined practice and
process analysis should take these alloying
effects into consideration. Moreover, process
anneals should not be taken in the upper tem-
perature ranges without a careful evaluation of
the actual A1 for the steel being processed.
Nominal Subcritical Annealing Tempera-

tures for High-Alloy Steels. Stainless steels
and many tools steels generally involve alloying
additions that grossly alter the austenite phase
field of Fig. 1. Figure 2 displays the effect of large
chromium additions on the iron-carbon system
(Ref 2). Considering a chromium level of 12 wt
%, pertinent to a martensitic 410 stainless steel,
the diagram indicates that no austenite should
form until approximately 810 �C (1490 �F). In
this context, handbook recommendations for the
process annealing of 410 stainless steel are usu-
ally in the 730 to 800 �C (1345 to 1470 �F) range.
In passing, one should note that at higher chro-
mium levels, the steel forms no austenite at all
upon heating. Stainless steels that do not form
austenite at any temperature are called ferritic,
and ones that do not form ferrite in the practical
processing range are called austenitic. Such steels
have an annealing range that is not restricted by
critical temperature considerations.
In the case of high-alloy tool steels, the

restricted austenite field is somewhat similar

to that of the martensitic stainless steels, with
molybdenum, vanadium, and tungsten playing
roles similar to and along with that of chromium.
For example, both D2 tool steel (1.55 wt% C,
11.5 wt% Cr, 0.9 wt% Mo, 0.8 wt% V) and
M48 tool steel (1.50 wt% C, 3.75 wt% Cr,
5.25 wt% Mo, 3.10 wt% V, 9.75 wt% W,
8.5 wt% Co) have recommended annealing
cycles that peak at 870 �C (1600 �F) for 2 h.

Temperature-Time Relations

As stated previously, handbook instructions
and specifications do not always specify a time
to go with a subcritical annealing temperature,
and if they do, the time may reflect heat-
transfer considerations for coils and large work-
pieces. Nonetheless, most of the practical
responses of subcritical annealing are diffusion
and creep related and therefore thermally acti-
vated, with a rate that is temperature sensitive.
Although it is naı̈ve to assume that a given
time-temperature parameter applies to all of
the subcritical annealing responses, some rough
time-temperature trade-offs can be projected
with the use of the Larson-Miller parameter,
P, where:

P ¼ T log tþ Cð Þ

where T is absolute temperature (most data are in
�R), t is time in hours, andC is a constant (from15
to 25, and often set at 20 for nominal calcula-
tions). Thus, if a desired degree of stress relief is
achieved in 6 h at 1100 �F (1560 �R, 593 �C,
866 K), then the Rankine-based Larson-Miller

parameter for this stress-relief response is
32.4 � 103, based on a C-value of 20. If it is
desired to achieve the same degree of stress relief
in only an hour, then:

T ¼ P

logðtÞ þ C½ � ¼
32:4� 103

20
¼ 1620 �R

where 1620 �R ¼ 1160 �F ¼ 627 �C.
This analysis can be extended, for purposes

of approximation, to any subcritical annealing
response. Suppose a high subcritical anneal
has been undertaken for an hour at 710 �C
(1770 �R), and it is desired to back off to
680 �C (1716 �R). The Rankine-based Larson-
Miller parameter associated with this anneal is
35,400, based on a C-value of 20. Therefore, the
time for the lower-temperature anneal is 4.26 h,
based on:

log t ¼ P=Tð Þ � C

Similarly, suppose a spheroidizing subcritical
anneal has been undertaken for 24 h at 710 �C
(1770 �R), and it is necessary to back off to
680 �C (1716 �R). The Rankine-based Larson-
Miller parameter associated with this spheroi-
dizing anneal is 37,840, based on a C-value of
20. Therefore, the time for the lower-temperature
anneal is 113 h, based on:

log t ¼ P=Tð Þ � C

As noted previously, the nominal recrystalli-
zation temperature for ferrite is only approxi-
mately 500 �C (1392 �R), and it is possible
that a useful recrystallization anneal can be
achieved in an hour at 500 �C. The Rankine-
based Larson-Miller parameter associated with
this recrystallization anneal is 27,840, based
on a C-value of 20. Now, if it is desired to
accomplish this anneal in 1 min (0.0167 h) for
in-line, continuous processing, it is worth esti-
mating the temperature required. The estimated
temperature for a time of 1 min is 1528 �R
(575 �C), based on:

T ¼ P= log tþ Cð Þ

Thus, there would seem to be ample latitude for
the design of such an in-line recrystallization
anneal.
Practical Implications for Induction

Annealing. In principle, subcritical annealing
cycles can be readily achieved in the work-
piece by way of induction heating. This is
especially the case for longer-time anneals,
through-the-thickness, at temperatures that
are not too close to the critical temperature.
The more challenging situation is that of
near-surface short-time anneals just below the
critical temperature. The risk in this case is
that of exceeding the critical temperature and
forming austenite. Such austenite can form
very quickly, and if the short-time, near-
surface anneal involves relatively rapid cooling,
then the austenite will become untempered

Fig. 1 Iron-iron carbide phase diagram indicating the eutectoid temperature of 727 �C (1341 �F) and the temperature
range for normalizing treatments. Ferrite is designated as a, austenite is designated as g, and iron carbide is
designated as Fe3C. Source: Ref 1
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martensite. The presence of even small amounts
of untempered martensite can lead to embrittle-
ment. Of course, the risk and seriousness of this
phenomenon will depend on the carbon level
and alloy content of the steel.

Normalizing

In the simplest concept, normalizing involves
heating to achieve complete austenitization of
the steel, followed by cooling in still air.
(Advanced practices may involve managed
cooling rates, and normalizing typically
involves cooling to 400 �C, or 750 �F, in appro-
ximately 1 min.) The heating should be at a
slow enough rate to minimize temperature
gradients and thermal stresses. Time-at-temper-
ature is usually not specified for a normalization
process, owing to the rapid transformation to
austenite. Nonetheless, it is quite important for
enough time to be allowed for the achievement
of a uniform temperature throughout the work-
piece. The hatched area in Fig. 1 represents
the range of austenitization temperatures com-
monly used for normalizing. Exemplary recom-
mended normalizing temperatures are as
follows (Ref 1):

Steel grade

Normalizing temperature

�C �F

1022 915 1680
1040 860 1580
4140 870 1600
4340 870 1600

Normalizing treatments transform carbon and
alloy steels, of diverse process histories, into a
uniform, predictable ferrite/carbide microstruc-
ture, given that carbides largely dissolve in the
austenite and precipitate in fine pearlite upon
cooling. Even if carbide dissolution is incom-
plete, the postnormalization carbide structure
is nonetheless substantially refined (carbide
dissolution can be facilitated by normalizing
at higher temperatures). The refined carbide
structure may be desirable because it is easier
to dissolve in subsequent heat treatment. Nor-
malization generally achieves the often useful
goals of stress relief, recrystallization, grain-
size refinement, homogenization, and imp-
roved machinability.
Stainless steels are not generally normal-

ized. This is the case even with martensitic
stainless steels, because the high degree of
hardenability makes it difficult to avoid

martensite formation with air cooling. Simi-
larly, normalization is generally not underta-
ken with most tool steels.
Practical Implications for Induction Nor-

malizing. As in the case of subcritical anneal-
ing, normalization cycles can be achieved,
in principle, by induction heating. This is
especially the case for longer-time, through-
the-thickness normalization. The major chal-
lenge would seem to be matching the rates of
heating and cooling involved with conventional
normalizing. As noted previously, heating rates
must be slow enough to minimize temperature
gradients and thermal stresses. More important,
the cooling rate should involve, or be consis-
tent with, still-air cooling. Again, the most
challenging situation would seem to be that
of near-surface normalizing, where inappropri-
ately rapid cooling may result in untempered
martensite formation in higher-carbon and
alloy steels. The presence of even small
amounts of untempered martensite can lead to
embrittlement.

Induction Thread Softening

A practical application of induction normal-
izing and subcritical annealing is thread soft-
ening. The threaded area on carburized
components, such as hypoid pinion gears, is
commonly induction softened to prevent
delayed fractures from occurring after the
nut is torqued down during assembly. The
induction softening may be done by normaliz-
ing, subcritical annealing, or a combination of
the two. The method will depend on the hard-
enability of the steel used. If the hardenability
is relatively low, the induction normalizing
process may be used.
A typical process would include induction

heating the threaded area above the critical
temperature, followed by slow cooling by
immersing the thread in a bed of vermiculite.
On occasion, the process may need to be fol-
lowed by an induction subcritical annealing
process if the steel hardenability is suffi-
ciently high and the carburized case rehardens
after slow cooling. It is common to soften the
carburized case at the root of the threads to a
maximum of 45 HRC. The softening may also
be done by using the subcritical annealing
process. When using this method, it is nor-
mally desirable to maximize the time at tem-
perature to achieve the necessary degree of
softening. As a result, very low power settings
are used in order to extend the heating time.
Another way to achieve this involves pulsing
the power after the desired temperature is
reached. Additionally, a second subcritical
anneal may be used.
The induction frequency and power require-

ment will depend on the size of the thread and
the method being used. When the induction
normalizing process is used, it is typical to

Fig. 2 Iron-chromium pseudo-binary phase diagram for a carbon content of 0.10 wt%. Source: Ref 2
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through heat the entire thread cross section to
ensure a slower cooling rate. A frequency of
10 kHz or less would be common for this.
One disadvantage to this process is that a larger
portion of the part will be affected by the heat-
ing. The induction subcritical annealing process
uses a lower temperature, so the heat input into
the part will be lower. With this process, the
entire thread cross section can be heated, or
only the outer case region can be heated. With

the latter method, it is common to use a higher
frequency, including radio frequency.
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Austenitizing in Steels
John G. Speer, Advanced Steel Processing and Products Research Center, Colorado School of Mines
Robert J. Gaster, Deere & Company, Moline Technology Innovation Center

Introduction

Austenite is the intermediate starting micro-
structure in many steels, which transforms dur-
ing later processing or heat treatment to the
microstructure desired in the particular steel
alloy of interest. Austenitization refers to heat-
ing into the austenite phase field, during which
the austenite structure is formed. Austenite is
the high-temperature, face-centered cubic form
of iron, stable at intermediate temperatures
on the iron-carbon binary phase diagram. The
austenitizing heat treatment almost always
involves heating, but austenite formation also
occurs during direct processing from very high
temperature. For example, some newer pro-
cesses involve casting and solidification dire-
ctly linked with processing in the solid state,
where austenite forms following solidification
and transforms to the final microstructure
before the steel is first cooled to room tempera-
ture. Such processes are not the focus of this
article, but many of the principles related to
austenitizing heat treatments are also applicable
to austenite behavior during direct casting
processes.
The iron-carbon equilibrium phase diagram,

shown in Fig. 1, is a good starting point from
which to consider austenite formation in steels.
While the Fe-Fe3C (cementite) diagram (shown
using solid lines in Fig. 1) represents condi-
tions that are metastable with respect to the
true equilibrium in the iron-carbon system
(where graphite is thermodynamically stable),
cementite is the carbon-rich phase that is pres-
ent in most commercial steels. Heating a fer-
rous alloy into the austenite phase field is
associated with a thermodynamic driving force
for austenite to replace the starting microstruc-
ture, which typically may contain ferrite, pearl-
ite, iron carbide or cementite (Fe3C), bainite
and/or martensite, and perhaps some austenite
that may have been present in the starting
microstructure. Such austenite is referred to as
retained austenite, resulting from incomplete
transformation/decomposition during cooling
from a previous processing step or sequence
of steps.

Purposes and Overview of
Austenitization

Steels are heated into the austenitic regime
for a variety of purposes. In heat treating, aus-
tenite is formed to modify the microstructure,
replacing an earlier-formed structure with a
new microstructure tailored for the end use or
next step in processing, via subsequent transfor-
mation at a lower temperature. For steels that
are hot worked by means of rolling or forging,
austenitization occurs as part of the reheating
process to reduce the strength of the steel so
that hot working can be accomplished with
reasonable force or power inputs. Chemical
homogenization can also be attained by increas-
ing atomic mobility at high temperatures within
the austenitic regime, although the kinetics of
substitutional alloy redistribution are sluggish
in the solid state, so homogenization may be
limited in practice. However, interstitial homo-
genization of carbon in steels occurs more
quickly, enabling the success of structure mod-
ifications in heat treatment of steels.
Partial austenitization is also employed inten-

tionally during heat treating of some steels.
For example, intercritical annealing (heating
between the lower and upper critical tempera-
tures for a particular steel, that is, between the
A1 and A3 temperatures indicated in Fig. 1) of
hypoeutectoid steels in the ferrite-plus-austenite
two-phase field is used to generate intercritical
ferrite in high-strength sheet products along
with harder products of austenite decom-
position, such as martensite in dual-phase
microstructures. In hypereutectoid steels, for
example, grade 52100, heating is often into
the austenite-and-cementite two-phase field,
whereby the presence of cementite moderates
the austenite carbon concentration prior to
quenching and enhances wear resistance in
ball-bearing applications.
Austenitizing may involve plain carbon or

low-alloy steels, where the transformations that
occur upon heating primarily involve ferrite
transformation and dissolution of cementite,
or higher alloy steels where full or partial disso-
lution of alloy carbides or nitrides may be

important. The starting microstructure also
influences the austenitizing response, because
the scale of the microstructure influences the
distances over which solute diffusion may
be required, and additional processes such as
tempering or recrystallization can occur during
heating of steels that are martensitic or cold
worked before austenitizing. Alloy content
of the steel can also influence austenitizing
response, because carbide-forming elements
will delay the diffusion of solute carbon in
rapid heating conditions such as induction hard-
ening. Reactions with the external environment
may be an additional consideration, because
oxidation and scale formation occur during
heating, and carburizing or nitriding reactions
and so on may also occur in the austenitic
regime.
While heat-transfer considerations are not the

focus of this article, it should be recognized that
the microstructure evolution mechanisms that
occur during austenitizing are diffusional, so
temperature and time have a profound influence
on the austenitizing response. Heating time-
frames may range from fractions of a second
(in surface-hardening applications such as
induction hardening) to many hours for soaking
of heavy sections. Temperature gradients influ-
ence microstructure development and hot work-
ing behavior and are sometimes inherent and
intentional in processing, but in most cases are
minimized through careful control of heating
and soaking. Commercial software is available
to calculate heat-transfer characteristics and
thermal behaviors during heating.

Thermodynamics and Kinetics of
Austenite Formation

Selection of Austenitizing Temperature.
The presence of austenite at equilibrium can
be predicted by using the phase diagram, such
as in Fig. 1 for iron-carbon binary alloys, or
by using thermodynamic databases for multi-
component steels. In practice, austenite forma-
tion may occur under conditions that may
deviate considerably from equilibrium. Figure 2
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includes a portion of the iron-carbon phase dia-
gram in the near-eutectoid region, with addi-
tional boundaries that illustrate the onset of
transformation during heating or cooling. Some
commonly employed heat treating nomencla-
ture is associated with this figure, wherein the

boundaries (as may be measured based on a
thermal arrest) that define critical temperatures
for transformation are designated as A1 (critical
temperature for eutectoid transformation), A3

(critical temperature for primary ferrite trans-
formation), and Acm (critical temperature for

primary cementite transformation). Additional
subscripts of “c” or “r” are used to define the
critical temperatures under heating or cooling
conditions, respectively. The counterintuitive
use of “c” as a subscript to describe heating
rather than cooling stems from the French ori-
gin of these designations, wherein chauffage
refers to heating and refroidissement to cooling.
It should be noted that the information in Fig. 2
applies to iron-carbon binary alloys heated or
cooled at 0.125 �C/min (0.225 �F/min), because
the critical temperatures depend on both alloy
composition and processing.
It is important to understand the critical tem-

peratures to design appropriate heat treatment
practices. For example, full austenitization is
often the first step in heat treating, so the Ac3
temperature for that particular steel must be
exceeded to obtain the desired starting condi-
tion. In modern multicomponent steels, binary
phase diagrams may not provide accurate
information on critical temperatures and phase
stability, however, due to the presence of other
alloying elements. Commercial software pack-
ages are now available to obtain such infor-
mation using computational thermodynamic
databases. Experimental measurements using
dilatometry are also employed to assess kinetic
effects. Handbook summaries of critical tem-
peratures can also be helpful, and Tables 1
and 2 show examples with recommended auste-
nitizing and forging temperatures for a variety
of carbon and low-alloy steels, respectively.
Empirical equations are also available to

Fig. 1 Iron-carbon binary phase diagram, where solid lines indicate the metastable Fe-Fe3C diagram and dashed lines are from the iron-graphite equilibrium diagram. Reprinted
from Ref 1, adapted from Ref 2
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estimate critical temperatures based on alloy
composition, and these can provide useful
guidance for some low-alloy steels. For
example, expressions of Andrews for Ac3
and Ac1 are reproduced as follows in Eq 1
and 2, respectively (Ref 6). (Some additional
effects of manganese, chromium, copper,
phosphorus, aluminum, arsenic, and titanium
on Ac3 are also mentioned in the original
reference.)

Ac3
�Cð Þ ¼ 910� 203

ffiffiffiffi
C

p
� 15:2Niþ 44:7Si

þ 104Vþ31:5Moþ 13:1W (Eq 1)

Ac1
�Cð Þ ¼ 723� 10:7Mn� 16:9Niþ 29:1Si

þ 16:9Crþ 290Asþ 6:38W (Eq 2)

Both the tables and equations reflect the ten-
dency for critical temperatures to increase with
additions of austenite-stabilizing elements
(such as carbon, nickel, manganese, etc.),
which expand the temperature range of austen-
ite stability, and for the critical temperature to
decrease with additions of ferrite-stabilizing
elements (such as silicon, chromium, and
molybdenum), which expand the temperature
range of ferrite stability.
The recommended temperature ranges in

Table 1 reflect the need to fully austenitize
while avoiding excessive austenite grain

growth. The forging temperatures in Table 2
are higher for a given alloy, reflecting the desire
to reduce the forming loads while also avoiding
overheating, where incipient melting at grain
boundaries or other embrittling mechanisms
may be encountered. (The phase diagram in
Fig. 1 shows that the liquidus temperature for
austenite decreases with increasing carbon for
most steels, consistent with the trends in Table
2.) Reheating temperatures before hot working
may also reflect the need to control dissolution
of precipitates in microalloyed high-strength
low-alloy steels; this application is discussed
in a later section. In a carburizing heat treat-
ment, the temperature also controls the carbon
mobility and maximum solubility in austenite.
Finally, partial austenitizing heat treatments
may apply to either hypoeutectoid or hypereu-
tectoid steels, such as dual-phase sheet or ball-
bearing steels, as mentioned previously. In
these instances, the intercritical temperature
(i.e., between the A1 and A3 or between the
A1 and Acm) simultaneously controls both the
austenite composition and the fraction of aus-
tenite and ferrite or carbide.
Mechanisms and Kinetics of Austenite

Formation. The initial microstructure influ-
ences the locations within the microstructure
and the mechanisms by which austenite may
form. Austenite nucleation is most likely to
occur at interfaces, although the thermody-

namic characteristics that apply to different
interfaces are not necessarily identical. For
example, nucleation would be possible at inter-
faces between pearlite colonies as soon as the

Temperature

Steel � C � F

Carbon steels

1025 855–900 1575–1650
1030 845–870 1550–1600
1035 830–855 1525–1575
1037 830–855 1525–1575
1038(a) 830–855 1525–1575
1039(a) 830–855 1525–1575
1040(a) 830–855 1525–1575
1042 800–845 1475–1550
1043(a) 800–845 1475–1550
1045(a) 800–845 1475–1550
1046(a) 800–845 1475–1550
1050(a) 800–845 1475–1550
1055 800–845 1475–1550
1060 800–845 1475–1550
1065 800–845 1475–1550
1070 800–845 1475–1550
1074 800–845 1475–1550
1078 790–815 1450–1500
1080 790–815 1450–1500
1084 790–815 1450–1500
1085 790–815 1450–1500
1086 790–815 1450–1500
1090 790–815 1450–1500
1095 790–815(a) 1450–1500(b)

Free-cutting carbon steels

1137 830–855 1525–1575
1138 815–845 1500–1550
1140 815–845 1500–1550
1141 800–845 1475–1550
1144 800–845 1475–1550
1145 800–845 1475–1550

Temperature

Steel � C � F

1146 800–845 1475–1550
1151 800–845 1475–1550
1536 815–845 1500–1550
1541 815–845 1500–1550
1548 815–845 1500–1550
1552 815–845 1500–1550
1566 855–885 1575–1625

Alloy steels

1330 830–855 1525–1575
1335 815–845 1500–1550
1340 815–845 1500–1550
1345 815–845 1500–1550
3140 815–845 1500–1550
4037 830–855 1525–1575
4042 830–855 1525–1575
4047 815–855 1500–1575
4063 800–845 1475–1550
4130 815–870 1500–1600
4135 845–870 1550–1600
4137 845–870 1550–1600
4140 845–870 1550–1600
4142 845–870 1550–1600
4145 815–845 1500–1550
4147 815–845 1500–1550
4150 815–845 1500–1550
4161 815–845 1500–1550
4337 815–845 1500–1550
4340 815–845 1500–1550
50B40 815–845 1500–1550
50B44 815–845 1500–1550
5046 815–845 1500–1550
50B46 815–845 1500–1550
50B50 800–845 1475–1550

Temperature

Steel � C � F

50B60 800–845 1475–1550
5130 830–855 1525–1575
5132 830–855 1525–1575
5135 815–845 1500–1550
5140 815–845 1500–1550
5145 815–845 1500–1550
5147 800–845 1475–1550
5150 800–845 1475–1550
5155 800–845 1475–1550
5160 800–845 1475–1550
51B60 800–845 1475–1550
50100 775–800(c) 1425–1475(c)
51100 775–800(c) 1425–1475(c)
52100 775–800(c) 1425–1475(c)
6150 845–885 1550–1625
81B45 815–855 1500–1575
8630 830–870 1525–1600
8637 830–855 1525–1575
8640 830–855 1525–1575
8642 815–855 1500–1575
8645 815–855 1500–1575
86B45 815–855 1500–1575
8650 815–855 1500–1575
8655 800–845 1475–1550
8660 800–845 1475–1550
8740 830–855 1525–1575
8742 830–855 1525–1575
9254 815–900 1500–1650
9255 815–900 1500–1650
9260 815–900 1500–1650
94B30 845–885 1550–1625
94B40 845–885 1550–1625
9840 830–855 1525–1575

(a) Commonly used on parts where induction hardening is employed. All steels from SAE 1030 up may have induction hardening applications. (b) This temperature range may be employed for 1095 steel that is to be quenched
in water, brine, or oil. For oil quenching, 1095 steel may alternatively be austenitized in the range 815 to 870 �C (1500 to 1600 �F). (c) This range is recommended for steel that is to be water quenched. For oil quenching, steel
should be austenitized in the range 815 to 870 �C (1500 to 1600 �F). Reprinted from Ref 4

Table 2 Typical forging temperatures for
various carbon and alloy steels

Typical forging
temperature

Steel Major alloying elements � C � F

Carbon steels

1010 . . . 1315 2400
1015 . . . 1315 2400
1020 . . . 1290 2350
1030 . . . 1290 2350
1040 . . . 1260 2300
1050 . . . 1260 2300
1060 . . . 1180 2160
1070 . . . 1150 2100
1080 . . . 1205 2200
1095 . . . 1175 2150

Alloy steels

4130 Chromium, molybdenum 1205 2200
4140 Chromium, molybdenum 1230 2250
4320 Nickel, chromium, molybdenum 1230 2250
4340 Nickel, chromium, molybdenum 1290 2350
4615 Nickel, molybdenum 1205 2200
5160 Chromium 1205 2200
6150 Chromium, vanadium 1215 2220
8620 Nickel, chromium, molybdenum 1230 2250
9310 Nickel, chromium, molybdenum 1230 2250

Reprinted from Ref 5

Table 1 Recommended austenitizing temperatures for several steels
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temperature exceeds the eutectoid or Ac1, while
there would not be a driving force for austenite
nucleation at ferrite-ferrite interfaces (absent
cementite) until much higher temperatures. In
microstructures containing retained austenite, it
may not be necessary for nucleation of austenite
to occur, because the transformation could con-
ceivably involve growth only of the existing aus-
tenite. Apart from the differences in nucleation
behavior, the initial microstructure also influ-
ences the kinetics of austenite growth (Ref 7).
Austenite formation involves a change in

crystal structure and composition. The crystal
structure change is accomplished by short-
range atom rearrangements at the interface, so
that the body-centered cubic ferrite (or ortho-
rhombic cementite) is transformed into face-
centered cubic austenite. The kinetics of these
structural rearrangements do not usually control
the overall reaction kinetics, because long-
range carbon and/or substitutional solute diffu-
sion are needed to achieve the equilibrium aus-
tenite composition. The scale of (or dimensions
associated with) the initial microstructure and
carbon or solute distribution control the dis-
tance over which long-range diffusion occurs
during austenitization and thus profoundly
influence the kinetics (Ref 7). Coarse ferrite in
combination with coarse alloy-enriched car-
bides represent the most sluggish austenitiza-
tion kinetics, because the formation of
homogeneous austenite requires dissolution of
coarse carbides, involving redistribution of sub-
stitutional solutes, and carbon transport into the
large volume previously consisting of carbon-
depleted ferrite. On the other hand, martensitic
or fully pearlitic starting microstructures con-
tain the same overall solute content as the
resulting austenite, so the transformation kinet-
ics are less inhibited by the need for long-range
solute transport. Fine eutectoid pearlite is a
relatively simple case to consider, whereby
austenite is stable just above the eutectoid tem-
perature, and carbon redistribution is needed

only on the scale of the pearlite interlamellar
spacing.
The kinetics of isothermal austenite transfor-

mation from pearlite are shown schematically
in Fig. 3. Here the eutectoid (pearlite) composi-
tion is indicated by the phase diagram on the
left. The transformation kinetics are shown on
the time-temperature-transformation (TTT) dia-
grams on the right. Above the eutectoid temper-
ature, austenite formation occurs from pearlite,
while below the eutectoid temperature, austen-
ite decomposition occurs (forming pearlite in
an appropriate temperature regime). The trans-
formation start and completion lines are asymp-
totic to the dashed horizontal line at the
eutectoid temperature, below which austenite
is not stable and above which ferrite and
cementite are not stable. At a given tempera-
ture, austenite formation from eutectoid pearlite
has been shown to follow the well-known
Johnson-Mehl-Avrami-Kolmogorov model (Ref
8, 9) that applies to many diffusional processes.
Austenite formation in Fig. 3 occurs at shorter
times with increasing temperature (i.e., the reac-
tion rate increases monotonically with tempera-
ture) and exhibits a characteristic curve shape
that is distinctly different than the usual
C-curve kinetics that apply to austenite decom-
position in the TTT diagram applicable below
the eutectoid temperature. This distinctive char-
acteristic arises from a fundamental difference
between transformations that occur following
heating and cooling. In transformations that
occur following cooling, the free-energy change
for the transformation (i.e., thermodynamic
driving force) increases at lower temperatures,
while atomic mobility is greater at higher tem-
peratures, and the balance between these two
factors leads to the well-known C-curve shape.
In heating transformations, the free-energy
change increases with increasing temperature,
and the diffusion kinetics also increase with
increasing temperature, so the reaction is
always faster at higher temperatures.

The austenite growth rate is shown in Fig. 4,
plotting austenite radius as a function of time,
for different steels and temperatures. The slopes
of the lines represent the interface velocity
and increase at higher temperatures. Linear
behavior indicates a constant interface velocity,
which is possible in this special case where the
eutectoid reaction is reversed (a + Fe3C ! g),
and the product inherits the entire carbon and
alloy concentration of the parent pearlite. In
the more general case where the parent micro-
structure is inhomogeneous and austenite grows
with a different chemical composition (carbon-
enriched austenite in hypoeutectoid steels, for
example), growth under diffusion control
becomes slower as the reaction proceeds and
the solute concentration gradients are reduced,
resulting in nonlinear behavior. Austenite trans-
formation of pearlite can also occur, wherein
the transformations of ferrite and carbide are
uncoupled such that incompletely dissolved
carbides can be present in the austenite. An
example is shown in Fig. 5, where an austenite
crystal is growing into pearlite in the central
region of the micrograph. The austenite is light
gray, having transformed to martensite at room
temperature. Some undissolved carbides are
clearly visible in the transformed volume,
sometimes referred to as ghost pearlite (Ref
12). This behavior is more likely in rapid heat-
ing/short time situations such as in induction
hardening. Eventually the carbides dissolve
completely, given sufficient time and tempera-
ture in the single-phase austenite field, because
the austenite composition becomes further car-
bon enriched.
Figure 6 shows the austenite carbon concen-

tration in a hypereutectoid alloy versus log
(time) for different austenitizing temperatures.
The arrows indicate the point at which ferrite is
completely transformed to austenite at each tem-
perature, and the figure shows that the austenite
carbon content continues to increase after this
point, as carbide dissolution continues. Austenite

Fig. 3 Schematic iron-carbon phase diagram (left). Austenitization time-temperature
diagram illustrating kinetics of isothermal austenite formation upon heating

(upper right) and time-temperature-transformation diagram representing isothermal
austenite decomposition upon cooling (lower right) for a eutectoid steel. Adapted from
Ref 8
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formation and carbide dissolution are both faster
at elevated temperature, and the equilibrium
carbon concentration of the austenite increases
with temperature up to the Acm temperature.
The decoupling of austenite growth from carbide
dissolution is an important consideration, and
aspects related to this behavior are sometimes
reflected in TTT or time-temperature-austeniti-
zation (TTA) diagrams for specific steels.
The TTA diagram shown in Fig. 7 is for

heating of a Ck 45 steel (similar to AISI
1045). This figure was adapted (Ref 12,
14–16) from the Atlas zur Wärmebehandlung
der Stähle, which should serve as a useful refer-
ence on this topic. The light-gray Ac2 line
represents the Curie temperature below which
the material is ferromagnetic. Superimposed on
the temperature-time axes are also curves that
reflect variations in heating rate over three orders
of magnitude from 0.3 to 300 �C/s (0.54 to
540 �F/s). For this medium-carbon steel austeni-
tized from a ferrite + partially spheroidized
pearlite starting microstructure, Ac1 represents
the onset, while Ac3 represents the completion
of austenite formation. Austenite is likely to first
consume the prior pearlite in this steel, because
transformation of the low-carbon prior ferrite to
austenite requires higher temperatures. Thus,
carbide dissolution may be complete at the
Ac3, particularly at lower heating rates.
During and persisting for some time after

carbide dissolution, an inhomogeneous carbon
distribution may remain in the austenite until
sufficient carbon transport has occurred across
the dimensions of the starting microstructure.
The inhomogeneous austenite composition
may be reflected through a variation in the mar-
tensite start temperature during subsequent
quenching of the austenite, wherein the pres-
ence of carbon-depleted regions leads to mar-
tensite formation at higher temperatures than
in homogeneous austenite. The influences of
time and temperature on austenite transforma-
tion kinetics are clearly illustrated in the figure,
with austenite formation and homogenization
completing at much lower temperatures under

slower heating conditions. The presence and
importance of inhomogeneous austenite is more
relevant at high heating rates and short holding
times during austenitization, such as may apply
during induction hardening. While results as
shown in Fig. 7 can be helpful, it should be reit-
erated that the positions and slopes of the
curves are also dependent on prior processing
and microstructure.
Austenite nucleation is likely to occur het-

erogeneously at pearlite colony interfaces or
ferrite/carbide interfaces, although ferrite grain
boundaries may also represent appropriate
nucleation sites under some conditions (e.g., in
pure iron or at high temperature). Austenite
growth has been studied in low-carbon intercri-
tically annealed sheet steels, where processing
involves hot rolling and coil cooling (usually
resulting in a ferrite + pearlite microstructure),
followed by annealing in the ferrite + austenite
two-phase field, and then quenching to trans-
form the austenite to martensite and generate
the dual-phase final microstructure (Ref 17).
Manganese is commonly added to steels to pro-
vide hardenability.
Austenite nucleates first at the ferrite-pearlite

interface and grows rapidly into pearlite, until
pearlite dissolution is complete. After dissolu-
tion of pearlite, further growth of austenite into
ferrite occurs, usually controlled by carbon dif-
fusion in austenite. Because manganese parti-
tions to austenite in preference to ferrite, final
equilibration during intercritical annealing in

the two-phase field involves an additional
mechanism that does not usually apply during
full austenitization of low-alloy steels at ele-
vated temperature. Manganese partitioning is
quite slow, so the final redistribution of manga-
nese and adjustment of the phase fractions
occurs over very long timeframes, which are
not applicable to industrial processing.
Figure 8 shows a scanning electron micro-

graph of the partly transformed microstructure
in a 0.06C-1.5Mn steel intercritically annealed
for 1 h at 740 �C (1360 �F) and slow cooled
to room temperature. The inhomogeneous dis-
tribution of austenite is clear, with a predomi-
nance of ferrite retained from the starting
microstructure, and austenite distributed along
the ferrite grain boundaries and triple points,
having formed from pearlite. The ferrite is dark
gray, while the austenite (transformed to mar-
tensite in this room-temperature micrograph)
is lighter in contrast. The inset illustration
shows the distribution of phases after air cool-
ing in one of the austenite islands that formed
during annealing. Here, martensite is present
in the outer rim, while the austenite decom-
posed during slow cooling into ferrite and
pearlite. This phase distribution is reflective of
the hardenability effects of manganese enrich-
ment in the outer rim of the austenite. This
example provides an illustration of the spatial
distribution of austenite as it begins to form in
a ferrite + pearlite starting microstructure and
important aspects of substitutional redistribu-
tion that can occur.
Figure 9 provides a TTA diagram for 100 Cr 6

steel (similar to AISI 52100) in a spheroidized
condition. This is a hypereutectoid steel with
a substantial chromium addition in which

Fig. 5 Austenite formation in a eutectoid steel (0.81C,
0.07Si, 0.65Mn) held 26 s at 730 �C (1350 �F)

and water quenched. Original magnification: 2000�.
Reprinted from Ref 11
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chromium is incorporated into the cementite, so
additional considerations also apply in this steel,
because carbides are stable with austenite over a
range of temperatures in the intercritical regime
during heating, and carbide dissolution and aus-
tenite homogenization involve slower diffusion
of substitutional (chromium) atoms, as well as
carbon. Here, Ac1b indicates the beginning of
austenite formation, where there is a driving force
to transform the ferrite and dissolve some of the
carbides while coarsening others. The end of fer-
rite transformation during heating is represented
byAc1e, where themicrostructure consists of aus-
tenite plus carbide. Carbide dissolution continues
during further heating over a considerable range
of temperatures up to the Acc, followed by
redistribution of solute carbon and chromium
during austenite homogenization.
The previous discussion considered some

nonequilibrium effects related to the behavior
of carbides during austenitizing. Nonequilib-
rium effects related to the behavior of ferrite
during austenitizing also occur at rapid heating
rates and short holding times, such as in induc-
tion hardening. Austenite formation in pure iron
is partitionless, occurring without any carbon or
solute transport, and only requires short-range
atom movements to reconstruct a different lat-
tice structure at the interface. The transforma-
tion temperature (Ac3) is shown in Fig. 10 and
varies only a small amount over a wide range
of heating rates, much less in comparison to
the alloys shown earlier in Fig. 7 and 9. Here,
the ferrite is stable to much higher temperatures
than the eutectoid temperature, so growth is
very fast once the temperature is high enough
that a driving force is available for transforma-
tion to austenite. (If the transformation was not
fast, the temperature of transformation would
be much higher at very fast heating rates.)
While commercial steels do not usually

resemble pure iron, it should be recognized that
large ferrite grains in the initial microstructure
could exhibit behaviors similar to pure iron if
they persist to high temperature without having
transformed to austenite. The thermodynamics
of partitionless decomposition of austenite dur-
ing cooling are reasonably well understood,
because such conditions apply to massive

ferrite transformation as well as martensite
transformation that represents the classic situa-
tion of transformation without a composition
change. The concepts are not much discussed
in the context of austenite formation during
heating but may have applicability at high heat-
ing rates where transformation is suppressed at
low temperatures, where partitionless transfor-
mation is impossible (Ref 7, 19).
The To concept is used to understand driving

forces for partitionless transformation and is
illustrated in Fig. 11. The free energies of fer-
rite and austenite are shown in the upper por-
tion as a function of carbon concentration for
a temperature T1 on the phase diagram (below);
the common tangent to the free-energy curves
defines the equilibrium ferrite and austenite
compositions on the phase diagram. The inter-
section between the ferrite and austenite free-
energy curves is designated To and lies between
the equilibrium ferrite and austenite composi-
tions, within the a + g phase field. While the
To does not represent equilibrium, it represents
the locus of compositions and temperatures
above which austenite has a lower free energy
than ferrite of the same chemical composition
and below which ferrite has a lower free energy
than austenite. While under equilibrium trans-
formation conditions, the temperature must
exceed the A3 curve to obtain full austenitiza-
tion; under partitionless conditions there is
actually a driving force for austenite to replace
ferrite of the same composition once the To
temperature is reached.
For low carbon levels applicable to ferrite,

the To temperature is very high, so partition-
less austenite formation could occur very
quickly. Equally important, rapid partitionless
transformation during cooling may also occur
if short austenitizing times do not permit
homogenization of austenite. The significance
of this discussion lies in its potential applica-
tion to austenite formation at rapid heating
rates and short holding times in microstruc-
tures containing coarse ferrite (along with
coarse pearlite, for example), such as may
apply during induction hardening. Here, rapid
forward and rapid reverse transformation from
ferrite to austenite and then to ferrite again

may occur under partitionless conditions,
wherein the final microstructure containing
low-carbon ferrite has the appearance of
incomplete austenitization with untransformed
ferrite but in fact resulted from full austeniti-
zation without homogenization of carbon in
the austenite.

Austenite Grain Growth

The desired grain size of the austenite that
forms during austenitization is dependent on
the application. Coarse austenite grains increase
hardenability, although in practice, alloying is
used to control hardenability, because finer aus-
tenite is usually preferred to refine the final
microstructure, enhancing strength and tough-
ness. Due to grain growth or grain coarsening,
the austenite grain size is expected to increase
with time or temperature, as shown for pure

Fig. 8 Microstructure of 0.06C-1.5Mn steel intercritically annealed 1 h at 740 �C (1360 �F) and then slow cooled.
Reprinted from Ref 17
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iron in Fig. 12. In alloys, the austenite grain-
coarsening behavior may be different, because
alloying elements in solution or in the form of
precipitates may retard grain growth by means
of solute drag or precipitate pinning effects,
respectively, on austenite grain-boundary
motion. The pinning precipitates in many steels
are aluminum nitrides, AlN, and provide effec-
tive grain refinement at low temperatures in the
austenite phase field during heat treatments
such as normalizing, carburizing, and so on.
Aluminum is added to many steels to remove
oxygen from the liquid prior to casting and
combines with solute nitrogen to form alumi-
num nitrides during cooling or reheating. The
aluminum fine-grained practice is therefore
available to suppress grain growth in many
steels during subsequent reaustenitizing.
Figure 13 shows the ASTM International

grain size number for austenite as a function
of heating (austenitizing) temperature for steels
that would be produced with and without an
aluminum deoxidizing treatment during steel-
making, the so-called fine-grained or coarse-
grained practice, respectively. Note that smaller
ASTM International grain size numbers repre-
sent coarser grains. In the aluminum-free
coarse-grained steel, austenite grain size
increases continuously with temperature. In
the aluminum-added fine-grained steel, the aus-
tenite grains are pinned by AlN, and the grain
size remains small up until the grain-coarsening
temperature. (Other precipitates, such as vana-
dium nitride or niobium carbide, can also be
effective at suppressing grain coarsening during
reaustenitizing. See Ref 22 and 24.) A sudden
increase in grain-growth kinetics occurs at the

grain-coarsening temperature, accompanied by
abnormal coarsening where some grains grow
much larger than the others, leading to grain
sizes that may be coarser than would be
observed in steels without any grain-refining
additive. At still higher austenitizing tempera-
tures, the pinning particles coarsen and lose
effectiveness, so normal grain growth resumes,
and austenite grain sizes are similar to the steels
without grain-refining additions (Ref 22).
Because the austenite grain size has an

important influence on the final microstructure
and properties for a given application, it is often
desirable to measure the prior-austenite grain
size. The term prior austenite is used because
the austenite grains that existed at high temper-
ature are no longer present, having transformed
to a different microstructure at room tempera-
ture. Evidence for the location of the prior-
austenite grain boundaries can be readily
obtained in some microstructures using careful
metallographic techniques (and specialized
etchants), particularly in fully martensitic
microstructures (because the martensite plates/
packets grow within a single austenite grain
and do not cross the austenite boundaries) or
in partially transformed microstructures where
a specific transformation product “decorates”
the prior-austenite boundaries, having nucleated
only on those boundaries during transformation.
In other instances, such as in low-carbon ferritic
microstructures, it can be very difficult to bring
out the prior-austenite microstructure. Special
processing can aid in rendering the prior-
austenite microstructure, to help characterize
the austenitizing response of a particular steel.
For example, controlled cooling may be applied
to generate a transformation product located
predominantly at the prior boundaries, and car-
burizing may be used to generate a network of
cementite at the austenite grain boundaries,
which remains in the microstructure after trans-
formation during cooling (Ref 25).

Control of Solute Concentrations in
Austenite

While precipitates are helpful for austenite
grain-size control in many heat treatments,
there are other applications where certain preci-
pitates must be dissolved in austenite for the
solutes to have their desired effect. Examples
include boron-containing martensitic steels,
and microalloyed high-strength low-alloy
(HSLA) steels. In the boron-added steels, solute
boron segregates to austenite grain boundaries
and provides substantially enhanced hardenabil-
ity for typical austenitizing treatments, at opti-
mum boron levels of 10 or 20 (weight) ppm.
Boron is a strong nitride former, so titanium is
often added (in excess of the nitrogen concen-
tration) to prevent BN precipitation, because
boron is only effective when present in solu-
tion. An iron borocarbide phase can also form,
however, so austenitizing times and tempera-
tures must also take into consideration the pre-
cipitation kinetics of Fe23(C,B)6 in these steels
(Ref 26).
Microalloyed HSLA steels are most often

subjected to thermomechanical processing as
part of hot working in the austenitic regime,
modifying the final microstructure and proper-
ties. Here, small additions of niobium, for
example, are added to suppress austenite
recrystallization at low temperatures in the aus-
tenitic hot working regime during finish rolling,
forging, and so on. The deformed (“pancaked”)
unrecrystallized austenite is associated with
increased austenite grain-boundary surface
area, which enhances nucleation during trans-
formation, leading to a finer microstructure
and increased strength and toughness. The
key mechanisms involve microalloy carbide
precipitation on the austenite grain boundaries
and deformation substructure (sub-boundaries)
during thermomechanical processing; the preci-
pitates pin the boundaries and suppress

Fig. 11 Schematic illustration of the thermodynamic
origin of the To curve (above), where the

free energies of austenite and ferrite are equal, overlaid
on a portion of the iron-carbon phase diagram (below).
The equilibrium ferrite and austenite (A3) compositions
are given by the common tangent to the respective free-
energy curves. Adapted from Ref 20
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recrystallization. For this mechanism to oper-
ate, the microalloy carbide solubility must be
controlled carefully, because the carbides must
be dissolved in the austenite during reheating
prior to hot working and then must precipitate
at lower temperatures within the hot-working
regime. If the precipitates remain undissolved
during reheating, they do not contribute benefi-
cially to the thermomechanical processing
response. (This mechanism should not be con-
fused with the fine-grained practice discussed
earlier, where precipitates that remain undis-
solved during austenitizing as part of heat
treating, not hot working, help suppress austen-
ite grain growth.)
The solubility of microalloying elements is

reasonably well understood, and a variety of
solubility product relationships are available in
the literature for relevant carbides and nitrides
(Ref 22). As an example, Fig. 14 shows solubil-
ity isotherms for niobium carbide in austenite,
showing the strong dependence of NbC solubil-
ity on temperature, as well as concentrations of
both carbon and niobium. The isotherms repre-
sent the loci of niobium and carbon solute con-
centrations in equilibrium with austenite,
satisfying the solubility product expression
in Eq 3, where the solute concentrations are
in weight percent and the temperature is in
Kelvin:

log10 Nb½ � C½ � ¼ 2:26� 6770=T (Eq 3)

For particular concentrations of carbon and
niobium added to the steel, the solubility iso-
therms show whether or not all of the NbC is
dissolved during reheating at the temperature
of interest. If the niobium and carbon con-
centrations are below the solubility isotherm
for a given temperature, then NbC can be
fully dissolved in the austenite at that tem-
perature. If the concentrations are above the
solubility isotherm, then NbC precipitates
should be present at equilibrium; the amount
of NbC and the remaining niobium and car-
bon in austenite can be determined by apply-
ing appropriate mass-balance considerations
(Ref 27). While these solubility considera-
tions are critical in alloy and process designs

for thermomechanical processing, they are
also applicable in designing precipitation
schemes to enhance suppression of austenite
grain coarsening during heat treatment and
have proved effective, for example, in
enabling the use of increased carburizing
temperatures to accelerate carbon transport
without undesired coarsening of the micro-
structure (Ref 24).
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Quenching and Partitioning Steel Heat
Treatment
Li Wang, Automotive Steel Research Institute and Baoshan Iron & Steel Company, Ltd.
John G. Speer, Colorado School of Mines

QUENCHING AND PARTITIONING (Q&P)
steel is a term used to describe a series of C-Si-
Mn, C-Si-Mn-Al, or other steels subjected to the
recently developed quenching and partitioning
heat treatment process. The purpose of Q&P
steel in the context of automotive structures is
to obtain a new type of ultrahigh-strength steel
with good ductility to improve fuel economy
while promoting passenger safety. With a final
microstructure of ferrite (in the case of partial
austenitization), martensite, and retained austen-
ite, Q&P steel exhibits an excellent combination
of strength and ductility, which permits its use in
a new generation of advanced high-strength
steels (AHSS) for automobiles. While autobody
application represents the first implementation
of Q&P on an industrial scale, the heat treatment
concept is also applicable to a range of other
potential applications.
In 2003, Speer et al. (Ref 1) first proposed an

approach designated as the quenching and parti-
tioning process to exploit novel martensitic
steels containing retained austenite (Q&P
steel), based on the fact that carbon can diffuse
from supersaturated martensite into neighboring
untransformed austenite and stabilize it to room
temperature. The Q&P steel is first treated by
an initial partial or full austenitization and then
followed by an interrupted quench to a temper-
ature between the martensite start (Ms) and
martensite finish (Mf) temperatures, resulting
in untransformed retained austenite, and an
anneal or so-called partitioning treatment either
at or above the initial quench temperature. With
enhanced silicon alloying suppressing cement-
ite precipitation, it is anticipated that retained
austenite will be enriched with carbon expected
to escape from the supersaturated martensite
phase in which it has very low solid solubility.
The treatment should then produce a fine acicu-
lar aggregate of carbon-depleted and potentially
carbide-free martensite laths interwoven with
retained austenite stabilized by carbon enrich-
ment. As a result, with a composition of 0.2% C,
1 to 1.5% Al, and 1 to 1.5% Mn, Q&P steel
(Ref 2) shows an ultrahigh strength of 1000 to

1400MPa (145 to 200 ksi)with adequate ductility
of 10 to 20%; property advancements continue
to be made through research on this emerging
technology. Early investigations (Ref 1) also
proposed a corresponding thermodynamicmodel
for Q&P steel and its heat treatment, which is
now referred to as constrained carbon equilib-
rium (Ref 3).
Since first proposed in 2003, Q&P steel has

gained interest for its potential to enhance
properties of strength and ductility with
compositions similar to transformation-induced
plasticity (TRIP) steel and has been proposed
as a third-generation automotive steel (Fig. 1)
(Ref 4). Many researchers (Ref 5–17) have
investigated the relationship between properties
and microstructures of Q&P steels subjected to
various heat treatments and showed that the
ultrahigh strength of Q&P steel results from
martensite laths, while its good ductility is
attributed to TRIP-assisted behavior of retained
austenite during deformation. De Moor et al.
(Ref 14) examined the stability of retained aus-
tenite and showed that the TRIP effect occurs in
Q&P steels, thereby effectively contributing to
the significant strain hardening. Santofimia et
al. (Ref 15, 16) and Takahama et al. (Ref 17)

analyzed microstructural evolution during
annealing by using a model considering the
influence of martensite-austenite interface
migration on the kinetics of carbon partitioning
and indicated that different interface mobilities
lead to profound differences in the evolution
of microstructures during the partitioning pro-
cess. In addition, processing opportunities for
Q&P steels were discussed by Matlock et al.
(Ref 18) and Thomas et al. (Ref 19, 20) based
on the considerations in the application of the
Q&P concept to automotive AHSS production.
Additional work has been subsequently pub-
lished by multiple research groups. In 2009,
the world’s first industrially processed Q&P
cold rolled sheet steel was produced by Baos-
teel, having a tensile strength over 980 MPa
(142 ksi) and ductility over 15%. In 2012,
Q&P steel with a tensile strength of 980 MPa
was successfully commercialized (Ref 21–23),
and a 1180 MPa (170 ksi) tensile strength
Q&P sheet grade is under development. This
article provides an overview of important back-
ground and product characteristics, with a focus
on the automotive sheet steel application that
has now reached commercialization. The Q&P
heat treating concept has broader potential and
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Fig. 1 Predicted potential for austenite/martensite mixtures to achieve property targets beyond those of ferrite/
martensite mixtures for third-generation advanced high-strength sheet steels. Source: Ref 4



may be extended to other products and applica-
tions in the future.

Chemical Composition and
Annealing Process

The chemical compositions of typical Q&P
steels are listed in Table 1. The Q&P steels
are hypoeutectoid iron-carbon alloys that typi-
cally contain 0.15 to 0.30% C by weight, simi-
lar to TRIP steels. The Q&P steels also contain
alloying elements such as silicon that prevent
the precipitation of the cementite phase
(Fe3C), which is present in typical steels at
room temperature. This maintains the high car-
bon concentration in the austenite phase, which
becomes stable at room temperature. Carbon
content in current Q&P steels is limited to
0.15 to 0.30 wt% due to weldability concerns.
As shown in Table 1, the manganese content
in Q&P steels is relatively high, to enhance
hardenability and austenite stability. Silicon is
used to stabilize the austenite phase during con-
tinuous annealing and at room temperature,
because silicon significantly increases the car-
bon activity in both ferrite and austenite and
decreases carbon solubility in ferrite. As a
result, silicon inhibits the formation of cement-
ite during the partitioning stage. Because Q&P
steels have already exhibited an excellent bal-
ance between ultrahigh strength and high duc-
tility, other alloying elements have not been
necessary, although opportunity is likely avail-
able to use microalloying and other concepts
for additional enhancements.

Thermal Profile and Phase
Transformation

The continuous annealing process and conse-
quent phase-transformation behaviors of Q&P
steels are schematically shown in Fig. 2. To
produce Q&P steel with ultrahigh strength and
excellent ductility, a unique annealing process
is conducted to obtain the appropriate phase
distribution. First, the steel is heated to a temper-
ature above Ac3 (annealing temperature), where
the material is composed of austenite. The mate-
rial is then slowly cooled to a temperature below
Ar3 (slow cooling temperature, or SC), which is
approximately 740 �C (1360 �F) for the 980
MPa (142 ksi) steel grade, to allow the formation
of a certain amount of proeutectoid ferrite.
The ferrite phase plays a significant role in
the improvement of ductility of the 980 MPa

material. The fraction of ferrite and martensite
phases can be adjusted by precisely controlling
SC. After slow cooling, the steel is then
quenched to a temperature between Ms and Mf

(quenching temperature) with a cooling rate
higher than 50 �C/s (90 �F/s), wherein austenite
transforms (partially) to martensite. The frac-
tions of austenite and martensite can be con-
trolled by this interrupted quenching process.
After quenching, the steel is usually reheated to
a higher temperature (partitioning temperature)
and held for a couple of minutes. In a typical
steel alloy, the supersaturated carbon in martens-
ite would lead to cementite precipitation. How-
ever, the high content of silicon prevents the
formation of cementite. Consequently, the excess
carbon in the martensite phase partitions into the
remaining austenite, because austenite with a
face-centered cubic structure exhibits much
higher carbon solubility than martensite with a
body-centered cubic structure. Finally, the stable
carbon-enriched austenite is retained when the
steel is cooled to room temperature. After this
unique heat treatment, the final microstructure
composed of ferrite, martensite, and retained aus-
tenite is achieved. The key annealing considera-
tions to produce Q&P steels are that fast

cooling is needed, and, at the same time, the
quench arrest temperature must be easily con-
trolled below the Ms temperature.

Microstructure and Mechanical
Properties

The microstructure of commercial Q&P
steels is composed primarily of martensite
(50 to 80%) formed during quenching, and
ferrite (20 to 40%) formed from the austenite
phase during slow cooling, as well as dispersed
retained austenite (5 to 10%) stabilized by car-
bon enrichment during partitioning. Reduced
fractions of ferrite can be used in higher-
strength products. Example micrographs taken
with a scanning electron microscope and a light
optical microscope can be seen in Fig. 3. Small
nodules of retained austenite are found, and
films of austenite are also present in the lath
martensite. The fine Q&P microstructure is usu-
ally not well resolved by light optical micros-
copy. Some additional aspects related to
microstructure are also included in the follow-
ing sections.

Table 1 Chemical compositions of current-
generation quenching and partitioning steels

Chemical composition, wt%

C Mn Si Al P S

0.15–0.30 1.5–3.0 1.0–2.0 0.02–0.06 <0.015 <0.01

Fig. 2 Schematic illustration of the thermal profile and phase-transformation behavior of quenching and partitioning
steels. QT, quenching temperature; PT, partitioning temperature

Fig. 3 Microstructure of quenching and partitioning steel obtained using (a) scanning electron microscopy and (b)
light optical microscopy. M, martensite; F, ferrite; RA, retained austenite
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Mechanical Properties

Carbon-enrichedmetastable retained austenite
is considered beneficial because transformation-
induced plasticity during deformation, that is,
the TRIP phenomenon, can contribute to work
hardening, formability, and fracture toughness.
During deformation, the dispersed retained
austenite progressively transforms to hardermar-
tensite, which creates a high work-hardening
rate, even at higher strain levels. A typical
strain-stress curve is shown inFig. 4. It can be seen
that with a tensile strength of 980 MPa (142 ksi),
the total elongation ofQ&P steel is approximately
20%. Mechanical properties of industrially pro-
duced Q&P steels are listed in Table 2 for

minimum tensile strength levels of 980 and 1180
MPa (142 and 170 ksi).

Applications

The Q&P steels with ultrahigh strength and
excellent ductility, or formability, are well
suited to help reduce weight of car bodies, with
the added advantage of enhanced occupant
safety. The work-hardening rates of Q&P steels
are substantially higher than for conventional
high-strength steels (HSS), providing signifi-
cant stretch-forming capability. Compared to
most other HSS with the same tensile strength,
Q&P steels exhibit much higher formability;
hence, they are particularly well suited for
automotive structural and safety parts such as
cross members, longitudinal beams, B-pillar
reinforcements, sills, and bumper reinforce-
ments, which cannot be cold formed using
conventional HSS with similar strength levels.
Some typical automotive parts produced from
Q&P steels are shown in Fig. 5. This family
of steels is at an early stage of industrial imple-
mentation and may find its way into other
high-strength components for both automotive
and other applications.

Forming

The Q&P steels offer high ductility for their
tensile strength. For example, cold rolled Q&P
980 has a total elongation of approximately
20%, and cold rolled Q&P 1180 has a total

elongation of approximately 12%. Figure 6
shows typical forming-limit curves for cold
rolled Q&P 980, dual-phase (DP) 780, and DP
980 steels. The formability of Q&P 980 is supe-
rior to that of DP 980 steel and reaches to the
level of DP 780.

Dynamic Tensile Properties

Besides quasi-static tensile testing results,
dynamic tensile testing of sheet steels is also
important for more precise evaluation of vehi-
cle crashworthiness in the automotive industry.
Positive strain-rate sensitivity, that is, strength
increases with strain rate, offers a potential for
improved energy absorption during a crash
event. The results of dynamic tensile testing
of Q&P 980 are shown in Fig. 7. The results
confirm that Q&P steel exhibits positive
strain-rate sensitivity.

Application Properties of Q&P Steels

Hole-Expansion Ratio of Q&P Steels. One
of the concerns for AHSS in stamping opera-
tions is the failure of sheared edges in stretch-
ing modes. The hole-expansion ratio (HER) is
usually used to characterize the sheared-edge
stretchability. The HER of Q&P 1180 and
Q&P 980 compared to DP 980 is shown in
Fig. 8. For either punched or machined edges,
Q&P 1180 shows higher HER than Q&P 980
and DP 980, while Q&P 980 shows similar
HER as DP 980. One possible explanation of
the high HER of Q&P 1180 is its high yield
strength/tensile strength ratio and uniform
microstructure. It should be noted that the
HER can be significantly lower for punched
holes compared with machined holes. This
probably is due to the reduced local elongation
of the multiphase steels, which can have inter-
facial failure between the ductile ferrite matrix
and the harder phases.

Table 2 Typical mechanical property ranges for current-generation quenching and
partitioning (Q&P) steels

Steel

Yield strength Tensile strength

Elongation, %MPa ksi MPa ksi

Q&P 980 650–800 95–115 980–1050 140–150 17–22
Q&P 1180 950–1150 140–170 1180–1300 170–190 8–14

Fig. 5 (a) B-pillar reinforcement left/right. Material: 980 quenching and partitioning (Q&P) steel; gage: 2.0 mm (0.08 in.). (b) B-pillar inner. Material: 980 Q&P; gage: 1.2 mm
(0.05 in.). (c) side member front floor left. Material: 980 Q&P; gage: 1.8 mm (0.07 in.). (d) Door panel inner left/right. Material: 980 Q&P; gage: 1.0 mm (0.04 in.)

Fig. 4 Strain-stress curve of industrially produced
980 MPa (142 ksi)-grade quenching and
partitioning steel
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Shear Fracture Behavior of Q&P Steels.
Shear fracture can happen during stretching
over the die radii for some part geometries at
strains below the conventional forming limit
of the material; thus, computer simulations
often fail to predict this type of fracture using
the conventional forming limit as the failure cri-
terion. Shear fracture is another manufacturing
issue to address for AHSS. The shear fracture
performance of Q&P steel was evaluated by
the bending-under-tension test, and a critical
R/t value was determined according to the crite-
rion developed by Hudgins (Ref 24). The criti-
cal R/t data for Q&P 980, DP 980, TRIP 780,
and data for the commercial steels tested by
Hudgins (Ref 24) are presented together in
Fig. 9 as a function of the tensile strength.
The results illustrate that the commercial steels
generally show increasing critical R/t values
with increasing strength in the range of tensile
strength from 400 to 1100 MPa (60 to 160
ksi). Interestingly, the Q&P 980 exhibited

lower critical R/t values than those steels
having 780 and 980 MPa (110 and 142 ksi)
strength levels and critical R/t values close
to those of other steels having 600 MPa
(87 ksi) strength levels. Thus, the shear fracture
performance of Q&P 980 should be better
than that of some DP 980, DP 780, and TRIP
780 steels.
Springback Behavior of Q&P Steels. Many

reports indicate that springback problems are
much greater for AHSS than for traditional
HSS. The springback angle of 1.2 mm (0.05 in.)
Q&P 980 was thus compared to 1.2 mm
DP 980 using the bending-under-tension test. A
strong linear relationship between springback
angle and normalized back force (back force/ten-
sile strength) was found, as shown in Fig. 10.
With increasing back force, the springback angle
decreases. Almost no difference was observed
between Q&P 980 and DP 980 when a 5 mm
(0.2 in.) radius die was used. The Q&P 980
exhibited smaller springback angles than DP

980 when a 12.7 mm (0.5 in.) radius die was
used, suggesting that Q&P 980 may have better
springback performance than DP 980 in some
situations.

Mechanical Behavior and Stability
of Retained Austenite

An essential principle in the Q&P process is
to maintain suitable stability of retained austen-
ite through optimizing chemical composition
(alloy elements such as carbon, manganese,
silicon, etc.) (Ref 25), grain refinement (Ref 26),
and phase morphology (Ref 25).

Mechanical Properties

Engineering stress-strain curves obtained
on longitudinal specimens at six different tem-
peratures are illustrated in Fig. 11. The speci-
mens showed continuous yielding behavior,
which can be interpreted as the result of the
high density of dislocations introduced by mar-
tensite. The Ms

s temperature for strain-induced
transformation can characterize retained austen-
ite stability. When the tensile temperature is
in the range of Ms to Ms

s , plastic deformation
of the austenite involves stress-induced trans-
formation at pre-existing nucleation sites, with
a load drop evident during yielding. When the
temperature is between Ms

s and Md, the stabil-
ity of the retained austenite is expected to
increase, perhaps leading to a transition from
stress-induced transformation to strain-induced
transformation. The symbol Md refers to the
minimum temperature where no martensite
transformation occurs during deformation. The
deformation-induced martensitic transformation

Fig. 7 Dynamic tensile testing results for Q&P 980

Fig. 8 Hole-expansion ratio of quenching and parti-
tioning (Q&P) steels compared to DP 980 for
punched or machined holes

Fig. 6 Forming-limit curves for quenching and parti-
tioning (Q&P) 980, dual-phase (DP) 780, and
DP 980. Thickness: 1.2 mm (0.05 in.)

Fig. 9 Comparison of the critical R/t values for Q&P 980 and other high-strength steels. Unfilled points are from the
work of Hudgins. Source: Ref 21
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of austenite is desired at higher strains to
enhance the tensile ductility. The Ms

s tempera-
ture of most low-alloy TRIP steels is typically
in the range of �10 to +10 �C (14 to 50 �F)
(Ref 17). However, according to interpretation
of the yielding behaviors in Fig. 11, the Ms

s

temperature of the examined Q&P steel is con-
firmed to be below �40 �C (�40 �F). The
retained austenite in the Q&P steel is thus
believed to be relatively more stable compared
to that in TRIP steel, which is considered bene-
ficial to formability.
Figure 12 demonstrates the effect of testing

temperature on yield strength (YS), ultimate
tensile strength (UTS), and total elongation
(TEL) of a Q&P 980 steel. It is observed that
the YS remains relatively stable over the test
temperature range in comparison to the UTS;
the decrease in UTS is up to approximately
104 MPa (15 ksi) with an increase in test tem-
perature from �40 to 60 �C (�40 to 140 �F),
while the YS is rather stable. This strengthen-
ing effect at low temperature can be attributed
to two factors: the result of reduction of
thermally activated flow and the transforma-
tion of retained austenite, which is further elu-
cidated subsequently. The TEL also varies
significantly with testing temperature. The
maximum value of TEL appears to be in the
range of 0 to 20 �C (32 to 68 �F) for this steel,
while TEL decreases slightly with increasing
temperature above 20 �C. The austenite chem-
ical composition and grain-size distribution
influence its stability, and retained austenite
with finer particle size and greater carbon
concentrations is more stable and resists trans-
formation during deformation. Further increas-
ing the stability of retained austenite by
increasing the testing temperature by 20 �C
(36 �F) apparently begins to deteriorate the
ductility of this steel.

Retained Austenite Transformation

Retained austenite stability is characterized
at different uniaxial tensile testing temperatures
by observing deformation and transformation
behavior of austenite using x-ray diffraction,
scanning electron microscopy, and electron
backscatter diffraction (Ref 27). Evolution of
the volume fraction of retained austenite (Vg)
is shown in Fig. 13, determined from x-ray dif-
fraction of the studied Q&P sheet steel at differ-
ent testing temperatures and strains. Generally,
the transformation behavior of Vg is roughly
divided into two stages: a rapid decrease at
low strains (stage I) and more sluggish decrease
at high strains (stage II). However, in some
cases, usually when tested at higher tempera-
ture, the first stage is less pronounced, and the
retained austenite fraction decreases at an
almost constant rate from the beginning of
deformation. It should be noted here that the
transformation rate (dVg/dE) at lower testing
temperature is faster than that at higher

temperature, implying reduced mechanical sta-
bility of austenite at lower temperatures due
to the smaller driving force needed for de-
formation-induced martensitic transformation
(DIMT). This DIMT behavior at small strains
is typical of stress-induced martensite transfor-
mation. For example, when tested at �40 �C
(�40 �F), almost all the retained austenite is
transformed into martensite, and only approxi-
mately 3% remains after 5% strain. At 60 �C
(140 �F), however, most of the retained austen-
ite remained untransformed even when
deformed to a tensile strain of 10%. The trans-
formation rates and the amount of retained aus-
tenite transformed at greater strains are less
sensitive to testing temperature.

Microstructure Evolution with Strain

Figure 14 shows a scanning electron micro-
graph of a Q&P steel after polishing and etch-
ing, showing apparently three characteristics:
a rough surface structure corresponds to mar-
tensite, ferrite is relatively smooth with only
slight surface structure, and the retained austenite
areas appear smooth with a featureless surface
structure, helping to distinguish it from ferrite
and martensite. This steel was intercritically

Fig. 10 Comparison of springback angle between Q&P 980 and DP 980 using the bending-under-tension test
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Fig. 13 Effect of strain and testing temperature on
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annealed before quenching, so a considerable
ferrite fraction is present along with the Q&P
constituent that consists of a mixture of mar-
tensite laths and retained austenite. Ideally,
formable Q&P steels should not contain a sub-
stantial amount of iron carbide. The Q&P steel
studied here was partitioned at 400 �C (752 �F)
for a few minutes, and, in this instance, the
martensite regions also contained carbides.
The presence of carbides is of importance
because it implies that the cementite may not
have fully dissolved, and the available carbon
content does not fully contribute to the stabili-
zation of the carbon-enriched austenite in the
industrial processing conditions employed.
Microstructure evolution during tensile test-

ing at different strain levels has been examined
using electron backscatter diffraction (EBSD).
The microstructure of specimens undergoing
different strains, that is, 0, 1, 5, and 10%, at
0 �C (32 �F) was analyzed, and Fig. 15 shows
the results of a combined image-quality map
and gray-scale-coded phase map. Retained aus-
tenite is distributed both as thin films and as
larger blocky regimes. It is clear that the
retained austenite fraction decreases with
increased strain, and the remaining austenite
particles are mostly the finer ones. These results
support the conclusion that finer retained aus-
tenite is more stable with deformation. Accord-
ing to Santofimia et al. (Ref 28), the darker-
gray areas refer to regions that are likely mar-
tensite, based on poor image quality due to high
dislocation density, while the lighter-gray areas
perhaps represent ferrite. Another method
(Ref 29) has also been shown to distinguish
these phases by the character of the orientation
relationships between them.
The volume fraction of retained austenite

measured by EBSD, where all data with confi-
dence index lower than 0.05 were excluded
from the analysis as dubious, is a little lower
than the one measured by x-ray diffraction, as
shown in Table 3. This behavior is consistent
with other literature (Ref 30). The discrepancies
between results obtained using different

methods may result from differences in sample
preparation and penetration depths between the
two techniques. During sample preparation, it is
inevitable that some austenite transformed into
martensite. The scale of the film austenite may
also be below the resolution limits and cannot
be identified.

Welding Properties

TheQ&P 980 steel can be successfully welded
with the correct set of parameters. Resistance
spot welding, laser welding, and metal active
gas welding have produced good results.

Resistance Spot Welding

When resistance spot welded, Q&P 980
requires less current than conventional steels
because it has higher electrical resistivity. On
the other hand, due to its ultrahigh base mate-
rial strength, Q&P 980 needs higher electrode
forces than conventional steels that have equiv-
alent thickness.

Weld Lobe. Resistance spot welding has
been accomplished using the weld schedule
shown in Table 4, with a pulsed current profile
as shown in Fig. 16. Three types of weld times
were chosen to determine their welding current
range. The actual weld times were pulse 1 =
pulse 2 = 100 ms, pulse 1 = pulse 2 = 120 ms,
and pulse 1 = pulse 2 = 140 ms. The weld lobe-
for 1.6 mm (0.06 in.) Q&P 980 is shown in
Fig. 17. In this weld lobe, the minimum weld
current is defined as the welding current needed
to obtain a full button fracture mode when
peel tested, and the maximum weld current
is defined as the welding current when expul-
sion occurs. So, in the enclosed (shaded)
zone of Fig. 17, the fracture modes of all spot
welds were full button pullout when peel
tested. The button size of these welds (in the
shaded zone) ranged from 6.0 to 7.7 mm
(0.24 to 0.30 in.).
As shown in Fig. 17, the weld current range

is 8.0 to 9.8 kA (weld time: 200 ms), 8.0 to
9.4 kA (weld time: 240 ms), 7.6 to 9.4 kA
(weld time: 280 ms). The weld lobe is wide
enough for most applications.

Fig. 14 Scanning electron micrograph of a quenching
and partitioning steel containing intercritical

ferrite (F), retained austenite (RA), and martensite (M),
which is also associated with retained austenite and
some carbides

Fig. 15 Electron backscatter diffraction maps of quenching and partitioning steel tension tested at 0 �C (32 �F). White
corresponds to face-centered cubic lattice (retained austenite). Gray scale indicates the image quality, where
darker-gray scale indicates lower image quality (higher dislocation density). (a) 0, (b) 1, (c) 5, and (d) 10% strain
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Spot Weld Strength. The tensile shear
strength and cross-tension strength of points
“A,” “B,” and “C” (Fig. 17) are listed in
Table 5. Points “A,” “B,” and “C” were located
at the lower bound of the weld lobe, because it
is known that, before expulsion happens, with
weld current increasing, the spot weld strength
increases with welding current. Overall, 1.6 mm
(0.06 in.) Q&P 980 shows good spot weld
strength performance.
Spot Weld Microstructure and Microhard-

ness. A weld cross-sectional micrograph and
microhardness profile for 1.6 mm (0.06 in.)
Q&P 980 is shown in Fig. 18. No weld defects,
such as cracks, shrinkage void, pore, no fusion,
deep indentation, and so on, are noted. The weld
nugget grewverywell. The nuggetmicrohardness
is approximately 500 HV; its maximum hardness
is 512 HV, while its minimum is 474 HV. The
base material microhardness is approximately
300 HV. There is no obvious softened region in
the heat-affected zone (HAZ).

Laser Welding

Laser welding has been successful using the
welding parameters shown in Table 6.
Weld Joint Performance. The 1.6 mm

(0.06 in.) Q&P 980 has good laser weldability.
For the welding parameters in Table 6, the laser
weld joint strength of 1.6 mm (0.06 in.) Q&P
980 was 1081 MPa (157 ksi), and the tensile
failure was located in the base material far
away from the weld seam and HAZ. Figure 19
shows the microstructure of a 1.6 mm Q&P
980 laser-welded joint. The weld seam zone
is martensite, while the HAZ is martensite
and ferrite. There were no weld defects found.
Figure 20 is the microhardness profile of
the 1.6 mm Q&P 980 laser-welded joint.
Microhardnesses in both the welded seam
and HAZ are higher than in the base material,
and there is no obvious softened region in
the HAZ.
The laser weld seam for Q&P 980 has good

stretchability. Figure 21 shows Erichsen cups
after testing the base material and weld seam
of 1.6 mm (0.06 in.) Q&P 980. The Erichsen
test performance describes the stretchability.
Using this test, the Erichsen value for the laser
weld seam was 7.34 mm (0.29 in.), approxi-
mately 70% of the value for the base material
(10.3 mm, or 0.4 in.), and the fracture direction
in the Erichsen test was perpendicular to the
laser-welded seam.

Table 4 Resistance spot welding parameters

Thickness of base
material

Welder Weld electrode

Weld force Cooling
Weld
pulsemm in. kN lbf L/min gal/min

1.6 0.06 Medium-frequency
direct current

ISO 5821-16 � 20 (type B; diameter
6 mm, or 0.24 in.)

5.8 1305 2 0.5 3

Fig. 16 Resistance spot welding pulsed current profile. Pulse 1 = pulse 2, I1 = I2; cooling 1 = 20 ms,
cooling 2 = 200 ms; pulse 3 = 100 ms, I3 = 4.3 kA; hold time = 100 ms

Fig. 17 Weld lobe for 1.6 mm (0.06 in.) Q&P 980

Table 5 Spot weld strength for 1.6 mm (0.06 in.) Q&P 980

Point

Button size Tensile shear strength Cross-tension strength

mm in. kN lbf kN lbf

A 6.5 0.256 26.7 6002 12.3 2765
B 6.2 0.244 26.0 5845 11.9 2675
C 6.0 0.236 23.9 5373 11.4 2563

Table 3 Retained austenite volume fraction
measured by x-ray diffraction (XRD) and
electron backscatter diffraction (EBSD)

Method

Strain, %

Initial 1 2 5 10

XRD 0.116 0.105 0.088 0.060 0.035
EBSD(a) 0.112 0.104 0.080 0.053 0.03

(a) EBSD data with confidence index values greater than 0.05
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Metal Active Gas Welding

Metal active gas (MAG) welding was suc-
cessful using the welding parameters shown in
Table 7.
Weld Joint Performance. Despite the

greater alloy content used for Q&P 980, there
were no more welding defects than observed
with mild steel MAG welds. For the parameters
listed in Table 7, the MAG weld strength of
1.6 mm (0.06 in.) Q&P 980 is 991 MPa
(144 ksi). Figure 22 shows the microhard-
ness profile of the 1.6 mm Q&P 980
MAG weld joint. The microhardness of both
the welded seam and HAZ is less than 500
HV, and there is no obvious softened region
in HAZ.
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Introduction

Tempering of steel is a process in which pre-
viously hardened or normalized steel is heated
to a temperature below the lower critical tem-
perature (Ac1) and cooled at a suitable rate, pri-
marily to increase ductility and toughness but
also to increase the grain size of the matrix.
Tempering usually follows quench hardening
and is historically associated with the heat treat-
ment of martensite in steels; however, temper-
ing is also used to relieve the stresses and
reduce the hardness developed during welding
and to relieve stresses induced by forming and
machining.
The focus of this article is on tempering after

hardening to obtain specific values of mechani-
cal properties and also to relieve quenching
stresses and to ensure dimensional stability. In
steel quenched to a microstructure consisting
essentially of martensite, the iron lattice is the
highly strained body-centered tetragonal struc-
ture (martensite) with interstitial carbon atoms,
thus producing a very hard (and brittle) condi-
tion. Upon heating, the carbon atoms diffuse
more easily and react in a series of distinct
steps that eventually form Fe3C or alloy car-
bides in a ferrite matrix of gradually decreasing
stress level.
The properties of the tempered steel are pri-

marily determined by the size, shape, composi-
tion, and distribution of the carbides that form,
with a relatively minor contribution from
solid-solution hardening of the ferrite. These
changes in microstructure usually decrease
hardness, tensile strength, and yield strength
but increase ductility and toughness. Under cer-
tain conditions, hardness may remain unaf-
fected by tempering or may even be increased
as a result of it. For example, tempering a hard-
ened steel at very low tempering temperatures
may cause no change in hardness but may
achieve a desired increase in yield strength.

Also, those alloy steels that contain one or more
of the carbide-forming elements (chromium,
molybdenum, vanadium, and tungsten) are capa-
ble of secondary hardening; that is, they may
become somewhat harder as a result of tempering.

Principal Variables

Variables associated with tempering that
affect the microstructure and the mechanical
properties of a tempered steel include:

� Tempering temperature
� Time at temperature
� Cooling rate from the tempering temperature
� Composition of the steel, including carbon

content, alloy content, and residual elements

The tempering process is very dependent on the
relation of time-temperature. An inappropriate
selection of these process parameters affects
temper embrittlement, nonoptimal stress relief,
mechanical properties, and transformation of
retained austenite. Temperature and time also
are interdependent variables in the tempering
process. Within limits, lowering temperature
and increasing time can usually produce the
same result as raising temperature and decreas-
ing time. However, minor temperature changes
have a far greater effect than minor time
changes in typical tempering operations.
Like many heat treatment processes, the tem-

perature of tempering is much more important
than the time of tempering. The distribution
and size of carbides depends on tempering con-
ditions. At lower tempering temperatures, for
example, the microstructure is still martensitic,
with the acicular needle structure beginning to
round at the tips as carbides begin to form. In
contrast, a ferritic matrix with a fine dispersion
of carbides is the end result of high-temperature
tempering. The resultant microstructure is often
referred to as tempered martensite, although

tempered steel microstructures often do not
contain martensite.
The effects of tempering temperatures on

hardness values for several quenched steels
are presented in Table 1. As expected, higher
tempering temperatures result in lower hardness
for both carbon steels (Fig. 1) and alloy steels
(Fig. 2, 3). Unlike martensite (where only car-
bon influences the hardness of martensite), the
hardness of quenched and tempered (QT) alloy
steel is higher than that of a QT carbon steel at
the same carbon level. Tempering of alloy
steels also can produce alloy carbides that are
harder than iron carbide (Fe3C) in carbon steels.
Toughness also is improved at higher tempering
temperature, although there is a well-recog-
nized dip in toughness at intermediate temper-
ing temperatures for both carbon and alloy
steels (Fig. 4).
Cooling Rate. Another factor that can affect

the properties of tempered steel is the cooling
rate from the tempering temperature. Although
tensile properties are not affected by cooling
rate, toughness (as measured by notched-bar
impact testing) can be decreased if the steel is
cooled slowly through temperatures in the
range of approximately 450 to 600 �C (840 to
1110 �F), especially in steels that contain car-
bide-forming elements. Elongation and reduc-
tion in area may be affected also. This
phenomenon is called temper embrittlement
and is discussed in the section “Temper Embrit-
tlement” in this article.

Tempering Temperatures and Stages

As recognized for many years (Ref 1), tem-
perature is the key factor in tempering, because
microstructural modifications are accelerated
by increasing temperature. For carbon or low-
alloy steels, the following five practical temper-
ature ranges suggested by Grossmann and Bain
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(Ref 1) are still convenient in discussing the
tempering process:

� Refrigeration, which converts more or less,
and usually much, of the retained austenite
to martensite

� Heating in the range of 95 to 205 �C (200 to
400 �F), in which (depending on the temper-
ature) the martensite progressively loses its
tetragonality to become cubic, and one finds
the first precipitation of a transition carbide
(not cementite)

� Heating in the range of 230 to 370 �C (450
to 700 �F), within which range the retained
austenite is decomposed, being transformed,
largely isothermally, to lower bainite (unless
the retained austenite has previously been
transformed to martensite by refrigeration)

� Tempering in the range of 370 to 540 �C
(700 to 1000 �F), causing formation of the
cementite (Fe3C) form of carbide

� Tempering in the range of 540 to 705 �C
(1000 to 1300 �F). In plain carbon steels in
this range of temperature, there is merely
further agglomeration of the cementite, but
in alloy steels containing carbide-forming
elements, tempering into this temperature
range causes the first formation of very
finely dispersed alloy-rich carbides, believed
to take place by re-solution of cementite and
contemporaneous precipitation of carbon as
special alloy-bearing carbide. This reaction
often results in a marked retardation of the
softening process—sometimes an actual

Table 1 Typical hardnesses of various carbon and alloy steels after tempering

Grade
Carbon

content, %

Hardness, HRC, after tempering for 2 h at

Heat treatment
205 �C
(400 �F)

260 �C
(500 �F)

315 �C
(600 �F)

370 �C
(700 �F)

425 �C
(800 �F)

480 �C
(900 �F)

540 �C
(1000 �F)

595 �C
(1100 �F)

650 �C
(1200 �F)

Carbon steels, water hardening

1030 0.30 50 45 43 39 31 28 25 22 95(a) Normalized at 900 �C (1650 �F), water quenched from 830–845 �C
(1525–1550 �F); average dewpoint, 16 �C (60 �F)1040 0.40 51 48 46 42 37 30 27 22 94(a)

1050 0.50 52 50 46 44 40 37 31 29 22
1060 0.60 56 55 50 42 38 37 35 33 26 Normalized at 885 �C (1625 �F), water quenched from 800–815 �C

(1475–1550 �F); average dewpoint, 7 �C (45 �F)1080 0.80 57 55 50 43 41 40 39 38 32
1095 0.95 58 57 52 47 43 42 41 40 33
1137 0.40 44 42 40 37 33 30 27 21 91(a) Normalized at 900 �C (1650 �F), water quenched from 830–855 �C

(1525–1575 �F); average dewpoint, 13 �C (55 �F)1141 0.40 49 46 43 41 38 34 28 23 94(a)
1144 0.40 55 50 47 45 39 32 29 25 97(a)

Alloy steels, water hardening

1330 0.30 47 44 42 38 35 32 26 22 16 Normalized at 900 �C (1650 �F), water quenched from 800–815 �C
(1475–1500 �F); average dewpoint, 16 �C (60 �F)2330 0.30 47 44 42 38 35 32 26 22 16

3130 0.30 47 44 42 38 35 32 26 22 16
4130 0.30 47 45 43 42 38 34 32 26 22 Normalized at 885 �C (1625 �F), water quenched from 800–855 �C

(1475–1575 �F); average dewpoint, 16 �C (60 �F)5130 0.30 47 45 43 42 38 34 32 26 22
8630 0.30 47 45 43 42 38 34 32 26 22

Alloy steels, oil hardening

1340 0.40 57 53 50 46 44 41 38 35 31 Normalized at 870 �C (1600 �F), oil quenched from 830–845 �C
(1525–1550 �F); average dewpoint, 16 �C (60 �F)3140 0.40 55 52 49 47 41 37 33 30 26

4140 0.40 57 53 50 47 45 41 36 33 29
4340 0.40 55 52 50 48 45 42 39 34 31 Normalized at 870 �C (1600 �F), oil quenched from 830–845 �C

(1525–1575 �F); average dewpoint, 13 �C (55 �F)4640 0.40 52 51 50 47 42 40 37 31 27
8740 0.40 57 53 50 47 44 41 38 35 22
4150 0.50 56 55 53 51 47 46 43 39 35 Normalized at 870 �C (1600 �F), oil quenched from 830–870 �C

(1525–1600 �F); average dewpoint, 13 �C (55 �F)5150 0.50 57 55 52 49 45 39 34 31 28
6150 0.50 58 57 53 50 46 42 40 36 31
8650 0.50 55 54 52 49 45 41 37 32 28 Normalized at 870 �C (1600 �F), oil quenched from 815–845 �C

(1500–1550 �F); average dewpoint, 13 �C (55 �F)8750 0.50 56 55 52 51 46 44 39 34 32
9850 0.50 54 53 51 48 45 41 36 33 30

Data were obtained on 25 mm (1 in.) bars adequately quenched to develop full hardness. (a) Hardness, HRB

Fig. 1 Hardness of quenched and tempered plain carbon steels at various tempering temperatures. Source: Ref 1
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increase in hardness—and is often desig-
nated secondary hardening.

Refrigeration, as discussed in another article,
is only noted here as a method to reduce
retained austenite. The other four temperature
ranges are described in the following sections.

Tempering temperatures also are often
described in terms of so-called stages, which
are relatively distinct temperature ranges of
microstructural change. The stages of temper-
ing are somewhat arbitrary, as there can be con-
siderable overlap, because reactions continually
occur when a part is heated to higher and higher

temperatures. Nonetheless, the stages have been
identified from various studies (Ref 3–6):

� Stage I: The formation of transition carbides
and lowering of the carbon content of the
martensite to 0.25% (typically from approx-
imately 100 to 250 �C, or 200 to 480 �F)

Fig. 2 Examples of alloying effects on resistance to softening during tempering as compared to carbon steel. Effect of (a) nickel, (b) manganese, and (c) silicon. Source: Ref 2

Fig. 3 Examples of secondary hardening during tempering with strong carbide-forming elements. (a) Chromium (b) Molybdenum. Source: Ref 2

Tempering of Steels / 329



� Stage II: The transformation of retained aus-
tenite to ferrite and cementite (200 to 300 �C,
or 390 to 570 �F)

� Stage III: The replacement of transition car-
bides and low-temperature martensite by
cementite and ferrite (250 to 350 �C, or
480 to 660 �F)

� Stage IV: Precipitation of finely dispersed
alloy carbides in high-alloy steels or second-
ary hardening (Fig. 3).

It also has been found that stage I of tempering is
often preceded by the redistribution of carbon
atoms, called autotempering or quench tempering,
during quenching and/or holding at room temper-
ature (Ref 7). Other structural changes take place
because of carbon atom rearrangement preceding
the classical stage I of tempering (Ref 8, 9).
A summary of the microstructural changes

during tempering is given in Fig. 5 and Table 2.
Many other references describe this in more
detail. More recent reviews are contained in
Ref 2 and 11 to 13.

Tempering at 95 to 200 �C (200 to
400 �F). The tempering range of 95 to 200 �C
(200 to 400 �F) is used when it is important to
preserve as much hardness of strength as possi-
ble with a modest improvement in toughness. In
terms of microstructure, two changes are
known to take place (Ref 1): Tetragonal mar-
tensite becomes cubic, and carbon is precipi-
tated in the form of cementite (Fe3C) or
transitional carbides (Ref 1).
This temperature range includes stage I tem-

pering, which can begin (to a limited degree)
even at room temperature and extend to 250 �C
(480 �F). At the beginning of stage I tempering
of low-carbon steels, the carbon atoms redis-
tribute themselves to lower-energy sites such
as dislocations. Martensite may undergo a partial
loss of its tetragonal structure due to the lowering
of its carbon content to 0.25 wt%. Because carbon
atoms can reduce their energies more by segregat-
ing to dislocation sites than by forming transition
carbides, no transition carbides form in steels
with less than approximately 0.2 wt% C. In steels

containingmore than 0.2wt%C, the initial carbon
segregation occurs by precipitation clustering.
The very fine particles of transition carbide nucle-
ate and grow within the martensite.
Carbon content of the martensitic matrix is

reduced by the formation of transition carbides,
which include epsilon (E)-carbide (with a hex-
agonal crystal structure and an approximate
composition of Fe2.4C) and/or eta (Z)-carbide
(Fe2C with an orthorhombic crystal structure).
Both epsilon-carbide and eta-carbide have sub-
stantially higher carbon contents than the
cementite Fe3C that forms later when tempering
is conducted at higher temperatures. When the
transition carbides form, the martensite retains
some degree of its tetragonal structure, because
it still contains more carbon in solid solution
than ferrite does. Therefore, when the total car-
bon content is high enough, the first stage of
tempering involves the segregation of carbon
to various defects in the microstructure and
the conversion of martensite to low-carbon
martensite and a transition carbide. During

Fig. 4 Range of notch toughness at room temperature for a variety of low-alloy steels
(with 0.40 and 0.50% C) after various tempering temperatures. Source: Ref 1 Fig. 5 Tempering stages and effect of tempering temperature on hardness of plain

carbon steels. Adapted from Ref 10

Table 2 Sequence of events in tempering of steels

Temperature range

Reaction and symbol (if designated) Comments�C �F

�400 to 100 �690 to 212 Clustering of two to four carbon atoms on octahedral sites of martensite
segregation of carbon atoms to dislocation boundaries

Clustering is associated with diffuse spikes around fundamental electron diffraction
spots of martensite.

20 to 100 70 to 212 Modulated clusters of carbon atoms on (102) martensite planes (A2) Identified by satellite spots around electron martensite
60 to 80 140 to 175 Long-period ordered phase with ordered carbon atoms arranged (A3) Identified by superstructure spots in electron diffraction patterns
100 to 200 212 to 390 Precipitation of transition carbide as aligned 2 nm diameter particles (T1) Recent work identifies carbides as eta (orthorhombic, Fe2C); earlier studies identified

the carbides as epsilon (hexagonal, Fe2.4C).
200 to 350 390 to 660 Transformation of retained austenite to ferrite and cementite (T2) Associated with tempered martensite embrittlement in low- and medium-carbon

steels
250 to 700 480 to 1290 Formation of ferrite and cementite; eventual development of well-

spheroidized carbides in a matrix of equiaxed ferrite grains (T3)
This stage now appears to be initiated by chi-carbide formation in high-carbon Fe-C
alloys.

500 to 700 930 to 1290 Formation of alloy carbides in Cr-, Mo-, V-, and W-containing steels.
The mix and composition of the carbides may change significantly
with time (T4).

The alloy carbides produce secondary hardening and pronounced retardation
of softening during tempering or long-time service exposure at approximately
500 �C (930 �F).

350 to 550 660 to 1020 Segregation and cosegregation of impurity and substitutional alloying
elements

Responsible for temper embrittlement

Source: Ref 9
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stage I tempering, there are also changes in the
physical properties, such as electrical resistiv-
ity, which can be used to monitor the progress
of the changes. However, there is not much
reduction in the hardness; in fact, it can
increase slightly for steels of medium-to-high
carbon contents.
Tempering at 230 to 370 �C (450 to 700 �F).

The approximate tempering range of 230 to
370 �C (450 to 700 �F) is scarcely ever emp-
loyed in the tempering of quench-hardened
steel. It lies between the tempering range
(below 205 �C, or 400 �F) where high hardness
is the main consideration and the tempering
range (above 370 �C, or 700 �F) where tough-
ness is the principal objective. The range
between these two is avoided, probably because
of the peculiar loss in toughness, as mentioned
subsequently, and because of the lack of either
great strength or great toughness in the result-
ing properties.
The tempering range of 230 to 370 �C (450

to 700 �F) is characterized chiefly by two
long-known behaviors: the microstructural
change in which the retained austenite (unless
previously transformed by refrigeration) is
now more or less isothermally transformed to
lower bainite, and a loss in room-temperature
notch toughness as the tempering temperature
is raised. The two behaviors are wholly
unconnected.
Reduction in Retained Austenite. The quan-

tity of retained austenite can be large in alloy
steels, especially those in which the martensite
finish temperature is below room temperature.
Tempering in the temperature range of 200 to
300 �C (400 to 570 �F) induces the decomposi-
tion of retained austenite into cementite and fer-
rite, or lower bainite—resulting in an increase
of volume. When the retained austenite is pres-
ent as a film (typically, at grain boundaries), the
cementite precipitates as a continuous array of
particles that have the appearance of a film
(Ref 2, 13).
In steels with carbon contents below 0.5%,

the retained austenite content is less than 2%
by volume, if present. In Fig. 6, for example,
the transformation of retained austenite in
4130 and 4340 steels (with approximately
2 and 4 vol% of retained austenite, respec-
tively) begins above 200 �C (400 �F) and is
complete by 315 �C (600 �F). As the amount
of retained austenite decreases, the percentage
of cementite increases.
Reduction in Toughness. Like the reduction in

retained austenite, the loss in toughness after tem-
pering in the range 230 to 370 �C (450 to 700 �F)
(Fig. 4) has been known for many decades. The
usual improvement in toughness occurs up to
tempering temperatures of 200 �C (400 �F), but
with a drop in toughness in the range of approxi-
mately 260 to 315 �C (500 to 600 �F). This effect
is referred to as tempered martensite embri-
ttlement, which is different from temper emb-
rittlement (see the section “Toughness and
Embrittlement” in this article). Given the drop
in toughness, tempering at 230 to 370 �C

(450 to 700 �F) is seldom used in industry. Both
plain carbon and alloy steels respond to temper-
ing in this manner.
Tempering at 370 to540 �C (700 to1000 �F)

(Ref 1). Once the tempering temperature of
370 �C (700 �F) has been exceeded, one enters
the broad tempering range of 370 to 675 �C
(700 to 1250 �F), in which a whole host of
industrial products are tempered. These embrace
the products in which toughness is of prime
importance. When tempered in the lower part
of this range, namely, 370 to 540 �C (700 to
1000 �F), the pieces attain excellent toughness
while retaining a fair measure of strength. Tem-
pering in the higher portion of the range, namely,
540 to 675 �C (1000 to 1250 �F), is applied to
parts that require maximum toughness, even if
much strength must be sacrificed.
The tempering range of 370 to 540 �C

(700 to 1000 �F) is employed almost entirely
for the plain carbon and alloy constructional
steels (thus excluding tool steels, bearing
steels, and case-hardened steels). This tem-
pering range is characterized by causing an
increase in toughness, while at the same time
causing a considerable decrease in hardness
(with its accompanying decrease in strength).
These changes in mechanical properties are a
result of the microstructural change: the pre-
cipitation and coalescence (initial spheroidi-
zation) of the stable carbide.
Of course, the decrease in hardness covers a

broad range of hardnesses; because steels of suc-
cessively higher carbon contents exhibit succes-
sively higher hardnesses as quenched, their
hardnesses after tempering also cover a band of
values, as illustrated in Fig. 1. Figure 1 may be
used as a rough guide of the hardnesses to be
expected, but it should be emphasized that it is a
rough guide only; it is intended to represent only
the plain carbon steels.

Typical hardnesses of 4140 or 4150 steels
and 1141, 1144, or 1045 steels are listed in
Tables 3 and 4 for tempering temperatures up
to 650 �C (1200 �F).
Tempering at 540 to 700 �C (1000 to

1300 �F) (Ref 1). Great toughness is obtained
by tempering in the high range of 540 to
675 �C (1000 to 1250 �F). In achieving this
toughness, much of the strength that was
achieved by quenching is lost. In spite of the
loss of strength, the quenching and tempering
process is still desirable, because tempered
martensite is vastly tougher than a pearlitic
structure of the same hardness.
The toughness that may be expected after

tempering at a series of temperatures is illu-
strated in a general way in Fig. 4. Figure 4
shows the range of notch-impact values that
may be expected in quenched and tempered
0.40 and 0.50% C steels, of a variety of alloy
contents, tested at room temperature as V-notch
Charpy tests or as Izod tests. When the Charpy
tests are keyhole instead of V-notch, lower
foot-pound values than those shown are to be
expected.
The curves of Fig. 4 cover a variety of alloy

compositions. There is little evidence that any
particular alloy or combination of alloys will
regularly furnish superior toughness at the
same hardness. Rather, it is to be expected
that, when testing a considerable number of
heats of a single (nominal) composition, there
will be found such noticeable variations in
toughness as to overlap similar variations in
most other alloy compositions, at the same
carbon content.
Although toughness improves with temper-

ing above 370 �C (700 �F) for carbon and
low-alloy steels (Fig. 4), extended heating times
or slow cooling in the temperature range of
450 to 600 �C (840 to 1110 �F) can reduce

Fig. 6 Transformation of retained austenite in 4130 and 4340 steel
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toughness (Fig. 7). The effect of cooling rates is
more pronounced at the higher end of the tem-
perature range in Fig. 7. This phenomenon is
referred to as temper embrittlement (see the
section “Toughness and Embrittlement” in this
article).

Tempering Time and Temperature

Both time and temperature influence the dif-
fusion of carbon and alloying elements and thus
the extent of carbide formation and tempering.
For consistency and less dependency on varia-
tions in time, components generally are tem-
pered for 1 to 2 h in gas-fired or electric
furnaces. A rule-of-thumb suggested by Theln-
ing (Ref 16) is one hour per 25 mm (1 in.) of
section thickness after the furnace load has
reached a preset temperature. AMS 2759 also
specifies recommended tempering conditions
for various carbon and low-alloy steels. If tem-
pering is done by induction heating, then the
tempering cycle is quite sensitive to both the
temperature and the time at temperature.
Generally, the desired hardness is known,

and the required temperature is determined
from curves such as those in Fig. 1 to 3 for spe-
cific tempering time. However, it is useful to
consider equivalent tempering over a wide
range of time-temperature combinations. Often,
tempering can be achieved by short-time tem-
pering at a higher temperature.
Plotting hardness versus tempering time at var-

ious tempering temperature (such as in Fig. 8 to
10) is one way of summarizing tempering data.
Unless secondary hardening occurs, the changes

Table 3 Typical hardness of tempered 4140 and 4150 steels

Temper

Furnace hardened and tempered for 1 h, HRC Induction hardened and tempered for 2 h, HRC�C �F

As-quenched 63 60 58 55 63 60 58 55

150 300 62.0 59.0 57.0 55.0 61.5 58.5 57.0 54.0
165 325 60.5 58.2 56.0 54.0 58.5 56.2 55.0 52.5
175 350 59.5 57.4 55.0 53.0 57.5 55.4 54.0 51.0
190 375 58.5 56.6 54.0 52.0 56.5 54.6 53.0 50.0
200 400 57.5 55.8 53.5 51.5 55.5 53.8 52.0 49.5
220 425 57.0 55.0 53.0 51.0 55.0 53.0 51.5 49.0
230 450 56.5 54.0 52.5 50.5 54.5 52.0 51.0 48.5
245 475 56.0 54.5 52.0 50.0 54.0 52.5 50.5 48.0
260 500 55.0 53.8 51.5 49.5 53.0 51.8 50.0 47.5
275 525 54.5 53.0 51.0 49.0 52.5 51.0 49.5 47.0
290 550 54.0 52.2 51.0 49.0 52.0 50.2 49.5 47.0
300 575 53.5 52.0 50.5 48.5 51.5 50.0 49.0 46.5
315 600 53.0 51.5 50.0 48.0 51.0 49.5 48.5 46.0
330 625 52.5 51.0 49.5 47.5 50.5 49.0 48.0 45.5
345 650 52.0 50.5 49.0 47.0 50.0 48.5 47.5 45.0
355 675 51.5 50.0 48.5 46.5 49.5 48.0 47.0 44.5
370 700 51.0 49.0 48.0 46.0 49.0 47.0 46.5 44.0
385 725 50.5 48.5 47.5 45.5 48.5 46.5 46.0 43.5
400 750 50.0 48.0 47.0 45.0 48.0 46.0 45.5 43.0
415 775 49.5 47.5 46.5 44.5 47.5 45.5 45.0 42.5
425 800 48.0 46.0 45.5 43.5 46.0 44.0 44.0 41.5
440 825 47.5 45.2 44.5 42.5 45.5 43.2 43.0 40.5
455 850 46.5 44.5 43.5 41.5 44.5 42.5 42.0 39.5
470 875 45.5 43.7 41.7 39.7 43.5 41.7 40.2 37.7
480 900 44.5 43.0 41.0 39.0 42.5 41.0 39.5 37.0
495 925 43.5 42.0 39.2 37.2 41.5 40.0 37.7 35.2
510 950 42.5 41.0 38.5 36.5 40.5 39.0 37.0 34.5
525 975 41.8 40.0 37.5 35.7 39.8 38.0 36.0 33.7
540 1000 41.0 39.0 36.5 35.0 39.0 37.0 35.0 33.0
565 1050 38.5 37.5 35.0 33.5 . . . . . . . . . . . .

595 1100 37.0 36.0 33.5 32.0 . . . . . . . . . . . .

620 1150 35.0 34.0 31.5 30.0 . . . . . . . . . . . .

650 1200 32.5 31.5 29.0 27.5 . . . . . . . . . . . .

Source: Ref 14

Table 4 Typical hardness of tempered 1141, 1144, and 1045 steels

Temper

Furnace hardened and tempered for 1 h, HRC Induction hardened and tempered for 2 h, HRC�C �F

As-quenched 58 55 52 48 60 58 55 52

150 300 57.0 54.0 51.0 48.0 58.5 56.5 53.0 50.5
165 325 56.0 53.5 50.5 47.5 57.0 54.0 52.0 49.0
175 350 55.0 53.0 50.0 47.5 56.0 53.0 51.5 48.5
190 375 52.5 52.5 49.5 47.0 53.5 50.5 51.0 48.0
200 400 53.5 52.0 49.0 46.5 54.5 51.5 50.5 47.5
220 425 53.5 51.5 48.5 46 54.5 51.5 50.0 47.0
230 450 53.0 51.0 48.0 455 54.0 51.0 49.5 46.5
245 475 52.5 50.5 47.5 45 53.5 50.5 49.0 46.0
260 500 51.5 49.5 47.0 44.5 52.5 49.5 48.0 45.5
275 525 50.5 48.5 46.0 44.0 51.5 48.5 47.0 44.5
290 550 50.0 48.0 45.5 43.0 51.0 48.0 46.5 44.0
300 575 49.0 47.0 45.0 42.0 50.0 47.0 45.5 43.5
315 600 48.5 46.5 44.5 41.5 49.5 46.5 45.0 43.0
330 625 48.0 46.0 44.0 41.0 49.0 46.0 44.5 42.5
345 650 47.5 45.5 43.5 40.5 48.5 45.5 44.0 42.0
355 675 47.0 45.0 43.0 40.0 48.0 45.0 43.5 41.5
370 700 46.0 44.0 42.0 39.0 47.0 44.0 42.5 40.5
385 725 44.5 42.5 40.5 37.5 45.5 42.5 41.0 39.0
400 750 43.0 41.0 39.0 36.0 44.0 41.0 39.5 37.5
415 775 41.5 39.5 37.5 34.0 42.5 39.5 38.0 36.0
425 800 39.9 37.5 35.5 32.5 40.9 37.9 36.0 34.0
440 825 38.5 36.7 34.7 31.7 39.5 36.5 35.2 33.2
455 850 38.0 36.0 34.0 31.0 39.0 36.0 34.5 32.5
470 875 37.0 35.0 33.0 30.0 38.0 35.0 33.5 31.5
480 900 36.5 34.0 32.0 29.0 37.5 34.5 32.5 30.5
495 925 35.5 33.5 32.5 28.5 36.5 33.5 32.0 31.0
510 950 34.5 33.0 31.0 28.0 35.5 32.5 31.5 29.5
525 975 33.5 32.0 30.5 27.5 34.5 31.5 30.5 29.0
540 1000 32.5 31.0 30.0 27.0 33.5 30.5 29.5 28.5
565 1050 31.0 29.5 28.5 26.0 . . . . . . . . . . . .

595 1100 29.5 28.0 27.0 24.5 . . . . . . . . . . . .

620 1150 26.5 26.0 25.0 22.5 . . . . . . . . . . . .

650 1200 24.5 23.5 22.5 20.0 . . . . . . . . . . . .

Source: Ref 14 Fig. 7 Effect of cooling rate on temper embrittlement.
Adapted from Ref 15
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in hardness are approximately linear over a large
portion of the time range when the time is pre-
sented on a logarithmic scale. However, this
method is time-consuming. Therefore, parametric
methods have been developed to describe the
time-temperature effects of tempering.
Most time-temperature parametric models of

tempering relate the hardness to a function of
absolute temperature (T) times the sum of a
parametric constant (C) and the common loga-
rithm of tempering time (t) as follows:

Hardness ¼ Function of T � Cþ log10 tð Þ½ �
where T is typically in degrees Kelvin, time (t)
is in seconds, and C is a constant that depends

on the carbon content of the steel. This relation,
similar to the Larson-Miller parametric analysis
of creep data, was first proposed by Holloman
and Jaffe (Ref 19) as an empirical tempering
parameter to approximate hardnesses of
quenched and tempered low- and medium-alloy
steels under different time-temperature condi-
tions. From their analysis of various steels, they
suggested a parametric constant, C, in the range
of 10 to 15, depending on the steel. Two exam-
ples are in Fig. 11.
Except when significant amounts of

retained austenite are present, reasonably
good correlations are obtained with the Hollo-
mon-Jaffe method. The charts in Fig. 12 and

13 were also developed from the datasets of
Hollomon and Jaffe, which included carbon
and low-alloy steels. Data from high-alloy
steel (stainless steels and tool steels) were
not part of developing these two charts.
Figures 12 and 13, as described subsequently,
provide a basis for estimating time-tempera-
ture effects in the tempering of mechanical/
forging steels and high-carbon steels,
respectively.
Estimating an Equivalent Time-Temperature

Condition for Tempering to a Similar
Hardness. Depending on the carbon content
of the steel, either Fig. 12 or 13 is used. The
chart in Fig. 10 applies for steels with carbon
levels of 0.15 to 0.40%. For example, if a
0.30% C steel is tempered at 505 �C (940 �F)
for 10 h to achieve a certain hardness, what
temperature would give the same hardness from
tempering in 1 h? Tempering for 10 h at 505 �C
(940 �F) falls on point A in Fig. 12. Point A lies
on the hardness differential line of 62 that
crosses the 1 h line (point B). In this example,
the equivalent tempering temperature is thus
545 �C (1010 �F) for 1 h. The same process
applies in Fig. 13 for the high-carbon steels
(0.90 to 1.2% C).
Estimating Difference in Hardness from

Two Tempering Treatments. The Hollomon-
Jaffe charts (Fig. 12, 13) are used in a slightly
different way to estimate hardness variations.
For steel without large amounts of carbide-
forming elements, the difference in the hard-
ness produced by two tempering treatments is
approximately equal to the differential between
the Rockwell C numbers given on the chart for
the two treatments. This is not true, however,
for hardnesses less than C-20 Rockwell or
within 3 Rockwell C numbers of the hardness
before tempering.
Example: Alloy Steel with 0.30% C (Fig. 12).

A 0.30%C-3%Ni steel tempered 10 h at 505 �C
(940 �F) has a hardness of C-29, as determined
experimentally. What would be the approximate

Fig. 9 Effect of tempering time on softening of 0.82C-
0.75Mn steel. Source Ref 2

Fig. 8 Summary plot of tempering data for 1335 steel. Source: Ref 17

Fig. 10 Tempering behavior of a 4340 steel (0.355 C, 0.66 Mn, 0.042 P, 0.017 S, 0.28 Si) at various temperatures as
a function of time. Adapted from Ref 18
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hardness if the steel were tempered 2 h at 425 �C
(800 �F)?
Tempering for 10 h at 505 �C (940 �F) (pointA)

falls on line 62; tempering for 2 h at 425 �C
(800 �F) (pointC) falls on line 54. The differential
is 62 – 54 = 8. The hardness after 2 h at 425 �C
(800 �F) would then be 8 + 29 = Rockwell C-37.
Example: High-Carbon Steel (Fig. 13). A

1095 steel tempered 1 h at 595 �C (1100 �F)
has a hardness of C-34, as determined experi-
mentally. What would be the approximate hard-
ness if the steel were tempered 4 h at 480 �C
(900 �F)?
Tempering for 1 h at 595 �C (1100 �F) (point

C) falls on line 65.5; tempering for 4 h at
480 �C (900 �F) (point D) falls on line 59.5.
The differential is 65.5 – 59.5 = 6. The hardness
after 4 h at 480 �C (900 �F) would then be
34 + 6 = Rockwell C-40.
Other Parametric Models. In practical use,

the parametric constant (C) can vary with steel
and hardness levels. Like any empirical relation,
caution is needed in the use of parametric mod-
els. The method assumes full (100% martensite)
as-quenched hardness without retained austenite.

Caution is also needed in extending use signifi-
cantly beyond the steel compositions in a given
analysis. Some examples of the Larson-Miller
parametric constant are listed in Table 5.
In the analysis of various carbon and low-

alloy steels by Grange and Baughman (Ref 17),
the parametric constant (C) varied so much
for a given steel (by a factor of 4 or more alloy
steels) that the average value was of little
value. However, in a trial-and-error method
to minimize the scatter in the plotted data,
Grange and Baughman were able to recom-
mend a single value of C = 18 that was a satis-
factory constant for various carbon steels
(from 1026 to 1080) and low-alloy steels
(4027, 4037, 4047, 4068, 1335, 2340, 3140,
4140, 4340, 4640, 5140, and 6145). Tempering
data were satisfactorily modeled by the follow-
ing parametric equation:

P ¼ �Fþ 460½ � 18þ log t; in hoursð Þ½ � � 10�3

Examples are shown in Fig. 14 and 15 for car-
bon steels and low-alloy steels, respectively.
The variation of parameter, P, and hardness was

also plotted as a function of carbon content
(Fig. 16a) for carbon steels. In relating the vari-
ous values of the parameter in terms of time and
temperature, Fig. 16(b) provides a way of deter-
mining the parameter for a tempering cycle.
Many methods have been used in modeling

the time-temperature response of martensitic
steels during tempering. A recent review is in
Ref 23. In particular, a promising method is
the use of artificial neural networks (ANNs),
which are a nonlinear regression-type method-
ology for establishing the correlation between
input and output variables in a physical system.
The advent of neural networks is a tool for
complex empirical modeling and the discovery
of fundamental relationships and quantitative
structure within arrays of data. An introduction
on the ANN methods can be found in the article
“Neural-Network Modeling” in Fundamentals
of Modeling for Metals Processing, Volume
22A of ASM Handbook (Ref 24). The use of
the ANN method in the modeling of tempering
is reviewed in Ref 23.

Effect of Composition

The effect of carbon content on the hardness
of QT carbon steel properties of tempered steels
is shown in Fig. 17(a). This figure serves as the
basis for determining the effects of other alloy-
ing elements on the hardness of QT low-alloy
steels. All alloying increases the resistance to
softening during tempering (e.g., Fig. 2 and 3
as previously noted). The main purpose of add-
ing alloying elements to steel is to increase the
hardenability, that is, to increase the depth of
martensite formation upon quenching. Alloying
elements retard the rate of softening, especially
at the higher tempering temperatures. Thus, to
reach a given hardness in a given period of
time, alloy steels require higher tempering tem-
peratures than do carbon steels.
Alloying elements can be characterized as

carbide forming or non-carbide forming. Ele-
ments such as nickel, silicon, aluminum, and
manganese, which have little or no tendency
to occur in the carbide phase, remain essen-
tially in solution in the ferrite and have only a
minor effect on tempered hardness. Hardening
due to the presence of these elements occurs
mainly through solid-solution hardening of
the ferrite or matrix grain size control. The
carbide-forming elements (chromium, molybde-
num, tungsten, vanadium, tantalum, niobium,
and titanium) retard the softening process by
the formation of alloy carbides. The effect of the
carbide-forming elements is minimal at low
tempering temperatures where Fe3C forms; how-
ever, at higher temperatures, alloy carbides are
formed, and hardness decreases slowly with
tempering temperature.
The increases in resistance to softening due

to alloying elements are shown in Fig. 18 and
19 at different tempering temperatures. Strong
carbide-forming elements such as chromium,
molybdenum, and vanadium are most effective
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Fig. 12 Time-temperature relation in tempering mechanical and forging carbon and low-alloy steels (with carbon levels from 0.155 to 0.40%). Source: Ref 21

Fig. 13 Time-temperature relation in tempering high-carbon steels (with carbon levels from 0.90 to 1.20%). Source: Ref 21

Tempering of Steels / 335



in increasing hardness at higher temperatures
above 205 �C (400 �F). Silicon is found to
be most effective in increasing hardness at
315 �C (600 �F). The increase in hardness
caused by phosphorus, nickel, and silicon can
be attributed to solid-solution strengthening.
Manganese is more effective in increasing hard-
ness at higher tempering temperatures. The car-
bide-forming elements retard coalescence of
cementite during tempering and form numerous
small carbide particles. Under certain condi-
tions, such as with highly alloyed steels, hard-
ness may actually increase. This effect,
mentioned previously, is known as secondary
hardening.

The effect of molybdenum content on the
tempering behavior of a 0.35% C steel is shown
in Fig. 3(b). As the alloy content increases, the
magnitude of the secondary-hardening effect
increases. Synergistic effects of various combi-
nations of alloying elements can occur: Chro-
mium tends to produce secondary hardening at
a lower temperature than does molybdenum,
and the combination of chromium and molyb-
denum produces a rather flat tempering curve,
with the peak hardness occurring at a somewhat
lower temperature than when only molybdenum
is present. The H11 and H13 steels are widely
used hot working die steel that contains nomi-
nally 0.35% C, 5% Cr, 1.5% Mo, and 0.4% V.
Figure 20 shows the room-temperature hardness
of H11 as a function of tempering temperature.
A very flat tempering curve results because of
the specific combination of the three carbide-
forming elements. A similar result is in
Fig. 21 for H13 tool steel for various tempering
times (with a parametric fit).
Other Alloying Effects. In addition to ease

of hardening and secondary hardening, alloying
elements produce a number of other effects.
The higher tempering temperatures used for
alloy steels presumably permit greater relaxa-
tion of residual stresses and improve properties.
Furthermore, the hardenability of alloy steels
requires use of a less drastic quench so that
quench cracking is minimized. However,
higher-hardenability steels are prone to quench

cracking if the quenching rate is too severe.
The higher hardenability of alloy steels may
also permit the use of lower carbon content to
achieve a given strength level but with
improved ductility and toughness.
Residual elements, that is, elements not

intentionally added to a steel, can cause embrit-
tlement. The elements that are known to cause
embrittlement are tin, phosphorus, antimony,
and arsenic. A discussion of the specific effects
of these elements can be found in the section
“Temper Embrittlement” in this article.

Dimensional Change during
Tempering

The body-centered tetragonal lattice of
martensite has a lower density than the body-
centered cubic structures of ferrite. Therefore,
a decrease in volume typically occurs during
tempering as the lower-density martensite
decomposes into a mixture of ferrite and
cementite. However, a 100% martensitic struc-
ture does not always occurs after quenching,
and thus, volume may not continuously
decrease with increasing tempering temperature
due to the transformation of retained austenite
into lower-density phases.
As noted, retained austenite in plain carbon

steels and low-alloy steels transforms to bainite
or ferrite during stage II tempering (see the section

Table 5 Parametric constant, C, for time-
temperature tempering analysis of different
materials

Material
C-value (for time in hours and

temperature in R)

Low-carbon and low-
alloy steels

18

Carbon-molybdenum
steel

19

2¼ Cr and 1 Mo steel 23
Cr-Mo-Ti-B steel 22
18-8 stainless steel 18
18-8-Mo stainless steel 17
25-20 stainless steel 15

Source: Ref 22

Fig. 14 Tempering curves for plain carbon steels. Source: Ref 17
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“Tempering at 230 to 370 �C (450 to 700 �F)” in
this article). This results in an increase in volume,
because austenite has a higher density than ferrite
and bainite. When certain alloy steels are tem-
pered, some retained austenite may transform to

martensite during cooling from the tempering
temperature.When alloy carbides precipitate dur-
ing tempering, the martensite start temperature of
the retained austenite is raised, and some of the
austenite may transform to martensite.

The change in dimensions of O1 tool steel
plate during tempering is shown in Fig. 22. The
plates were hardened from two different harden-
ing temperatures and two different soak times.
The dimensional changes, after cooling to

Fig. 15 Tempering curves for (a) 4140 and (b) 4340 steels. Source: Ref 17

Fig. 16 Charts of tempering parameter (P) where P = [�F + 460] [18 + log (t, in hours)] � 10
�3
. (a) Variation of P with hardness and carbon levels. (b) Chart showing relation of P

with tempering time and temperature. Source: Ref 17
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ambient temperature, are shown for tempering
temperatures up to 400 �C (750 �F). The variation
of 40 �C (70 �F) and 10min has a negligible effect
on dimensional changes. Tempering up to 200 �C
(390 �F) is accompanied by a slight contraction in
all directions of the plate. At a higher tempering
temperature, there is an increase in the dimen-
sions, with a maximum increase at 300 �C
(570 �F), after which dimensions again decrease.
The increased volume at 300 �C (570 �F) is attrib-
uted to the transformation of retained austenite to
bainite.At 400 �C (750 �F), the dimensions revert
to values closer to the original values, prior to
quenching and tempering.

Tensile Properties and Hardness

The measurement of hardness is commonly
used to evaluate the tensile properties of tem-
pered carbon and alloy steels for low tempering.
Hardness and tensile properties of two QT steels
are shown in Fig. 23 and 24, with the general
response being similar for the carbon and alloy
steels. Empirical relationships also have been
developed to correlate hardness with the tensile
strength of QT carbon and low-alloy tempered
steels. For example, Janitzky and Baeyertz
(Ref 28) evaluated tensile properties of several
QT steels (Fig. 25) and showed a roughly linear
relationship between Brinell hardness and ten-
sile strength, which can be expressed in metric
units for the tensile strength (TS) as:

TS MPað Þ ¼ 3:6HB� 42:3

For example, a steel with a hardness of 363 HB
would have an estimated tensile strength of
1265 MPa, which converts to 183 ksi (and is
close to data plotted in Fig. 25). The tensile
strength of QT steels also correlates very strongly
with other tensile properties (Fig. 26, 27).
This range of tensile properties provides a struc-
tural designer with many options in the use of
quenched and tempered carbon and low-alloy
steels.
Hardnesses of quenched and tempered steels

also can be estimated by a method established
by Grange et al. (Ref 25). The general equation
for hardness is:

HV ¼ HVC þ�HVMn þ�HVP þ�HVSi þ�HVNi

þ�HVCr þ�HVMo þ�HVV

where HV is the estimated hardness value
(Vickers).
To use this relationship, one must determine

the hardness value of carbon (HVC) from
Fig. 17(a). For example, if one assumes that a
tempering temperature of 540 �C (1000 �F) is
used and the carbon content of the steel is
0.2% C, the HVC value after tempering will
be 180 HV. Second, the effect of each alloying
element must be determined from a figure such
as Fig. 18 or 19.
To illustrate the use of the Grange et al.

method, the same type 4340 steel shown in
Fig. 24 is used. The composition of the steel
is 0.41% C, 0.67% Mn, 0.023% P, 0.018% S,

0.26% Si, 1.77% Ni, 0.78% Cr, and 0.26%
Mo. Assuming a 540 �C (1000 �F) tempering
temperature, the estimated hardness value for
carbon is 210 HV. From Fig. 17(a), the hard-
ness values for each of the other alloying ele-
ments are:

Element Content, % Hardness, HV

C 0.41 210
Mn 0.67 38
P 0.023 7
Si 0.26 15
Ni 1.77 12
Cr 0.78 43
Mo 0.26 55
Total hardness . . . 380

According to Fig. 24, the hardness value
after tempering at 540 �C (1000 �F) was
363 HB (see Brinell hardness values along
x-axis). From hardness conversion tables (e.g.,
ASTM E 48 conversion table), a Brinell hard-
ness of 363 HB equates to a Vickers hardness
of 383 HV. The calculated value of 380 HV
(in the preceding table) is very close to the
actual measured value of 383 HV. Thus, this
method can be used to estimate a specific hard-
ness value after a quenching and tempering heat
treatment for a low-alloy steel.
Variations in Hardness after Tempering.

An example of the range of variation in hardness
obtained after tempering is shown in Fig. 28.
Variations in hardness after tempering are most
frequently the result of differences in prior
microstructure. Effect of prior microstructure
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on tempered hardness is more pronounced at
shorter and/or lower temperature cycles, as one
may expect (Fig. 29).
When prior microstructure is the same, the

control of temperature is the most important
factor in the control of the tempering process.
In general, the control of tempering temperature
to within �13 �C (25 �F) is adequate and is
within the practical limits of most furnace and
molten-bath equipment. Temperature variations
are seldom permitted to exceed �6 �C (10 �F)
unless mechanical property requirements are
correspondingly broad.

Toughness and Embrittlement

Quenched and tempered steels are suscepti-
ble to different types of embrittlement. Some
are due to structural modifications during

tempering, such as temperedmartensite embrittle-
ment and temper embrittlement. However, some
are due to the interaction of the environment with
the quenched and tempered microstructures, such
as hydrogen embrittlement and liquid metal
embrittlement (see the article “Embrittlement of
Steels” in Properties and Selection: Irons, Steels,
and High-Performance Alloys, Volume 1 of ASM
Handbook, Ref 29).
The focus of this section is on embrittlement

associated with the tempering process. A map
by Krauss (Ref 30) of fracture behavior of hard-
ened steels is given in Fig. 30. It includes
regions of tempered martensite and temper
embrittlement, which are described in more
detail in Ref 31.
Temper embrittlement (TE) occurs when

carbon or low-alloy steels are tempered for
extended times between 450 and 600 �C (840
and 1110 �F). The effect is more pronounced

with slower cooling rates at higher tempering
temperatures (Fig. 7). It also can occur from
slow cooling after exposure above this
temperature range. In most instances, a short
exposure time within, or rapid cooling through,
this temperature range will minimize TE.
However, when heat treating thick sections, this
procedure may not be possible, and TE may
occur.
Temper embrittlement can be reversed by

retempering above the embrittlement tempera-
ture (>600 �C, or 1110 �F), followed by rapid
cooling through this range to restore toughness.
Steels that have been embrittled because of TE
can be de-embrittled by heating to approximately
575 �C (1065 �F), holding a few minutes, and
subsequently rapidly cooling or quenching.
The time for de-embrittlement depends on the
alloying elements present and the temperature
of reheating (Ref 32). De-embrittlement is

Fig. 18 Effect of seven elements (chromium, manganese, molybdenum, nickel, phosphorus, silicon, and vanadium) on the hardness of tempered martensite after tempering for 1 h
at temperatures from 205 to 480 �C (400 to 900 �F). Note that manganese, molybdenum, and phosphorus have no effect on hardness at 205 �C (400 �F). Source: Ref 25

Tempering of Steels / 339



accompanied by a redistribution of impurities at
the grain boundaries (Ref 33).
The cause of TE is believed to be the precip-

itation of compounds containing trace elements,
such as tin, arsenic, antimony, and phosphorus,
along with chromium and/or manganese (see
also the Selected References). Relatively small
amounts (0.01% or less) of impurities, such as
phosphorus, antimony, and arsenic, have been
related to TE (Ref 1, 11, 34, 35). It takes place
due to impurity segregation at the grain bound-
ary and decohesion of the grain boundary. This
leads to intergranular fracture morphology. The
intergranular nature of the fracture suggests that
the embrittlement occurs at the prior-austenite
grain boundaries.
It has also been known that carbon steels

with less than 0.5% Mn are immune to TE.
Substantial additions of manganese cause sus-
ceptibility to this problem. Other alloying ele-
ments, such as chromium and nickel, also
promote TE. When taken separately, they

produce a weaker effect than in the case of
combined alloying. The highest embrittlement
effect is observed in chromium-nickel and chro-
mium-manganese steels. Alloy steels of very
high purity are not susceptible to TE.
The beneficial influence of molybdenum on

phosphorus-induced TE has been known for
many years (Ref 36). Small additions of molyb-
denum (0.2 to 0.3%) significantly retard TE.
Greater amounts of molybdenum yield no addi-
tional improvement. Although molybdenum is
an effective element to reduce the susceptibility
for TE, the precipitation of molybdenum-metal
carbides must be addressed. To avoid precipita-
tion, vanadium is added to steel. Vanadium is a
strong carbide former, compared to molybdenum
and chromium. Vanadium initially forms MC-
type carbide, changing the molybdenum-to-car-
bon and chromium-to-carbon ratios. The increase
in molybdenum-to-carbon rate is favorable for
Mo2C-type carbides; chromium-to-carbon ratio
is favorable for Cr7C3 carbides. These changes

Fig. 19 Effect of seven elements (chromium, manganese, molybdenum, nickel, phosphorus, silicon, and vanadium) on the hardness of tempered martensite after tempering for 1 h
at temperatures from 540 to 705 �C (1000 to 1300 �F). Source: Ref 25

Fig. 20 Variation of room-temperature hardness with
tempering temperature for H11 steel. All

specimens air cooled from 1010 �C (1850 �F) and
double tempered 2 h plus 2 h at temperature
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slow down the precipitation of molybdenum as
carbides. When the molybdenum is not in solid
solution with ferrite, then the phosphorus is free
to segregate and cause embrittlement.
The effect of molybdenum on suppressing

TE decreases as the purity of the steel increases
(Ref 37). The total content of impurities (sulfur

plus phosphorus plus nonferrous elements plus
gases), expressed in atomic parts per million,
ranges in values roughly as follows:

� 1500 ppm in steels of conventional purity
(corresponding to the usual amounts found
in air-arc-melted steel)

� 1000 ppm in very clean steel (corresponding
to vacuum-melted steel)

� Approximately 500 ppm in the extraclean
steels (corresponding to vacuum-melted
steel using a very pure charge)

When relatively impure steel is used (with over
1500 ppm impurities and over 0.01% P), the
unique role of molybdenum in minimizing TE
is very important. Molybdenum does not appear
to be a necessary alloying element in the pro-
duction of high-purity steels (under 500 ppm
impurities and under 0.001% P), which are not
susceptible to TE.
Blue Brittleness. The heating of plain car-

bon steels or some alloy steels to the tempera-
ture range of 230 to 370 �C (450 to 700 �F)
may result in increased tensile and yield
strength, as well as decreased ductility and
impact strength. This embrittling phenomenon
is referred to as blue brittleness, because such
temperatures produce a bluish temper color on
the surface of the specimen (Ref 38–40).
Blue brittleness is an accelerated form of

strain-age embrittlement caused by carbide
and/or nitride precipitation hardening within
the critical-temperature range. It can be elimi-
nated if elements that tie up nitrogen are added
to the steel, for example, aluminum or titanium.
Deformation while the steel is heated in the
blue-heat range results in even higher hardness
and tensile strength after cooling to room tem-
perature. If the strain rate is increased, the
blue-brittle temperature range increases.
Tempered Martensite Embrittlement

(TME) (adapted from Ref 41). Tempered mar-
tensite embrittlement occurs when high-strength
alloy steels are tempered in the range of 200 to
370 �C (400 to 700 �F). Tempered martensite
embrittlement is also referred to as 350 �C
(or 500 �F) embrittlement, although the greatest
alteration reportedly occurs at approximately
315 �C (600 �F). Avoiding the embrittling tem-
perature range is necessary to prevent TME,
although the range is somewhat variable.

Fig. 21 Tempering curves for H13 tool steel. (a) Plotted at various tempering times. (b) Parametric plot with P = T [16.44 + log (t)], where T is absolute temperature in degrees
Kelvin (K), and t is time in seconds. Source: Ref 26

Fig. 22 Dimensional changes that occur in O1 tool steel (Bofors RT 1733) when heat treated at two hardening
temperatures and two soak times using two tempering methods: (a) oil quenching and (b) martempering.

Specimen dimensions were 100 � 50 � 18 mm (4 � 2 � 0.7 in.). Steel was rolled in the longitudinal direction.
Source: Ref 27
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Tempered martensite embrittlement is distin-
guished from TE in several ways besides the
temperature range of embrittlement. First, TE
is reversible as noted, while TME is not. Once
TME appears, there is no heat treatment to
reverse the effect, other than to reaustenitize
and quench the steel, followed by tempering
in an appropriate temperature range where
TME does not occur. Embrittled steels can be
annealed to restore maximum impact energy
when necessary.
The TME mechanism also is a much more

rapid process than TE. Tempered martensite
embrittlement develops during the first hour of
the normal tempering period and is independent
of section size and/or cooling rate after temper-
ing. In contrast, TE needs many hours to
develop, and it is an important concern, mainly
for heavy sections that are tempered at higher
temperatures (out of embrittlement range) and
cooled very slowly over a period of many hours
through the critical range of embrittlement.
Thus, TE is sometimes referred to as two-step
temper embrittlement, while TME is sometimes
referred to as one-step temper embrittlement.
Tempered martensite embrittlement occurs in

the tempering range in which E-carbide changes
to cementite. It takes place mainly in steels with
a microstructure of tempered martensite, but
steels with microstructures of tempered lower
bainite are also susceptible to TME. Other
structures, such as upper bainite and pearlite/
ferrite, are not embrittled by tempering in this
region. The impact toughness after tempering
at this temperature is lower than that obtained
at tempering temperatures below the TME
range.
Figure 31 shows the impact absorbed as a func-

tion of tempering temperature for chromium-

molybdenum steels with various phosphorus
and carbon contents. The figure exhibits the
effect of phosphorus and carbon on the impact
toughness of low-alloy steels. There is a loss
in impact toughness for steels tempered in the
temperature range of 250 to 300 �C (480 to
570 �F). Steels with lower phosphorus content
have superior impact properties than steels with
a higher phosphorus level. Also, impact tough-
ness decreases with increasing carbon content
(Ref 42).
The mechanism causing TME is not as well

defined as that which causes TE. While many
studies have shown that fractures are partly or
substantially intergranular, particularly with
tempering at approximately 350 �C (660 �F),
other studies have observed only transgranular
fractures. This difference may influence the
respective interpretations of the TME mecha-
nism. The main explanations for TME are based
on the effects of impurities and cementite precip-
itation on the prior-austenite grain boundaries.
Early studies concluded that TME was due to

precipitation of thin platelets of cementite at the
grain boundaries. However, TME has also been
found to occur in very-low-carbon steels, and
residual impurity elements have also been
shown to be essential factors in TME. Use of
steels with low impurity contents, particularly
phosphorus, can prevent the impurity segrega-
tion contribution to total embrittlement. Steels
containing either impurities or potent carbide
forms are susceptible to TME.
Both intergranular (Ref 43–45) and trans-

granular fracture modes may be observed in
TME (Ref 43, 46). Intergranular TME fracture
is quite common and has been related to aus-
tenite grain-boundary phosphorus segregation
during austenitization. However, the presence

of phosphorus at the prior-austenite grain
boundary is not sufficient for the development
of TME. An interaction between phosphorus
and cementite is necessary for the intergranular

Fig. 23 Effect of tempering temperature on room-temperature mechanical properties of 1050 steel. Properties
summarized are for one heat of 1050 steel that was forged to 38 mm (1.50 in.) in diameter, then water
quenched and tempered at various temperatures. Composition of heat: 0.52% C, 0.93% Mn

Fig. 24 Effect of tempering temperature on the mecha-
nical properties of oil-quenched 4340 steel

bar. As-quenched hardness, 601 HB. Single heat with ladle
composition of: 0.41% C, 0.67% Mn, 0.023% P, 0.018% S,
0.26% Si, 1.77% Ni, 0.78% Cr, 0.26%Mo

Fig. 25 Brinell hardness versus tensile strength for
several quenched and tempered steels (SAE

1330, 2330, 4130, 5130, 6130). Round bars, 25 mm
(1 in.) diameter, normalized, water quenched, and
tempered at various temperatures from 200 to 700 �C
(400 to 1300 �F). Source: Ref 28
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mode of TME. Segregation of impurities
such as phosphorus at austenite grain bound-
aries during austenitizing and the formation
of cementite at prior-austenitic grain bound-
aries during tempering are responsible for
the intergranular fracture mode of TME (Ref
43–45, 47).
Transgranular fractures in TMEmay be related

to the interlath carbide thickness; thinner carbides
cause interlath fracture and thicker carbides
promote translath cleavage. In medium-carbon
steels, transgranular TME fracture mode occurs
from the formation of cementite between

parallel martensitic lathes during tempering
(Ref 43, 46). During tempering, thin plates of
cementite form from the transformation of
retained austenite between laths of martensite
in quenched medium-carbon steels. Another
type of transgranular TME fracture is observed
in AISI 4340-type steels (Ref 13). It is interlath
cleavage induced by cracking of the cementite
formed from the decomposition of retained aus-
tenite. In some low-carbon steels, embrittle-
ment is associated with a carbide morphology
that provides numerous sites for microcrack ini-
tiation and growth by microvoid coalescence.

Fracture then occurs with little gross plastic
deformation.
Silicon additions to carbon steels raise the

temperature range in which TME occurs
(Ref 48–50), because silicon delays the conver-
sion of the E-carbide to cementite within the
martensite laths and delays the coarsening of
cementite at boundaries with higher tempering
temperatures (Ref 43, 44).
Investigations using AISI 4140 steels show

that austenitization temperature has an influ-
ence on the TME phenomenon. High austeniti-
zation temperature favors brittle failure modes,

Fig. 26 Tensile properties of several oil-hardening steels (6145, 4645, 4145, 3240,
3145, 2345, 4340) tempered from 200 to 700 �C (400 to 1300 �F). Round
bar, 25 mm (1 in.) diameter. Source Ref 1

Fig. 27 Tensile properties of several water-hardening steels (3130, 6130, 2330, 4130,
1330) tempered from 200 to 700 �C (400 to 1300 �F). Round bar, 25 mm
(1 in.) diameter. Source Ref 1

Fig. 28 Variations in room-temperature hardness after production tempering of forged 1046 steel. (a) As-quenched. (b) Tempered at 510 �C (950 �F) for 1 h. (c) Tempered at
525 �C (975 �F) for 1 h. Hardening operation was as follows: 1046 steel heated to 830 �C (1525 �F) and quenched in caustic. Forgings were heated in a continuous
belt-type furnace and individually dump quenched in agitated caustic. Forgings weighed 9 to 11 kg (20 to 24 lb) each; maximum section, 38 mm (1½ in.).
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even in specimens showing virtual absence of
phosphorus segregation. High austenitization
temperature also increases carbide dissolution
in austenite, due to more intensive carbide
precipitation and growth during tempering
(Ref 44).

Equipment for Tempering

The selection of equipment for tempering is
based principally on the temperature require-
ments and the quantity and similarity of the
work to be treated. Equipment selection also
depends on whether tempering is for bulk pro-
cessing (accomplished by soaking entire parts
in the furnace for enough time) or by selective
heating of certain portions of the part (see the
section “Selective Tempering” in this article).
Temperature requirements are dictated by

prior heat treatment and by the properties to
be developed by tempering. Bulk processing
may be done in convection furnaces or in mol-
ten salt, hot oil, or molten metal baths. The
selection of furnace type depends primarily on
number and size of parts and on desired temper-
ature. Table 6 gives temperature ranges, most
probable reasons for use, and fundamental pro-
blems of these four types of equipment.
Convection Furnaces. The most commonly

employed tempering method uses the recircu-
lating or forced-air convection furnace, and
the equipment most commonly used in conjunc-
tion with convection furnaces includes continu-
ous belt conveyor, roller rail, or dog beam
pusher systems. Batch equipment, such as box
or pit types, is also used.
Forced recirculating air is the most common

and efficient method of tempering because it
lends itself to a wide selection of furnace
designs to accommodate a variety of products
and capacities. Moreover, the metallurgical

results are very good in terms of price per unit
weight of yield.
Generally, convection furnaces are designed

for tempering temperatures of 150 to 750 �C
(300 to 1380 �F). For temperatures up to 550 �C
(1020 �F), recirculated hot air is supplied to
the product from a chamber separate from the
work-holding area to avoid uneven heating by
radiation. For temperatures of 550 to 750 �C
(1020 to 1380 �F), either forced convection or
radiant heating is used, depending on the metal-
lurgical requirements of the product. To obtain
closer control of metallurgical properties,
recirculated forced hot air is employed; how-
ever, for greater efficiency, radiant heating is
used because the transfer of radiant heat is
greater as the temperature approaches 750 �C
(1380 �F).
The most important phase of convection fur-

nace design is determining the proper amount
of forced air. The objective of the blower is to
furnish enough hot air to the complete work
area so that it is efficiently used to heat the
product in the shortest time thermophysically
allowed. The type of product and the material
being processed dictate the required forced-air
supply, which is measured at the operating tem-
perature. Consultation with fan manufacturers
can help achieve maximum efficiency of heat
transfer.
Heat for the furnace can be supplied by elec-

tricity, gas, or oil. In most furnace designs, a
dual heat source capability can be built in, such
as gas and electricity. This allows for more than
one choice of utility when there is a shortage or
a cost advantage of one over the other.
Temperature control is accomplished by

positioning a thermocouple at the hot-air side
of the recirculating system close to the product.
When this technique is used, there is minimal
danger of overheating, and loads of various
sizes can be handled. This method also allows
the duration of processing (holding time) to be
varied by moving the thermocouple location,
but only within the limits of the furnace size
(and/or conveyor speed, for continuous-type
furnaces). Temperatures generally are held

within �5 �C (�9 �F). If modern temperature
controllers are used, baffle plates are positioned
properly and furnace curtains are installed.
The efficient use of a continuous furnace cannot

be attained when production quantities are small
or when parts vary in size, shape, and mechanical
requirements. A batch furnace is better suited for
work of this type. When a continuous furnace is
used for such applications, production time is lost
when the furnace temperature is raised or lowered.
Sometimes, when the process variables must be
changed, a dummy loadmust be placed in the fur-
nace to accelerate a desired reduction of tempera-
ture, or production must be stopped until the
temperature is stabilized.
Salt bath furnaces may be used for temper-

ing at 160 �C (320 �F) and above. Good heat
transfer and natural convection in the bath pro-
mote the uniformity of workpiece temperature.
All moisture must be removed from parts

before they are immersed in the molten salt,
because hot salt reacts violently with moisture.
If dirty or oily parts are immersed in the bath,
the salt will become contaminated and will
require more frequent rectification. Rectifica-
tion with chemical or gaseous compounds con-
trols the soluble oxides within proper limits.
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A carbon rod rectification procedure is used to
remove the insoluble metallics.
All parts tempered in salt must be

cleaned soon after being removed from the
bath, because the salt that clings to them is
hygroscopic and may cause severe corrosion.
Parts with small or blind holes from which salt
is difficult to clean should not be tempered
in salt.
Salt bath compositions and operating temper-

ature ranges presented in Table 7 pertain to
baths in common use for tempering and are
classified according to Military Specification
MIL-S-10699A (Ordnance):

� Class 1 and class 2 salts are reasonably
stable and seldom require rectification. If
chlorides are added by carryover from a
higher-temperature bath, they will cause an
increase in the viscosity of the bath. Chlor-
ides can be removed by filtering through fine
screens or by cooling and settling out the
insoluble chlorides as a sludge. Occasion-
ally, carbonates become excessive. These
can be removed by reaction with dilute nitric
acid-base rectifiers. Upper temperature lim-
its must not be exceeded or salt will become
highly oxidizing, even toward alloy steels.

� Class 3 salts seldom require rectification.
However, their high melting points (approx-
imately 560 �C, or 1040 �F) severely restrict
their useful temperature range. Also, they
are decarburizing to steels at temperatures
above approximately 705 �C (1300 �F).

� Class 4 salts, which are all-chloride neutral
salts, are quite stable. They seldom require
rectification but are restricted to tempera-
tures above 595 �C (1100 �F).

� Class 4A salts are close relatives of class 4 salts
but contain calcium chloride, which lowers the
minimum working temperature to 550 �C
(1025 �F). The upper limit for these salts is
more restricted than that for class 4 salts.

Oil bath equipment for tempering may be
similar in design to that used for salt baths, or
a steel tank over hot plate burners will serve
satisfactorily. Submerged electric heating ele-
ments may also be employed. Stirring is essen-
tial for temperature uniformity and satisfactory
oil life. Simple, oven-type temperature controls
may be employed, but localized overheating
must be avoided to prevent fire and the rapid

decomposition of the oil. A standard thermom-
eter of the proper range may be used to check
the temperature of the oil.
Low-temperature tempering in a hot-oil bath

is a simple and inexpensive method that is espe-
cially useful for holding work at temperature
for long periods of time. The practical tempera-
ture limit is approximately 120 �C (250 �F)
without special ventilation or fire protection
equipment and approximately 250 �C (480 �F)
with such precautions, which may include
extremely efficient ventilators or inert-gas blan-
keting systems. When a tempering temperature
above 205 �C (400 �F) is required, a salt bath
is usually preferable to an oil bath.
Oils for tempering must resist oxidation and

have a flash point well above the operating tem-
perature. The most commonly used oils are
high-flash-point paraffinic oils with antioxidant
additives. Oils used for martempering are also
satisfactory for tempering.
Molten metal baths for tempering have

largely been replaced by salt baths. When
employed, commercially pure lead, which melts
at approximately 327 �C (620 �F), has proved to
be the most generally suitable of all metals and
alloys. For special applications, however, lead-
base alloys having lower melting points are used.
Lead oxidizes readily. Although lead itself

will not adhere to clean steel, the adherence of
lead oxide to steel surfaces is a problem, espe-
cially at higher temperatures. Within the range
of temperatures usually employed, a film of
molten salt will protect the surface of the lead
bath, and the work will be easily cleaned.
Above 480 �C (900 �F), granulated carbona-
ceous material, such as charcoal, may be used
as a protective cover.
Because of its high thermal conductivity rel-

ative to the gaseous atmosphere, lead is useful
for rapid local heating and selective tempering.
A typical application is the tempering of a ball
joint. The part is carburized and quenched to a
minimum case hardness of 59 HRC and a core
hardness of 30 to 40 HRC. The thread and taper
are then tempered in lead to produce a maxi-
mum case hardness of 40 HRC.
Because of the high specific gravity of lead,

parts tempered in molten lead will float unless
held down by fixtures. All parts and fixtures
must be dry when immersed in the bath to pre-
vent the formation of steam in, and resultant vio-
lent expulsion of, the molten lead. Precautions

also must be taken to protect personnel from
industrial lead poisoning; hoods and ventilating
equipment are required.
Temperature Control. For either gas or elec-

tric heat, properly adjusted potentiometers of
the on-off type will control the tempering tem-
perature within �6 �C (�10 �F) at the thermo-
couple location. With proportioning controls,
these instruments can maintain temperatures
within �1 �C (�2 �F) at the thermocouple
location.

Special Tempering Procedures

Special processes are occasionally employed
to achieve specific properties, such as those
derived from steam treating or the use of pro-
tective atmospheres. The tempering mechanism
in certain steels also may be enhanced by cyclic
heating and cooling. A particularly important
procedure employs cycles between subzero
temperatures and the tempering temperature to
increase the transformation of retained austen-
ite. The term used for this procedure, multiple
tempering, is also applied to procedures that
use intermediate thermal cycles to soften parts
for straightening prior to the actual tempering
operation designed to achieve the desired
degree of toughness and plasticity.

Selective Tempering

Selective or localized tempering is applied to
parts in which adjacent areas must have signifi-
cantly different hardnesses. It is used to soften
specific areas of fully hardened parts or to tem-
per areas that were selectively hardened previ-
ously. The purpose of this treatment is to
improve the machinability, the toughness, or
the resistance to quench cracking in the selected

Table 6 Temperature ranges and general conditions of use for four types of tempering
equipment

Type or equipment

Temperature range

Service conditions�C �F

Convection furnace 50–750 120–1380 For large volumes of nearly common parts; variable loads make control of
temperature more difficult

Salt bath 160–750 320–1380 Rapid, uniform heating; low to medium volume; should not be used for parts
whose configurations make them hard to clean

Oil bath �250 �480 Good if long exposure is desired; special ventilation and fire control are required
Molten metal bath >390 >735 Very rapid heating; special fixturing is required (high density)

Table 7 Compositions and operating
temperatures for salt baths used in
tempering

Class
Composition of

bath

Operating temperature
Fuming

temperature

�C �F �C �F

1 37–50% NaNO2

0–10% NaNO3

50–60%
Na2CO3

165–595 325–1100 635 1175

2 45–57% NaNO3

45–57% KNO3
290–595 550–1100 650 1200

3 45–55% Na2CO3

45–55% KCl
620–925 1150–1700 935 1720

4 15–25% NaCl
20–32% KCl
50–60% BaCl2

595–900 1100–1650 940 1725

4A 10–15% NaCl
25–30% KCl
40–45% BaCl2
15–20% CaCl2

550–760 1025–1400 790 1450

Source: Military Specification MIL-S-10699A (Ordnance)
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zone. Induction and flame tempering are the
most commonly used selective techniques
because of their controllable local heating cap-
abilities. The immersion of selected areas
in molten salt or molten metal can be accom-
plished, but with somewhat less control. Chi-
sels, punches, the upset ends of cold-formed
rivets, and the threaded portions of carburized
parts are typical examples. Localized tempering
is also employed in preheating and postheating
of weld areas when a lowering of the hardness
in the heat-affected zone is desired.
Selective tempering entails heating a

restricted area to the required tempering tem-
perature without heating the remainder of the
part to this temperature. Induction heating coils,
special flame heads, and immersion in lead or
salt baths are employed to achieve this selective
heating. Selective tempering is also done by the
use of defocused lasers or electron beam equip-
ment. Induction heating and flame techniques
are generally used in high-volume production
applications and are easiest to control. Deeper
penetration is achieved with low-frequency
(3 to 10 kHz) induction heating and salt
immersion than is obtained with the other
techniques.
To obtain rapid heating for selective temper-

ing by immersion in salt or lead baths, it is usu-
ally necessary that the bath temperature be
considerably higher than the desired tempering
temperature. Consequently, the immersion time
becomes the controlling factor in obtaining the
desired results. Lead, because of its higher rate
of heat transfer, is more effective than salt.
Other factors, such as ease of fixturing, part
configuration, heater frequency, and cost, also
influence the choice of equipment for selective
tempering. In induction tempering, the same
heating system can be used for both hardening
and tempering.
Both of the following examples illustrate

how selective tempering can be used to produce
specific hardnesses in certain areas of a
workpiece.
Example 1: Use of Bulk Processing and

Selective Tempering to Produce a Tack
Hammer with a 50 to 55 HRC Striking
Head. An upholsterer’s tack hammer, forged
from 1086 steel, is hardened on all surfaces to
53 to 60 HRC and then is tempered in salt at
190 �C (375 �F). This treatment provides the
desired combination of hardness, toughness,
and magnetic properties for the horseshoe-mag-
net end of the hammer. However, the striking
head must be selectively tempered in salt at
260 �C (500 �F) to produce the working hard-
ness of 50 to 55 HRC.
Example 2: Use of Bulk Processing and

Selective Tempering to Produce a Pipe
Wrench with 47 to 52 HRC Chain Teeth
and a 40 to 48 HRC Handle. A chain pipe
wrench handle forging, made of 4053 steel, is
fully hardened and tempered for 1 h at 355 �C
(675 �F) to produce an overall hardness of 47
to 52 HRC. This is an ideal hardness for the
wrench teeth but does not provide sufficient

toughness for the I-beam section of the handle.
Thus, this section is selectively tempered
by induction heating for 1 min at 480 �C
(900 �F) to produce a hardness of 40 to 48
HRC.

Multiple Tempering

Multiple tempering is principally used to:

� Relieve the quenching and straightening
stresses in irregularly shaped carbon and
alloy steel parts and thereby lessen distortion

� Eliminate retained austenite and improve
dimensional stability in such parts as bearing
components and gear blocks

� Improve yield and impact strengths without
decreasing hardness

The following examples illustrate these prin-
cipal applications of the multiple-tempering
process.
Example 3: Use of Multiple Tempering to

Relieve Straightening-Induced Stresses in a
1046 Steel Diesel Engine Crankshaft. A
six-throw, seven-bearing, counterweighted die-
sel engine crankshaft weighing 80 kg (175 lb)
was distorted in rough machining to such a
degree that cold straightening was required.
The straightening operation induced additional
stresses, which caused severe distortion in final
machining. The problem was solved by first
tempering the 1046 steel shaft at 455 �C (850 �F)
to a hardness of approximately 321 HB, which
allowed hot straightening. The shaft was then
retempered at 480 to 540 �C (900 to 1000 �F),
depending on the composition of the particular
heat, to produce a hardness of 269 to 302 HB
and to relieve residual stresses.
Example 4: Use of Multiple Tempering to

Minimize Retained Austenite and to
Improve Dimensional Stability in a W1 Tool
Steel Gage Block. In the manufacture of a
gage block of W1 tool steel (final hardness, 65
to 66 HRC), the block is quench hardened after
rough machining. It is then subjected to three
consecutive cycles, each consisting of cold
treatment at �100 �C (�145 �F) for 1 h fol-
lowed by tempering at 70 �C (160 �F) for 1 h.
This minimizes the retained austenite and
enhances dimensional stability before the block
is finish ground.

Use of Fixtures

Many high-strength steel components having
a tensile strength greater than 1720 MPa
(250 ksi) are finish machined before final heat
treatment. To minimize distortion and satisfy
stringent dimensional requirements, some of
these components, such as cylinders, pressure
vessels, and thin parts, are held in fixtures dur-
ing both hardening and tempering or during
tempering only. External rings, internal man-
drels, jacks, screws, weights, wedges, dies,

and other mechanical devices are used to aid
in dimensional correction.
Example 5: Use of Tempering Fixture to

Minimize Out-of-Round Condition in a
4135 Steel Welded Pressure Vessel. A
welded pressure vessel made of 4135 steel,
380 mm (15 in.) outside diameter, 1.8 m (6 ft)
long, and 3.18 mm (0.125 in.) thick, was found
to be 1.3 to 3.8 mm (0.050 to 0.150 in.) out of
round over its entire length when measured in
the as-quenched condition. A tempering fixture
consisting of a series of steel rings 125 mm
(5 in.) wide reduced maximum out-of-
roundness to 1.3 mm (0.050 in.) after tempering
at 455 �C (850 �F) for 2½ h.

Cracking in Processing

Because of their carbon or alloy contents,
some steels are likely to crack if they are per-
mitted to cool to room temperature during or
immediately following the quenching opera-
tion. This likelihood is caused by the generation
of high tensile residual stresses during quench-
ing, due to thermal gradients, abrupt changes
in section thickness, decarburization, or other
hardenability gradients. Another potential
source is cracking due to quenchant contamina-
tion and the subsequent change in quenching
severity. Accordingly, for carbon steels con-
taining more than 0.4% C and alloy steels con-
taining more than 0.35% C, it is recommended
that the parts be transferred to tempering fur-
naces before they cool to below 100 to 150 �C
(212 to 300 �F). Alternately, many heat treating
operations use quenching oil for the tempering
operation (martempering) or to avoid cooling
below 125 �C (255 �F). Steels that are known to
be sensitive to this type of cracking include
1060, 1090, 1340, 4063, 4150, 4340, 52100,
6150, 8650, and 9850.
Other carbon and alloy steels are generally

less sensitive to this type of delayed quench
cracking but may crack as a result of part con-
figuration or surface defects. These steels
include 1040, 1050, 1141, 1144, 4047, 4132,
4140, 4640, 8632, 8740, and 9840. Some steels,
such as 1020, 1038, 1132, 4130, 5130, and
8630, are not sensitive.
Before being tempered, parts should be

quenched to room temperature to ensure the
transformation of most of the austenite to mar-
tensite and to achieve maximum as-quenched
hardness. Austenite retained in low-alloy steels
will, upon heating for tempering, transform to
an intermediate structure, reducing overall
hardness. However, in medium- to high-alloy
steels containing austenite-stabilizing elements
(nickel, for example), retained austenite may
transform to martensite upon cooling from tem-
pering, and thus, such steels may require addi-
tional tempering (double tempering) for the
relief of transformation stresses.
Snap Draw. Steels that are susceptible to

cracking at room temperature after hardening
are given a low-temperature tempering treatment
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(a snap draw) immediately after hardening and
prior to final tempering in fixtures.

Special Microstructures

Carburized Components (portions
adapted from Ref 51). Although many carbur-
ized parts are placed in service without tem-
pering, case-hardened carburized parts are
tempered to improve toughness and bending
strength. Table 8 is a summary of tempering
effects on mechanical properties of various
carburized steels. Tempering in the range of
150 to 200 �C (300 to 400 �F) does provide
benefit in terms of toughness and bending
strength. Tempering carburized parts between
150 and 200 �C (300 and 400 �F) is typical
when wear resistance is to be retained. How-
ever, higher tempering temperatures may apply
for applications requiring impact toughness or
high load durability. For example, drag racers
have been known to temper gears at tempera-
tures as high as 425 �C (800 �F) to survive
the very high load conditions (Ref 51).
When selecting tempering time and tempera-

ture of carburized parts, the combination of
toughness, strength, and hardness must be con-
sidered along with effects on residual stress
and retained austenite. Tempering reduces the
compressive stresses within the case and the
tensile stresses at the core (Ref 52). Core prop-
erties cannot always be controlled by tempering
when trying to achieve maximum case proper-
ties, and a favorable compressive residual-stress
pattern may be retained only at the expense of
overall toughness.
The influence of tempering on residual stress

is shown in Fig. 32. The transformation of
retained austenite and the resultant change in
the relative volume of case and core are primar-
ily responsible for the change in residual stress
as a function of temperature. The effect of
retained austenite on the performance varies.

The reduction of retained austenite is appar-
ently desirable for resistance to grinding abuse
and to provide dimensional stability, but some
retained austenite appears to be beneficial for
contact-fatigue durability.
Nonmartensitic Structures. The tempering

of microstructures other than martensite and
retained austenite also represents special appli-
cations of tempering. The main difference in
the tempering behavior of martensite and bai-
nite is that there is little carbon solution in the
solid solution of bainite. The bainitic structure
is less sensitive to tempering because carbon
is mostly present as coarse carbides that con-
tribute little to strength (Ref 11).
Reactions of structures containing substantial

amounts of lower bainite are relatively similar
to that of martensite in terms of the phenomena
associated with carbide growth and coales-
cence. Upper bainite and fine pearlite formed
by controlled or relatively slow cooling simply
respond by carbide growth and eventual
ferrite recrystallization. The softening asso-
ciated with tempering in such instances is
shown in Fig. 33. Impact properties of normal-
ized and tempered or hardened and tempered
structures at nearly equal hardnesses are shown
in Fig. 34.
The properties of retained austenite after the

martensitic and bainitic transformations are also
different. The retained austenite of bainitic
structures is highly stable; decomposition
depends on high tempering temperatures. Steel
with a structure of upper bainite contains a
notable quantity of austenite, even after temper-
ing at high temperatures (Ref 53).
Bainitic steels contatining strong carbide-

forming elements, such as chromium, vana-
dium, molybdenum, and niobium, also exhibit
the secondary hardening peak. This reaction is
slow if compared to martenisitic strucutre,
because the cementite in bainite is coarse
(Ref 11).

Induction Tempering

Extensive production experience has demon-
strated the commercial success of induction
tempering for many applications. Metallurgi-
cally, the success of induction tempering has
been related fundamentally to the possibility
of compensating for short tempering times with
higher tempering temperatures. Economically,
induction tempering has proved particularly
adaptable to automation in production lines.
Application. At present, two principal areas

of application exist for induction tempering:

� Selective tempering, such as induction tem-
pering of threads

� Progressive tempering of bar stock previ-
ously hardened by scanning

Table 8 Data on as-quenched and tempered unnotched Charpy bars following gas carburizing

Sample
No.(a)

AISI
grade

Tempering
temperature Hardness, HRC

Case depth

Charpy impact energy

Slow bend test results

Effective Visual Yield Ultimate Deflection

�C �F Surface Core mm in. mm in. J ft	lb kN lb kN lb mm in.

1 8615 As-quenched 66 36 0.89 0.035 1.02 0.040 16–20 12–15 19.6 4400 30.2 6780 0.86 0.034
2 8615 150 300 63–64 37 0.97 0.038 1.02 0.040 24–26 18–19 27.6 6200 33.2 7460 1.02 0.040
3 8615 205 400 59–61 35–36 0.91 0.036 1.02 0.040 26–30 19–22 27.6 6210 35.1 7900 1.07 0.042
4 8615 260 500 58–59 35–36 0.91 0.036 1.02 0.040 19–31 14–23 34.3 7700 39.2 8820 1.42 0.056
5 8615 315 600 55–56 36 0.84 0.033 1.02 0.040 43–56 32–41 32.0 7200 42.9 9640 1.45 0.057
6 8615 370 700 51–53 34 0.58 0.023 1.02 0.040 53–144 39–106 28.0 6300 42.2 9480 2.39 0.094
7 8615 425 800 48–49 32 0.36 0.013 1.02 0.040 175–231 129–170 . . . . . . . . . . . . . . . . . .

8 8615 480 900 45–46 29–30 . . . . . . 1.02 0.040 264–302 195–223 23.6 5300 35.1 7900 5.08 0.200
9 8620 As-quenched 64–66 45 1.17 0.046 1.14 0.045 24–30 18–22 22.2 5000 34.6 7780 1.09 0.043
10 8620 150 300 62–65 45–46 0.91 0.036 1.14 0.045 34–39 25–29 32.9 7400 37.4 8400 1.09 0.043
11 8620 205 400 59–60 45–46 1.09 0.043 1.14 0.045 33–60 24–44 29.8 6700 38.7 8700 1.12 0.044
12 4320 As-quenched 64 46 1.40 0.055 1.52 0.060 26–28 19–21 26.7 6000 34.3 7700 1.17 0.046
13 4320 150 300 61–63 46 1.65 0.065 1.52 0.060 38–41 28–30 27.1 6100 36.9 8290 1.14 0.045
14 4320 205 400 58–59 46–47 1.40 0.055 1.52 0.060 43–47 32–35 30.2 6800 38.4 8640 1.17 0.046
15 8617 150 300 60–61 38 0.99 0.039 0.91 0.036 22–45 16–33 28.9 6500 36.1 8100 1.12 0.044
16 4815 150 300 58 42–43 1.22 0.048 0.91 0.036 63–79 39–58 . . . . . . . . . . . . . . . . . .

17 4820 150 300 58 40–41 0.89 0.035 0.86 0.034 58–68 43–50 28.0 6300 37.0 8320 1.40 0.055

Bars 1–14 carburized in one group; bars 15–17 carburized in one group. Unnotched Charpy bar to simulate cross section of a small differential gear tooth, carburized and direct quenched in 50 �C (120 �F) oil and tempered for
2 h. Source: Ref 51

Fig. 32 Effect of tempering on residual stress in car-
burized steel. Bars of 8617 steel, 19 mm

(0.75 in.) in diameter, were carburized, direct oil
quenched, and tempered for 1 h at the indicated
temperature.
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Many machine parts vary from one section to
another with respect to load and wear require-
ments. Often, this variation in requirements is
met by a compromise of properties obtained
by uniform tempering to a single hardness
level. However, it is apparent that superior per-
formance may be expected if the mechanical
properties could be adjusted to meet the partic-
ular requirements in each section by selective
tempering. Within certain limitations, induction
tempering is an economical means of accom-
plishing this. These limitations are that the parts
must be of such a shape and size that they can
be coupled by the inductor to heat uniformly
to the desired temperature in critical sections.
Although this is impossible or impracticable
for some parts, many can be tempered selec-
tively by induction to obtain different degrees
of hardness in the same part, with a consequent
improvement in quality.
One key advantage of induction tempering is

the possibility of integration with machine lines
to avoid excessive handling of work, thereby
minimizing labor cost. This is illustrated in
the preparation of bar stock of specified
mechanical properties before machining into
cylinder-head studs and miscellaneous machine
parts. Frequently, the tempering operation is
keyed to the hardening operation, or the same
equipment may be used for both induction
hardening and tempering either by merely
changing the work coil or by reducing the
power density and the heating time.
Selection of Frequency and Power Densi-

ties. Because tempering is performed below
the lower transformation temperature of 725 �C
(1335 �F), lower-frequency induction temper-
ing installations are generally used; such
installations are necessary for tempering large
sections to minimize any temperature gradient
from the surface to the interior. Frequency
selection is basically related to the required
depth of heating. It should be noted that line
frequencies (60 Hz) may be used for tempering
parts 25 to 50 mm (1 to 2 in.) in diameter or
larger. Using low frequencies and low current
densities is particularly important for the
induction tempering of carburized threads.
Shorter cycles and higher frequencies will
allow for rehardening of the thread tips and
thus lead to thread failures. Because the usual
objective of induction tempering is to produce
uniform hardness throughout the cross section,
rather than to heat the surface, the power den-
sity within the inductor is generally low, from
0.08 to 0.8 W/mm2 (0.05 to 0.5 kW/in.2).
Power densities may be selected on the basis
of experience, tests, or data such as those pre-
sented in Table 9. Furthermore, the heating
time is comparatively long to help provide
uniform heating throughout the part. To meet
production requirements, the length of the
inductor can be increased, or more than one
bar can be processed at a time.
In general, the control of induction tempering

is achieved by selection of the power density
and the rate of feed through the coil (scanning)

on the basis of hardness tests of the tempered
product. Automatic control may be obtained at
tempering temperatures above 425 �C (800 �F)
by use of a special radiation pyrometer and
high-speed controller. This arrangement may

be used to vary the speed of the scanning oper-
ation continuously or to control the power.
Equivalent Heating for Induction Temper-

ing (adapted from Ref 54). Fundamentally,
the temperatures for induction tempering must

Fig. 34 Effect of microstructure on notch toughness. Variation in Charpy keyhole-notch impact energy with
temperature for 4340 steel hardened and tempered to 29 to 30 HRC or normalized and tempered to 31
to 33 HRC
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Fig. 33 Effect of prior microstructure on room-temperature hardness after tempering. (a) 1095 steel tempered at
565 �C (1050 �F) for various periods of time. (b) Room-temperature hardness before and after tempering,

as well as amount of martensite present before tempering in 4320 steel end-quenched hardenability specimens
tempered 2 h

Table 9 Approximate power density required for tempering

Frequency(a), Hz

Input(b)

W/mm2 kW/in.2

150–425 �C (300–800 �F) 425–705 �C (800–1300 �F) 150–425 �C (300–800 �F) 425–705 �C (800–1300 �F)

60 0.10 0.24 0.06 0.15
180 0.08 0.22 0.05 0.14
1,000 0.06 0.19 0.04 0.12
3,000 0.05 0.16 0.03 0.10
10,000 0.03 0.13 0.02 0.08

(a) Table is based on use of proper frequency and normal overall operating efficiency of equipment. (b) In general, these power densities are for
section sizes of 13 to 50 mm (½ to 2 in.). Higher inputs can be used for smaller section sizes, and lower inputs may be required for larger section
sizes.
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be higher than the usual furnace tempering tem-
peratures to compensate for the short heating
times on induction. Figure 35 shows the
increase in tempering temperature required to
produce a given hardness as the tempering time
is decreased from 1 h (furnace tempering) to
60 s and 5 s (induction tempering) in 1050 steel
quenched in brine from 855 �C (1575 �F).
Pieces with small cross section may be air
cooled immediately upon reaching the temper-
ing temperature, while slower heating rates or
short periods of time at temperature (5 to 60 s)
before cooling are desirable for larger sections
to allow penetration of heat. In scanning, of
course, the power density, the rate of travel,
and the length of the inductor will determine
the time of tempering.
The Hollomon-Jaffe equation, although quite

useful in conjunction with conventional temper-
ing curves, should be applied with care for
induction tempering of martensite. Firstly, it
must be remembered that there is a limit above
which the tempering temperature should not be
raised. This, of course, is the A1 temperature (or
Ac1 for rapid heating processes), at which car-
bides start to go back into solution. Secondly,
it must be realized that the relation applies only
to short-time tempering at a fixed temperature,
that is, isothermal tempering treatments. In
other words, it assumes that the temperature of
the workpiece is increased instantaneously to
the tempering temperature. When the heating
time is of the same order of magnitude as the
actual soak time, it must be taken into account.
A means by which a particular time-tempera-

ture history is accounted for in rapid heating
(for instance, by induction) may be derived by
a simple extension of the Hollomon-Jaffe con-
cept. This is done by calculating the equivalent
time, t*, for a constant temperature heating
cycle that corresponds to the continuous cycle.
One way of doing this is illustrated in Fig. 36.

Here, the induction tempering cycle (shown
schematically in Fig. 36a) consists of a heating
portion and a subsequent cooling portion, the
latter occurring at a somewhat lower rate. The
total continuous cycle is broken into a number
of very small time increments, each of duration
△ti and characterized by some average temper-
ature, Ti. It is assumed that the temperature for
the equivalent isothermal treatment is the peak
temperature of the continuous cycle, or T*. This
specification of the temperature for the isother-
mal cycle is arbitrary, however.
Having specified the temperature of the equiv-

alent isothermal cycle as T*, an effective temper-
ing time, t*, for this cycle can be estimated. This
is accomplished by solving for the increment in
t*, or �t
i , for each △ti in the continuous treat-
ment by using the equation Ti(C + log △ti) = T*
(C + log �t
i ). Summing the �t
i for each por-
tion of the continuous cycle yields the total
effective tempering time, t*, at temperature T*
and hence the effective tempering parameter
T* (C + log t*), as shown in Fig. 36(b).
In the application of this method, care should

be exercised in selecting △ti. These time incre-
ments should be chosen small enough so that
the temperature does not change too much dur-
ing the increment, thus enabling a reasonable
average for the temperature Ti to be obtained
and used in the aforementioned expression.
For continuous heating from room temperature
to typical induction tempering temperatures, a
△ti on the order of 0.005 to 0.01 times ttotal,
where ttotal is the total heating time, provides
sufficient calculation accuracy.
Another consideration in estimating the

effective tempering time is the fact that
tempered steels are usually air cooled to avoid
distortion. As implied previously, the cooling
rates are typically much lower than the heating
rates, giving rise to substantially greater times
at high temperature during the cooling cycle.
Therefore, the tempering that occurs during cool-
ing must also be included in the effective

tempering parameter. To do this, the cooling rate
must be measured or estimated from a heat-trans-
fer analysis. The increments in the effective tem-
pering time, �t
i , are then estimated from this
cooling curve and the aforementioned relation,
and they are added to those for the heating por-
tion of the cycle prior to calculation of the
effective tempering parameter from T*(C +
log t*).
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Austempered Steel*
Edited by John R. Keough, Applied Process Inc.

AUSTEMPERING is the isothermal transfor-
mation of a ferrous alloy at a temperature
below that of pearlite formation and above that
of martensite formation, as Austempering of
steel offers several potential advantages:

� Increased ductility, toughness, and strength
at a given hardness (Table 1)

� Reduced expansion during transformation,
which minimizes distortion and lessens
subsequent machining time, stock removal,
sorting, inspection, and scrap

� Elimination of quench cracking
� The shortest overall time cycle to through

harden within the hardness range of 35 to
60 HRC, with resulting savings in energy
and capital investment

� A bainitic microstructure that is resistant to
hydrogen embrittlement, even at high hardness

Steel is austempered by being:

� Heated to a temperature within the austeni-
tizing range, usually 790 to 927 �C (1450
to 1700 �F)

� Cooled rapidly enough to avoid the forma-
tion of pearlite or ferrite to a temperature
that is above the Ms, depending on the mate-
rial, in the range of 204 to 400 �C (400 to
750 �F). This is generally accomplished in
a bath of molten nitrite-nitrate salt but can,
in some circumstances, be done with liquid
spray, high-pressure gas, hot oil, or molten
lead. Salt quenching is covered in more
detail in the article “Salt Quenching” in this
Volume.

� Allowed to transform isothermally (over
several minutes or hours) to bainite at the
temperature that produces the desired hard-
ness. This is generally accomplished in a
bath of molten nitrite-nitrate salt but can, in
some circumstances, be done with hot oil,
forced convection, or molten lead.

� Cooled to room temperature

The process is described in detail by the
inventors E.S. Davenport and E.C. Bain in
U.S. Patent 1,924,099. The fundamental differ-
ence between austempering and conventional

quenching and tempering is shown schemati-
cally in Fig. 1. For true austempering, the metal
must be cooled from the austenitizing tempera-
ture to the temperature of the austempering bath
fast enough so that no transformation of austen-
ite occurs during cooling, and then held at bath
temperature long enough to ensure complete
transformation of austenite to bainite. Modifica-
tions of these procedures, constituting depar-
tures from true austempering, are discussed in
the section “Modified Austempering” in this
article.
Grossman and Bain found that austempered

eutectoid steel parts had significantly greater
impact strength than quenched and tempered
parts at the same hardness (Fig. 2). Notice that

the difference in impact strength between bai-
nite and tempered martensite increases with
hardness until a hardness of approximately
52 HRC. The rapid flattening of the bainite
curve above 52 HRC is related to the austemper-
ing time for the experimental samples being
insufficient for complete bainitic transformation.
In the higher-hardness samples (transformed at
decreasing quench temperatures), the presence
of increasing amounts of martensite in the micro-
structure from transformation in the region
between the Ms andMf further flattens the bainite
curve. The curves merge where the structures
both become, essentially, 100% martensite. This
figure graphically shows the increased ductility
of bainite compared to tempered martensite at
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Table 1 Mechanical properties of 1095 steel heat treated by three methods

Specimen No. Heat treatment Hardness, HRC

Impact strength

Elongation in 25 mm (1 in.), %J ft � lbf

1 Water quenched and tempered 53.0 16 12 . . .

2 Water quenched and tempered 52.5 19 14 . . .

3 Martempered and tempered 53.0 38 28 . . .

4 Martempered and tempered 52.8 33 24 . . .

5 Austempered 52.0 61 45 11
6 Austempered 52.5 54 40 8

* Reviewed and revised from J.R. Keough, W.J. Laird, and A.D. Godding, Austempering of Steel, Heat Treating, Vol 4, ASM Handbook, ASM International, 1991, p 152–163

Fig. 1 Comparison of time-temperature-transformation cycles for conventional quenching and tempering and for
austempering



hardnesses exceeding 40 HRC. Below 40 HRC,
themechanical properties of tempered martensite
are usually superior. In industrial practice, one
may choose austempering below 40 HRC for
low distortion and no quench cracking, but the
major advantages of bainite are found at higher
hardnesses.

Steels for Austempering

The selection of steel for an austempered
component must be based on the configuration
of the part, the processing characteristics of
the heat treating equipment employed, and the
hardenability and transformation characteristics
of the steel alloy as indicated by time-temperature-
transformation (TTT) diagrams and isothermal-
transformation (IT) diagrams. Some important
considerations are:

� The location of the pearlite nose of the TTT or
IT curve indicating the hardenability of the steel

� The maximum thermal section size of the
component

� The speed of the quench being used

� The time required for complete transforma-
tion of austenite to bainite at the austemper-
ing temperature

� The Ms temperature of the steel

As indicated in Fig. 3(a), 1080 carbon steel
possesses transformation characteristics that
give it limited suitability for austempering.
Cooling from the austenitizing temperature to
the austempering bath must be accomplished
in approximately 1 s to avoid the pearlite nose
of the TTT curve and thus prevent transforma-
tion to pearlite during cooling. Depending on
the temperature, isothermal transformation in
the bath is completed within a period ranging
from a few minutes to approximately 1 h.
Because of the rapid cooling rate required, aus-
tempering of 1080 can be successfully applied
only to thin sections of approximately 5 mm
(0.2 in.) maximum.
Low-alloy 5140 steel is well suited to aus-

tempering, as indicated by the TTT curve
shown in Fig. 3(b). Approximately 2 s are
allowed in which to bypass the nose of the
curve, and transformation to bainite is com-
pleted within 1 to 10 min at 315 to 400 �C
(600 to 750 �F). Parts made of 5140 steel
or of other steels with similar transformation

Fig. 2 Impact energy vs. hardness for the quenched
and tempered (martensitic) and austempered

(bainitic) methods for a eutectoid steel. Source: Ref 1

Fig. 3 Transformation characteristics of (a) 1080, (b) 5140, (c) 1034, and (d) 9261 steels
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characteristics are adaptable to austempering in
larger section sizes than are feasible for 1080
steel because of the greater time allowed for
bypassing the pearlite nose of the curve.
Steels such as 1034 (Fig. 3c) cannot be suc-

cessfully austempered. Their hardenability is
insufficient, and their elevated Ms temperature
would require isothermal transformation above
400 �C (750 �F), yielding a 30 to 35 HRC hard-
ness and a mixed structure of upper bainite and
pearlite, with properties inferior to tempered
martensite at the same hardness.
Steels such as 9261 (Fig. 3d) with high hard-

enability and relatively high carbon contents
are suitable for thicker sections and, with a
lower Ms temperature, higher bainitic hard-
nesses. One process drawback is the time
required for complete bainitic transformation.
To produce a 55 HRC bainitic structure, a
transformation time of over 4 h is required.
In addition to the steels previously indicated

(1080, 5140, and 9261), steels adaptable to aus-
tempering include:

� Plain carbon steels containing 0.50 to 1.00%
C and a minimum of 0.60% Mn

� High-carbon steels containing more than
0.90% C and, possibly, a little less than
0.60% Mn

� Certain carbon steels (such as 1041) with a
carbon content of less than 0.50% but with
manganese content in the range from 1.00
to 1.65%

� Certain low-alloy steels (such as the 5100-
series steels) containing more than 0.30% C;
the 1300- to 4000-series steels with carbon
contents in excess of 0.40%; and other steels,
such as 4140, 6145, and 9440

� Certain carbon steels (such as 10B38) with
carbon content of less than 0.50%, manga-
nese exceeding 0.60%, and microalloyed
with boron for increased hardenability

� Chromium-nickel-molybdenum steels such
as 4340 and 4350. The hardenability of these
steels is so great that they can be through
austempered in sections exceeding 50 mm
(2 in.), albeit with long isothermal transfor-
mation times.

If one is familiar with the quenching speed
of the processing equipment being used, com-
mercially available programs (i.e., SteCal) for
modeling the steel hardenability and isothermal-
transformation characteristics are available. A
modeled isothermal-transformation diagram is
not only useful for determining the hardenability
of material, it can also accurately predict the
required austempering time for a given set of steel
inputs.
The chemical composition of the steel is also

the major determinant of the Ms temperature.
Carbon is the most significant variable affecting
the Ms. The direct effects of other alloying ele-
ments on the Ms point are much less pro-
nounced than the effect of carbon. However,
carbide-forming elements (such as molybde-
num and vanadium) can tie up the carbon as

alloy carbides and prevent complete solution
of carbon. The approximate Ms temperature,
in degrees Centigrade, of a completely austeni-
tized steel can be calculated by means of the
following formula:

Ms�C ¼ 538� 361�%Cð Þ � 39�%Mnð Þ
� 19�%Nið Þ � 39�%Crð Þ

Expressed in degrees Fahrenheit, the formula
is:

Ms�F ¼ 1000� 650�%Cð Þ � 70�%Mnð Þ
� 35�%Nið Þ � 70�%Crð Þ

These chemical relationships create another
metallurgical anomaly related to parts that are
to be austempered. A minor variation in surface
carbon in a quench and temper process will
result in a slightly higher or lower hardness
as-quenched martensitic structure. A slightly
decarburized surface on a part being austem-
pered will have a higher Ms temperature and
can, depending on the amount of decarburiza-
tion and the selected austempering temperature,
result in a thin layer of (untempered) martensite
on a bainitic core. This bimodal structure
results in tensile residual stresses on the sur-
face, degrading the strength of the part and
making it susceptible to environmental embrit-
tlement. Therefore, in processing austempered
parts, the process should err on the side of a
slightly carburizing ambient, because bainitic
hardness will be a function of the austempering
temperature and is basically unrelated to the
carbon content (beyond its being sufficient to
lower the Ms to below the austempering
temperature).
Austenitizing temperature has a significant

effect on the time at which transformation
begins. As the austenitizing temperature is
increased above normal (for a specific steel),
the pearlitic nose of the TTT curve can shift
to the right because of grain coarsening, or (in
hypereutectoid steels) increased carbon in solu-
tion, or the dissolution of alloy carbides and
their diffusion into the austenite. In Fig. 3, for
example, approximately 0.75 s is allowed for
quenching 1080 steel in order to avoid the nose
of the curve. However, this is based on an aus-
tenitizing temperature of 790 �C (1450 �F);
higher austenitizing temperatures move the
TTT curve to the right, allowing more time
before transformation begins.
Practical use is sometimes made of this phe-

nomenon in order to process compositions or
section sizes that would otherwise not be suit-
able for austempering. However, the coarser
grain sizes or dissolution of alloy carbides
resulting from higher austenitizing tempera-
tures may be detrimental to some properties
(i.e., formability or resistance to contact brinel-
ling). Therefore, it is recommended that stan-
dard austenitizing temperatures be given
preference for austempering. If experience with
specific compositions and parts proves that
advantages can be gained from the use of a

higher temperature and that no harm will be
incurred from grain coarsening, higher austeni-
tizing temperatures may be employed.
As the austenitizing temperature of a high-

carbon steel increases, the Ms temperature
decreases marginally because of more complete
solution of carbon. This effect on the Ms tem-
perature, however, is small compared to the
effects of the chemical composition.

Section Thickness Limitations

The maximum section thickness is important
in determining whether or not a part can be suc-
cessfully austempered. The maximum section
that can be through hardened will, of course,
also depend on the speed of quench provided
by the selected processing equipment, and some
general observations follow. For 1080 steel, a
section thickness of approximately 5 mm (0.2 in.)
is the maximum that can be austempered to
a fully bainitic structure using a fully agitated
salt quench. Carbon steels with lower carbon
content will be restricted to a proportionately
lesser thickness. Lower-carbon steels contain-
ing boron, however, can be successfully aus-
tempered in heavier sections. In some alloy
steels, section thicknesses up to approximately
25 mm (1 in.) can be austempered to fully
bainitic structures. In highly alloyed Ni-Cr-
Mo steels, such as 4300 steels, sections in
excess of 50 mm (2 in.) can be successfully
through austempered in high-speed sealed salt
quenches. Nevertheless, sections of carbon
steel significantly thicker than 5 mm (0.2 in.)
are regularly austempered in production when
some pearlite is permissible in the microstruc-
ture. This is demonstrated in Table 2, which
lists section sizes of austempered parts made
of various steels.
The effects of section thickness on the hard-

ness of austempered 1090 and 5160 steels are
shown in Fig. 4. Hardness remains reasonably
consistent to the center of a 17 mm (0.680 in.)
diameter of 1090, but it becomes erratic when
the diameter is increased to 21 mm (0.820 in.).
A similar difference is evident for 5160 steel
when the diameter is increased from 24.6 to
26 mm (0.967 to 1.035 in.).
The lower surface hardnesses indicated for

1090 and 5160 were the result of grain refine-
ment at the surface. (Very fine grains on the sur-
face resulting from cold finishing of the steel
significantly reduce the local hardenability.)
The high core hardness of the 24.6 mm (0.967 in.)
diameter of 5160 is attributed to chemical seg-
regation in the center portion of the bar and the
absence of appreciable grain refinement.

Applications

Austempering usually is substituted for con-
ventional quenching and tempering for the
following reasons:
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� To obtain improved mechanical properties
(particularly higher ductility or notch tough-
ness at a given high hardness). Figure 5
compares the fracture morphologies of aus-
tempered versus quenched and tempered
10B53 steel.

� To decrease the likelihood of cracking and
distortion

� To improve wear resistance for a given
hardness

� To improve resistance to subsequent
embrittlement

Historically, austempered parts have not
required baking after plating. This can be
attributed to the relative resistance of the baini-
tic microstructure to hydrogen embrittlement.
This phenomenon is shown graphically in
Fig. 6, where 4340 steel samples with marten-
sitic and bainitic structures were loaded with,
and without, a hydrogen ambient. The marten-
sitic samples demonstrated a sharp drop in
ductility resulting from the hydrogen, while

the effect on the bainitic structure was mini-
mal. For this reason, bainitic fasteners well in
excess of 40 HRC can be used without the fear
of embrittlement.
This embrittlement advantage is also observed

in the fatigue behavior of bainitic versusmartensi-
tic samples. Figure 7 demonstrates that martensi-
tic structures have a distinct maximum hardness,
above which there is a significant decrease in
allowable fatigue loading. For this reason,
quenched and tempered fasteners (with hardness
above 39 HRC) are rarely used in applications
where fatigue would be the dominant stress load-
ing. Fully bainitic components, however, can be
safely used in fatigue loading up to the maximum
bainitic hardness.Makers of turf- and crop-cutting
blades (knives, mower blades, flail blades) use
austempered steel for its good impact strength at
a hardness in excess of 40 HRC.
Austempering results in reduced distortion

compared to martensitic hardening. Distortion
(nonuniform shape change) occurs due to the
relief of stresses induced into the part during

forming, the mechanical creep of parts at auste-
nitizing temperatures, nonuniform transforma-
tion of the various part sections during
quenching, and solid-state growth during trans-
formation. While austempered parts are subject
to the unwinding of residual stresses during
heatup and the low strength and stiffness of
steel during austenitizing, they are not subject
to nonuniform transformation, and the transfor-
mation expansion during the bainitic reaction is
much less than that of the martensitic reaction.
Transformation to martensite is, essentially,

an instantaneous, temperature-related function.
Therefore, when one drops a fully austenitic part
into a liquid maintained at a temperature below
the Ms, the moment the temperature of a specific
section of the part drops below the Ms it trans-
forms from face-centered cubic (fcc) austenite
to body-centered tetragonal (bct) martensite (vir-
tually instantaneously). The newly transformed
section of the part will be hard, relatively brittle,
untempered martensite. If an adjacent section of
the part (say, a thicker section or a section with
no end condition) drops to below the Ms some
seconds later, it too must transform from soft,
ductile fcc austenite to bct martensite, but the
earlier transformed section(s) of the part have
assumed their new dimension(s), forcing the
later transforming section(s) of the part to grow
where they can. This results in unpredictable
distortion and even cracking. Transformation
from fcc austenite to bainite (largely body-
centered cubic acicular ferrite and nanocar-
bides) takes place uniformly throughout the part
over many minutes (or even hours), depending
on the austempering temperature and the chem-
ical composition of the steel being processed.
This results in parts with no variable residual
stresses, uniform growth, and no cracking.
The chemistry of the steel and the austemper-

ing temperature affect the bainitic transfo-
rmation time. Table 3 shows the effect of
austempering time and temperature on the hard-
ness. When the hardness levels out, it implies
that the bainitic reaction is complete.
Figure 8 shows the relationship between

transformation expansion and carbon content
for steel. As carbon content increases, the trans-
formation expansion of martensite increases.
The transformation expansion of bainite actu-
ally decreases with increasing carbon content.
This quantifies the industrial differences regu-
larly observed in quenched and tempered and
austempered medium-carbon steel parts.
In some applications, austempering is less

expensive than conventional quenching and tem-
pering. This is most likely when small parts are
treated in an automated setup wherein conven-
tional quenching and tempering comprise a
three-step operation, that is, austenitizing, quench-
ing, and tempering. Austempering requires only
two processing steps: austenitizing and isother-
mal transformation in an austempering bath.
Subsequent reheating for tempering is not
required.
With the exception of some modified austem-

pering material/process combinations outlined

Fig. 4 Effect of section thickness on the hardness of austempered carbon and alloy steels. The 5160 steel was
quenched in agitated salt containing some water. The HRC values were converted from microhardness

readings taken with a 100 g load. Low values of surface hardness result from decarburization. High hardness at
center of 24.6 mm (0.967 in.) 5160 is due to segregation.

Table 2 Hardness of various steels and section sizes of austempered parts

Steel

Section size Salt temperature Ms temperature(a)

Hardness, HRCmm in. �C �F �C �F

1050 3(b) 0.125(b) 345 655 320 610 41–47
1065 5(c) 0.187(c) (d) (d) 275 525 53–56
1066 7(c) 0.281(c) (d) (d) 260 500 53–56
1084 6(c) 0.218(c) (d) (d) 200 395 55–58
1086 13(c) 0.516(c) (d) (d) 215 420 55–58
1090 5(c) 0.187(c) (d) (d) . . . . . . 57–60
1090(e) 20(c) 0.820(c) 315(f) 600(f) . . . . . . 44.5 (avg)
1095 4(c) 0.148(c) (d) (d) 210(g) 410(g) 57–60
1350 16(c) 0.625(c) (d) (d) 235 450 53–56
4063 16(c) 0.625(c) (d) (d) 245 475 53–56
4150 13(c) 0.500(c) (d) (d) 285 545 52 max
4365 25(c) 1.000(c) (d) (d) 210 410 54 max
5140 3(b) 0.125(b) 345 655 330 630 43–48
5160(e) 26(c) 1.035(c) 315(f) 600(f) 255 490 46.7 (avg)
8750 3(b) 0.125(b) 315 600 285 545 47–48
50100 8(c) 0.312(c) (d) (d) . . . . . . 57–60

(a) Calculated. (b) Sheet thickness. (c) Diameter of section. (d) Salt temperature adjusted to give maximum hardness and 100% bainite. (e) Modified
austempering: microstructure contained pearlite as well as bainite. (f) Salt with water additions. (g) Experimental value
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in the “Modified Austempering” section of this
article, the range of austempering applications
generally encompasses parts fabricated from
bars of small diameter or from sheet or strip
of small cross section. Austempering is particu-
larly applicable to thin-section carbon steel
parts requiring exceptional toughness at a hard-
ness between 40 and 50 HRC.
In austempered carbon steel parts, reduction in

area is usuallymuch higher than in conventionally
quenched and tempered parts, as indicated in the
following tabulation for 5 mm (0.180 in.) diame-
ter bars of 0.85% C plain carbon steel:

Austempered mechanical properties
Tensile strength, MPa (ksi) 1780 (258)
Yield strength, MPa (ksi) 1450 (210)
Reduction in area, % 45
Hardness, HRC 50

Quenched and tempered mechanical properties
Tensile strength, MPa (ksi) 1795 (260)
Yield strength, MPa (ksi) 1550 (225)
Reduction in area, % 28
Hardness, HRC 50

The mechanical properties of sway bars made
of 1090 steel and hardened by these two pro-
cesses are listed in Table 4 (see also Table 1).
Provided that environmental embrittlement is

not a design factor, it is more important that
austempered parts possess desired mechanical
properties than that they have a 100% bainitic
structure. In Table 2, it is evident from the
hardness values that several of the austempered
steels have mixed structures. Higher-than-
normal hardness indicates that some martensite
has formed, and below-normal hardness indi-
cates the presence of some pearlite (and/or
upper bainite). The formation of pearlite is
more common and results from a quenching
speed too slow (or insufficient hardenability

of the steel) for complete avoidance of the
pearlite “nose” on the isothermal transforma-
tion curve.
In industrial austempering practice, a sizable

percentage of applications are successful with
less than 100% bainite. In fact, 85% bainite
has been found to be satisfactory for some appli-
cations. Austempering is oftenmodified to some
degree in commercial application, and whether
or not the metallurgical properties obtained con-
form to those obtained in true austempering is at
least partially ignored if the treated parts meet
service requirements. However, variations in
hardenability from heat to heat may give rise
to erratic results from variations in the amount
of pearlite when borderline conditions are
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Fig. 6 Effect of hydrogen loading on martensitic and bainitic microstructures in 4340 steel samples. Q&T, quenched
and tempered. Source: Ref 2

Fig. 5 Effect of heat treatment on the fracture appearance of 10B53 steel. (a) Ductile fracture surface of specimen austempered to 53 HRC. (b) Brittle fracture of specimen quenched
and tempered to 53 HRC. Courtesy of Vermont America Corporation

Fig. 7 There is a pronounced maxima in the fatigue
limit for martensitic structures, while the

fatigue limit of bainitic steel continues to increase to
maximum bainitic hardness. Source: Ref 3
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involved in modified austempering. When max-
imum property repeatability (minimum varia-
tion) is desired, the process should be designed
to through harden the part to bainite.
Table 5 presents processing data for a number

of specific parts made of various plain carbon,
alloy, and carburizing steels; these data are rep-
resentative of austempering practice in at least
a dozen different manufacturing facilities.

Dimensional Control

Due to the uniform, time-dependent bainitic
transformation described earlier, parts can usu-
ally be produced with less dimensional change
by austempering than by conventional quench-
ing and tempering. Austempering may be the
best way to hold close tolerances without exten-
sive straightening or machining after heat treat-
ment. The data in Table 6 demonstrate the
degree of improvement in dimensional stability
attainable by austempering as compared to
water or oil quenching and tempering.
The isothermal transformation process pro-

duces less dimensional variation than conven-
tional quenching and tempering. Figure 9
shows the variation in pitch length for austem-
pered and quenched and tempered 1050 roller
chain links. Figure 10 shows the variation in
height and bow for a 3 mm (0.125 in.) lever
after austempering and quenching and temper-
ing. This dimensional consistency is a hallmark
of the austempering process.
Surface austempering can be successfully

accomplished using induction heating of the
surface and the introduction of a reducing or
protective atmosphere during austenitization.
The process yields a bainitic case with a pearl-
itic/ferritic core.
Carburizing and austempering is a high-

performance steel heat treatment that combines a
high-carbon bainitic case with either a bainitic or
temperedmartensite core to produce a component
with an exceptional combination of strength
and toughness. The process is done under various
names, the most common trade name being
Carbo-Austempering (Applied Process Inc.).
There are many property advantages to the

carburizing and austempering process. They
include:

� Greatly increased fatigue strength in high-
load, low-cycle applications

� Higher tensile strength
� Increased elongation
� Greatly improved impact properties
� Increased wear resistance
� Less distortion
� No cracking

Table 7 compares properties of 8615 that has
been carburized and austempered versus the
same material carburized, quenched, and tem-
pered. The carburizing and austempering pro-
cess yields a high-carbon bainitic case and a
low-carbon tempered martensitic core.

Table 8 compares the properties of 4150 steel
that has been carburized and austempered ver-
sus the same material carburized, quenched,
and tempered. Carburizing and austempering
4150 produces a high-carbon bainitic case and
a medium-carbon bainitic core. Carburizing,
quenching, and tempering of 4150 produces a
high-carbon martensitic case on a medium-
carbon martensitic core.
Figure 11 shows the superiority of the high-

load, low-cycle fatigue properties of carburized
and austempered 8822 steel versus the same
material carburized, quenched, and tempered.
Figure 12 shows the improved single-tooth

bending properties of carburized and austempered

8620 versus conventional carburized, quenched,
and tempered gear teeth.

Modified Austempering

As mentioned previously, modifications of
austempering practice that give rise to mixed
structures of pearlite and bainite are quite com-
mon in industrial practice. The amounts of
pearlite and bainite may vary widely in differ-
ent modifications of processing.
Patenting, a treatment used in the wire indus-

try, is a significant and useful form of modified
austempering in which austenitized wire or rod

Fig. 8 Transformation-expansion comparison of martensite and bainite at various carbon contents. This applies to the
commercial austempering range of 260 to 399 �C (500 to 750 �F). Source: Ref 4

Table 3 Effect of austempering time on hardness of three steels

Steel

Austempering
temperature

Rockwell hardness(a) after austempering times of:�C �F

30 min 60 min 90 min 120 min 240 min 300 min 360 min
1095(b) 230(c) 450(c) 91 90 90 90 90 90 90

265(d) 510(d) 90 89 89 89 89 89 89
1 min 2 min 5 min 10 min 20 min 40 min 80 min

8735(e) 260(f) 500(f) 51 51 49 49 48 48 47
315(f) 600(f) 49 45 46 46 46 46 46
370(f) 700(f) 40 39 38 38 38 38 37

8750(g) 260(f) 500(f) 58 56 53 51 52 52 51
315(f) 600(f) 58 52 48 47 47 47 47
370(f) 700(f) 54 42 39 39 39 38 39

(a) Rockwell 15-N hardness values for the 1095 steel; Rockwell C hardness values for the 8735 and 8750 steels. (b) Steel contained 0.90% C; speci-
men thickness, 0.25 mm (0.010 in.). Each hardness value is an average of 12 specimens; range of test values did not exceed one point on Rockwell
15-N scale. (c) Time for 100% transformation was 170 min. (d) Time for 100% transformation was 85 min. (e) Steel contained 0.37% C; specimen
size, 16 � 32 � 2 mm (0.622 � 1.250 � 0.087 in.). (f) Time for complete transformation was 5 to 10 min. (g) Steel contained 0.49% C; specimen
size, 25 � 25 � 3 mm (1 � 1 � ⅛ in.)
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is continuously quenched into a bath main-
tained at 510 to 540 �C (950 to 1000 �F) and
held in the bath for periods ranging from 10 s
(for small wire) to 90 s (for rod). Patenting
provides a combination of moderately high
strength and high ductility. As indicated in
Fig. 13 by the line designated “modified prac-
tice,” the process varies from true austemper-
ing in that the quenching rate, instead of
being rapid enough to avoid the nose of the
TTT curve, is sufficiently slow to intersect
the nose, which results in the formation of fine
pearlite.
Similar practice is usefully employed in

applications involving plain carbon steels when
a hardness between approximately 30 to 42 HRC
is desirable or acceptable. The hardness of plain
carbon steel quenched at a rate that intersects the
nose of the TTT curve will vary with carbon
content (Fig. 14).
Modified practices can be applied to parts

having sections thicker than are normally con-
sidered practicable for austempering. These
practices, however, also are subject to certain
metallurgical limitations, such as the following
that apply to the modified austempering of
1080 steel:

� The part to be quenched must be of suffi-
cient mass or weight that cooling to the
quench bath temperature cannot be

accomplished in the time (approximately
3/4 s) allowed for avoiding the nose of the
TTT curve; otherwise, the part will undergo
true austempering and may be harder than
desired. The temperature of the quenching
medium should not be raised above 370 �C
(700 �F) in an effort to retard the cooling
rate, or temper brittleness may result. For
small parts, isothermal annealing at 565 �C
(1050 �F) is preferred to austempering
for obtaining hardness in the range of 30 to
42 HRC.

� The part to be quenched is subject to a max-
imum, as well as a minimum, weight limit.
If more than approximately 20 s is required
for the center of the part to transform, or if
there is a rise in bath temperature, some
upper bainite may form, resulting in a vari-
able hardness and mixed structure.

� The lower temperature limit of the quench
bath depends on the weight of the part. For
pieces weighing 1 to 2 kg (2 to 4 lb), the
lower limit of the bath temperature is
approximately 330 �C (625 �F).

From the aforementioned, it is evident that
modified practices are limited by several crit-
ical factors and that some trial and error is
necessary in developing an optimum cycle
for parts of specific composition and section
thickness.

Another form of modified austempering also
entails the use of a special technique but pro-
duces results that are similar to those obtained
in true austempering. This modification is used
for parts that, because of their size and the
type of steel from which they are made, are
difficult to quench rapidly enough to avoid
the nose of the TTT curve before transforma-
tion begins. In such applications, the cooling
rate can be increased by first quenching the part
into a bath that is slightly above the Ms temper-
ature. For 1080 steel, this is approximately

Table 5 Typical production applications of austempering
Parts listed in order of increasing section thickness

Part Steel

Maximum section thickness Parts per unit weight Salt temperature

Immersion time, min Hardness, HRCmm in. kg�1 lb�1 �C �F

Plain carbon steel parts

Clevis 1050 0.75 0.030 770/kg 350/lb 360 680 15 42
Follower arm 1050 0.75 0.030 412/kg 187/lb 355 675 15 42
Spring 1080 0.79 0.031 220/kg 100/lb 330 625 15 48
Plate 1060 0.81 0.032 88/kg 40/lb 330 630 6 45–50
Cam lever 1065 1.0 0.040 62/kg 28/lb 370 700 15 42
Plate 1050 1.0 0.040 0.5 kg ¼ lb 360 675 15 42
Type bar 1065 1.0 0.040 141/kg 64/lb 370 700 15 42
Tabulator stop 1065 1.22 0.048 440/kg 200/lb 360 680 15 45
Lever 1050 1.25 0.050 . . . . . . 345 650 15 45–50
Chain link 1050 1.5 0.060 573/kg 260/lb 345 650 15 45
Shoe-last link 1065 1.5 0.060 86/kg 39/lb 290 550 30 52
Shoe-toe cap 1070 1.5 0.060 18/kg 8/lb 315 600 60 50
Lawn mower blade 1065 3.18 0.125 1.5 kg 2/3 lb 315 600 15 50
Lever 1075 3.18 0.125 24/kg 11/lb 385 725 5 30–35
Fastener 1060 6.35 0.250 110/kg 50/lb 310 590 25 50
Stabilizer bar 1090 19 0.750 22 kg 10 lb 370 700 6–9 40–45
Boron steel bolt 10B20 6.35 0.250 100/kg 45/lb 420 790 5 38–43

Alloy steel parts

Socket wrench 6150 . . . . . . 0.3 kg ⅛ lb 365 690 15 45
Chain link Cr-Ni-V(a) 1.60 0.063 110/kg 50/lb 290 550 25 53
Pin 3140 1.60 0.063 5500/kg 2500/lb 325 620 45 48
Cylinder liner 4140 2.54 0.100 15 kg 7 lb 260 500 14 40
Anvil 8640 3.18 0.125 1.65 kg 3/4 lb 370 700 30 37
Shovel blade 4068 3.18 0.125 . . . . . . 370 700 15 45
Pin 3140 6.35 0.250 100/kg 45/lb 370 700 45 40
Shaft 4140(b) 9.53 0.375 0.5 kg ¼ lb 385 725 15 35–40
Gear 6150 12.7 0.500 4.4 kg 2 lb 305 580 30 45

Carburized steel parts
Lever 1010 3.96 0.156 33 kg 15 lb 385 725 5 30–35(c)
Shaft 1117 6.35 0.250 66/kg 30/lb 385 725 5 30–35(c)
Block 8620 11.13 0.438 132/kg 60/lb 290–315 550–600 30 50(c)

(a) Contains 0.65 to 0.75% C. (b) Leaded grade. (c) Case hardness

Table 4 Comparison of typical mechanical
properties of austempered and of
oil-quenched and tempered sway bars of
1090 steel

Property(a)
Austempered at 400 �C

(750 �F)(b)
Quenched and
tempered(c)

Tensile strength,
MPa (ksi)

1415 (205) 1380 (200)

Yield strength,
MPa (ksi)

1020 (148) 895 (130)

Elongation, % 11.5 6.0
Reduction of
area, %

30 10.2

Hardness, HB 415 388
Fatigue cycles(d) 105,000(e) 58,600(f)

(a) Average values. (b) Six tests. (c) Two tests. (d) Fatigue specimens
21 mm (0.812 in.) in diameter. (e) Seven tests; range, 69,050 to
137,000. (f) Eight tests; range, 43,120 to 95,220
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260 �C (500 �F), as shown in Fig. 13. The part
is held at this temperature for only the brief time
necessary to obtain temperature equalization
throughout the section and is then transferred
to the austempering bath at a higher temperature
and allowed to transform isothermally in the
normal manner (see example 4 in the following
section).

Austempering Problems and
Solutions

Problems encountered in austempering,
together with their solutions, are discussed in
the following examples.
Example 1: Reduced Distortion in U-Bolts

by Austempering. In one application, a U-
shaped part was formed from 1095 steel strip,
0.25 mm (0.010 in.) thick. The open end of the
U varied within 0.25 mm (0.010 in.) after form-
ing. When these parts were oil quenched from
800 �C (1475 �F) and tempered at 260 �C
(500 �F), the open end of the U varied over a
range of 1.3 mm (0.050 in.). However, when the
parts were austempered for 90 min at 265 �C
(510 �F), the dimensional spread was decreased
to approximately 0.8 mm (0.030 in.).
Example 2: Reduction in Straightening

Operations with Austempering. Table 6
compares the dimensional changes that occurred
in stabilizer bars as a result of oil quenching and
tempering with those that resulted from austem-
pering. Approximately 20% of these bars

require straightening when oil quenched. This
percentage is sharply reduced when austemper-
ing is used.With a new die setup, approximately
1 to 5% will require straightening for the first
3000 pieces while the dies are being trimmed
for precise fit. After the correct fit and setup
are established, straightening will drop to less
than ½%. This will carry through until the
die wear becomes appreciable (approximately
40,000 pieces), at which point the amount of
straightening required begins to increase.
Note that when straightening bainitic structures
there is a great deal more springback than with
martensitic structures. One will find that
parts being straightened will require reverse load-
ing well beyond practices used for quenched and
tempered parts in order to return to the zero axis.

Table 6 Effects of oil quenching and tempering and of austempering on dimensions of
stabilizer bars

Specified dimensions

Process

Measured dimension(a)

High Low Average

mm in. mm in. mm in. mm in.

1130 � 6 44½ � ¼ OQ & T 1133 445/8 1127 44⅜ 1130 44½
Austemper 1130 44½ 1126 445=16 1127 44⅜

908 � 2 353/4 � 1=16 OQ & T 911(b) 357/8(b) 905(b) 355/8(b) 910 3513=16
Austemper 910 3513=16 910 3513=16 910 3513=16

711 � 2 28 � 1=16 OQ & T 714(b) 28⅛(b) 711 28 713 281=16
Austemper 713 281=16 711 28 711 28

610 � 2 24 � 1=16 OQ & T 614(b) 243=16(b) 611 241=16 613(b) 24⅛(b)
Austemper 611 241=16 610 24 611 241=16

248 � 2 93/4 � 1=16 OQ & T 249 913=16 246 911=16 248 93/4
Austemper 248 93/4 246 911=16 246 911=16

37 � 2 115=32 � 1=16 OQ &T 38 1½ 36.5 17=16 38 1½
Austemper 38 1½ 38 1½ 38 1½

2(c) 1=16(0.0625)(c) OQ & T 1.3 0.050 0.13 0.005 0.8 0.032
Austemper 1.5 0.060 0.25 0.010 0.9 0.036

Note: OQ & T, oil quenching and tempering. (a) Data represent measurements made on 12 samples of bars processed by each method. (b) Out of
specification. (c) Arm-to-arm parallel

Table 7 Properties of Carbo-Austempered
and carburized quenched and tempered
(Q&T) 8615 steel

Carbo-
Austempered

Carburized
Q&T

Tensile strength, MPa (ksi) 1162 (169) 742 (108)
Unnotched impact energy,
J (ft � lbf)

407+ (300+) 31 (23)

Elongation, % 15.9 0.9
Case hardness, HRC 55 58

Note: Effective case depth, 0.64 mm (0.025 in.); 12.8 mm (0.505 in.)
diameter tensile bars. Source: Ref 5

Fig. 10 Variation in dimensions of 3 mm (0.125 in.) thick levers after austempering and after water quenching and
tempering. Horizontal bars represent groups of ten samples.

Fig. 9 Variation in pitch length of 2 mm (0.080 in.)
thick link plates after austempering and after

oil quenching and tempering. All link plates were
austenitized at 855 �C (1575 �F) for 11 min;
austempered link plates were held in salt at 340 �C (640 �F)
for approximately 1 h.

Table 8 Properties of Carbo-Austempered
and carburized quenched and tempered
(Q&T) 4150 steel

Carbo-
Austempered

Carburized
Q&T

Tensile strength,
MPa (ksi)

2033 (295) 1033 (150)

Unnotched impact
energy, J (ft � lbf)

407+ (300+) 16 (12)

Elongation, % 10.7 0.7
Case hardness, HRC 56 56

Note: Effective case depth, 0.64 mm (0.025 in.); 12.8 mm (0.505 in.)
diameter tensile bars. Source: Ref 5
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Example 3: Normalizing before Austeni-
tizing and Austempering to Achieve Carbide
Solution and Adequate Ductility. Threaded
fasteners made of 1060 steel, designed to be
embedded in concrete by explosive discharge,
exhibited insufficient ductility after austem-
pering. These parts were hardened by being
heated to 845 �C (1550 �F) and quenched in
a salt bath at 290 �C (550 �F) for 30 min.
The lack of ductility is attributed to insuffi-
cient carbide solution. Parts with acceptable
ductility after austempering are obtained by
normalizing before final austenitizing and
austempering.
Example 4: Austempering Procedure for a

Steel with Borderline Hardenability. Lawn
mower blades, approximately 3 mm (⅛ in.)
thick and made of 0.50 to 0.60% C steel, exhib-
ited low hardness after austempering. Low
hardenability due to lower-than-normal manga-
nese content proved to be the cause. The man-
ganese content desired for this application
should be near the high side of the allowable
range (0.60 to 0.90%), but the steel for these
blades contained less than 0.50% Mn. The
problem was solved by first quenching the
blades in a lower-temperature bath (just above
Ms) for ½ min and then transferring them to
the normal austempering bath at 315 �C
(600 �F) and holding for ½ h. This technique
has been successfully applied to many carbon
steels that were borderline for austempering
because of low hardenability in relation to the
section being quenched.
Example 5: Prehardening Treatment to

Dissolve the Abnormally Large Carbides
Produced during Spheroidization. Chain
saw components made of low-alloy Cr-Ni-V
steel containing 0.65 to 0.75% C exhibited
excessive brittleness in a torque test. The parts
had been austenitized in a shaker hearth furnace
at 830 �C (1525 �F) and quenched in an agi-
tated salt bath at 290 �C (550 �F). Examination
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Fig. 11 Rotating-bending fatigue properties of Carbo-Austempered vs. conventionally
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Fig. 13 Time-temperature-transformation diagram for 1080 steel showing difference between conventional and
modified austempering. When applied to wire, the modification shown is known as patenting.

Fig. 15 A 9.5 mm (⅜ in.) diameter 8640 steel unthrea-
ded bolt austempered to 44 HRC and bent

90� without cracking exhibits the superiority of a bainitic
microstructure at higher (>40 HRC) hardnesses. Courtesy
of Applied Process Inc.

Fig. 14 Effect of carbon content in plain carbon steel
on the hardness of fine pearlite formed when

the quenching curve intersects the nose of the time-
temperature diagram for isothermal transformation
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disclosed excessive martensite and undissolved
carbides in the microstructure. Overspheroidi-
zation prior to hardening was determined to be
the cause of brittleness. This resulted in the for-
mation of abnormally large carbides that were
not dissolved during the 11 min furnace cycle,
thus lowering the carbon content of the matrix
and raising the Ms temperature. This caused
partial transformation to martensite instead of
100% lower bainite. The problem was solved
by prehardening and tempering prior to the reg-
ular heat treating cycle.
Example 6: Carburizing and Austempering

Heavy-Duty Parking Pawls. Heavy-duty
trucks with automatic transmissions must pass
a test wherein a fully loaded vehicle is rolled
down a 7% grade at 2 mph and is shifted into
park. The parking pawl must engage, stop the
vehicle, and sustain no damage. Traditional
carburized and hardened pawls fracture the
engaging tooth. Parts carburized and austem-
pered to 55 to 60 HRC are able to sustain
the impact repeatedly without failure and
have been adopted by industry using invest-
ment cast, forged, and fine-blanked steel
pawls that are subsequently carburized and
austempered.
Example 7: Class 14 Bainitic Fasteners.

As systems become smaller, designers seek to
use the smallest-diameter fasteners available.
However, using quenched and tempered bolts
over 39 HRC exposes the manufacturer to the
chance of environmental failure, so class 8 bolts
(800 MPa, or 116 ksi, tensile strength) are
the general standard. Bainite is not susceptible
to environmental embrittlement to maximum

bainitic hardness. Class 14.8 bainitic fasteners
at 45 HRC (1400 MPa, or 203 ksi, tensile
strength) can allow designers to safely use
smaller-diameter fasteners. A special note:
These high-hardness bainitic fasteners exhibit
significant ductility. Figure 15 shows a
9.5 mm (⅜ in.) diameter unthreaded 8640 bolt
austempered to 44 HRC and bent 90� without
cracking.
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Introduction

Martempering is a quench hardening process
also known as interrupted quenching. According
to Ref 1, this process was discovered byD. Lewis
in 1929. The martempering process is used to
avoid quenching cracks and distortion. However,
because of the limited understanding of the use
of transformation diagrams, martempering was
not used at that time.
Ten years later, the process was better under-

stood, and in 1943, Shepherd introduced
it industrially and named it martempering
(Ref 2). In this work, Shepherd showed that the
heat stress due to the mass varies with the type
of quench, resulting in a relative difference in
temperature between the surface and the center
of the workpiece. To avoid cracking, Shepherd
suggested that the quenching medium should be
selected to produce a minimum difference in tem-
perature between the surface (outside) and the
center (inside) at the Ms temperature. Following
this thought process, he wrote “. . .if the cooling
rate obtained in the salt bath (held at temperature
just above the Ms point) would be such as to
exceed the critical cooling rate, the piece could
bequenchedentirely in this bath, equalized in tem-
perature, removed and allowed to cool in air. . . .”
To address the different Ms temperatures that
varywithdifferent steels, he suggested amodifica-
tion of the temperature of the salt bath used for the
particular martempering process.
Shepherd developed some experiments to

determine the time required to equalize the
temperature for rounds of 1, 2, and 3 in. (25,
50, and 75 mm). He used a salt bath at 200,
260, and 315 �C (400, 500, and 600 �F). His
results are summarized in Fig. 1.
Based on those results, Shepherd performed

several quenching cycles with different steels.
He found for NE 8442 (0.40% C, 1.43% Mn,
0.22% Si, 0.23% Ni, 0.29% Cr, and 0.32%
Mo) that the relief of stress may increase the
mechanical properties, as shown in Table 1.

Itwasmentioned that themore impressive result
was related to crack development. Approximately
50% of the pieces quenched in oil cracked long-
itudinally. The same hardness with no tendency

toward cracks was developed from the same
quenching temperature, 843 �C (1550 �F), by
quenching in salt at 200 �C (400 �F), removal after
5 min, and then cooling in air.
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Fig. 1 Time required to equalize rounds from 843 �C (1550 �F) to the bath temperature. Adapted from Ref 2

Table 1 Mechanical properties of a 19 mm (¾ in.) round of NE8442 steel

Treatment

Yield point
Tensile
strength

Elongation in 50 mm
(2 in.), % Reduction, %

Brinell
hardnessMPa ksi MPa ksi

Quench in soluble oil at 27 �C (80 �F) 1010 146 1080 156.6 19 57.3 321
Quench in salt at 200 �C (400 �F),

hold 5 min, and air cool
1035 150 1124 163 18 56.4 321



Harvey (Ref 3) subsequently published “Devel-
opment, Principles and Applications of Inter-
rupted Quench Hardness,” ascribing the earliest
attempts at interrupted quench hardening to the
year 1879, when Richard Akerman used a lead
bath followed by air cooling of an austenitized
steel. However, he recognized D. Lewis and
O.C. Trautman as pioneers as well. Interestingly,
Shepherd’s work was not cited.
Harvey originally designated martempering

as step quenching, and it was applied to the
hardening of hacksaw blades, resulting in
straighter and tougher blades relative to blades
that were conventionally hardened. A U.S. pat-
ent assigned to R.F. Harvey was obtained in
1940. Figure 2 (Ref 3) illustrates three heat
treatments: conventional hardening, austemper-
ing, and step quenching.
The interrupted quench hardening treatments

attempt to equalize the temperature within the
workpiece (quenched into a molten salt bath)
before subsequent hardening proceeds during
slow cooling in air. Austempering results in a
bainitic transformation that, in the case of hack-
saw blades, provided hardnesses of approxi-
mately 50 to 55 HRC, which were lower than
those obtained with step quenching. However,
Harvey observed that relative to conventional
hardening, martempering offered important
advantages, including less distortion, less inter-
nal stress, less cracking, greater toughness,
greater fatigue life, savings in man hours through
elimination of unnecessary operations such as
straightening or grinding, less rejects, and higher
hardness and wear life; for case-hardened work,
less distortion was obtained. Conventional hard-
ening necessitated removal of the hardest part
of the case due to grinding operations (Ref 3).
These conclusions were made based on the hack-
sawbladeswork, but other applicationswere sub-
sequently studied as well.
Martempering is not related to austempering,

becausemartempering is not an isothermal process.
The term martempering is somewhat misleading
and is better described as marquenching, because
martempering implies a tempering operation,
which actually does not occur. However, the term
martempering is used more commonly than mar-
quenching. Typically, the microstructure obtained
after martempering is a brittle, untempered mar-
tensite. Therefore, martempered parts should be
subsequently tempered in the samemanner as those
conventionally quenched in oil, water, or other
quenching media (Ref 4).
The time-temperature relationship of mar-

tempering and tempering are compared with
those of conventional quenching and tempering
in Fig. 3(a) and (b). Martempering of steel (and
of cast iron) consists of:

� Quenching from the austenitizing tempera-
ture into hot oil, molten salt, molten metal,
fluidized particle bed, or in a vacuum fur-
nace at a temperature usually above the mar-
tensite start (Ms) temperature

� Holding in the quenching medium until the
temperature throughout the steel is uniform

� Subsequently cooling (usually in air) at a
moderate rate to minimize the formation of
large temperature gradients between the sur-
face and the center of the section

Formation of martensite occurs fairly uni-
formly throughout the workpiece during cool-
ing to room temperature, thereby avoiding
formation of excessive amounts of residual

stress. Straightening or forming is also easily
accomplished upon removal from the martem-
pering bath while the part is still hot. The piece
will hold its shape upon subsequent cooling by
fixturing or during air cooling after removal
from the forming die. Martempering can be
accomplished in a variety of baths, including
hot oil, molten salt, molten metal, or in a
fluidized bed. In addition, martempering in a

Fig. 3 Time-temperature transformation diagrams with superimposed cooling curves showing quenching and tempering.
(a) Conventional. (b) Martempering. Source: Ref 5

Fig. 2 Time-temperature transformation diagram showing difference between conventional hardening, austempering,
and martempering (step quenching). Adapted from Ref 3
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vacuum furnace is increasingly common. Mar-
tempered parts are tempered in the same man-
ner as conventionally quenched parts. The
elapsed time before tempering is not as critical,
because the stress is greatly reduced.
Modified martempering differs from stan-

dard martempering only in that the temperature
of the quenching bath is below the Ms point
(Fig. 4). The lower temperature increases the
severity of quenching. This is important for
steels of lower hardenability that require faster
cooling in order to achieve a sufficient depth
of hardening or when the Ms is high and bainite
formation is detrimental to the finished part.
Therefore, modified martempering is applicable
for a greater range of steel compositions than is
the standard process.

Advantages

The advantage of martempering lies in the
reduced thermal gradient between surface and
center as the part is quenched to the isothermal
temperature and then is air cooled to room tem-
perature. Residual stresses developed during
martempering are lower than those developed
during conventional quenching because the
greatest thermal variations occur while the steel
is in the relatively plastic austenitic condition
and because final transformation and thermal
changes occur throughout the part at approxi-
mately the same time. Martempering also
reduces or eliminates susceptibility to cracking.
Another advantage of martempering in mol-

ten salt is the control of surface carburizing or
decarburizing. When the austenitizing bath is
neutral salt and is controlled by the addition
of methane gas or proprietary rectifiers to main-
tain its neutrality, parts are protected with a
residual coating of neutral salt until immersion
into the marquenching bath.
Although martempering is used primarily to

minimize distortion, eliminate cracking, and
minimize residual stresses, it also greatly
reduces the problems of pollution and fire

hazard as long as nitrate-nitrite salts are used
rather than martempering oils. This is espe-
cially true where nitrate-nitrite salts are recov-
ered from wash waters with systems that
provide essentially no discharge of salts into
drains. Any steel part or grade of steel respond-
ing to oil quenching can be martempered to
provide similar physical properties. The
quenching severity of molten salt is greatly
enhanced by agitation and water additions to
the nitrate-salt bath. Both techniques are partic-
ularly beneficial in heat treating of carbon steels
that have limited hardenability. Table 2 com-
pares the properties (impact test) of different
steels that were martempered and tempered
with those obtained by conventional quenching
and tempering.
Data regarding improved impact energy due

to martempering are normally related to high-
carbon steels (Ref 10). Table 2 compares the
impact toughness of carbon and cold work tool
steels AISI 4140, AISI 1095, and AISI O1,
quenched/tempered and martempered. These
results show that impact toughness increases
due to martempering for high-carbon steels
(AISI 1095 and AISI O1). The martempering
process effect on impact toughness is negligible
for the lower-hardness AISI 4140 carbon steel
tempering condition. Increasing the tempering
temperature reduces hardness and enhances
plastic deformation in the impact test samples.
In general, the mechanical energy to induce
plastic deformation is much higher than
the work to induce elastic deformation. The
residual-stress effect is more sensitive when
the resilience contribution is higher (lower plas-
tic deformation during impact loading). Lower-
ing the hardness for the 4140 steel (20 to
37 HRC) enhances the plastic deformation con-
tribution to the absorbed mechanical energy,
making negligible the as-quenched residual-
stress difference between the quenching/tem-
pering and martempering processes. In the
same way, higher tempering temperatures
prompt greater residual-stress reduction.
In many instances, martempering eliminates

the need for quenching fixtures that would be
required for minimizing distortion during con-
ventional quenching and thus reduces the cost
of tooling and handling. However, changing
from conventional quenching to martempering
may require that dimensional variations of indi-
vidual parts be studied before preheat treatment
dimensions are established (Ref 5).
Another virtue is that, in some cases, it is

possible to perform a straightening operation

before the part has hardened. This is done when
the part is just above the Ms temperature
(Fig. 3b) in order to equalize the temperature
(between center and surface), but it has not
yet transformed to martensite. At this time, a
quick straightening operation can be used to
minimize the total distortion, after which the
part is placed back into the quenching medium
and allowed to transform (Ref 4).

Martempering Media

Although hot oil is used for modified mar-
tempering at 175 �C (350 �F) and lower, molten
nitrate-nitrite salts (with water addition and agi-
tation) are effective at temperatures as low as
175 �C (350 �F). Because of their higher heat-
transfer coefficients, approximately 4.5 to
16.5 kW/m2 � K (800 to 2900 Btu/h � ft2 � �F)
(Ref 11), molten salts offer some metallurgical
and operational advantages. In salt quenching,
the heat transfer mainly takes place by convec-
tion. Boiling does not occur with molten salts.
Heat transfer occurs by convection. Oil-cooling
characteristics are quite different from those of
a molten salt martempering bath (Ref 12).
Both molten salt and hot oil are widely used

for martempering. Several factors must be con-
sidered when choosing between salt and hot oil.
Operating temperature is the most common
deciding factor. Oils are widely used for mar-
tempering at up to 205 �C (400 �F) and some-
times at temperatures as high as 230 �C
(450 �F). Molten salt is used for martempering
in the range of 160 to 400 �C (320 to 750 �F).
Composition and Cooling Power of Salt.

A salt commonly used for martempering
is composed of 50 to 60% potassium nitrate,
37 to 50% sodium nitrite, and 0 to 10% sodium
nitrate. It melts at approximately 140 �C
(280 �F) and may be used within a working
range of 165 to 540 �C (325 to 1000 �F).
Higher-melting-point (less costly) salts can be
used for higher operating temperatures. These
salts are comprised of 40 to 50% potassium
nitrate, 0 to 30% sodium nitrite, and 20 to
60% sodium nitrate.
The cooling power of agitated salt at 205 �C

(400 �F) is approximately the same as that of
agitated oil in conventional oil quenching.
Addition of water to salt increases its cooling
power, as indicated by the cooling curves for
1045 steel in Fig. 5 and by the hardness values
in Fig. 6. The range of hardnesses measured is
from the end of the bar (surface = the highest

Fig. 4 Time-temperature transformation diagrams with
superimposed cooling curves showing modified
martempering and tempering. Source: Ref 5

Table 2 Literature impact data

Steel Hardness Quenched and tempered (impact energy) Martempered (impact energy) Reference

AISI 4140 20–25 111 J 126 J Ref 6
AISI 4140 36–37 57 J 59 J Ref 6
AISI 4140 46–47 9.6 J 18.5 J Ref 6
AISI 1095 52.5 19 J 33 J Ref 7
AISI O1 51.0 74 kJ/m2(a) 114.5 kJ/m2(a) Ref 8, 9

(a) Reduced-size impact samples
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hardness) to 1.5 mm (0.06 in.) below the sur-
face (the lower hardness of the range shown).
The cooling power of salt is compared with
the cooling power of water and of three types
of oil in Fig. 6.

Advantages of salt in comparison with oil
for martempering are as follows:

� The viscosity of salt changes only slightly
over a wide temperature range.

� Salt retains chemical stability, so that replen-
ishment is usually required only to replace
dragout loss. This is not always the
case, however. In an installation for high-
volume martempering of cylinder liners,
for instance, breakdown of the salt did
occur, forming a carbonate. This occurred
on quenching from an endothermic atmo-
sphere into an open-top salt quench bath at
245 �C (475 �F). The same operation con-
ducted with a nitrogen atmosphere in the
heating furnace does not produce such
breakdown.

� Salt has a wide operating temperature range.
� Salt is easily washed from the work with

plain water.
� Less time is required for workpieces to

attain temperature equalization in salt.
� No unusual disposal problems attend the

rinsing operation.
� Salt is relatively easy to handle in

powder form and easy to clean up if spilled;
however, it is necessary to keep salts
separated.

Disadvantages of salt in comparison with
oil include the following:

� The minimum operating temperature of salt
is 160 �C (320 �F).

� Quenching from cyanide-based carburizing
salts is hazardous because of possible
explosion.

� Explosion and splatter of high-temperature
salt can occur if wet or oily parts are
immersed.

� Potentially explosive reactions also occur
with sooty atmospheres in atmosphere fur-
naces connected to martempering salt
quenches.

� Quench salt can be contaminated by high-
temperature neutral salt used for heating.
Sludging operations are required to maintain
quenching severity.

� The difference in viscosity between martem-
pering oil and salt martempering baths
causes differences in dragout at martemper-
ing temperature. Greater losses can be
expected with salt martempering baths than
with oil (Ref 12).

Fluidized Beds. Although fluidized beds are
somewhat limited, they have the advantage of
equal heat transfer throughout the entire

Fig. 5 Cooling curves for 1045 steel cylinders quen-
ched in salt, water, and oil. Thermocouples
located in the geometric center. Source: Ref 5

Fig. 6 Effects of quenchant and agitation on hardness of 1045 steel. Adapted from Ref 5
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temperature range of quenching. This leads to a
quench rate that is reproducible, does not
degrade with time, and can be adjusted within
wide limits. In addition, fluidized beds do not
have the environmental drawbacks of oils or
salt quenchants.
Oils for Martempering. Martempering or

hot quenching oils are used at temperatures
between 95 and 230 �C (205 and 450 �F). Non-
accelerated and accelerated martempering oils
are available (Ref 13). Physical properties of
two oils commonly used for martempering are
listed in Table 3. Such oils are compounded
especially for martempering and, in comparison
with conventional quenching oils, offer higher
rates of cooling during the initial stage of
quenching.
Most martempering oils are formulated using

highly refined paraffinic base stocks, giving a
good stability while operating at higher tem-
peratures. Additives to provide oxidation resis-
tance are incorporated in the formulation.
Desired quenching speed is also obtained with
the use of additives.
Leaner-alloyed parts usually require a lower

viscosity martempering oil with speed impro-
vers added. Higher-alloyed parts require higher
viscosity and also speed improvers, which

permits higher oil temperatures to control dis-
tortion. Many times, the higher-viscosity oils
with additives will give quenching speeds
approaching that of medium-to-fast quenching
oils, while thinner oils promote elimination of
the vapor phase, as shown in Fig. 7 (Ref 14).
The higher operation temperature, the con-

tact with hot parts, and the forced heating of
colder oil during heatup all contribute to the
martempering oil degradation. When heating
up the martempering oil from ambient tempera-
tures, low-velocity burners or resistant heaters
with a maximum rating of 0.016 W/mm2 should
be used to keep degradation of oil to a mini-
mum (Ref 14). Quenching oil requires special
handling when used in the temperature range
from 95 to 230 �C (200 to 450 �F). To prolong
its life, the oil must be maintained under a pro-
tective atmosphere (reducing or neutral). Dete-
rioration is accelerated when oil is exposed to
air at elevated temperatures. For example, for
every 10 �C above 60 �C (every 18 �F above
140 �F), the rate of oxidation is approximately
doubled. This causes formation of acid and
sludge, which may affect both the hardness
and color of workpieces. Figure 8 shows the life
of a hot oil developed to resist oxidation com-
pared with the original formulation (Ref 15).

Example 1: Martempering of Carburized
Transmission Components in Oil. A manu-
facturer of transmission components and axles
martempers carburized parts at a rate of
115 kg/h (250 lb/h) in a 7550 L (2000 gal) oil
tank that is completely covered by a vestibule
hood and that is located directly beneath the
discharge door of the continuous carburizing
furnace. The vestibule contains a protective
atmosphere consisting of carburizing gases that
emanate from the furnace. The vestibule is
equipped with an elevator that lowers the tray
of parts into the martempering oil.
The ambient temperature in the vestibule

immediately above the oil is 89 to 92 �C (193
to 197 �F) when the furnace discharge door is
closed. The temperature of the oil is controlled
at 150 �C (300 �F). However, during high-
production quenching, the temperature of the
martempering oil will rise to as high as
165 �C (325 �F). The atmosphere in the vesti-
bule protects the carburized parts and the mar-
tempering oil from oxidation. To avoid
possible oil fires, the furnace discharge door is
closed before the workload is lowered into the
martempering oil.
The martempering oil in this tank has not

been replaced in several years of continuous
operation (24 h per day, 7 days per week);
makeup oil is added to the tank at a rate of
approximately 755 L (200 gal) per month.
Bypass or continuous types of filter units

with suitable filtering media (clay, cellulose
cartridge, or waste cloth) or centrifugal filtering
help prolong oil life and maintain clean work.
Filtering units are effective and relatively
inexpensive. Oils should be circulated at a rate
no lower than 0.9 m/s (180 ft/min) to break
up excessive vapor that is formed during
quenching.
Continuous operation of oils above 205 �C

(400 �F) can cause excessive breakdown of
the oils unless the correct oil is used for each
specific application. Once every one to six
months, the oil should be subjected to complete
physical and chemical testing to determine its
condition. Such testing usually includes deter-
minations of flash point, viscosity, degree of
oxidation, quenching effect, contamination,
and cooling power.

Table 3 Physical properties of two oils used for martempering of steel

Property

Value, for oil with operating temperature of

95 to 150 �C (200 to 300 �F)(a) 150 to 230 �C (300 to 450 �F)

Flash point (min), �C (�F) 210 (410) 275 (525)
Fire point (min), �C (�F) 245 (470) 310 (595)
Viscosity, SUS, at:
38 �C (100 �F) 235–575 . . .

100 �C (210 �F) 50.5–51 118–122
150 �C (300 �F) 36.5–37.5 51–52
175 �C (350 �F) . . . 42–43
205 �C (400 �F) . . . 38–39
230 �C (450 �F) . . . 35–36

Viscosity index (min) 95 95
Acid number 0.00 0.00
Fatty-oil content None None
Carbon residue 0.05 0.45
Color Optional Optional

(a) Temperature range for modified martempering

Fig. 7 Cooling-rate curves of oils from different viscosities. Adapted from Ref 14

Fig. 8 Life of an optimal hot oil installed in 1980
compared with the originally-used product,

assessed on the basis of viscosity increase in a
laboratory test. Adapted from Ref 15
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Advantages of oil in comparison with salt
are as follows:

� Oil can be used at lower temperatures.
� Oil is easier to handle at room temperature.
� Less dragout loss occurs with oil.
� Oil is compatible with all austenitizing salts.

Disadvantages of oil include the following:

� Oil is limited to a maximum operating tem-
perature of 230 �C (450 �F).

� Oil deteriorates with use, therefore requiring
closer control.

� When martempered in oil, workpieces
require more time to attain temperature
equalization.

� Oil, whether hot or cold, is a fire hazard.
� Soap or an emulsifier is necessary to wash

off the oil. Washers must be drained and
refilled periodically. Oily wastes create dis-
posal problems.

Safety Precautions

In operating a martempering installation (salt
or oil), the precautions appropriate for
operating any other hot liquid bath are applica-
ble. The following operator-safety precautions
are recommended:

� Operators of equipment should be thor-
oughly familiar with equipment manufac-
turer’s instructions and with company
safety recommendations before attempting
to operate or service the equipment.

� Operators should wear gloves, face shields,
and protective clothing, as required. Safety
equipment contaminated with oil or nitrate-
nitrite salts should be discarded.

� Adequate first-aid materials should be avail-
able where salts are used, and personnel
should be trained and available in treating
alkali burns.

Nitrate-Nitrite Salts. Several precautions
should be taken in operating nitrate-nitrite salt
baths:

� All racks, fixtures, and cleaning tools must
be thoroughly cleaned of salts (hot water
preferred) and thoroughly dried before being
reused; otherwise, the presence of salt could
contaminate the austenitizing furnace, and
residual water could cause spattering of mol-
ten salt.

� All salt bath furnaces should be labeled
so that the proper salt is used. Cyanide-
containing salts should not be combined
with nitrate-nitrite salts because such mix-
tures result in explosive reactions. Good
housekeeping is essential to prevent acci-
dents. Martempering salts must be stored in
closed, well-marked containers. These salts
are hygroscopic and will absorb water if
exposed. Yellow, orange, or red coloring is

commonly used for identification of nitrate-
nitrite salts. Cyanide-containing materials
may be identified by white, blue, or gray.
Color coding is not universally practiced
but is strongly recommended. Everyone
handling these materials should be familiar-
ized with the explosion hazard of intermix-
ing. For a discussion of attendant hazards
and recommended practices, see the sections
of this article entitled “Salt Contamination”
and “Selection of Austenitizing Equipment.”

� When water is added to a nitrate-nitrite salt
to increase its quenching severity, the water
should be trickled or atomized onto the sur-
face of the bath and should never be intro-
duced below the surface or under pressure.
Otherwise, spattering or eruption can occur.
Equipment manufacturers should be con-
sulted as to recommended procedures and
hardware.

� The salt bath should be equipped with a
high-temperature limit controller to prevent
the bath from exceeding 595 �C (1100 �F).
At higher temperatures, nitrate salts decom-
pose and may cause fire or explosion.
Although nitrate-nitrite salts do not burn,
they are oxidizing and will support combus-
tion. Therefore, oxidizable materials should
not be stored near the bath, and combustible
materials should not be introduced into the
bath unless designed for the purpose. In the
event of a fire, a carbon dioxide extinguisher
should be used. Sand is also effective in
smothering floor fires. To avoid explosive
spread of the molten medium, water should
never be used to extinguish a fire in or
around a molten salt (or molten metal) bath.

� Soot and carbonaceous materials should not
be allowed to accumulate on the surface of
the molten bath.

� Signs are provided by local fire departments
for placing on the outside of buildings that
house salt baths. These signs tell the fire
department what materials are present and
what means can be used to extinguish the fire.

Hot oil also requires safety precautions.
Among the hazards that accompany its use are
fire; overflow caused by the increase in the vol-
ume of the oil during heating; explosion, when
no atmosphere cover is used over the quench
tank; and contamination by water, which can
result in fire.
Equipment normally used for protection

against these hazards includes:

� Alarm system on temperature-control instru-
ment. (Recommended maximum operating
temperature is 55 �C, or 100 �F, below the
flash point of the quenching oil.) Often, an
additional system is added for maximum
temperature alarm.

� An oil-level indicator
� If the oil is heated by gas-fired tubes, which

are not recommended for heating martem-
pering oils, a safety-control system to pre-
vent firing when the air cooling system is off

� Electric heating elements should have amaxi-
mum heat flux density of 0.016 W � mm�2

(10 W � in.�2).
� Expansion system to accommodate the

change in volume that occurs when the oil
is heated from room temperature to the
operating temperature. A suitable system is
a small tank equipped with an overflow
return line from the main quench tank. The
main tank is equipped with a small pump
to return the oil from the expansion tank.
The capacity of the pump is usually approx-
imately 20 L/min (5 gal/min).

� A safety control to prevent oil from being
heated unless it is agitated

� A carbon dioxide or foam system installed
over the quench tank for fire protection

� A water-detection system, with automatic
alarm, that monitors the oil for water content

Caution should be used in installing ventilat-
ing systems and any other system that could
cause addition of water to the hot oil. When
an atmosphere is used over the quenching
medium, the general safety precautions outlined
in the article “Gas Carburizing” in this Volume
should be followed.
Although the most-used media for martem-

pering are oil and salt, nowadays more and
more martempering processes are being per-
formed in vacuum furnaces, mainly for high-
performance components (Ref 16). Some
advantages are observed, offering a good poten-
tial to reduce distortion for high-strength steel
and improving dimensional stability of the heat
treated component.
In tool steels and high-speed steels that have

a propensity to crack, distort, and change
dimensions, martempering is especially useful,
and a vacuum furnace is usually chosen for this
operation. However, it was shown that another
advantage is the compressive stress developed.
Some current results were obtained by monitor-
ing a big block test of hot-worked steel (AISI
H13). The dimensions of the block were 310
by 305 by 300 mm (12.2 by 12.0 by 11.8 in.).
Steel composition is provided in Table 4.
Thermocouples were positioned according to
Fig. 9(a) and (b). Tests were made according
to American Automotive Industry/North Amer-
ican Die Casting Association specification.
The thermal cycles used are illustrated in

Fig. 10. The difference between the cycles
was in the cooling process. In one of the cycles,
gas quenching at 900 kPa (9 bar) was used, and
the cooling process stopped when the center
achieved 60 �C (140 �F). The other used an iso-
thermal cycle (martempering), beginning when

Table 4 Hot-worked steel chemical
composition

Chemical composition, %

C Si Mo Mn Cr V

0.39 1.00 1.25 0.35 5.10 0.90
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the surface temperature, during the quenching,
achieved 400 �C (770 �F). Cooling curves
obtained from the surface and the center for both
conditions are shown in Fig. 11(a) and (b).
Temperature distribution is more homoge-

neous in the martempering cycle, contributing
to less distortion and decreasing the potential
for cracking. In this experiment, calculation
of the residual stress was performed (Ref 17).
Figure 12 shows results for the calculated resid-
ual stresses “X” distance from the center for
both situations.
The martempering cycle produces higher

surface compressive stresses compared with
conventional gas quenching. Those results
bring another advantage to using martempering
as a heat treatment for tool steels. Fatigue prop-
erties are directly related to the value and
nature of the surface residual stress. Higher
compressive stresses usually promote longer
fatigue life (Ref 17).
Similar tests (Ref 18) showed only the advan-

tages of using a vacuum furnace to perform heat
treatment of hot work steel once it is possible to
also run martempering with success.
The martempering process is also applied in

carburizing components using gas quenching
systems. A modified martempering performed

in a vacuum furnace, called the StopGQ
(ECM Technologies) quenching process, was
presented (Ref 19). It demonstrated that besides
less distortion, elimination of cracking, and bet-
ter impact properties, improved fatigue resis-
tance was also obtained. Tests were made with
transmission gears. Studied situations included
low-pressure vacuum gas carburizing (LPC),
high-pressure gas quenching (HPGQ), and
StopGQ. Gears were made from SAE 5130
steel. Chemical steel composition is provided
in Table 5. After LPC, gears were submitted
to three different heat treatment cycles, as
shown in Fig. 13.
Because cycle 2 involves an isothermal step

in the temperature range of 180 to 200 �C
(355 to 390 �F) in the gas quenching process,
an autotempering is obtained. A summary
of the rotating-bending fatigue is shown in
Fig. 14. These three conditions were analyzed:
LPC + HPGQ (cycle 1), LPC + HPGQ +
StopGQ (cycle 2), and LPC + HPGC + temper-
ing (cycle 3). The condition obtained from
cycle 2, which is the modified martempering,
gave an almost 30% better performance than
that from cycle 3 and an approximately 10%
better performance than that from cycle 1. In such
tests, the hardness values (surface and center)

were similar for the three cycles unless a condi-
tion from cycle 3 presented a surface hardness
that was a little lower than the others (Ref 19).

Suitability of Steels for
Martempering

Alloy steels generally are more adaptable
than carbon steels to martempering. In general,
any steel that is normally quenched in oil can
be martempered. Some carbon steels that are
normally water quenched can be martempered
at 205 �C (400 �F) in sections thinner than 5 mm
(3=16 in.), using vigorous agitation of the mar-
tempering medium. In addition, thousands of
gray cast iron parts are martempered on a rou-
tine basis.
The grades of steel that are commonly mar-

tempered to full hardness include 1090, 4130,
4140, 4150, 4340, 300M (4340M), 4640,
5140, 6150, 8630, 8640, 8740, 8745, SAE
1141, and SAE 52100. It is extremely difficult
to use a martempering oil for quenching of
low-hardenability steels such as 1045 (or
lower-carbon steels in the 1000 series).
Higher-carbon steels such as 1090 can be suc-
cessfully martempered in oil due to lower
Ms temperature and the additional time before
upper-transformation products transform (Ref
14). Carburizing grades such as 3312, 4620,
5120, 8620, and 9310 also are commonly mar-
tempered after carburizing. Occasionally,
higher-alloy steels such as type 410 stainless
are martempered, but this is not a common
practice.
Success in martempering is based on knowl-

edge of the transformation characteristics (time-
temperature transformation, or TTT, curves) of
the steel being considered. The temperature
range in which martensite forms is especially

Fig. 9 Position of thermocouples for (a) quenching test and (b) martempering test. Courtesy of Isoflama Ind. Com., Indaiatuba, Brazil

Fig. 10 Thermal cycles used in the experiment. Courtesy of Isoflama Ind. Com., Indaiatuba, Brazil
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important. Figure 15 shows the martensite tem-
perature ranges for 14 carbon and low-alloy
steels. Two trends may be observed in these
data: As carbon content increases, the martens-
ite range widens and the martensite transforma-
tion temperature is lowered; and the martensite
range of a triple-alloy (nickel-chromium-
molybdenum) steel is usually lower than that
of either a single-alloy or a double-alloy steel
of similar carbon content.
Any steel that is to bemartempered successfully

must contain sufficient carbon or alloying addi-
tions to move the nose of the TTT curve to the
right, thus permitting sufficient time for quenching
of workpieces past the nose of the TTT curve.
The TTT diagrams for a hypoeutectoid steel

(1034), which is discussed later, and a hypereu-
tectoid steel (1090) are shown in Fig. 16. The
diagram for 1090 steel is the simplest form of
transformation diagram because no proeutectoid
constituents (free ferrite or free carbide) are
involved in the transformation at temperatures
above that corresponding to the nose of the
curve. The speed of transformation at the nose
is related to the hardenability of the steel; when
the nose of the TTT curve is far to the left on
the diagram, the steel has lower hardenability;
when the nose is to the right, the steel has higher
hardenability. To achieve full hardening during
quenching, the cooling curve of the steel must
pass to the left of the curve farthest to the left
on the diagram. In production, some loss in

as-quenched hardness is usually accepted in
order to achieve minimum distortion.
A TTT diagram for a hypoeutectoid low-

alloy steel (5140) suitable for martempering is
shown in Fig. 17. The chromium in this steel
causes the characteristic shape of the TTT
curve near 540 �C (1000 �F).
The TTT diagram for an extremely high-

hardenability steel (4340) is also shown in
Fig. 18. The combined effect of nickel,

chromium, and molybdenum on hardenability
is illustrated in this diagram. These elements
cause a double nose on the TTT curve. The nose
that occurs at approximately 480 �C (900 �F) is
more significant in martempering than the one
occurring near 650 �C (1200 �F). Steels having
such high hardenability are easily martempered
to fully martensitic structures.
Low-carbon and medium-carbon steels

1008 through 1040 are too low in hardenability
to be successfully martempered, except when
carburized. The TTT curve for the 1034 steel
in Fig. 16 is characteristic of a steel that is
unsuitable for martempering; except in sections
only a few thousandths of an inch thick, it

Fig. 11 Cooling curves obtained in the AISI H13 block. (a) Conventional gas quenching. (b) Martempering. Courtesy
of Isoflama Ind. Com., Indaiatuba, Brazil

Table 5 SAE 5130 steel chemical
composition

Chemical composition, %

C Si Mn Cr P S

0.28–0.33 0.15–0.35 0.7–0.9 0.8–1.1 0.035 max 0.04 max

Fig. 13 Heat treating cycles 1, 2, and 3 applied in the
carburized (low-pressure vacuum gas carbur-

izing) gear load. HPGQ, high-pressure gas quenching.
Adapted from Ref 19

Fig. 12 Residual-stress results from conventional gas quenching and martempering in an AISI H13 block. Source:
Ref 17

Fig. 14 Results from rotating-bending fatigue. With
the increase in fatigue resistance, the torque

of the existing transmission gears could also be
increased. Adapted from Ref 19

Fig. 15 Temperature ranges of martensite formation in
14 carbon and low-alloy steels
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would be impossible to quench the steel in
hot salt or oil without encountering upper-
transformation products.
Borderline Grades. Some carbon steels

higher in manganese content, such as 1041
and 1141, can be successfully martempered in
thin sections. Low-alloy steels that have limited
applications for successful martempering are
listed (the lower-carbon grades are carburized
before martempering): 1330 to 1345, 4012 to
4042, 4118 to 4137, 4422 and 4427, 4520,
5015 and 5046, 6118 and 6120, 8115.
Most of these alloy steels are suitable for

martempering in section thicknesses of up to
16 to 19 mm (5/8 or 3/4 in.). Martempering at
temperatures below 205 �C (400 �F) will
improve hardening response, although greater
distortion may result than in martempering at
higher temperatures.
Effect of Mass. The limitation of section

thickness or mass must be considered in mar-
tempering. With a given severity of quench,
there is a limit to bar size beyond which the
center of the bar will not cool fast enough
to transform entirely to martensite. This is
shown in Fig. 18, which compares the maxi-
mum diameter of bar that can be hardened by

martempering, oil quenching, and water
quenching for 1045 steel and five alloy steels
of various hardenabilities.
For some applications, a fully martensitic

structure is unnecessary, and a center hardness
10 HRC units lower than the maximum obtain-
able value for a given carbon content may be
acceptable. By this criterion, maximum bar
diameter is 25 to 300% greater than the maxi-
mum diameter that can be made fully martensi-
tic (see lower graph in Fig. 18). Nonmartensitic
transformation products (pearlite, ferrite, and
bainite) were observed at the positions on end-
quenched bars corresponding to this reduced
hardness value, as follows:

Steel Transformation

1045 15% pearlite
8630 10% ferrite and bainite
1340 20% ferrite and bainite
52100 50% pearlite and bainite
4150 20% bainite
4340 5% bainite

The influence of mixed structures such as these
on the mechanical properties of the steel would
have to be determined for each application.

Fig. 16 Time-temperature transformation diagrams for 1034 and 1090 steels. The 1090 steel was austenitized at 885 �C (1625 �F) and had a grain size of 4 to 5.

Fig. 17 Time-temperature transformation diagrams for 4340 and 5140 steels. The austenitizing temperature for both steels was 845 �C (1550 �F); grain size was 7 to 8 for 4340 and
6 to 7 for 5140.

Fig. 18 Approximate maximum diameters of bars that
are hardenable by martempering, oil quench-
ing, and water quenching
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Steels selected for martempering must be
judged on hardenability and section size. To
form the same amount of martensite for a given
section size, the carbon content, alloy content,
or both must be somewhat higher for martem-
pering than for conventional (uninterrupted)
quenching.

Control of Process Variables

The success of martempering depends on
close control of variables throughout the pro-
cess. It is important that the prior structure of
the material being austenitized be uniform.
Also, use of a protective atmosphere (or salt)
in austenitizing is required, because oxide or
scale will act as a barrier to uniform quenching
in hot oil or salt.
The process variables that must be controlled in

martempering include austenitizing temperature,
temperature of martempering bath, time in mar-
tempering bath, salt contamination, water addi-
tions to salt, agitation, and rate of cooling from
the martempering bath.
Austenitizing temperature is important

because it controls austenitic grain size, degree
of homogenization, and carbide solution,
and because it affects the Ms temperature,
which is important in establishing martemper-
ing procedures. As indicated in Fig. 19 for
52100 steel, an increase in austenitizing tem-
perature lowers Ms temperature and increases
grain size.
Temperature control during austenitizing is

the same for martempering as for conventional
quenching: A tolerance of 8 �C (15 �F) is com-
mon. The austenitizing temperatures most com-
monly used for several different steels are
indicated in Table 6.
In most instances, austenitizing temperatures

for martempering are the same as those for con-
ventional oil quenching. Occasionally, how-
ever, medium-carbon steels are austenitized at
higher temperatures prior to martempering to
increase as-quenched hardness.
For carburized parts, low austenitizing tem-

peratures usually yield better size control dur-
ing martempering. To obtain minimum
dimensional changes, the lowest austenitizing
temperature that will yield satisfactory core
properties should be used. The ratio of case
depth to core, as well as the prior processing
history of the steel (such as forging, rolling, or
drawing), can also be controlling factors, partic-
ularly for critical section shapes and sizes. Aus-
tenitizing temperatures that have been used
for several carburizing steels are indicated in
Table 6.
Salt Contamination. When parts are carbur-

ized or austenitized in a salt bath, they can be
directly quenched in an oil bath operating at
the martempering temperature. However, if the
parts are carburized or austenitized in salt con-
taining cyanide, they must not be directly mar-
tempered in salt because the two types of salts

are not compatible and explosions can occur if
they are mixed. Instead, one of two procedures
should be used: Either air cool from the carbur-
izing bath, wash, reheat to the austenitizing
temperature for case and/or core in a chloride
bath, and then martemper; or quench from the
cyanide-containing bath into a neutral chloride
rinse bath maintained at the austenitizing tem-
perature and then martemper.
If the latter method is used, it is essential to

control the amount of cyanide buildup in the
neutral rinse. When tests indicate more than
5% cyanide in the chloride rinse, part of the salt
should be discarded and the remainder diluted
with new salt.
All fixtures must be thoroughly cleaned after

martempering to prevent transfer of quenching
salt to either cyanide baths or neutral chloride
baths. Mixing of cyanide with nitrate-nitrite
salts will cause explosion. A chloride bath that
is contaminated with nitrate-nitrite salts will
produce pitting and decarburization of parts
immersed in it.
Temperature of the martempering bath

varies considerably, depending on composition
of workpieces, austenitizing temperature,
and desired results. In establishing procedures
for new applications, many plants begin at
95 �C (200 �F) for oil quenching, or at
approximately 175 �C (350 �F) for salt quench-
ing, and progressively increase the temperature
until the best combination of hardness and
distortion is obtained. Martempering tempera-
tures (for oil and salt) that represent the
experience of several plants are listed in
Table 6.
Time in the martempering bath depends on

section thickness and on the type, temperature,
and degree of agitation of the quenching
medium. The effects of section thickness and

of temperature and agitation of the quench bath
on immersion time are indicated in Fig. 20.
Because the object of martempering is to

develop a martensitic structure with low ther-
mal and transformation stresses, there is no
need to hold the steel in the martempering bath
for extended periods. Excessive holding lowers
final hardness because it permits transformation
to products other than martensite. In addition,
stabilization may occur in medium-alloy steels
that are held for extended periods at the mar-
tempering temperature.
The martempering time for temperature

equalization in oil is approximately four to five

Fig. 19 Effects of austenitizing temperature on grain
size and martensite start (Ms) temperature of
52100 steel

Table 6 Typical austenitizing and martempering temperatures for various steels

Grade

Austenitizing temperature

Martempering temperature

Oil(a) Salt(b)

�C �F �C �F �C �F

Through-hardening steels

1024 870 1600 135 275 . . . . . .

1070 845 1550 175 350 . . . . . .

1146 815 1500 175 350 . . . . . .

1330 845 1550 175 350 . . . . . .

4063 845 1550 175 350 . . . . . .

4130 845 1550 . . . . . . 205–260 400–500
4140 845 1550 150 300 . . . . . .

4140 830 1525 . . . . . . 230–275 450–525
4340, 4350 815 1500 . . . . . . 230–275 450–525
52100 855 1575 190 375 . . . . . .

52100 845 1550 . . . . . . 175–245 350–475
8740 830 1525 . . . . . . 230–275 450–525

Carburizing steels

3312 815 1500 . . . . . . 175–190 350–375
4320 830 1525 . . . . . . 175–190 350–375
4615 955 1750 190 375 . . . . . .

4720 845 1550 . . . . . . 175–190 350–375
8617, 8620 925 1700 150 300 . . .

8620 855 1575 . . . . . . 175–190 350–375
9310 815 1500 . . . . . . 175–190 350–375

(a) Time in oil varies from 4 to 20 min, depending on section thickness. (b) Martempering temperature depends on shape and mass of parts being
quenched; higher temperatures in range (and sometimes above range) are used for thinner sections and more intricate parts.
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times that required in anhydrous salt at the
same temperature. For example, for a 25 mm
(1 in.) diameter bar martempered in salt at
205 �C (400 �F) with moderate agitation, the
customary immersion time is approximately
1½ to 2 min, whereas approximately 8 to 10 min
are required for the bath to attain temperature
equalization in oil at 205 to 220 �C (400 to
425 �F). The immersion time required in salt
can be reduced by as much as 50% by addition
of 0.5 to 2% water.
Water Additions to Salt. The quenching

severity of a nitrate-nitrite salt can be increased
significantly by careful addition of water. Agi-
tation of the salt is necessary to disperse the
water uniformly, and periodic additions are
needed to maintain required water content.
The water can be added with complete safety
as follows:

� Water can be misted at a regulated rate into a
vigorously agitated area of the molten bath.

� In installations where the salt is pump-
circulated, returning salt is cascaded into
the quench zone. A controlled fine stream
of water can be injected into the cascade of
returning salt.

� The austempering bath can be kept saturated
with moisture by introducing steam directly
into the bath. The steam line should be
trapped and equipped with a discharge to
avoid emptying condensate directly into the
bath.

� Steam addition of water to the bath is done
on baths with operating temperatures above
260 �C (500 �F).

The addition of water to increase the severity of
salt is usually made by directing a stream of
water onto the molten salt at the agitator vortex.
A protective shroud surrounds the water spray
to prevent spattering (see the section “Safety
Precautions” in this article). The turbulence of
the salt carries the water into the bath without
spattering or hazard to the operator. Water
should never be added to a salt bath from a pail
or dipper.
Water is continuously evaporating from the

bath surface, and the rate of evaporation
increases during quenching of hot work. There-
fore, it is necessary to add water periodically to
maintain the water concentration and a uniform
quenching severity. The amount of water to be
added varies with the operating temperature of
the salt, as indicated by the following recom-
mended concentrations:

Temperature

Water concentration, %�C �F

205 400 ½–2
260 500 ½–1
315 600 ¼–½
370 700 ¼

At present, there is no known means of auto-
matically controlling the concentration of water
in molten nitrate-nitrite salt. Water is usually
controlled at the discretion of the operator,
who will add water as needed. On the basis of
experience, however, it is possible to anticipate
the need for water; here, the addition of water
may be simplified by use of timers that can be
adjusted to time the frequency and duration of
water additions.
The presence of water is visually detectable

by the operator because steam is released
when the hot work is immersed into the
nitrate-nitrite salt. The steam causes a visible
mounding of the salt above the quench area,
and there is a characteristic sizzling caused
by the vapor phase.
Besides visual appearance, periodic hardness

checks of the work will indicate the activity of
the bath. A more exact determination can be
made by removing a small quantity of the salt
and weighing it accurately before and after
dehydrating it by heating to 370 to 425 �C
(700 to 800 �F). Another method is to determine
the freezing point of a small sample and to then
refer to a published curve that relates freezing
point to water content for that specific salt.
The use of periodic histograms is another

method for determining the quenching effect
of the marquench bath. Complete statistical
process control is the best method to ensure
consistency of the marquench process.
Agitation of the martempering salt or oil

considerably increases the hardness obtainable
for a given section thickness, in comparison to

that possible in still quenching. This is demon-
strated in Fig. 21, which presents data for
52100 steel that relate section thickness, hard-
ness, and agitation.
In some instances, the rapid cooling pro-

duced by the most vigorous agitation incre-
ases distortion. Thus, mild agitation is often
used in combination with water addition to
obtain minimum distortion without sacrificing
hardness.
Cooling from the martempering bath ordi-

narily is done in still air to avoid large differ-
ences in temperature between the surface and
the interior of the steel. Forced-air cooling by
means of fans is occasionally used on sections
over 19 mm (3/4 in.) thick, but caution is
required if the part varies in section thickness
or has more surface exposed on one section,
such as on threads or serrations, because objec-
tionable amounts of distortion can occur on
rapid cooling through the martensite range.
Generally, cooling of workpieces in cool oil or
water after removal from the martempering
bath is considered undesirable, because cooling
can reestablish thermal gradients and unequal
stress patterns that can increase distortion. In
high-carbon steels, during conventional quench-
ing the component is removed from the quench-
ant at a temperature of approximately 60 �C
(140 �F) and immediately goes to tempering. This
is done to decrease the potential for cracking and
distortion (Ref 8).
Cooling time varies with the mass and den-

sity of the charge, the maximum section thick-
ness of the workpiece, and the ambient air
temperature. Usually, production loads of 365
to 815 kg (800 to 1800 lb) from either continuous
or batch-type furnaces will require 2½ to 5 h to
reach room temperature. Figure 22 shows
the effect of section thickness. As indicated,
the 25 mm (1 in.) diameter sections were
completely cooled in approximately half the
time required for complete cooling of the 75 mm
(3 in.) diameter sections.
After being cooled to room temperature,

martempered parts usually can be held at room

Fig. 20 Martempering time versus section size and
agitation of quench bath for 1045 steel bars.

Effects of bar diameter and agitation of quench bath on
time required for centers of 1045 steel bars to reach
martempering temperature when quenched from a
neutral chloride bath at 845 �C (1550 �F) into anhydrous
nitrate-nitrite martempering salt at 205, 260, and 315 �C
(400, 500, and 600 �F). Length of each bar was three
times the diameter.

Fig. 21 Influence of agitation on surface hardness of
52100 steel in various section thicknesses
martempered in hot salt
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temperature for several hours, and sometimes
days, without risk of cracking, because residual
stresses are low compared to those in conven-
tionally quenched parts. Holding of parts at
room temperature also permits more nearly
complete transformation of steels in which
transformation is sluggish.

Dimensional Control

In many instances, distortion is significantly
lower in martempered parts than in parts hard-
ened by uninterrupted (conventional) quench-
ing. However, prior processing often has a
significant effect on distortion, regardless of
the heat treating method used. Therefore, for
some applications, martempering may fail to
solve distortion problems because excessive
dimensional changes occurred during heating
prior to martempering.
Occasionally, it is necessary to consider the

effects of fabricating stresses that occur during
forging, stamping, rolling, and machining.
When the workpiece is heated, these stresses
can cause a significant amount of distortion.
A process anneal at 650 to 705 �C (1200 to
1300 �F) after rough machining or forming usu-
ally will relieve such stresses. Any resulting
change in the size or shape of the part can then
be corrected by finish machining prior to auste-
nitizing and martempering. During heating, dis-
tortion also can occur as the result of
temperature differences in a part having both
light and heavy sections. This condition is often
corrected by preheating at 650 to 705 �C (1200
to 1300 �F) prior to austenitizing.
Relatively large parts that require extreme

flatness often must be press quenched. For
example, a gear 180 mm (7 in.) in diameter,
13 mm (½ in.) thick at the rim, and with a
6.4 mm (¼ in.) web could not be martempered
with an acceptable degree of flatness. A large
ring gear with internal teeth and a thin wall is
another part for which martempering has been
replaced by press quenching to obtain dimen-
sions within acceptable limits.
The following examples describe specific

situations in which distortion problems have
been encountered. In some instances, the
effects (on identical parts) of martempering

and of oil quenching are presented for
comparison.
Example 2: Comparison of Distortion in

Navy C Specimens after Conventional
Quenching and Martempering. Figure 23
shows data for nine Navy C specimens made
of a high-carbon alloy steel containing
0.95% C, 0.30% Si, 1.20% Mn, 0.50% W,
0.50% Cr, and 0.20% V that were austenitized
for 40 min at 845 �C (1550 �F); three of the
specimens were subjected to conventional
quenching in oil at 60 �C (140 �F), three were
martempered for 2 min in salt at 205 �C
(400 �F), and three were martempered for
2 min in salt at 245 �C (475 �F). Each quench-
ing medium was agitated vigorously. All speci-
mens were tempered to 63 to 64 HRC before
being measured for dimensional changes.
The data accompanying Fig. 23 indicate that

the martempered specimens—especially those
quenched in salt at 245 �C (475 �F)—exhibited
less distortion in every dimension. These test
results indicate that lower stresses result from
martempering than from conventional oil
quenching.
Example 3: Martempering of Bearing

Races for Distortion Control. Bearing races,
215 mm (83/8 in.) in outside diameter by
190 mm (7½ in.) in inside diameter by
130 mm (51/8 in.), made of 52100 steel, were
austenitized in chloride salt at 850 �C
(1560 �F) for 25 min, martempered in salt at
230 �C (450 �F) for 2½ min, and air cooled to
room temperature. The resulting hardness was
63 to 64 HRC. This treatment produced an
average growth of 0.08 mm (0.003 in.) and
an average distortion (out-of-roundness) of
0.25 mm (0.010 in.). Prior to heat treatment,
the machined races had an average out-of-round-
ness of 0.18 mm (0.007 in.). Thus, the average
increase in out-of-roundness was only 0.08 mm
(0.003 in.).
In this application, martempering reduced

grinding time from 50 to 7 min per race by
permitting a reduction in the grinding
stock required for conventionally oil-quenched
parts.
Example 4: Warpage of Oil-Quenched

Rods. Rods 6.4 mm (¼ in.) in diameter by
255 mm (10 in.) long, with a 3.2 mm (1/8 in.)
hole near one end, were made from oil-

hardening drill rod. The requirements were a
hardness of 60 to 62 HRC and maximum warp-
age of 0.25 mm (0.010 in.) (indicator reading
between centers).
The rods were heated by being suspended in

a salt bath at 805 �C (1480 �F), and then were
quenched in oil at 55 �C (135 �F). This treat-
ment produced the required hardness, but warp-
age was excessive (up to 0.76 mm, or 0.030 in.).
The problem was solved by replacing oil quen-
ching with martempering in unagitated salt at
175 �C (350 �F).
Example 5: Martempering of Carburized

Gears to Reduce Distortion. Figure 24 shows
a thin-wall ring gear of 8625 steel, with a flange
on one end, that had to be carburized to a depth
of 1.3 mm (0.050 in.) and hardened. After car-
burizing followed by martempering in oil
at 190 �C (375 �F), out-of-roundness ranged
from 0.43 to 0.66 mm (0.017 to 0.026 in.),
which was not acceptable. The problem was
solved by martempering and then placing the
ring gears over a plug machined to the final
inside diameter of the gear for cooling to
room temperature. This produced acceptable
parts having a maximum runout of 0.09 mm
(0.0035 in.). The runout for eight gears tested
before heat treating and after plug cooling is
indicated in Fig. 24.
Figure 25 indicates the dimensional changes

that occurred when different types and sizes of
gears made of 8625H steel were carburized at
925 �C (1700 �F) to a depth of 1.0 to 1.5 mm
(0.040 to 0.060 in.) and then martempered in
oil at either 165 or 190 �C (325 or 375 �F).
Figure 26 shows the dimensional changes

that were encountered in carburizing and mar-
tempering seven different sizes of automatic-
transmission gears made of 8620H steel.
The gears were martempered in oil at 150 �C
(300 �F). Shrinkage of the largest gear is asso-
ciated with lower core hardness in the consider-
ably heavier section of the gear.
Figure 27 indicates the effects of various

combinations of carburizing and quenching
methods on the dimensions of 25-tooth
reverse-idler gears for power-grader transmis-
sions. All gears were carburized to a depth
of 0.76 to 1.0 mm (0.030 to 0.040 in.). The
smallest dimensional changes occurred in
gears that were liquid carburized and then

Fig. 22 Effect of section thickness on time required
for air cooling of steel after martempering at

190 �C (375 �F). Temperature measurements were made
at the surface. Times can be reduced by approximately
30% by forced fan cooling.

Type of quench

Dimensional change, mm (mil)

A B C D E

Conventional
  (oil at 60 °C, or 140 °F) 0.21

  (8.3)
0.24
  (9.5) 

0.20
  (8.0)

0.61
  (24)

0.075
  (3)

Martempering in salt at

205 °C  (400 °F) 0.137
  (5.2)

0.15
  (6)

0.13
  (5)

0 (0) 0.025
  (1)

245 °C  (475 °F) 0.117
  (4.5)

0.075
  (3)

0.0025
  (0.1)

–0.05
    (–2)

0.025
  (1)

Fig. 23 Dimensional changes in Navy C specimens austenitized at 845 �C (1550 �F) and quenched in three
vigorously agitated media (Example 2). Figure dimensions given in inches
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martempered in salt at 205 �C (400 �F); the
greatest changes occurred in those that were
gas carburized and quenched in agitated oil
at 45 �C (110 �F).
The effect of stress relieving on out-of-

roundness is also indicated in Fig. 27. The
data for bore, teeth, and runout are for gears
that were stress relieved before heat treating.
Example 6: Distortion in Martempering

of 8625 Steel Shafts. Figures 28 and 29 are
histograms of distortion data, in terms of
total indicator readings, for various shafts
made of 8625 steel. The shafts depicted
in Fig. 28 were machined from bar stock,
whereas those in Fig. 29 were forged. All
shafts were carburized at 925 �C (1700 �F)
and martempered in oil at 165 �C (325 �F).
Also, all shafts were in the vertical position
during heat treating—some suspended, and
some supported on one end—as indicated
in Fig. 28 and 29.
Stabilizing after Martempering. Parts such

as shafts, chain-saw guides, washers, and
springs require straightening or reforming after

heat treatment. This is sometimes not feasible
after normal quenching and tempering. How-
ever, after such parts are removed from a mar-
tempering bath, straightening is readily
accomplished, either by hand pressure or in a
die press, while the parts are still essentially
austenitic.
When parts are clamped between plates held

at approximately 150 �C (300 �F), the parts
cool to the temperature of the plate. At this
temperature, depending on the Mf temperature
of the steel, the transformation to martensite
may be only partial, but it is usually near
enough to completion for the part to set perma-
nently before it is removed from the clamped
position. At this temperature, the film of
salt (melting point, approximately 145 �C, or
290 �F) adhering to the part will not freeze,
and therefore, removal of the part from the
clamps or die can be accomplished without
difficulty. The transformation of martensite
is completed during subsequent air cooling
to room temperature, and the part is within
dimensional tolerance.

Fig. 25 Dimensional changes in carburized and martempered gears of 8625H steel (Example 5). All gears were carburized at 925 �C (1700 �F) to a depth of 1.0 to 1.5 mm (0.040
to 0.060 in.) and martempered directly from the carburizing temperature in oil at 165 �C (325 �F). Gears 1, 2, and 5 were measured over 7.32 mm (0.288 in.) diameter
pins; gear 3 over 3.66 mm (0.144 in.) diameter pins; and gear 4 over 8.78 mm (0.3456 in.) diameter pins.

Fig. 26 Dimensional changes in carburized and martempered automatic-transmission gears made of 8620H steel. All gears were carburized at 925 �C (1700 �F) and then
martempered directly from the carburizing temperature in oil at 150 �C (300 �F).

8.5000
6.2500

2.6250 8625

steel

9.1875

Dimensions are in inches

Amount of runout, 0.0001 in.

Before heat

treatment

After heat

treatment

Before heat

treatment

After heat

treatment

8 gears

tested

0

0 10 20 30

Flange

Gear

40

25 50

Amount of runout, µm

75 100

Fig. 24 Control range for 8625 steel ring gears
(Example 5). Eight ring gears made of 8625

steel were carburized to a depth of 1.3 mm (0.050 in.),
martempered in oil at 190 �C (375 �F), and placed on a
plug for cooling to room temperature. Measurements are
total indicator readings.
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Forming after Martempering. Difficult-to-
form materials, such as hot work die steels
(H11) and some martensitic stainless steels
used for missiles, rockets, and high-speed

aircraft, can be accurately formed and hardened
by austenitizing, martempering, and hot form-
ing to shape immediately after they are
extracted from the quench bath, if the

martempering temperature is above the mar-
tensite transformation temperature for the spe-
cific alloy being treated. During hot forming
by rolling, forging, drawing, or extruding, the

Fig. 27 Effects of various carburizing and quenching methods on dimensions of 4620H steel reverse-idler gears for power-grader transmissions. Gears were carburized to a depth
of 0.8 to 1.0 mm (0.030 to 0.040 in.) and quenched to a hardness of 58 to 63 HRC.

Fig. 28 Distortion in martempering (Example 6). Histo-
grams of distortion data on shafts of 8625

steel (machined from bar stock) after carburizing at 925 �C
(1700 �F) and martempering in oil at 165 �C (325 �F).
Shafts were heat treated in the vertical position: the top two
shafts were suspended vertically from the threaded end; the
lower two shafts were supported on one end.

Type of quench

Conventional, oil at
   60 °C (140 °F) 210 83 240 95 205 80 610 240 75 30

130 52 150 60 125 50 0 0 25 10
115 45 75 30 2.5 1 –50 –20 25 10

Martempering in salt at
   205 °C (400 °F)
   245 °C (475 °F)

mm

A B C

Dimensional change

D E
0.0001

in.
0.0001

in.
0.0001

in.
0.0001

in.
0.0001

in.mm mm mm mm

Fig. 29 Distortion in martempering (Example 6). Histograms of distortion data on forged shafts of 8625 steel after
carburizing at 925 �C (1700 �F) and martempering in oil at 165 �C (325 �F). Shafts were supported
vertically on one end during heat treatment.
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metal consists of metastable austenite, which
transforms to martensite on subsequent cooling
to room temperature.
Parts of both simple and complex shape have

been formed in this manner; after being air
cooled to room temperature in or out of the
forming die, the parts will accurately maintain
their as-formed dimensions and yet be in the
fully heat treated condition, requiring only a
subsequent tempering operation.
This method of heat treating and forming has

been successfully applied to sheet and plate that
require nearly perfect flatness. It also has been
used for forming type 420 stainless steel sheet
into cups that require close dimensional toler-
ances and hardness values of 55 to 58 HRC.

Working of metastable H11 that results in defor-
mation of 58 to 94% at 480 �C (900 �F) produces
a 19 to 32% increase in tensile strength.

Applications

Typical applications of martempering in salt
and oil are indicated in Tables 7 and 8, which
list and describe commonly treated steel parts
and give details of martempering procedures
and hardness requirements. From these tables,
it is evident that martempering is used for parts
of diverse shapes, weights, section sizes, and
steel compositions.

Although approximately a third of the appli-
cations in Table 7 and most of the applications
in Table 8 are carburized parts, it is believed
that in current industrial practice the tonnage
of martempered through-hardening steels mark-
edly exceeds that of martempered carburized
steels. However, martempering is especially
appropriate for carburized parts (particularly
for splined shafts, cams, and gears) because
these parts generally are more difficult to grind
and more costly to fabricate, and are made
to closer dimensions, than are parts made of
through-hardening steels.
Special adaptations of martempering are

sometimes employed to achieve desired charac-
teristics and to solve specific problems. Such

Table 7 Typical applications of martempering steel parts in salt

Part Grade

Maximum section
thickness Weight

Martempering conditions

Required hardness, HRC

Temperature of salt

Time in salt, minmm in. kg lb �C �F

Compliant tube 4130 0.8 0.03 0.11 0.25 160(a) 320(a) 5 50(b)
Thrust washer 8740 5.1 0.20 0.05 0.1 230 450 1 52 min(b)
Chain link 1045 5.6 0.22 0.11 0.25 205(c) 400(c) 1 45–50(b)
Cotton-picker spindle(d) Type 410 6.4 0.25 0.05 0.12 315 600(c) 1½ 44–48(b)
Accessory drive shaft 9310(e) 6.4 0.25 0.45 1.0 190 375 2½ 90 (15N scale)
Clutch-adjustment nut 8740 7.6 0.30 0.14 0.3 230 450 2 52 min(b)
Seal ring 52100 7.6 0.30 0.18 0.4 190 375 10 65(b)
Spur pinion 3312(e) 7.6 0.30 0.23 0.5 175 350 1½ 90 (15N scale)
Internal gear 4350 8.9 0.35 0.36 0.8 245 475 2 54 min(b)
Dual gear(f) 4815(e) 9.4 0.37 2.13 4.7 260 500 2 62–63(b)
Drive coupling 4340 10.2 0.40 0.27 0.6 230 450 2½ 52 min(b)
Spline shaft 8720(e) 10.2 0.40 0.50 1.1 190 375 2½ 90 (15N scale)
Arbor sleeve 1117L(e) 10.2 0.40 0.59 1.3 205 400 3 . . .

Screw-machine spindle 8620(e) 10.2 0.40 6.35 14.0 205 400 3 . . .

Driving barrel 4350 12.7 0.50 0.45 1.0 245 475 3 48–52(g)
Bearing race(h) 52100 12.7 0.50 13.2 29.2 220 425 2½ 63–64(b)
Hog knife 9260 15.2 0.60 8.16 18.0 175(i) 350(i) 15 62(b)
Landing-gear spring 6150 19.1 0.75 14.7 32.5 260 500 23/4 56–57(b)
Internal gear 1117L(e) 25.4 1.00 1.36 3.0 205 400 3 . . .

Spur pinion gear(j) 4047 25.4 1.00 16.4 36.2 230(c) 450(c) 3 50–52(k)
Screw-machine sprocket 8620(e) 38.1 1.50 9.07 20.0 205 400 3 . . .

Note: OD, outside diameter; ID, inside diameter. (a) Salt contained 1½% water. (b) As-quenched. (c) Salt contained water. (d) 6.4 mm (¼ in.) diameter by 203 mm (8 in.) long. (e) Carburized. (f) 124 mm (47/8 in.) OD by 32 mm
(1¼ in.) ID by 102 mm (4 in.). (g) Final. (h) 224 mm (8¹³⁄¹6 in.) ID by 251 mm (97/8 in.) OD. (i) Salt contained 1% water. ( j) 19 mm (3/4 in.) OD by 92 mm (55/8 in.) ID by 140 mm (5½ in.). (k) As-quenched hardness of teeth

Table 8 Typical applications of martempering steel parts in oil

Part Grade

Maximum section thickness Outside diameter Weight
Carburizing

temperature, �C

Depth of case
Quenching

temperature, �C
Temperature of

martempering oil(a), �C
Surface

hardness, HRCmm in. mm in. kg lb mm 0.001 in.

Sleeve 52100 3.2 0.125 . . . . . . 0.1 ¼ . . . . . . . . . 790 165 58–59
Spacer plate 1065 3.2 0.125 . . . . . . 0.1 ¼ . . . . . . . . . 790 165 56–57
Bushing 1117 4.8 0.1875 51.0 2.009 0.2 ½ 910 1015–1220 40–48 910 190 58–62

1117 6.4 0.25 76.3 3.0034 0.6 1¼ 910 1015–1220 40–48 910 190 55–60
Shifter rail 1018 9.5 0.375 . . . . . . 1.0 21/8 845(b) 255–455 10–18 845 165 55–60

1018 9.5 0.375 . . . . . . 1.4 31/8 845(b) 355–610 14–24 845 165 55–60
Spur gear 8620 12.7 0.5 320.6 12.620 12.7 28 925 1145–1525 45–60 845 150 55–60
Helical gear 4620H 19.1 0.75 331.5 13.050 16.9 37.2 925 760–1015 30–40 845 150 58–63
Herringbone gear 4820 19.1 0.75 283.2 11.150 16.3 36 925 1145–1525 45–60 845 150 55–61
Shifter rail 1141 25.4 1.0 25.4 1.0 0.9 17/8 885(b) 455–660 18–26 885 165 45–50
Spiral bevel gear 4620 25.4 1.0 210.6 8.29 5.1 11.25 925 1015–1270 40–50 845 150 55 min
Helical pinion 8617H 25.4 1.0 35.8 1.409 0.4 0.9 925 510–710 20–28 845 150 58–63
Spur gear 8625 31.8 1.250 83.8 3.300 4.3 93/8 925 1525–1725 60–68 925 190 58–62

4817H 34.0 1.340 186.7 7.350 8.6 19 925 1400–1780 55–70 845 150 58–63
8625 38.1 1.500 165.1 6.500 2.5 5½ 925 1525–1725 60–68 925 190 58–62

Splined shaft 8625 39.7 1.564 39.7 1.564 2.7 57/8 925 1400–1980 70–78 925 190 58–62
Spur gear 8625 44.4 1.750 108.0 4.250 3.5 73/4 925 1525–1725 60–68 925 165 58–62
Splined shaft 8625 44.4 1.750 44.4 1.750 2.0 4½ 925 1525–1725 60–68 925 190 58–62

8620 50.8 2.000 50.8 2.000 5.1 11¼ 925 1525–1725 60–68 925 165 58–62
8625 65.0 2.559 65.0 2.559 6.8 15 925 1525–1725 60–68 925 165 58–62

Spur gear 8625 84.7 3.3343 245.5 9.667 11.9 26¼ 925 1525–1725 60–68 925 190 58–62

(a) Minimum time in oil, 5 min. (b) Carbonitriding temperature
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modified techniques, however, usually require
that all conditions be closely controlled, lest
still greater problems result. One special tech-
nique that has been employed is described in
the following example.
Example 7: Adaptation of Martempering

Involving a Brief Quench in Brine. A problem
was encountered in obtaining a sufficient depth of
hardness in forged balls made of 52100 steel,
which ranged in diameter from 25 to 65 mm
(1 to 2½ in.). Investigation ruled out both conven-
tional oil quenching and martempering because of
low hardness penetration and the existence of
quenching pearlite (an intermediate transforma-
tion product) in the microstructure.
This problem was solved by preceding mar-

tempering with a brief, timed quench in agi-
tated brine at 23 �C (74 �F). Heat treatment of
the balls then consisted of:

� Austenitizing in salt at 855 �C (1575 �F) for
times ranging from 15 min for 25 mm (1 in.)
diameter balls to 50 min for 64 mm (2½ in.)
diameter balls

� Quenching in agitated brine at 23 �C (74 �F)
for times ranging from 15 s for 25mmdiameter
balls to 40 s for 64 mm diameter balls and
removing parts while hot (above 100 �C, or
212 �F) to accelerate evaporation of moisture

� Martempering in salt at 165 �C (325 �F) for
8 min (all diameters)

� Air cooling
� Tempering at 140 �C (285 �F) for 3 h (all

diameters). By use of this treatment, the
parts were successfully hardened to the
desired depth. Surface hardness values were
as follows:

Diameter of ball

Surface hardness, HRCmm in.

27 11=16 64.0–64.5
29 11/8 64.5–65.5
32 1¼ 63.5–64.5
33 15=16 64.0–64.5
35 13/8 63.0–64.0
38 1½ 63.0–63.5
41 15/8 63.5–64.5
43 111=16 63.0–64.0
44 13/4 63.5–64.5
48 17/8 63.5–64.0
49 115=16 63.5–64.0
54 21/8 61.5–63.5

Selection of Austenitizing
Equipment

Austenitizing of steel prior to martempering
may be done in virtually any furnace.
This phase of the operation has been success-
fully accomplished in furnaces ranging from
small, simple box furnaces to large, fully auto-
mated, high-production installations. Both atmo-
sphere-controlled furnaces and molten salt baths
are widely used. Fluid beds are also being used
to austenitize loads prior to martempering.

The choice of austenitizing equipment
depends mainly on availability, shape and size
of workpieces, production requirements, and
permissible distortion.
Work that is austenitized in a gaseous

atmosphere can be oxidized while being trans-
ferred to an oil or salt martempering furnace.
However, no special considerations are neces-
sary when salt media are used for austenitizing
before martempering in salt, because
chloride salts are compatible with, and are eas-
ily separated from, the martempering bath. The
composition and characteristics of a typical
chloride salt medium are as follows: composi-
tion, 45 to 55% NaCl and 45 to 55% KCl; melt-
ing range, 650 to 675 �C (1200 to 1250 �F);
and working range, 705 to 900 �C (1300 to
1650 �F).
If it is necessary to austenitize in a bath that

contains cyanide, such as a liquid carburizing
bath, the work should be transferred to a neutral
salt (chloride-type) rinse at the austenitizing
temperature prior to martempering in salt.
Direct quenching from a noncyanide-type liquid
carburizing bath is permissible (see the article
“Liquid Carburizing and Cyaniding of Steels” in
this Volume).
Salt bath furnaces for austenitizing (and

neutral rinsing, if used) are most commonly
of the submerged- or immersed-electrode
type, although externally heated pots are also
satisfactory.

Selection of Martempering
Equipment

The furnace used for martempering is essen-
tially a heat exchanger. Its basic functions are
to absorb heat from the work being quenched
and then to dissipate this heat to the surround-
ings to maintain a constant temperature.
In its simplest form, the martempering furnace

consists of a steel pot that contains the oil or
nitrate-nitrite salt and that is heated internally or
externally. Such a simple furnace can be success-
fully used for martempering in limited produc-
tion quantities. For continuous production, more
complex equipment is needed to maintain opti-
mum quenching conditions.
Fuel-fired (usually gas-fired) immersion

tubes, electrodes, or immersion heaters, located
across the back wall and sides of the furnace,
are also used for internal heating. Occasionally,
furnaces are externally heated by fuel or elec-
tricity, but such furnaces are limited to rela-
tively small installations because they are
difficult to control.
With internal heating, furnace size is unlim-

ited and is based on production requirements.
Sizes may range from 0.06 m3 (2 ft3) to lengths
of more than 18 m (60 ft) and depths of more
than 14 m (45 ft).
The operating temperature range for martem-

pering usually is 165 to 595 �C (325 to 1100 �F).
Temperature is measured by one or more

thermocouples (depending on the size of the fur-
nace), which are connected to controlling pyrom-
eters that automatically control temperature
within by actuating the heating or cooling sys-
tems as required.
In continuous production, heat input from the

work usually exceeds heat losses by radiation.
Therefore, arrangements for cooling as well as
for heating the martempering medium are
required. To supplement heat losses by radia-
tion from the surface of the bath, the exterior
surface of the pot may be designed with cooling
fins so that additional heat can be removed by
forcing air through the cooling chamber between
the pot and the casing walls. To increase heat
dissipation, atomized water may be added to
the stream of air. The mixture is then passed
through a heat exchanger placed in the bath.
Agitation of the molten salt greatly improves

the rate at which heat is extracted from the
work. The furnace can be provided with a pro-
peller-type pump that delivers the molten salt
to the quench header into which the hot work
is placed for quenching. By directing the flow
of salt upward or downward through this
quench header, effective control of the quench-
ing severity of the salt is maintained, particu-
larly if the speed of the pump can be varied.
The salt also may be agitated by propeller mix-
ers, centrifugal pumps, or air bubblers located
to produce effective agitation in the quench
area. The use of air bubblers is not recom-
mended because they are not efficient and
may cause carbonate buildup in the bath.
The furnace may have a second chamber in

which the contaminating chlorides of barium,
sodium, and potassium that may be carried over
from the austenitizing salt bath are separated by
gravity from the nitrate-nitrite martempering
salt. Contaminated salt is continuously circu-
lated through the separating chamber, and, with
a drop in salt temperature, more chlorides are
precipitated from solution and settle to the bot-
tom of the separating chamber. Because clarifi-
cation is continuous, a uniform quenching
condition is provided at all times. When work
is austenitized in an atmosphere-controlled fur-
nace, this chamber is not required.
The equipment required for martempering

in hot oil is essentially the same as that for
martempering in salt. Although the operating
temperature range of oil baths is lower (95 to
230 �C, or 200 to 450 �F), the problem of main-
taining a constant bath temperature is the same
for salt.

Examples of Equipment Requirements

Examples of equipment requirements for
several specific operations are given in Tables
9 to 15. Each example is described further as
follows.
Examples in Table 9. The equipment

required for martempering miscellaneous car-
burized parts (70 g to 1.0 kg, or 0.15 to 2.2 lb,
per piece) made from 4024 and 4028 steels,

Martempering of Steels / 377



at a rate of 455 kg/h (1000 lb/h), is listed in
Table 9. Oil at 190 �C (375 �F) was the martem-
pering medium used in this installation.
The parts were carburized at 915 to 925 �C

(1680 to 1700 �F) to a depth of 0.5 to
0.75 mm (0.020 to 0.030 in.) in a radiant-tube,
gas-fired, three-row continuous pusher furnace
with automatic quenching facilities. Parts were
quenched from the final zone at 895 to 905 �C
(1640 to 1660 �F). The carburizing atmosphere
consisted of endothermic gas provided by a gas
generator and 4.8 m3/h (170 ft3/h) of natural gas.
Example in Table 10. In the operation for

which equipment requirements are detailed in
Table 10, oil at 150 �C (300 �F) was used as
the martempering medium. In this operation, a
455 kg (1000 lb) load of 1.5 kg (3.3 lb) parts
made of 8617 steel was quenched from an auto-
matic batch-type furnace.
These parts were carburized to a depth of

1.0 mm (0.040 in.) in a radiant-tube, gas-
fired batch furnace with automatic quenching
facilities. The parts were carburized at 925 �C
(1700 �F) and cooled in the furnace to a quenching
temperature of 845 �C (1550 �F). The carburizing
atmosphere consisted of endothermic gas and
natural gas.
Example in Table 11. Table 11 lists details

of equipment required for salt martempering
1.1 kg (2.5 lb) transmission shafts made of
5040 steel at a rate of 170 kg/h (375 lb/h).
The complete treatment was as follows:

� Austenitize for 35 min in neutral chloride
salt at 845 �C (1550 �F)

� Martemper for 5 min at 260 �C (500 �F)
� Air cool (30 min) to 65 to 95 �C (150 to

200 �F)
� Temper for 45 min at 425 �C (800 �F)
� Air cool (5min) to 95 to 120 �C (200 to 250 �F)
� Wash, rinse, and dry

Hardness after tempering and cooling to
room temperature was 40 to 42 HRC (required
hardness was 38 to 42 HRC).
Example in Table 12. Table 12 lists equip-

ment requirements for salt martempering
0.9 kg (2 lb) gears made of 6150 steel at a rate
of 128 pieces per hour. The gears were austeni-
tized in a 60 kV � A submerged-electrode salt
pot capable of heating 180 kg/h (400 lb/h) to
870 �C (1600 �F). The austenitizing pot
measured 455 by 380 by 760 mm (18 by 15
by 30 in.) and contained 180 kg (400 lb) of
alkali-chloride salt at an operating temperature
of 845 �C (1550 �F). Table 12 gives martem-
pering requirements.
Example in Table 13. Details of a salt mar-

tempering furnace used in a commercial heat treat-
ing plant for quenching up to 180 kg/h (400 lb/h)
are given in Table 13. This salt bath is capable of
being operated at up to 400 �C (750 �F) and there-
fore can also be used for austempering.
Example in Table 14. Table 14 shows

details of a salt martempering bath capable of
cooling 210 kg/h (465 lb/h) from 845 to 260 �C
(1550 to 500 �F). This specific installation is used

exclusively for heat treating piston rings made of
52100 steel.
Example in Table 15. The equipment used

in one installation for martempering aircraft
landing-gear parts made of 4330 steel is
detailed in Table 15. Following martempering,
these parts are tempered at 425 �C (800 �F),
which results in a hardness of 37 to 42 HRC.

Martempering Bath Maintenance

Lack of an established maintenance schedule
may result in loss of process control, damage to
the equipment, or both.

Salt System Maintenance

Because martempering baths vary widely in
design, shape, size, and method of operation,
it is not feasible to set forth a standard mainte-
nance schedule. Manufacturers recommenda-
tions for specific equipment should be
followed; however, typical schedules for main-
taining a salt bath are as follows:

Each 8 h shift:

� Check instruments and thermocouples against
a standard.

Table 9 Equipment requirements for oil martempering carburized parts made of 4024 and
4028 steels

Production requirements

Production rate, kg/h (lb/h) 455 (1000)
Weight of each piece, kg (lb) 70 g–1.0 (0.15–2.2)
Number of pieces per hour Variable

Equipment requirements

Capacity of quench tank, L (gal) 18,925 (5000)
Type of oil Mineral oil (viscosity at 99 �C, or 210 �F; 110 SUS)
Temperature of oil, �C (�F) 190 (375)
Agitation High and low, as required

Table 10 Equipment requirements for oil martempering carburized parts made of 8617
steel

Production requirements

Weight of load, kg (lb) 455 (1000) net
Weight of each piece, kg (lb) 1.5 (3.3)
Number of pieces treated per hour 75

Equipment requirements

Capacity of quench tank, L (gal) 7570 (2000)
Type of oil Mineral oil with additives (viscosity at 38 �C, or 100 �F, 250 SUS)
Temperature of oil, �C (�F) 150 (300)
Agitation Direct flow(a)

(a) Agitation provided by two 3.7 kW (5 hp) motors driving 455 mm (18 in.) propellers at 370 rpm, causing the oil to flow at a rate of 915 mm/s
(36 in./s)

Table 11 Equipment requirements for salt martempering automotive transmission shafts of
5040 steel

Production requirements

Weight of each piece, kg (lb) 1.1 (2.5)
Pieces per fixture 14
Production per hour:
Number of loaded fixtures 10.7
Number of pieces 150
Weight of pieces, kg (lb) 170 (375)

Equipment requirements

Martempering furnace Steel salt pot with resistance immersion heaters (70 kW)
Size of chamber(a) 1.22 m by 510 mm by 560 mm (48 by 20 by 22 in.)
Size of chloride-separating chamber, mm (in.) 380 by 815 by 940 (15 by 32 by 37)
Capacity of salt pot, kg (lb) 3630 (8000)
Type of salt Nitrate-nitrite
Operating temperature. �C (�F) 260 � 3 (500 � 5)
Agitation, kW (hp); mm (in.) One 2.2 (3), 150 (6) propeller pump
Cooling system(b), kW (hp); m3/min (ft3/min) One 0.25 (1/ 3) blower (25.5, or 900)

(a) Total depth of salt was 940 mm (37 in.). (b) Cooling capacity of system was 215 kg/h (475 lb/h) (gross) from 845 to 230 �C (1550 to 450 �F)
without exceeding 230 �C.
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� Check neutrality of austenitizing bath (if salt
containing cyanide is used for austenitizing,
the cyanide content should be less than 2%).

� Remove sludge from martempering bath;
mechanical separators (filter baskets or pans)
eliminate the need for this operation.

� Check salt level.
� Check agitation of bath and adjust as needed.

Weekly:

� Lubricate all moving parts.
� Remove sludge or contamination from the

surface of the immersion heaters (radiant
tubes or electrodes) and from the walls, bot-
tom, and top of the furnace.

Monthly:

� Check operation of all moving parts, such as
blowers and pumps; adjust belt tension and
alignment of shafts.

� Check electrical contacts of all contactors
and relays, and repair as required; examine
all electrical devices for proper operation.

� Remove fallen parts or debris from the
quench header or quench area to avoid
fouling.

� Check heating and cooling facilities.

Semiannually or annually:

� Remove the salt from the furnace and check
the condition of the pot, pumps, and heating
system.

� Clean and repair all electrical parts, such as
contactors, relays, motors, and motor star-
ters. (It is especially important to remove
condensed salt from all terminals and
transformers.)

� Clean and repair all moving parts and lubri-
cate as required.

Oil System Maintenance

Following is a typical procedure for main-
taining a high-temperature (175 to 205 �C, or
350 to 400 �F) oil-quench system:

Daily:

� Observe oil-temperature indicators every
hour; verify the indicated temperature with
a potentiometer each day.

� Check oil level in sight gage to ensure
proper level and function of the automatic
makeup unit.

� Check closed system frequently for proper
pressure of the atmosphere blanket over
the quenching oil; pressure of this blanket
should be equal to furnace-atmosphere
pressure.

� Check oil agitation by either observing
through sight doors and noting if the pump
shaft is operating at the proper speed, or,
preferably, by monitoring the load on the
pump motor.

Table 12 Equipment requirements for salt martempering gears made of 6150 steel

Production requirements

Weight of each piece, kg (lb) 0.9 (2)
Pieces per furnace load 32
Production per hour(a):
Number of pieces 128
Net work load, kg (lb) 116 (256)
Gross furnace load(b), kg (lb) 152 (336)

Equipment requirements

Martempering furnace Immersion-heated salt pot(c)
Size of salt pot, mm (in.) 610 by 380 by 840 (24 by 15 by 33)
Capacity of salt pot, kg (lb) 270 (600)
Type of salt Nitrate-nitrite (2% water added)
Quenching capacity of salt pot, kg/h (lb/h) 180 (400)
Operating temperature, �C (�F) 205 (400)
Agitation Air-operated stirrer

(a) Cycle time, 15 min. (b) Work plus fixtures: each fixture had an empty weight of 9.1 kg (20 lb) and contained eight gears. (c) Salt pot rated at
21 kV � A (3 phase, 60 cycle, 220 to 440 V) for heating to temperature range of 175 to 400 �C (350 to 750 �F); 0.37 kW (0.5 hp) blower (3 phase,
60 cycle, 220 V) used for cooling by driving room-temperature air between wall of pot and exterior shell of furnace

Table 13 Equipment requirements for salt martempering a variety of steel parts

Martempering furnace Steel salt pot
Method of heating, mm (in.) 100 (4) immersion tube fired by natural gas(a)
Rated heat input, kW (Btu/h) 38.4 (131,000)
Operating temperature range(b), �C (�F) 205–400 (400–750)
Capacity of salt pot, kg (lb) 1725 (3800)
Type of salt Nitrate-nitrite
Size of chloride-separating chamber(c) 205 mm by 1.07 m (8 by 42 in.)
Agitation method, kW (hp) 0.19 (¼) propeller mixer
Cooling method(d) Air through immersion tube

(a) Gas rated at 39.12 MJ/m3 (1050 Btu/ft3). (b) Temperature automatically controlled to �3 �C (�5 �F). (c) Depth of salt, 760 mm (30 in.).
(d) Cooling capacity, 180 kg/h (400 lb/h) (gross) from 845 to 260 �C (1550 to 500 �F) without exceeding 260 �C

Table 14 Equipment requirements for salt martempering piston rings made of 52100 steel

Production requirements

Production rate(a):
Gross, kg/h (lb/h) 210 (465)
Net, kg/h (lb/h) 68 (150)

Equipment requirements

Martempering furnace Immersion-heated steel salt pot(b)
Size of work chamber(c), mm (in.) 915 by 455 (36 by 18)
Size of chloride-separating chamber(d), mm (in.) 380 by 785 (15 by 31)
Capacity of salt pot, kg (lb) 1950 (4300)
Type of salt Nitrate-nitrite
Operating temperature of salt pot(e), �C, (�F) 260 (500)
Agitation, kW (hp); mm (in.) One 2.2 (3), 150 (6) propeller pump
Cooling system, kW (hp); m3/min (ft3/min) One 0.25 (1/ 3) blower (25.5, or 900)
Cooling capacity, kg/h (lb/h); �C (�F) 210 (465) (gross) from 845 to 260 (1550 to 500)

(a) Heavy mandrels were used as fixtures to retain shape of piston rings, which accounts for wide difference between gross and net weights. (b) Resis-
tance immersion heaters (60 kW). (c) Depth of salt, 760 mm (30 in.). (d) Depth of salt, 1.04 m (41 in.). (e) Automatically controlled to �3 �C (�5 �F)

Table 15 Equipment requirements for salt martempering aircraft landing-gear parts of
4330 steel

Production requirements

Production per hour, kg (lb) One load of 270 (600)

Equipment requirements

Martempering furnace Immersion-heated steel salt pot(a)
Size of work chamber(b), m (in.) 1.5 by 1.9 (60 by 75)
Capacity of salt pot, kg (lb) 21,850 (48,200)
Type of salt Nitrate-nitrite
Operating temperature of salt pot(c), �C (�F) 205 (400)
Agitation, kW (hp); mm (in.) Two 2.2 (3), 180 (7) propeller agitators
Cooling system Natural draft
Cooling capacity, kg/h (lb/h); �C (�F) 455 (1000) (gross) from 845–205 (1550–400)(d)

Note: Parts were treated as follows: austenitize for 45 to 60 min at 845 �C (1550 �F), martemper for 5 to 7 min at 205 �C (400 �F), air cool to room
temperature, and then temper at 425 �C (800 �F) to produce a hardness of 37 to 42 HRC. (a) Resistance immersion heaters (120 kW). (b) Depth of
salt, 4.72 m (186 in.). (c) Temperature automatically controlled to �3 �C (�5 �F). (d) Maximum temperature rise to 215 �C (415 �F)
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� Check condition of oil on parts emerging
from quench. Undue discoloration or varn-
ishing may indicate deterioration of oil.

� Visually check the performance of gas-fired
immersion-heating tubes.

Weekly:

� Check condition of oil visually and by vis-
cosity testing; record findings on graph to
note trends.

� Check speed of pump shaft with tachometer
to ensure consistent oil flow.

� Check performance of temperature-control
devices through on-off range to ensure posi-
tive control.

� Check thermocouple.
� Check for proper operation and elevations of

quenching mechanism or elevator.
� Check and clean pilot lights.
� Check and clean electrodes in ignition sys-

tem of gas burners.
� Check safety control on gas lines for heating

tubes.
� Check makeup oil supply.
� Check motor-operated venting systems for

proper operation, and remove carbon
buildup to prevent jamming.

Semiannually:

� Drain oil from, and clean, quench tank.
� Operate and inspect functioning of mechani-

cal elements such as elevator, oil pumps, and
adjustable oil deflectors.

� Check gas-fired heating tubes.
� Inspect V-belts for pump drive and agitators;

replace if necessary.
� Check condition of temperature-measuring

system.
� Determine condition of oil by physical and

chemical testing of various properties.

Racking and Handling

The techniques for handling parts to be
martempered may be similar to those for con-
ventional oil quenching. However, racking
and fixturing can be simplified for some
martempering applications because distortion
is less.
Example 8: Elimination of Heavy Fixturing

with Martempering. Extensive fixturing was
required during conventional oil quenching of
shaftlike parts made of 52100 steel. These parts
were approximately 180 mm (7 in.) long and
had a major diameter of 25 mm (1 in.). The fix-
tures weighed approximately the same as the
workload.
A change from conventional quenching to

martempering for 5 min in salt at 245 �C
(475 �F) eliminated the need for the heavy,
expensive fixtures and made it possible to hold
distortion within the required limits. For martem-
pering, the parts were placed vertically in simple

fabricated baskets. This practice also resulted in a
greater “payload.”
The manner in which workpieces enter

the bath generally is less critical in martemper-
ing than in conventional oil quenching.
For example, large flat parts do not dish as
much when martempered. However, the shape
of each part must be considered individually,
and some trial and error often is necessary
before an optimum handling technique can be
developed.
Nesting of small parts can be a problem,

and development of a handling method that
will result in uniform quenching often requires
experimentation. A technique that proved
successful for one application is described
subsequently.
Example 9: Techniques to Improve

Uniform Quenching during Martempering.
Flat blades that were not well suited to fixtur-
ing or wiring had a tendency to nest, which
caused nonuniform quenching during mar-
tempering. This problem was overcome by
use of a pump that directed a heavy flow of
molten salt upward through a perforated metal
basket, which kept the parts separated. This
technique requires that the flow of salt be
regulated to the floating characteristics of the
workpieces.
For fixturing of parts, one of the following

considerations may apply:

� Long, slender parts should be suspended.
� Symmetrical parts, such as bearing races and

cylinders, can be stacked and supported on a
rack or grid.

� Flat parts, such as circular saw blades,
mower blades, and clutch plates, are best
supported on horizontal slotted rods that pro-
vide the necessary separation.

� Coils of wire are supported either vertically
on a spider-type grid or horizontally on sup-
port rods.

� Small parts can be loaded into a perforated
ladle or basket and then dumped into the
quench to obtain intimate quenching of all
parts.

� Fixture design should be simple, free of
welds (if possible), and easy to maintain.
For example, fixtures supporting vertical
stacks of bearing races should be removable
for periodic grinding to maintain flatness.

Proper spacing of workpieces to permit good
flow of the quenchant around each part is an
important consideration in martempering. Also,
the combined weight of workpieces and fixtures
must be limited to the extent that the heat they
contain is insufficient to cause a sharp increase
in the temperature of the quenchant. In this
regard, the size of a salt bath furnace is deter-
mined not only by the physical size of the work
but also by design requirements such as salt-
separating systems, a means for agitation of
the salt, and sufficient area for dissipation of
heat through sidewalls.

Washing the Work

Regardless of the martempering medium
used, the workload should not be washed until
transformation is complete (all portions of
workpieces should be near room temperature).
Martempering salts are completely water

soluble, and any hot-water soaking tank or
spray washer will remove all salt from accessi-
ble areas. Cold water can be used, but its wash-
ing action is much slower.
The speed of washing will depend on

how much hot water unsaturated with salt
flows over the salt-coated surface. Therefore,
agitation will increase the washing action,
and a device such as an open-impeller sump
pump can be used in a soaking tank to direct
a stream of hot water into recessed areas.
Steam jets may be used as supplementary
equipment to remove salt from sections of
intricately shaped parts with difficult-to-reach
recesses for which conventional washing
equipment is inadequate.
Quenching oils often present washing pro-

blems. Martempering oil adheres more tenaci-
ously to workpieces than does conventional
quenching oil because of its higher viscosity,
as high as 1200 Saybolt universal seconds
(SUS) at 38 �C (100 �F), compared with 100
SUS at 38 �C for conventional oil.
Basically, the washing equipment is the same

for both types of quenching oils, but a heavy-
duty cleaner must be used to remove martem-
pering oil. Several proprietary heavy-duty
silicate-alkaline cleaners are available for
cleaning parts martempered in hot oil. Vapor
degreasing and steam cleaning without deter-
gent may be used in special applications.
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Cold and Cryogenic Treatment of Steel
Revised by F. Diekman, Controlled Thermal Processing

COLD TREATNG OF STEEL is widely
accepted within the metallurgical profession as
a supplemental treatment that can be used to
enhance the transformation of austenite to mar-
tensite and to improve stress relief of castings
and machined parts. Common practice identi-
fies –84 �C (–120 �F) as the optimal tempera-
ture for cold treatment. There is evidence,
however, that cryogenic treatment of steel (also
referred to as deep cryogenic treatment, or
DCT), in which material is brought to a temper-
ature on the order of –184 �C (–300 �F),
improves certain properties beyond the
improvement attained at cold treatment tem-
peratures. This discussion explains the practices
employed in the cold treatment of steel and pre-
sents some of the results of using cryogenic
treatment to enhance steel properties.

Cold Treatment of Steel

Cold treatment of steel consists of exposing
the ferrous material to subzero temperatures to
either impart or enhance specific conditions or
properties of the material. Increased strength,
greater dimensional or microstructural stability,
improved wear resistance, and relief of residual
stress are among the benefits of the cold treat-
ment of steel. Generally, one hour of cold treat-
ment for each 2.54 cm (1 in.) of cross section is
adequate to achieve the desired results.
All hardened steels are improved by a proper

subzero treatment to the extent that there will
be less tendency to develop grinding cracks
and therefore they will grind much more easily
after the elimination of the retained austenite
and the untempered martensite.

Hardening and Retained Austenite

Whenever hardening is to be done during
heat treating, complete transformation from
austenite to martensite generally is desired prior
to tempering. From a practical standpoint, how-
ever, conditions vary widely, and 100% trans-
formation rarely, if ever, occurs. Cold treating
may be useful in many instances for improving
the percentage of transformation and thus for
enhancing properties.

During hardening, martensite develops as a
continuous process from start (Ms) to finish
(Mf) through the martensite formation range.
Except in a few highly alloyed steels, martens-
ite starts to form at well above room tem-
perature. In many instances, transformation
essentially is complete at room temperature.
Retained austenite tends to be present in vary-
ing amounts, however, and when considered
excessive for a particular application, must be
transformed to martensite and then tempered.
Cold Treating versus Tempering. Immedi-

ate cold treating without delays at room temper-
ature or at other temperatures during quenching
offers the best opportunity for maximum trans-
formation to martensite. In some instances,
however, there is a risk that this will cause
cracking of parts. Therefore, it is important to
ensure that the grade of steel and the product
design will tolerate immediate cold treating
rather than immediate tempering. Some steels
must be transferred to a tempering furnace
when still warm to the touch to minimize the
likelihood of cracking. Design features such as
sharp corners and abrupt changes in section cre-
ate stress concentrations and promote cracking.
In most instances, cold treating is not done

before tempering. In several types of industrial
applications, tempering is followed by deep
freezing and retempering without delay. For
example, such parts as gages, machineways,
arbors, mandrils, cylinders, pistons, and ball
and roller bearings are treated in this manner
for dimensional stability. Multiple freeze-draw
cycles are used for critical applications.
Cold treating also is used to improve wear

resistance in such materials as tool steels,
high-carbon martensitic stainless steels, and
carburized alloy steels for applications in which
the presence of retained austenite may result in
excessive wear. Transformation in service may
cause cracking and/or dimensional changes that
can promote failure. In some instances, more
than 50% retained austenite has been observed.
In such cases, no delay in tempering after cold
treatment is permitted, or cracking can develop
readily.
Process Limitations. In some applications in

which explicit amounts of retained austenite are
considered beneficial, cold treating might be
detrimental. Moreover, multiple tempering,

rather than alternate freeze-temper cycling,
generally is more practical for transforming
retained austenite in high-speed and high-car-
bon/high-chromium steels.
Hardness Testing. Lower-than-expected

Rockwell C hardness (HRC) readings may indi-
cate excessive retained austenite. Significant
increases in these readings as a result of cold
treatment indicate conversion of austenite to
martensite. Superficial hardness readings, such
as HR15N, can show even more significant
changes.
Precipitation-Hardening Steels. Specifica-

tions for precipitation-hardening steels may
include a mandatory deep freeze after solution
treatment and prior to aging.
Shrink Fits. Cooling the inner member of a

complex part to below ambient temperature
can be a useful way of providing an interfer-
ence fit. Care must be taken, however, to avoid
the brittle cracking that may develop when the
inner member is made of heat treated steel with
high amounts of retained austenite, which con-
verts to martensite on subzero cooling.

Stress Relief

Residual stresses often contribute to part fail-
ure and frequently are the result of temperature
changes that produce thermal expansion and
phase changes, and consequently, volume
changes.
Under normal conditions, temperature gradi-

ents produce nonuniform dimensional and vol-
ume changes. In castings, for example,
compressive stresses develop in lower-volume
areas, which cool first, and tensile stresses
develop in areas of greater volume, which cool
last. Shear stresses develop between the two
areas. Even in large castings and machined
parts of relatively uniform thickness, the sur-
face cools first and the core last. In such cases,
stresses develop as a result of the phase (vol-
ume) change between those layers that trans-
form first and the center portion, which
transforms last.
When both volume and phase changes occur

in pieces of uneven cross section, normal con-
tractions due to cooling are opposed by trans-
formation expansion. The resulting residual
stresses will remain until a means of relief is
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applied. This type of stress develops most fre-
quently in steels during quenching. The surface
becomes martensitic before the interior does.
Although the inner austenite can be strained to
match this surface change, subsequent interior
expansions place the surface martensite under
tension when the inner austenite transforms.
Cracks in high-carbon steels arise from such
stresses.
The use of cold treating has proved beneficial

in stress relief of castings and machined parts of
even or nonuniform cross section. Features of
the treatment include:

� Transformation of all layers is accomplished
when the material reaches –84 �C (–120 �F).

� The increase in volume of the outer martens-
ite is counteracted somewhat by the initial
contraction due to chilling.

� Rewarm time is controlled more easily than
cooling time, allowing equipment flexibility.

� The expansion of the inner core due to trans-
formation is balanced somewhat by the
expansion of the outer shell.

� The chilled parts are handled more easily.
� The surface is unaffected by low

temperature.
� Parts that contain various alloying elements

and that are of different sizes and weights
can be chilled simultaneously.

Advantages of Cold Treating

Unlike heat treating, which requires that tem-
perature be controlled precisely to avoid rever-
sal, successful transformation through cold
treating depends only on the attainment of the
minimum low temperature and is not affected
by lower temperatures. As long as the material
is chilled to –84 �C (–120 �F), transformation
will occur; additional chilling will not cause
reversal.
Time at Temperature. After thorough chill-

ing, additional exposure has no adverse effect.
In heat treating, holding time and temperature
are critical. In cold treatment, materials of dif-
ferent compositions and of different configurations
may be chilled at the same time, even though
each may have a different high-temperature trans-
formation point. Moreover, the warm-up rate of
a chilled material is not critical as long as
uniformity is maintained and large temperature
gradient variations are avoided.
The cooling rate of a heated piece, however,

has a definite influence on the end product. For-
mation of martensite during solution heat treat-
ing assumes immediate quenching to ensure
that austenitic decomposition will not result in
the formation of bainite and cementite. In large
pieces comprising both thick and thin sections,
not all areas will cool at the same rate. As a
result, surface areas and thin sections may be
highly martensitic, and the slower-cooling core
may contain as much as 30 to 50% retained
austenite. In addition to incomplete transforma-
tion, subsequent natural aging induces stress

and also results in additional growth after
machining. Aside from transformation, no other
metallurgical change takes place as a result of
chilling. The surface of the material needs no
additional treatment. The use of heat frequently
causes scale and other surface deformations that
must be removed.

Equipment for Cold Treating

A simple home-type deep freezer can be used
for transformation of austenite to martensite.
Temperature will be approximately –18 �C
(0 �F). In some instances, hardness tests can
be used to determine if this type of cold treating
will be helpful. Dry ice placed on top of the
work in a closed, insulated container also is
commonly used for cold treating. The dry ice
surface temperature is –78 �C (–109 �F), but
the chamber temperature normally is approxi-
mately –60 �C (–75 �F).
Mechanical refrigeration units with circulat-

ing air at approximately –87 �C (–125 �F) are
commercially available. A typical unit has these
dimensions and operational features:

� Chamber volume, up to 2.7 m3 (95 ft3)
� Temperature range, 5 to –95 �C (40 to

–140 �F)
� Load capacity, 11.3 to 163 kg/h (25 to

360 lb/h)
� Thermal capacity, up to 8870 kJ/h

(8400 Btu/h)

Although liquid nitrogen at –195 �C (–320 �F)
may be employed, it is used less frequently
than any of the previous methods because of
its cost.

Cryogenic Treatment of Steels

Cryogenic treatment, also referred to as cryo-
genic processing, deep cryogenic processing,
deep cryogenic treatment (DCT), cryogenic
tempering, and deep cryogenic tempering, is a
distinct process that uses extreme cold to mod-
ify the performance of materials. (The use of
the word tempering is a misnomer, because this
is not a tempering process.)
The process is differentiated from cold treat-

ment by the use of lower temperatures, the
presence of distinct time/temperature profiles,
and its application to materials other than steel
(Ref 1). Cryogenic treatment has been in exis-
tence only since the late 1930s, making it a rel-
atively new and emerging process. The late
development of the process is mainly due to
the fact that cryogenic temperatures have been
available in useful commercial quantities only
since the early 1900s.
Cryogenic treatment can provide wear-resis-

tance increases several times those created by
cold treatment with hardened steels (Ref 2).
The process is not confined to hardened steels,
but also shows results with most metals,

cemented carbides, and some plastics (Ref 3–
5). Use of the process on metals other than steel
produces similar affects as with steel. Results of
the process include relief of residual stresses
(Ref 6); reduced retained austenite (in hardened
steel); the precipitation of fine carbides in fer-
rous metals (Ref 7, 8); and increased wear
resistance, fatigue life, hardness, dimensional
stability, thermal and electrical conductivity,
and corrosion resistance (Ref 9).
What are cryogenic temperatures? The scien-

tific community generally defines cryogenic
temperatures as temperatures below �150 �C
(�238 �F, or 123 K) (Ref 10). This, admittedly,
is an artificial upper limit. Temperatures used
presently in cryogenic treatment are generally
–185 �C (–300 �F, or 89 K). These are tempera-
tures easily reached with liquid nitrogen. Some
work is being done with liquid helium at tem-
peratures down to –268 �C (–450 �F, or approx-
imately 6 K).
Cryogenic treatment was made easier to

achieve and more successful by the develop-
ment of microprocessor-based temperature con-
trols in the 1960s and 1970s and by the
pioneering research by Randall Barron of
Louisiana Tech University. Research into the
process has been accelerating. The Cryogenic
Society of America maintains a database of
peer reviewed research papers (Ref 11).

Cryogenic Treatment Cycles

One distinct difference from cold treatment
is that cryogenic processing requires a slow
drop in temperature in order to reap all benefits
of the process. The ramp down in temperature
usually is on the order of 0.25 to 0.5 �C/min
(32.5 to 32.9 �F/min). The object of this slow
ramp down is to avoid high-temperature gradi-
ents in the material that can create harmful
stresses, and to allow time for the crystal lattice
structure to accommodate the changes that are
occurring.
Typical cryogenic treatment consists of a

slow cool-down from ambient temperature to
approximately –193 �C (–315 �F), where it is
held for an appropriate time. Hold periods
range from 4 to 48 h depending on the material.
At the end of the hold period, the material is
brought back to ambient temperature at a rate
of approximately 2.5 �C/min (36.5 �F/min).
The temperature-time plot for this cryogenic
treatment cycle is shown in Fig. 1. By conduct-
ing the cool-down cycle in gaseous nitrogen,
temperature can be controlled accurately,
and thermal shock to the material is avoided.
Single-cycle tempering usually is performed
after cryogenic treatment to improve impact
resistance, although double or triple tempering
cycles sometimes are used.
It is worthy of note that most time-tempera-

ture profiles have been empirically developed.
Some research is being done to optimize the
profiles for individual steels. For instance, some
research indicates the holding time for AISI
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T42 steel should not be longer than 8 h
(Ref 12). In contrast, research indicates that
the hold time should be 36 h for AISI D2 (Ref
13). This indicates there is much research to
be done to optimize the process for all materi-
als. Research into the optimal ramp down
times, hold times, and ramp up times would
maximize the effect of the process and mini-
mize the time needed to accomplish its results.
There are several theories behind the effects

of cryogenic treatment. One theory involves
the more nearly complete transformation of
retained austenite into martensite. This
theory has been verified by x-ray diffraction
measurements. Another theory is based on
the strengthening of the material brought
about by precipitation of submicroscopic car-
bides as a result of the cryogenic treatment
(Ref 7, 8). Allied with this is the reduction
in internal stresses in the martensite that hap-
pens when the submicroscopic carbide precip-
itation occurs. A reduction in microcracking
tendencies resulting from reduced internal
stresses also is suggested as a reason for
improved properties. Studies also show reduc-
tion in residual stresses. Another theory postu-
lates that the extreme cold reduces the
free energy of the crystal structure and creates
a more orderly structure. Another area to con-
sider is the basic effect of cold on the crystal
structure of metals. Point defects in the crystal
structure are temperature dependent. Lower-
ing the temperature of the crystal structure
will cause the number of point defects in the
crystal structure to change according to:

Nd ¼ N exp �Ed=kTð Þ

where Nd is the number of defects present, N is
the total number of atomic sites, Ed is the acti-
vation energy needed to form the defect, k is
the Boltzmann constant, and T is the absolute
temperature. Reducing the temperature at a
suitably slow rate drives the point defects
out of the structure to the grain boundaries. In
other words, the solubility of vacancies and
other point defects in the matrix drops. This
could account for some of the effects seen
in DCT.
In the past, the absence of a clear-cut under-

standing of the mechanism by which cryogenic
treatment improves performance had hampered
its widespread acceptance by metallurgists.
Some confusion has arisen from the fact that
there are a number of different effects on
metals, many of which cannot be seen in simple
microstructural examination of the material
with a light microscope. The lack of easily
detected microstructural changes led many to
discount the process. Another reason was the
generally accepted belief that nothing happens
to solid objects as the temperature drops.
Extreme cold has been available on earth only
for about 100 years. Understanding of materials
science developed with the observation that
heat changes properties. Much of the early
research was centered around determining
whether or not cryogenic treatment actually
provided the advantages claimed. Because the
early research and actual industry usage have
proven the validity of the process, research

now is turning to determine why the results
are seen and how to maximize those results.

Uses of Deep Cryogenic Treatment

Deep cryogenic treatment is used in many
ways to reduce wear. It is in common use to
control distortion of metal objects, modify the
vibrational characteristics of metals, increase
fatigue life, reduce abrasive wear, and reduce
electrical resistance. It is safe to say the appli-
cations for this process are extremely broad.
The process is in commercial use for high-

speed steel (HSS) and carbide cutting tools,
knives, blanking tools, forming tools, and more.
Research as far back as 1973 indicates that deep
cryogenic processing results in over three times
life increase in end mills, 82 times life improve-
ment in punches, over two times the life in
thread dies, six times the life in copper resistance
electrodes, six times the life in progressive dies,
and over four to five times the life in broaches
(Ref 2). Research estimates a 50% reduction
in tooling costs with H13 and M2 steels that
have been deep cryogenically treated (Ref 14).
Other studies have shown that DCT increases

abrasion resistance of cast iron. Cast iron brake
rotors consistently show a three to five times
life increase when tested to SAE2707 brake
dynamometers (Ref 15). This has been validated
against real-world experience in passenger cars,
racing cars, trucks, and mining vehicles.
Deep cryogenic treatment also has been

proven to create a phase change in cemented
carbide (Ref 5). A study by the National Aero-
nautics and Space Administration (NASA)
proved the release of residual stresses in welded
aluminum (Ref 6), and other studies prove
increases in fatigue life in steel springs (Ref
16) and in load capacity of gears (Ref 17).
Deep cryogenic treatment is used in the auto-

motive racing industry to increase life in virtually
every engine component. Drive line components
such as transmission and differential gears, sus-
pension springs, torsion bars, axles, suspension
members, and, of course, brakes are treated.
Deep cryogenic treatment also is in commer-

cial use by musical instrument makers. Yamaha
Wind Instruments has done extensive testing of
DCT and offers the process on its wind instru-
ments (Ref 18). There is much activity in the
high-performance stereo industry in treating
vacuum tubes, wire, power cords, vacuum
tubes, transformers, connectors, and more.

Equipment for Cryogenic Treatment

All cryogenic treatment equipment is com-
prised of a thermally insulated container and
some means of extracting the latent heat of
the payload to reach the desired low tempera-
ture. In most cases the insulation is a solid
material that contains small closed cells of
trapped still air. The thermal conductivity of
such insulation essentially is that of still, non-
convecting air, assuming that the solid material

Fig. 1 Plot of temperature vs. time for the cryogenic treatment cycle. Tempering may or may not be necessary,
depending on the material treated. Some materials require multiple tempering cycles. Some companies are
now treating materials down to –268 �C (–450 �F, or 6 K)
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that encloses the air pockets is of thin cross sec-
tion and low conductivity. \Examples are poly-
urethane foam, aerogel, and expanded glass
foam. Fifteen centimeters (6 in.) of any of these
will conduct approximately (15 Btu/h.ft2)
across a temperature differential of 204 �C
(400 �F), which exists between the interior of
a refrigerator at –195 �C (–320 �F) and ambient
temperature of 26 �C (80 �F).
These solid insulating materials are relatively

inexpensive and, in the case of foamed-in-place
polyurethane, can readily fill irregularly shaped
cavities. They all suffer from one important
drawback: temperature cycling establishes a
temperature gradient across the insulating slab
that results in differential contraction in the
material. Repeated temperature cycles ulti-
mately result in fatigue cracking of the insula-
tion. Energy expenditure to sustain the
temperature difference goes up, and tempera-
ture uniformity within the refrigerator may
deteriorate.
The use of vacuum insulation in cryoproces-

sor design avoids these problems. A vacuum
insulated container consists of two concentric
shells, usually cylindrical, separated by a small
distance relative to their diameters, which are
joined around the perimeter of one end of the
shells. The space between the shells contains
reflective insulation and is evacuated to a pres-
sure of approximately 533 Pa (10–6 torr). This
essentially eliminates heat flow by conduction
and convection because most of the conducting
or convecting gas has been removed. Heat gain
via infrared radiation is minimized by multiple
reflective layers placed in the vacuum space.
Heat flow across a vacuum-insulated space,
given a temperature difference across the walls
of 204 �C (400 �F), is (0.008 Btu/h.ft2), a factor
of 1900 better than solid insulation of 15 cm
(6 in.) thickness (Ref 19). The principle mode
of heat transmission into the interior of a vac-
uum-insulated container is metallic conduction
through the perimeter that joins the inner and
outer shells.
In addition to providing a barrier to heat

flow relative to solid insulation, the vacuum-
insulated vessel is immune to thermal cycling
fatigue. Additionally, the vacuum-insulated
vessel can sustain elevated operating tempera-
tures far in excess of that permissible with the
use of polyurethane. This permits the post-
refrigeration tempering of components in one
device, eliminating the need for a separate tem-
pering oven.
Heat extraction from the payload is effected

by the phase change of a low-boiling-point
fluid. If mechanical refrigeration is used, a
high-pressure fluid is allowed to expand and
become a gas within an evaporator coil inside
the insulated space. The evaporator coil is a
heat exchanger that absorbs heat from the pay-
load via convection, natural or forced, within
the chamber. This ensures the relatively slow
cooling of the payload and avoids thermal
shock resulting from too rapid cooling. Rapid
cooling can cause shrinkage of the outside of

the cooled component while the relatively
warm interior does not shrink. Tensile stress
induced this way can lead to cracking or the ini-
tiation of residual stress, especially at sharp
edges. Reaching cryogenic temperatures by
mechanical refrigeration for industrial size pay-
loads requires multistage refrigeration. These
are very expensive machines to build and
maintain.
Fortunately, liquid nitrogen is abundant,

readily available, and relatively inexpensive. It
has a boiling point of –196 �C (–321 �F) and
a heat of vaporization of approximately
150 Btu/liter. It is produced in huge industrial
gas production facilities and delivered to the
facility where the expansion and phase change
occurs, free of the capital and maintenance
expense demanded by in-house mechanical
refrigerators.
Two other approaches have been tried but

have difficulties: a hybrid of mechanical
refrigeration and LN2 (liquid nitrogen) cooling,
and a controlled immersion of components into
LN2.
The hybrid approach uses mechanical refrig-

eration to do an initial cooling of the payload to
some sub-atmospheric temperature that is well
above the desired cryogenic range. At that point
a spray of LN2 droplets is showered onto the
payload to bring the temperature down to the
desired point. Unless the mechanical refrigera-
tion has sufficient Btu removal rate, the payload
will be substantially warmer than indicated by
the thermocouple that monitors chamber tem-
perature. This causes the LN2 spray to come
on prematurely, with the resultant rapid cooling
of parts and the increased possibility of
cracking.
The controlled immersion of components

into LN2 has been tried in two versions: the
payload is lowered slowly into a pool of LN2,
or a chamber is slowly flooded with LN2 so
the liquid level rises to and eventually covers
the payload.
Both versions suffer from a serious weakness

arising from the effects of fundamental physics.
First, the temperature gradient above a pool of
LN2 is very steep. Second, the rate of heat
transport between warm solid and a cold gas
at –195 �C (–320 �F) is much slower than the
rate between the same warm solid and a liquid
at –195 �C. Therefore, in either of the above
versions, a slow decrease in the distance separ-
ating the part and the liquid does not ensure a
slow rate of cooling of the part. The risk of
thermal shock is increased by the steep temper-
ature gradient above the liquid and the sudden
increase in the heat transfer rate when liquid
contact is made.
Cryogenic treatment is a process that holds

great promise to modify and improve products
in many markets, including reducing wear and
extending the service life of many components.
Continuing research efforts are being underta-
ken to understand the underlying science of
DCT so process improvements can be made
and the technology advanced.
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Introduction to Surface
Hardening of Steels*
Revised by Michael J. Schneider, The Timken Company, and Madhu S. Chatterjee, Bodycote

SURFACE HARDENING, a process that
includes a wide variety of techniques (Table 1),
is used to improve the wear resistance of parts
without affecting the more soft, tough interior of
the part. This combination of hard surface and
resistance to breakage upon impact is useful in
parts such as a cam or ring gear, bearings or shafts,
turbine applications, and automotive components
that must have a very hard surface to resist wear,
along with a tough interior to resist the impact that
occurs during operation. Most surface treatments
result in compressive residual stresses at the sur-
face that reduce the probability of crack initiation
and help arrest crack propagation at the case-core
interface. Further, the surface hardening of steel

can have an advantage over through hardening
because less expensive low-carbon and medium-
carbon steels can be surface hardened with mini-
mal problemsof distortion and cracking associated
with the through hardening of thick sections.
There are two distinctly different approaches

to the various methods for surface hardening
(Table 1):

� Methods that involve an intentional buildup
or addition of a new layer

� Methods that involve surface and subsurface
modification without any intentional buildup
or increase in part dimensions

The first group of surface-hardening methods
includes the use of thin films, coatings, or weld
overlays (hardfacings). Films, coatings, and
overlays generally become less cost-effective
as production quantities increase, especially
when the entire surface of workpieces must be
hardened. The fatigue performance of films,
coatings, and overlays may also be a limiting
factor, depending on the bond strength between
the substrate and the added layer. Fusion-
welded overlays have strong bonds, but the pri-
mary surface-hardened steels used in wear
applications with fatigue loads include heavy
case-hardened steels and flame- or induction-
hardened steels. Nonetheless, coatings and
overlays can be effective in some applications.
With tool steels, for example, TiN and Al2O3

coatings are effective not only because of their
hardness but also because their chemical inert-
ness reduces crater wear and the welding of
chips to the tool. Some overlays can impart cor-
rosion-resistant properties. Overlays can be
effective when the selective hardening of large
areas is required.
This introductory article on surface harden-

ing focuses exclusively on the second group
of methods, which is further divided into diffu-
sion methods and selective-hardening methods
(Table 1). Diffusion methods modify the

chemical composition of the surface with hard-
ening species such as carbon, nitrogen, or
boron. Diffusion methods may allow effective
hardening of the entire surface of a part and
are generally used when a large number of parts
are to be surface hardened. In contrast, selective
surface-hardening methods allow localized hard-
ening. Selective hardening generally involves
transformation hardening (from heating and
quenching), but some selective-hardening meth-
ods (selective nitriding, ion implantation, and
ion beam mixing) are based solely on composi-
tional modification. Factors affecting the choice
of these surface-hardening methods are dis-
cussed in the section “Process Selection” in this
article.

Diffusion Methods of
Surface Hardening

As previously mentioned, surface hardening
by diffusion involves the chemical modification
of a surface. The basic process used is thermo-
chemical because some heat is needed to
enhance the diffusion of hardening elements
into the surface and subsurface regions of a
part. The depth of diffusion exhibits a time-
temperature dependence such that:

Case depth ¼ K
ffiffiffiffiffiffiffiffiffiffiffi
Time
p

(Eq 1)

where the diffusivity constant, K, depends on
temperature, the chemical composition of the
steel, and the concentration gradient of a given
hardening element. In terms of temperature, the
diffusivity constant increases exponentially as a
function of absolute temperature. Concentration
gradients depend on the surface kinetics and
reactions of a particular process.
Methods of hardening by diffusion include

several variations of hardening elements (such
as carbon, nitrogen, or boron) and of the
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Table 1 Engineering methods for surface
hardening of steels

Layer additions

� Hardfacing:
¡ Fusion hardfacing (welded overlay)
¡ Thermal spray (nonfusion-bonded overlay)

� Coatings:
¡ Electrochemical plating
¡ Chemical vapor deposition (electroless plating)
¡ Thin films (physical vapor deposition, sputtering, ion

plating)
¡ Ion mixing

Substrate treatment
� Diffusion methods:

¡ Carburizing
¡ Nitriding
¡ Carbonitriding
¡ Nitrocarburizing
¡ Boriding
¡ Titanium-carbon diffusion
¡ Toyota diffusion process

� Selective-hardening methods:
¡ Flame hardening
¡ Induction hardening
¡ Laser hardening
¡ Electron beam hardening
¡ Ion implantation
¡ Selective carburizing and nitriding
¡ Use of arc lamps



process method used to handle and transport the
hardening elements to the surface of the part.
Process methods for exposure involve the
handling of hardening species in forms such
as gas, liquid, or ions. These process variations
naturally produce differences in typical case
depth and hardness (Table 2). Factors influen-
cing the suitability of a particular diffusion
method include the type of steel (Fig. 1), the
desired case hardness (Fig. 2), case depth
(Fig. 3), the desired case profile, and cost.
It is also important to distinguish between

total case depth and effective case depth. The
effective case depth is typically about two-
thirds to three-fourths the total case depth.
(In some cases, the depth to the hardness value
of 50 HRC or five points lower than the surface
hardness is also specified.) The required

effective depth and the measurement technique
must be specified so that the heat treater can
process the parts for the correct time at the
proper temperature.

Carburizing and Carbonitriding

Carburizing is the addition of carbon to the
surface of low-carbon steels at temperatures
(generally between 850 and 980 �C, or 1560
and 1800 �F) at which austenite, with its high
solubility for carbon, is the stable crystal struc-
ture. With grades of steel engineered to resist
grain coarsening at high temperatures and
properly designed furnaces such as vacuum fur-
naces, carburizing above 980 �C (1800 �F) is
practical to dramatically reduce carburizing time.

Hardening is accomplished when the high-carbon
surface layer is quenched to form martensitic case
with good wear and fatigue resistance superim-
posed on a tough, low-carbon steel core. Of the
various diffusion methods (Table 2), gas carburi-
zation is the most widely used, followed by gas
nitriding and carbonitriding.
Case hardness of carburized steels is primar-

ily a function of carbon content. When the car-
bon content of the steel exceeds approximately
0.65%, additional carbon has no effect on hard-
ness but does enhance hardenability. Carbon in
excess of 0.65% may not be dissolved, which
would require high temperatures to ensure
carbon-austenite solid solution. Higher levels of
carbon in the case will impact microstructural
properties that can enhance performance charac-
teristics such as wear, sliding contact fatigue,

Table 2 Typical characteristics of diffusion treatments

Process Nature of case

Process temperature

Typical case depth Case hardness, HRC Typical base metals Process characteristics�C �F

Carburizing

Pack Diffused carbon 815–1090 1500–2000 125 mm–1.5 mm
(5–60 mils)

50–63(a) Low-carbon steels,
low-carbon alloy steel

Low equipment costs; difficult to control
case depth accurately

Gas Diffused carbon 815–980 1500–1800 75 mm–1.5 mm
(3–60 mils)

50–63(a) Low-carbon steels,
low-carbon alloy steels

Good control of case depth; suitable for
continuous operation; good gas controls
required; can be dangerous

Liquid Diffused carbon and
possibly nitrogen

815–980 1500–1800 50 mm–1.5 mm
(2–60 mils)

50–65(a) Low-carbon steels,
low-carbon alloy steels

Faster than pack and gas processes; can
pose salt disposal problem; salt baths
require frequent maintenance

Vacuum/LPC Diffused carbon 815–1090 1500–2000 75 mm–1.5 mm
(3–60 mils)

50–63(a) Low-carbon steels,
low-carbon alloy steels

Excellent process control; bright parts;
faster than gas carburizing; high
equipment costs

Nitriding

Gas/LPN Diffused nitrogen,
nitrogen
compounds

480–590 900–1100 125 mm–0.75 mm
(5–30 mils)

50–70 Alloy steels, nitriding steels,
stainless steels

Hardest cases from nitriding steels;
quenching not required; low distortion;
process is slow; is usually a batch
process

Salt Diffused nitrogen,
nitrogen
compounds

510–565 950–1050 2.5 mm–0.75 mm
(0.1–30 mils)

50–70 Most ferrous metals
including cast irons

Usually used for thin hard cases < 25 mm
(1 mil); no continuous white layer;
most are proprietary processes

Ion Diffused nitrogen,
nitrogen
compounds

340–565 650–1050 75 mm–0.75 mm
(3–30 mils)

50–70 Alloy steels, nitriding steels,
stainless steels

Faster than gas nitriding; no white layer;
high equipment costs; close case
control

Carbonitriding

Gas Diffused carbon and
nitrogen

760–870 1400–1600 75 mm–0.75 mm
(3–30 mils)

50–65(a) Low-carbon steels,
low-carbon alloy steels,
stainless steels

Lower temperature than carburizing (less
distortion); slightly harder case than
carburizing; gas control critical

Liquid (cyaniding) Diffused carbon and
nitrogen

760–870 1400–1600 2.5–125 mm
(0.1–5 mils)

50–65(a) Low-carbon steels Good for thin cases on noncritical parts;
batch process; salt disposal problems

Ferritic
nitrocarburizing

Diffused carbon and
nitrogen

565–675 1050–1250 2.5–25 mm
(0.1–1 mil)

40–60(a) Low-carbon steels Low-distortion process for thin case on
low-carbon steel; most processes are
proprietary

Other

Aluminizing (pack) Diffused aluminum 870–980 1600–1800 25 mm–1 mm
(1–40 mils)

< 20 Low-carbon steels Diffused coating used for oxidation
resistance at elevated temperatures

Siliconizing by
chemical vapor
deposition

Diffused silicon 925–1040 1700–1900 25 mm–1 mm
(1–40 mils)

30–50 Low-carbon steels For corrosion and wear resistance,
atmosphere control is critical

Chromizing by
chemical vapor
deposition

Diffused chromium 980–1090 1800–2000 25–50 mm
(1–2 mils)

Low-carbon steel,
< 30; high-carbon
steel, 50–60

High- and low-carbon steels Chromized low-carbon steels yield a low-
cost stainless steel; high-carbon steels
develop a hard corrosion-resistant case

Titanium carbide Diffused carbon and
titanium, TiC
compound

900–1010 1650–1850 2.5–12.5 mm
(0.1–0.5 mil)

> 70(a) Alloy steels, tool steels Produces a thin carbide (TiC) case for
resistance to wear; high temperature
may cause distortion

Boriding Diffused boron,
boron compound

400–1150 750–2100 12.5–50 mm
(0.5–2 mils)

40–> 70 Alloy steels, tool steels,
cobalt and nickel alloys

Produces a hard compound layer; mostly
applied over hardened tool steels; high
process temperature can cause
distortion

(a) Requires quench from austenitizing temperature. Source: Ref 1
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and rolling contact fatigue. Too high a carbon
level can result in excessive carbide formation
and carbide networking or massive carbides that
may be detrimental to performance. Therefore, it
is important to understand the carbon profile
needed and define it when necessary.
Case depth of carburized steel is a function

of carburizing time, the steel chemistry, and
available carbon (carbon potential) at the sur-
face. When prolonged carburizing times are
used for deep case depths, a high carbon poten-
tial produces a high surface-carbon content,
which may thus result in excessive retained
austenite or free carbides. These two micro-
structural elements can have adverse effects
on the distribution of residual stress in the
case-hardened part. Consequently, a high car-
bon potential may be suitable for short carbur-
izing times but not for prolonged carburizing.
Selection of carbon potential also depends on
the carburizing response of a particular steel.

Carburizing Steels

Carburizing steels for case hardening usually
have base-carbon contents of approximately
0.2%, with the carbon content of the carburized

layer generally being controlled at between 0.7
and 1% C (Ref 2). However, surface carbon is
often limited to 0.9% (Ref 3) because too high
a carbon content can result in retained austenite
and brittle martensite (due to the formation of
proeutectoid carbides on the grain boundaries).
Most steels that are carburized are killed

steels (deoxidized by the addition of alumi-
num), which maintain fine grain sizes to tem-
peratures of approximately 1040 �C (1900 �F).
Steels made to coarse grain practices can be
carburized if a double quench is introduced to
provide grain refinement. Double quenching
usually consists of a direct quench followed
by a requench from a lower temperature.
Many alloy steels for case hardening are now

specified on the basis of core hardenability.
Although the same considerations generally
apply to the selection of uncarburized grades,
there are some distinct characteristics in carbur-
izing applications.
First, in a case-hardened steel, the harden-

ability of both case and core must be consid-
ered. Because of the difference in carbon
content, case and core have quite different
hardenabilities, and this difference is much
greater for some grades of steels than for

others. Moreover, the two regions have differ-
ent in-service functions to perform. Until the
introduction of lean alloy steels such as the
51xx, or 86xx series, with and without boron,
there was little need to be concerned about case
hardenability because the alloy content com-
bined with the high carbon content always
provided adequate hardenability. This is still
somewhat true when the steels are direct
quenched from carburizing, so that the carbon
and alloying elements are in solution in the case
austenite. In parts that are reheated for harden-
ing and in heavy-sectioned parts, however,
both case and core hardenability requirements
should be carefully evaluated.
The hardenability of the steels as purchased

is the core hardenability. Because these low-
carbon steels, as a class, are shallow hardening
and because of the wide variation in the section
sizes of case-hardened parts, the hardenability
of the steel must be related to some critical sec-
tion of the part, for example, the pitch line or
the root of a gear tooth or the largest inscribed
circle of a cross section such as a bearing. This
is best accomplished by making a part of a steel
of known hardenability, heat treating it, and
then, by means of equivalence of hardness,
relating the hardenability in the critical section
or sections to the proper positions on the
end-quench hardenability specimens, for both
carburized and noncarburized part. Finally,
the relationship between the thermal gradient
and the carbon (hardenability) gradient during
quenching of a carburized part can make a dif-
ference in the case depth measured by hardness.
That is, an increase in base hardenability can
produce a higher proportion of martensite for
a given carbon level, yielding an increased
measured case depth. Therefore, a shallower
carbon profile and shorter carburizing time
could be used to attain the desired result in a
chosen steel.
Core Hardness. A common mistake is to

specify too narrow a range of core hardness.

Fig. 1 Types of steels used for various diffusion processes

Fig. 2 Spectrum of hardness obtainable with selected diffusion processes of steel

Fig. 3 Categorization of diffusion processes by typical
case depth
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When the final quench is from a temperature
high enough to allow the development of full
core hardness, the hardness variation at any
location will be that of the hardenability band
of the steel at the corresponding position on
the end-quenched hardenability specimen. One
way to alter this state of affairs is to use
higher-alloy steels. In the commonly used alloy
steels having a maximum of 2% total alloy con-
tent, the range for the core hardness of sections
such as gear teeth is 12 to 15 HRC points.
Higher-alloy steels exhibit a narrower range;
for example, in 4815 the range is 10 HRC
points, while in 3310 it is 8 HRC points.
Narrow-range steels are justified only for severe
service or special applications.
In standard steels purchased to chemical

composition requirements rather than to hard-
enability, the range can be 20 or more HRC
points; for example, 8620 may vary from 20
to 45 HRC at the 4=16 in. position. The 25-point
range emphasizes the advantage of purchasing
(cost) to hardenability specifications to avoid
the intolerable variation possible within the
ranges for standard-chemistry steels. Another
way to control core hardness within narrow
limits without resorting to the use of high-alloy
steels is to use a final quench from a lower tem-
perature, so that full hardness in the case will be
developed without the disadvantage of exces-
sive core hardness.
Gears, Bearings, and Low-Distortion

Applications. Gears and bearings are almost
always oil quenched or high-pressure gas
quenched, because distortion must be held to
the lowest possible level. Therefore, alloy steels
are usually preferred. The lower-alloy steels
such as 4023, 5120, 4118, 8620, and 4620, with
a carbon range between 0.15 and 0.25%, are
widely used to achieve satisfactory results. In
most applications, 8620 or 5120 are preferred.
The final choice, based on service experience
or dynamometer testing, should be the least
expensive steel that will do the job. Another
steel, 1524, could be considered; although not
classified commercially as an alloy steel, it
has sufficient manganese to make it oil harden
up to an end-quench correlation point of 3=16.
For heavy-duty applications or heavy cross

sections requiring core strength, higher-alloy
grades such as 4320, 4817, and 9310 are justifi-
able if based on actual performance tests.
Rather than the bench tests, actual life testing
of gears in the same mountings used in service
to prove both the design and the steel selection
is particularly important.
The carbonitriding process extends the use of

carbon steels such as 1016, 1018, 1019, and
1022 into the field of light-duty gearing by
permitting the use of oil quenching in teeth of
eight diametral pitch and finer. Steels selected
for such applications should be specified silicon-
killed or aluminum-killed fine grained to ensure
uniform case hardness and dimensional control.
The core properties of gears made from these
types of steel resemble that of low-carbon steel,
oil quenched. In the thin sections of fine-pitch

teeth, this may be up to 25 HRC. The carboni-
triding process is usually limited, for economic
reasons, to maximum case depths of approxi-
mately 0.6 mm (0.025 in.). In some bearing
applications, 52100 materials are also carboni-
trided to enhance galling properties.
Non-Gear/Bearing Applications. In other

applications, when distortion is not a major
factor, the carbon steels described previously,
water quenched, can be used up to a 50 mm
(2 in.) diameter. In larger sizes, low-alloy
steels, water quenched, such as 5120, 4023,
and 6120, can be used, but possible distortion
and quench cracking must be avoided.

Carburizing Methods

While the basic principle of carburizing has
remained unchanged since it was first intro-
duced, the methodology has gone through con-
tinuous evolution. In its earliest application,
parts were simply placed in a suitable container
and covered with a thick layer of carbon pow-
der (pack carburizing). Although effective in
introducing carbon, this method was exceed-
ingly slow, and as the production demand grew,
a new method using a gaseous atmosphere was
developed. In gas carburizing, the parts are sur-
rounded by a carbon-bearing atmosphere that
can be continuously replenished so that a high
carbon potential can be maintained. While the
rate of carburizing is substantially increased in
the gaseous atmosphere, the method requires
the use of a multicomponent atmosphere whose
composition must be very closely controlled to
avoid deleterious side effects, for example, sur-
face and grain-boundary oxides. In addition, a
separate piece of equipment is required to gener-
ate the atmosphere and control its composition
or liquids, such as methanol, which must be
vaporized. Despite this increased complexity,
gas carburizing has become the most effective
and widely used method for carburizing steel
parts in high volume.
In efforts required to simplify the atmosphere,

carburizing in an oxygen-free environment at
very low pressure (vacuum carburizing) has
been explored and developed into a viable
and important alternative. Although the furnace
enclosure in some respects becomes more com-
plex, the atmosphere is greatly simplified. A sin-
gle-component atmosphere consisting solely of a
simple gaseous hydrocarbon, for example, meth-
ane or acetylene, may be used. Furthermore,
because the parts are heated in an oxygen-free
environment, the carburizing temperature may
be increased substantially without the risk of
surface or grain-boundary oxidation. The higher
temperature permitted increases not only the
solid solubility of carbon in the austenite but
also its rate of diffusion, so that the time
required to achieve the case depth desired is
reduced. When carburizing at temperatures over
980 �C (1800 �F), properly engineered steel
chemistries are recommended to mitigate the
potential for grain coarsening.

Although vacuum carburizing overcomes
some of the complexities of gas carburizing, it
introduces a serious new problem that must be
addressed. Because vacuum carburizing is con-
ducted at very low pressures, and the rate of
flow of the carburizing gas into the furnace is
very low, the carbon potential of the gas in deep
recesses and blind holes is quickly depleted.
Unless this gas is replenished, a distinct nonuni-
formity in case depth over the surface of the
part is likely to occur. If, in an effort to over-
come this problem, the gas pressure is increased
significantly, another problem arises, that of free-
carbon formation, or sooting. Thus, to obtain
cases of reasonably uniform depth over a part of
complex shape, the gas pressure must be
increased periodically to replenish the depleted
atmosphere in recesses and then reduced again
to the operating pressure. Clearly, a delicate bal-
ance exists in vacuum carburizing: The process
conditions must be adjusted to obtain the best
compromise between case uniformity, risk of
sooting, and carburizing rate. Surface area and
alloy content of the component are two important
considerations of vacuum carburizing.
A method that overcomes the major limita-

tions of gas carburizing yet retains the desirable
features of a simple atmosphere and a higher
permissible operating temperature is plasma or
ion carburizing.
To summarize, carburizing methods include:

� Gas carburizing
� Vacuum carburizing or low-pressure

carburizing
� Plasma carburizing
� Salt bath carburizing
� Pack carburizing

These methods introduce carbon by the use of
gas (atmospheric gas, plasma, and vacuum car-
burizing), liquids (salt bath carburizing), or solid
compounds (pack carburizing). All of these
methods have limitations and advantages, but
gas carburizing is used most often for high-vol-
ume production because it can be accurately con-
trolled and requires minimal special handling.
Vacuum carburizing and plasma carburizing

have found applications because the absence
of oxygen in the furnace atmosphere thus elim-
inates grain-boundary oxidation. Salt bath and
pack carburizing are still done occasionally
but have relatively little commercial impor-
tance today (2013).
Process characteristics of the aforemen-

tioned carburizing methods fall into two gen-
eral groups:

� Conventional methods, which introduce car-
bon by gas atmospheres, salt baths, or char-
coal packs

� Plasma methods, which impinge positive
carbon ions on the surface of a steel part
(the cathode)

The main difference between the conventional
and glow-discharge (or plasma) methods is the
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reduced carburizing times in plasma-assisted
methods. The quickly attained surface satura-
tion also results in faster diffusion kinetics.
Furthermore, plasma carburizing can produce
very uniform case depths, even in parts with
irregular surfaces (Ref 4, 5). This uniformity
is caused by the glow-discharge plasma, which
closely envelops the specimen surface,
provided that recesses or holes are not too small
(Ref 5).
With the conventional methods, carburiza-

tion always takes place by means of a gaseous
phase of carbon monoxide; however, each
method also involves different reaction and sur-
face kinetics, producing different case-hardening
results. In general, with conventional methods,
carbon monoxide dissociates at the steel surface:

2CO ! CO2 þ C (Eq 2)

The liberated carbon is readily dissolved by the
austenite phase and diffuses into the body of the
steel. For some process methods (gas and pack
carburizing), the carbon dioxide produced may
react with the carbon atmosphere or pack char-
coal to produce new carbon monoxide by the
reverse reaction of Eq 2. Because the reaction
can proceed in both directions, an equilibrium
relationship exists between the constituents
(Fig. 4). If the temperature is increased at con-
stant pressure, more carbon monoxide is pro-
duced (Fig. 4). In turn, the equilibrium
percentages of carbon monoxide and carbon
dioxide influence the carbon concentrations in
steel (Fig. 5).
Quantitative algorithms for estimating case

depth from carburization often focus on making
the proportional relation of Eq 1 explicit
(Case depth ¼ K

ffiffiffiffiffiffiffiffiffiffiffi
Time
p

) for gas carburization
only (Ref 2, 3). However, even in gas carburi-
zation, the kinetics of carbon diffusion gives
an incomplete picture of carburizing. A

comprehensive model of gas carburization must
include algorithms that describe:

� Carbon diffusion
� Kinetics of the surface reaction
� Effects of steel chemistry
� Kinetics of the reaction between endogas

and enriching gas
� Purging (for batch processes)
� Atmosphere control system

Reference 8 discusses possible modeling of
each of these factors for gas carburization.
The effects of process variables are also cov-
ered in the article “Gas Carburizing” in this
Volume.
Selective Carburizing. Sometimes it is nec-

essary to prevent carburization on certain areas
of a part. For example, carburization prevention
may be necessary on areas to be machined fur-
ther after heat treating, or to prevent a thin area
from being carburized all the way through its
section, thereby becoming brittle (Ref 3). Pre-
venting carburization in selective areas can be
done with mechanical masking, stop-off com-
pounds, or copper plating (see the article “Stop-
off Technologies for Heat Treatment” for more
details). Close attention to cleanliness and
handling is needed to achieve the desired stop-
off, and application instructions should be
closely followed to achieve effective and good
results. In copper plate thicknesses of approxi-
mately 0.03 mm (0.001 in.) are required.
After case hardening, selective areas of the

workpieces also can be “softened” by induction
tempering. External threads of gears or shafts
are typical applications. This method is not
suitable for steels of high hardenability.
Another method of selective hardening is to
remove case prior to quenching. The areas of
the part that were machined after the carburize
cycle will only show the core hardness because

the case layer had been removed prior to
quench.

Carbonitriding

Carbonitriding is a surface-hardening heat
treatment that introduces carbon and nitrogen
into the austenite of steel. This treatment is sim-
ilar to carburizing in that the austenite composi-
tion is changed and high surface hardness is
produced by quenching to form martensite.
However, because nitrogen enhances harden-
ability, carbonitriding makes possible the use
of low-carbon steel to achieve surface hardness
equivalent to that of high-alloy carburized steel
without the need for drastic quenching, result-
ing in less distortion and minimizing potential
for cracks. In some cases, hardening may be
dependent on nitride formation.
Although the process of carbonitriding can

be performed with gas atmospheres or salt
baths, the term carbonitriding often refers
solely to treatment in a gas atmosphere (see
the article “Carbonitriding of Steels” in this
Volume). Basically, carbonitriding in a salt
bath is the same as cyanide bath hardening. In
both processes, nitrogen enhances hardenability
and case hardness but inhibits the diffusion of
carbon. In many instances, carbonitriding of
coarse-grained steels is more appropriate than
carburizing, because of the lower temperatures
and shorter cycle times.
Like carbon, nitrogen is an austenite stabi-

lizer. Therefore, considerable austenite may be
retained after quenching a carburized part. If
the retained austenite content is so high that it
reduces hardness and wear resistance, it may
be controlled by reducing the ammonia content
of the carbonitriding gas either throughout the
cycle or during the latter portion of the cycle.
Another result of excessive nitrogen content in
the carbonitrided case is porosity (see the arti-
cle “Carbonitriding of Steels” in this Volume).

Nitriding and Nitrocarburizing

Nitriding is a surface-hardening heat treat-
ment that introduces nitrogen into the surface
of steel at a temperature range (500 to 550 �C,
or 930 to 1020 �F), while it is in the ferritic
condition. Because nitriding does not involve
heating into the austenite phase with quenching
to form martensite, nitride components exhibit
minimum distortion and excellent dimensional
control. Nitriding has the additional advantage
of improving corrosion resistance in salt spray
tests.
The mechanism of nitriding is generally

known, but the specific reactions that occur in
different steels and with different nitriding
media are not always known. Nitrogen has par-
tial solubility in iron. It can form a solid solu-
tion with ferrite at nitrogen contents up to
approximately 6%. At approximately 6% N, a
compound called gamma prime (g0), with a

Fig. 4 Equilibrium diagram for reaction 2CO !C + CO2

at pressure of one atmosphere. Source: Ref 6

Fig. 5 Equilibrium percentages of carbon monoxide
and carbon dioxide required to maintain

various carbon concentrations at 975 �C (1790 �F) in
plain carbon and certain low-alloy steels. K = 89.67.
Source: Ref 7
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composition of Fe4N, is formed. At nitrogen
contents greater than 8%, the equilibrium reac-
tion product is E compound, Fe3N. Nitrided
cases are stratified. The outermost surface can
be all g0, and, if this is the case, it is referred
to as the white layer (it etches white in metallo-
graphic preparation). Such a surface layer is
undesirable; it is very hard but is so brittle that
it may spall in use. Usually it is removed; spe-
cial nitriding processes are used to reduce this
layer or make it less brittle. The E zone of the
case is hardened by the formation of the Fe3N
compound, and below this layer there is some
solid-solution strengthening from the nitrogen
in solid solution (Fig. 6). The Fe3N (E) formed
on the outer layer is harder than Fe4N, which
is more ductile. Controlling the formation of
each of these compound layers is vital to appli-
cation and degree of distortion.
The depth of case and its properties are

greatly dependent on the concentration and type
of nitride-forming elements in the steel. In gen-
eral, the higher the alloy content, the higher the
case hardness. However, higher-alloying ele-
ments retard the N2 diffusion rate, which slows
the case depth development. Thus, nitriding
requires longer cycle times to achieve a given
case depth than that required for carburizing.
Figure 7 shows some typical cycle times for
nitriding versus case depth relationship for
commonly used materials, such as Nitralloy
135M, Nitralloy N, AISI 4140, AISI 4330M,
and AISI 4340.
Nitrided steels (Ref 9) are generally

medium-carbon (quenched and tempered) steels
that contain strong nitride-forming elements such
as aluminum, chromium, vanadium, and molyb-
denum. The most significant hardening is

achieved with a class of alloy steels (nitralloy
type) that contain approximately 1% Al (Fig. 6).
When these steels are nitrided, the aluminum
forms AlN particles, which strain the ferrite lat-
tice and create strengthening dislocations. Tita-
nium and chromium are also used to enhance
case hardness (Fig. 8a), although case depth
decreases as alloy content increases (Fig. 8b).
The microstructure plays an important role in
nitriding, because nitrogen can readily diffuse
through ferrite, and a low carbide content favors
both diffusion and case hardness. Usually, alloy
steels in the heat treated (quenched and tem-
pered) conditions are used for nitriding (Ref 6).
Nitriding steels used in the United States fall

in one of two groups: aluminum-containing
Nitralloys and AISI low- or high-alloy steels.
There is, however, a wide gap between the
characteristics of these two groups of steels,
which, in Europe, is filled by CrMo and CrMoV

steels with 2.5 to 3.5% Cr. Chromium provides
good hardenability and higher hardness in
nitrided case than AISI low-alloy steels.
Molybdenum resists softening on tempering
so that high strengths can be retained even
after tempering at well over the nitriding tem-
perature. It also minimizes susceptibility to
embrittlement during nitriding and increases
hardenability and hot hardness. Vanadium per-
mits easier control of heat treatment and gives
higher hot hardness.
For surface hardness and toughness, the

nitrided CrMo and CrMoV steels occupy a
position in between Nitralloy 135M and AISI
low-alloy steels. Because of lower case hard-
ness, these materials are less brittle. Further-
more, they are less sensitive to grinding cracks
and have higher hardenability. Also, they can
be heat treated to higher core hardness prior to
nitriding. For example, 3.5Cr-AlMo, a British

Fig. 6 Nitride case profiles for various steels. Source:
Ref 1

Fig. 8 Influence of alloying elements on (a) hardness after nitriding (base alloy, 0.35% C, 0.30% Si, 0.70% Mn) and
(b) depth of nitriding measured at 400 HV (nitriding for 8 h at 520 �C, or 970 �F). Source: Ref 6

Fig. 7 Nominal time for different nitrided case depths. Source: Ref 9
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Steel (EN 40C), can be heat treated to 375
to 444 Brinell hardness in sections up to
63.5 mm (2.5 in.), whereas Nitralloy 135M
can be heat treated to only 248 to 302 Brinell
hardness in that size. In addition, the steels with
2.5 to 3.5% Cr come with low nonmetallic
inclusions (higher cleanliness), even in the air-
melted condition, whereas the aluminum-con-
taining steels, such as Nitralloy 135M, require
vacuum melting or degassing to achieve similar
cleanliness. In general, the cleaner the material,
the lower the distortion during any hardening
process. Nitrided gears made from air-melted
CrMo steels produce negligible distortion.
Process methods for nitriding include gas

(box furnace or fluidized bed), liquid (salt
bath), and plasma (ion) nitriding. In a survey
of 800 commercial shops in the United States
and Canada, 30% offered nitriding services, of
which (Ref 10):

� 21% offered gas nitriding
� 7% offered salt bath nitriding
� 6% offered fluidized-bed nitriding
� 5% offered plasma nitriding

The advantages and disadvantages of these
techniques are similar to those of carburizing.
However, process times for gas nitriding can
be quite long, that is, from 10 to 130 h depend-
ing on the application, and the case depths are
relatively shallow, usually less than 0.5 mm
(0.020 in.). Plasma nitriding allows faster
nitriding times, and the quickly attained surface
saturation of the plasma process results in faster
diffusion. Plasma nitriding may clean the sur-
face by sputtering.
Nitrocarburizing is a surface-hardening

process that uses both carbon and nitrogen,
but with more nitrogen than carbon, when
compared to carbonitriding (see the article
“Carbonitriding of Steels” in this Volume).
Carbonitriding produces a martensitic case with
nitrogen levels less than carbon levels. In con-
trast, nitrocarburizing involves higher levels of
nitrogen with a compound layer. There are
two types of nitrocarburizing: ferritic and aus-
tenitic (Ref 11). Ferritic nitrocarburizing occurs
at lower temperatures in the ferritic temperature
range and involves diffusion of nitrogen into
the case. Austenitic nitrocarburizing is a more
recently developed process with process tem-
peratures in the range of 675 to 775 �C (1245
to 1425 �F). It also uses much higher ammonia
additions and thus higher nitrogen levels in the
case. This allows the formation of a surface
compound zone, which is not typical of the
carbonitriding process. Austenitic nitrocarburiz-
ing differs from ferritic nitrocarburizing in the
ability for deeper case depths with a better
load-carrying capability but may result in
greater part distortion because of the higher
processing temperatures and the required
quenching process. Although ferritic and aus-
tenitic nitrocarburizing have higher processing
temperatures than does nitriding (Table 2), they

have the advantage of being suitable for plain
carbon steels.

Applied Energy Methods

Surface hardening of steel can be achieved
by localized heating and quenching, without
any chemical modification of the surface. The
more common methods currently used to
harden the surface of steels include flame and
induction hardening. However, each of these
methods has shortcomings that can prevent its
use in some applications. For example, the dis-
advantages of flame hardening include the pos-
sibility of part distortion, while induction
hardening requires close coupling between
the part and the coil (especially when using
high frequencies), which must be precisely
maintained.
Flame hardening consists of austenitizing

the surface of a steel by heating with an oxy-
acetylene or oxyhydrogen torch and immedi-
ately quenching with water or water-based
polymer. The result is a hard surface layer of
martensite over a softer interior core with a
ferrite-pearlite structure. There is no change in
composition, and therefore, the flame-hardened
steel must have adequate carbon content for
the desired surface hardness. The rate of heat-
ing and the conduction of heat into the interior
appear to be more important in establishing
case depth than the use of a steel of high
hardenability.
Flame-heating equipment may be a single

torch with a specially designed head or an elab-
orate apparatus that automatically indexes,
heats, and quenches parts. Large parts such as
gears and machine toolways, with sizes or
shapes that would make furnace heat treatment
impractical, are easily flame hardened. With
improvements in gas-mixing equipment, infra-
red temperature measurement and control, and
burner design, flame hardening has been
accepted as a reliable heat treating process that
is adaptable to general or localized surface
hardening for small and medium-to-high pro-
duction requirements.
Induction heating is an extremely versatile

heating method that can perform uniform sur-
face hardening, localized surface hardening,
through hardening, and tempering of hardened
pieces. Heating is accomplished by placing a
steel ferrous part in the magnetic field gener-
ated by high-frequency alternating current pass-
ing through an inductor, usually a water-cooled
copper coil. The depth of heating produced by
induction is related to the frequency of the
alternating current, power input, time, part cou-
pling and quench delay.
The higher the frequency, the thinner or more

shallow the heating. Therefore, deeper case
depths and even through hardening are pro-
duced by using lower frequencies. The electri-
cal considerations involve the phenomena
of hysteresis and eddy currents. Because

secondary and radiant heat are eliminated, the
process is suited for in-line production. Some
of the benefits of induction hardening are faster
process, energy efficiency, less distortion, and
small footprints. Care must be exercised when
holes, slots, or other special geometric features
must be induction hardened, which can concen-
trate eddy currents and result in overheating
and cracking without special coil and part
designs. For details, see the articles “Induction
Surface Hardening of Steels” and “Induction
Heat Treating Systems” in this Volume.
Laser surface heat treatment is widely used

to harden localized areas of steel and cast iron
machine components. This process is some-
times referred to as laser transformation harden-
ing to differentiate it from laser surface melting
phenomena (Fig. 9). There is no chemistry
change produced by laser transformation hard-
ening, and the process, like induction and flame
hardening, provides an effective technique to
harden ferrous materials selectively. Other
methods of laser surface treatments include sur-
face melting and surface alloying. Laser surface
melting results in a refinement of the structure
due to the rapid quenching from the melt. In
surface alloying, elements are added to the melt
pool to change the composition of the surface.
The novel structures produced by laser surface
melting and alloying can exhibit improved elec-
trochemical behavior.
Laser transformation hardening produces thin

surface zones that are heated and cooled very
rapidly, resulting in very fine martensitic micro-
structures, even in steels with relatively low
hardenability. High hardness and good wear
resistance with less distortion result from this
process. The laser method differs from induc-
tion and flame heating in that the laser can be
located at some distance from the workpieces.
Also, the laser light is reflected by mirrors to
the focusing lens, which controls the width of
the heated spot or track.
Molian (Ref 12) has tabulated the character-

istics of 50 applications of laser transformation
hardening. The materials hardened include
plain carbon steels (1040, 1050, 1070), alloy
steels (4340, 52100), tool steels, and cast irons
(gray, malleable, ductile). Because the absorp-
tion of laser radiation in cold metals is low,
laser surface hardening often requires energy-
absorbing coatings on surfaces. Reference 12
lists some energy-absorbing coatings.
Typical case depths for steels are 250 to

750 mm (0.01 to 0.03 in.) and for cast irons are
approximately 1000 mm (0.04 in.). The flexibil-
ity of laser delivery systems and the low distor-
tion and high surface hardness obtained have
made lasers very effective in the selective hard-
ening of wear- and fatigue-prone areas on irregu-
larly shaped machine components, such as
camshafts and crankshafts.
Electron beam (EB) hardening, like laser

treatment, is used to harden the surfaces of
steels. The EB heat treating process uses a con-
centrated beam of high-velocity electrons as an
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energy source to heat selected surface areas of
ferrous parts. Electrons are accelerated and are
formed into a directed beam by an EB gun.
After exiting the gun, the beam passes through
a focus coil, which precisely controls beam
density levels (spot size) at the workpiece sur-
face and then passes through a deflection coil.
To produce an electron beam, a high vacuum
of 10�5 torr (1.3 � 10�3 Pa) is needed in the
region where the electrons are emitted and
accelerated. This vacuum environment protects
the emitter from oxidizing and avoids scattering
of the electrons while they are still traveling at
a relatively low velocity.
Like laser beam hardening, the EB process

eliminates the need for quenchants but requires
a sufficient workpiece mass to permit self-
quenching. A mass of up to eight times that of
the volume to be EB hardened is required
around and beneath the heated surfaces. Elec-
tron beam hardening does not require energy-
absorbing coatings, as does laser beam harden-
ing. Processing considerations and property
changes associated with EB hardening are cov-
ered in Ref 13 and 14 and in the article
“Electron Beam Surface Hardening of Steels”
in this Volume.

Other Methods

Diffusion coatings are deposited either by
heating the components to be treated in contact
with the powder coating material in an inert
atmosphere (solid-state diffusion) or by heating

them in an atmosphere of a volatile compound
of the coating material (out-of-contact gas-phase
deposition, or chemical vapor deposition). As the
coating bond is developed by diffusion, the bond
strength is enhanced.
Solid-state diffusion methods include pack

cementation, which is the most widely employed
diffusion coating method and includes coatings
based on aluminum (aluminizing), chromium
(chromizing), and silicon (siliconizing). Sub-
strate materials include nickel- and cobalt-base
superalloys, steels (including carbon, alloy,
and stainless steels), and refractory metals and
alloys. Diffusion coatings for wear resistance
are also based on boriding (boronizing) and
the thermoreactive deposition/diffusion process.
Of these, boron and titanium treatments offer
high levels of hardness (Fig. 2), while alumi-
num, chromium, and silicon treatments are pri-
marily used for corrosion resistance.
Boriding involves the diffusion of boron into

metal surfaces for the enhancement of hardness
and wear resistance. Boriding is most often
applied to tool steels that may be hardened by
heat treatment. Boriding techniques include
metallizing, chemical vapor deposition, and
pack cementation. For additional information,
see the article “Boriding (Boronizing) of
Metals” in this Volume.
Titanium Carbide. With process tempera-

tures in the range of 900 to 1010 �C (1650 to
1850 �F), titanium and carbon will diffuse to
form a diffused case of titanium carbide during
chemical vapor deposition. This treatment is
most commonly applied to tool steels and

hardenable stainless steels. Because the treat-
ment is performed above the austenitizing tem-
peratures of these steels, the core must be
hardened by quenching.
Ion implantation is a surface-modification

process in which ions with very high energy
are driven into a substrate. Ions of almost any
atom species can be implanted, but nitrogen is
widely used to improve corrosion resistance
and the tribological properties of steels and
other alloys. Although the nitrogen content of
alloy surfaces is increased by both nitrogen
ion implantation and plasma nitriding, major
differences exist between the two processes
and the surface modifications they create. The
major difference is that ion implantation can
be performed at room temperature.
Ion implantation machines accelerate ions,

generated by specially designed sources, at very
high energies (from 10 to 500 keV). In contrast,
the energy of ions and atoms in plasma nitrid-
ing is much lower (<1 keV). Ion implantation
is carried out with the substrate at approxi-
mately room temperature, thereby minimizing
the diffusion-controlled formation of precipi-
tates and coarsening of the subsurface micro-
structure. Because the temperature of
application is low and the process is carried
out in accelerators with very good vacuums
(�10�5 torr, or 1.3 � 10�3 Pa), clean surfaces
are ensured and undesirable surface chemical
reactions such as oxidation are lessened. Ion
implantation is a line-of-sight process (similar
to laser); that is, only relatively small areas
directly exposed to the ion beam are implanted.
For the coverage of areas larger than the beam,
either the specimen must be translated or the
ion beam must be rastered over the specimen
surface.
Because of the virtual absence of diffusion-

controlled case formation during ion implanta-
tion, case depths are shallow (generally
<0.25 mm, or 0. 010 mil). Very high strengths
or hardnesses of the nitrogen-implanted sur-
face layers compensate for the shallow case
depths of ion implantation. Ion implantation
is a complex, nonequilibrium process that cre-
ates significant lattice damage in the form of
vacancies and interstitial point defects. Con-
centrations of implanted species much higher
than equilibrium solubility limits may be intro-
duced. In fact, the incorporation of high densi-
ties of atoms of significantly different size
than those of the substrate lattice may produce
amorphous structures or metastable phases
(Ref 15).
The properties of ion-implanted surfaces and

shallow case depths make ion implantation suit-
able for very special applications. Because the
surface of the part itself is modified, the adhe-
sion problems sometimes encountered with
coated layers of high hardness do not arise. Also,
because ion implantation is usually accom-
plished with very little heating, dimensional sta-
bility is excellent. Examples of applications of
ion implantation include the surface hardening
of razor blades (Ref 4) and knives (Ref 15), a

Fig. 9 Interaction times and power densities necessary for various laser surface modification processes
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variety of tool steel applications (Ref 16), and
the implantation of 52100 and 440C bearings
with titanium and/or nitrogen to improve roll-
ing-contact fatigue resistance (Ref 17–19). In
the latter applications, titanium was found to
reduce the coefficient of friction, and nitrogen
was found to raise hardness by intermetallic
compound formation. Additional information
on ion implantation is given in Ref 20 and in
Corrosion, Volume 13 of ASM Handbook, for-
merly Metals Handbook, 9th edition.
Surface hardening with arc lamps is used

in applications that involve surface remelting
or surface hardening by solid-phase recrystalli-
zation. Examples include the surface remelting
of cast iron and the large-area remelting of tita-
nium in the presence of nitrogen or methane to
produce titanium carbides in the surface layer.
In the surface remelting of cast irons, lasers
are also used. Another area in which arc lamps
are finding application is in the selective hard-
ening of the edges on agricultural sweeps and
tilling equipment blades.
Surface treating using white light from a

high-power arc lamp offers several advantages
over traditional methods and the beam techni-
ques. For example, arc lamp treatment can
achieve higher surface radiation intensities than
can flame heating, making the procedure faster
and less likely to cause distortion. Compared
with induction hardening, arc lamp treatment
allows much larger distances between the part
and heat source, providing more flexibility in
treating irregularly shaped surfaces. Unlike the
EB treatment, this method does not require the
use of a vacuum chamber, and an arc lamp
can deliver greater power to the part surface
than can a laser beam.
However, with the arc lamp method, signifi-

cant power loss is encountered if arc radiation
is concentrated onto surface areas smaller than
the arc itself. Therefore, the illuminated spot
on the sample surface should always be larger
than the arc. This necessitates extremely high
arc power to achieve the surface intensities
needed for thermal treatment. Such high power
is achieved in a very small space with specially
designed arc lamps.

Process Selection

The benefits of the most common methods of
surface hardening are compared in Table 3.
Flame and induction hardening are generally
limited to certain families of steels, such as
medium-carbon steels, medium-carbon alloy
steels, some cast irons, and the lower-alloy tool
steels. There is no size limit to parts that can be
flame hardened, because only the portion of the
part to be hardened need be heated. Flame hard-
ening is generally used for very heavy cases
(in the range of approximately 1.2 to 6 mm,
or 0.6 to 0.25 in.); thin case depths are difficult
to control because of the nature of the heating
process. Diffusion methods are compared in
Table 2.

Transformation hardening introduces surface
compressive residual stresses, which are benefi-
cial for fatigue strength. In selective hardening,
however, some residual tensile stress will exist
in the region where the hardened zone meets
the unhardened zone. Consequently, selective
hardening by methods such as flame or induc-
tion heating should be applied away from geo-
metric stress concentrations. Both nitriding
and carburizing provide good resistance to sur-
face fatigue and are widely used for gears and
cams. In terms of bending fatigue resistance,
the ideal case depth appears to be reached
where the failure initiation point is transferred
from the core to the surface (Ref 21). However,
specification of required case depth is a com-
plex subject, which is briefly discussed in
Ref 21 for carburized steels.
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Stop-Off Technologies for Heat Treatment
Eckhard H. Burgdorf, Manfred Behnke, and Rainer Braun, Nüssle GmbH & Co. KG
Kevin M. Duffy, The Duffy Company

CASE HARDENING may be restricted to
selected portions of a surface, so that soft areas
remain to allow for secondary operations such
as machining, drilling, broaching, cold forming,
straightening, and welding. In addition, some
parts may have thin sections that would become
brittle if carburizing or nitriding were allowed
to occur through its section. Thus, a wide vari-
ety of stop-off technologies are used to selec-
tively prevent the diffusion of carbon and or
nitrogen during atmosphere carburizing, carbo-
nitriding, vacuum carburizing, and various
forms of nitriding. In addition to selective
stop-off, technologies are also available for
scale prevention in open-fired furnaces.
The stop-off methods described in this article

include mechanical masking, stop-off paints/
compounds, and copper plating. Two other
methods of selective surface hardening are:

� Selective tempering by induction heating
� Case removal prior to quenching

Selective induction tempering involves heating
and softening selective areas of the workpieces
after quenching. External threads of gears or
shafts are typical applications. This method is
not suitable for steels of high hardenability.
Case removal prior to quenching involves

keeping some machine stock on the areas that
are required to remain soft. The parts are then
subjected to a carburization cycle. After carbur-
izing and slow cooling, the carburized layer is
still relatively soft, allowing the removal of
the machine stock. The parts are then reheated
and quenched. The areas of the part that were
machined after the carburizing cycle will only
show the core hardness, because the case layer
had been removed prior to quenching.

Mechanical Masking

In the case of internal threads, blind holes,
and other areas that are too small to adequately

access, carbon and nitrogen diffusion can be
minimized by inserting barriers in the form of
bolts, clay, and plugs in an attempt to seal these
areas from atmosphere penetration. Closely
fitted conical bolts can be inserted into blind
holes. Additional protection may be achieved
by applying stop-off paint under the head of
the bolt and/or coating the bolt threads. Another
practice is to plug the holes with clay. Clay can
also be used to fill the gap between the bolt and
the wall of the part. Most of these options
require some mechanical cleaning to remove
the clay or paint after heat treatment. Plugs
offer another possibility, but some means of
venting the trapped air during heat-up must be
employed to relieve the pressure and ensure
the plug is not forced out of the hole.
In the case of external threads, a common prac-

tice is to cover the threaded area with a closely
fitted heat-resistant alloy cap. This method can
minimize carbon or nitrogen penetration, but by
no means is it 100% effective. The caps tend to
distort over time, especially if they are oil
quenched, and require frequent replacement.
For plasma nitriding, shielding is used to

effectively prevent nitrogen penetration. How-
ever, shielding often is not possible due to part
geometry.

Copper Plating*

Copper plating has been proven to be very
effective in preventing the absorption of carbon
and or nitrogen during heat treatment. Copper
plating can be an effective choice when 100%
blockage of the case-hardening gases is needed
for selective case hardening. However, it is
expensive, time-consuming, and by no means
environmentally friendly. Initially, the entire
part is electroplated with copper. Copper is then
removed by machining areas that are to be case
hardened by leaving only the areas requiring
stop-off plated. After heat treatment, the copper

is typically removed by stripping in cyanide or
acid-based solutions.
Copper plating is used in many heat treating

operations, and the choice of a plating facility
familiar with these uses is important. Whether
the plating is to be used for 100% assurance
of zero decarburization, preparation for braze
operation, or selective case hardening, the
quality requirement is the same. The preclean-
ing operations must be compatible with the
alloys in question, and the uniformity of the
bath chemistry must be maintained through sys-
tematic checks. The checks take the form of
adhesion, porosity, and thickness. The specifi-
cations that cover these attributes can be found
in MIL-C-14550, which has been superseded by
AMS 2418 and ASTM B734. These specifica-
tions describe a range of thicknesses used, and
most of the original equipment manufacturer
aerospace specifications mandate a minimum
of 0.02 to 0.05 mm (0.0008 to 0.002 in.) cover-
age in the required areas. The AMS 2418 stan-
dard can be used to define plating requirements
and testing techniques to ensure the copper
plating will be effective. If there is concern
about proper adhesion, a burnishing test is
described in ASTM B571.
There are many different approaches to cre-

ate the selective plating, and all should be
examined to determine the most cost-effective
method. Among those commonly employed
are rubber corks or boots to prevent the plating
solution from being in contact with the area to
be case hardened. Another method is to plate
all over and then machine the copper free from
the area requiring case development. It should
be noted that if the plating is to be machined
off, the plating facility must control the plating
buildup to allow the machine tooling to accu-
rately locate the surface to be removed. If the
current density is not properly maintained, there
will be nonuniform plating buildup, causing
downstream quality issues. The use of high-
density waxes and lacquers can also prevent
the plating from attaching to areas desired to
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be free of the copper plate. In this area, a care-
ful visual examination of the unplated surfaces,
typically at 10� or better, is highly advisable.
A single pinhole will allow a microscopic spot
of copper plate that would prevent uniform
case hardening. These irregularities may show
up in an etch inspection later, causing consider-
able production delays due to the Material
Review Board or, worse yet, scrapping the lot
if the prevalence is too frequent. One way of
assuring that no microscopic copper is adherent
is to perform a low-pressure abrasive grit blast.
The pressure is low to prevent damage to the
soft copper, and this slight roughening of the
surface promotes a more uniform diffusion of
the intended element of carbon, nitrogen, or
both.
There are many baths used for copper

plating, and each has its inherent benefits. The
noncyanide baths have the benefit of reduced
restrictions for wastewater treatment as well
as air scrubbing. These baths can experience
the downside risk of reduced throwing power
when attempting to attain uniform coverage
down a blind hole. Regardless of the bath type,
there is an inherent risk that must be considered
when choosing a plating service provider. The
fact that copper plating is often used as an
undercoating to increase the ability to plate
other metals means that the heat treating
orders, sometimes of infrequent and lower
volumes, are often pushed aside in production
scheduling. While this is not the case with
all metal finish providers, it should become a
discussion topic when consistent scheduling
and turn times are critical to production
processing.
There is also another consideration that must

be considered in choosing a service provider.
Some steel alloys, based on chemistry and
applicability to the bath type, will require a
nickel strike prior to the copper plate, to
develop the required adhesion. The adhesion is
critical because even an imperceptible air
pocket, unseen at room temperature, will
develop blisters when processed at a high tem-
perature. These blisters often burst and expose
the intended protected area to the process gases.
If these areas are not planned for, subsequent
postprocess machining quality delays and
potential scrapping of parts can occur.
Like any process involved in metal compo-

nent manufacturing, copper plating requires
systematic control, regular and independent
inspection of bath chemistries, rectifiers for
developing current density in the parts, and
standard operating procedures. It is an effective
tool that can be employed when manufacturing
highly reliable gears, splined shafts, and bear-
ing surfaces. Because considerable variables
come into play when deciding on the use of
copper plating for each individual part, its
dimension at the time of processing, the
required precision of the masked areas, as well
as the production volume must be factored into
the proper use for a cost-effective application of
this method.

Stop-off Paints

Stop-off paints refer to applied coatings for
selective protection of steel parts during carbur-
izing and nitriding. Although the term paint is
commonly used, the term is misleading,
because these stop-off products are actually
coatings and should be treated as such. These
coated surfaces must have a uniform coating
thickness, in accordance with the manufac-
turer’s specification, to ensure consistent
results. Coating thickness usually ranges from
0.2 to 1.0 mm (0.008 to 0.04 in.). This is easily
measured with a thin-film gauge. Thin-film
gauges are inexpensive and easily obtained
from industrial paint suppliers and industrial
product distributors.
Stop-off paints are applied by brushing,

immersion, spraying, or dispensing; they pro-
vide a gastight layer on the surface of the work-
piece. Stop-off paints are easily adaptable to
low-volume applications as well as mass pro-
duction, as found in the automotive industry.
Stop-off paints have evolved from just a few

products a couple of decades ago to a wide
array of specifically formulated paints for
each of the following processes: carburizing,
deep case carburizing, carbonitriding, vacuum
carburizing, nitriding, nitrocarburizing, and
plasma nitriding. In addition, stop-off paints
are also available for annealing processes to
prevent scaling and decarburization in open-air
furnaces (Table 1).

Cleaning and Curing

Part Cleanliness. Before proceeding with the
proper selection of stop-off paint, it is imperative
to address the cleanliness of the part surface
prior to stop-off application. Ensuring the sur-
face of the part is free from oil, grease, dust,
and oxides/scale will eliminate the majority of
possible failures. Allowing sufficient drying time
of the paint, in accordance with the manufac-
turer’s specification, is another requirement that
cannot be overlooked.
Cleaning in Industrial Washers. The majority

of industrial washers in commercial heat
treating facilities and captive heat treating
departments utilize single-stage washers. The
washer medium is typically a hot water or an
alkaline solution heated to 60 to 80 �C (140 to
180 �F). In some instances, only hot water

with a rust-inhibitor additive is used. These
washers are either the spray type or a spray/
dunk combination. A single-stage washer rinses
the part after the wash cycle with the same
emulsion used in the wash operation. This type
of washer removes the majority of surface con-
taminants but leaves a residue of oil that can
provide short-term rust prevention. The bottom
line is that parts cleaned in a single-stage
washer are not oil-free. Applying a stop-off
coating onto a part that has a film of oil on
the surface will result in spotty hardness.
As the part is heated, the oil will vaporize and
lift areas of the paint off the part surface. Upon
inspection, hardness checks of the failed areas
will show full hardness, which is evidence that
paint protection was lost during the heat-up
portion of the cycle.
A hot alkaline wash, as described earlier,

should be sufficient if a clean water rinse is
used to ensure all contaminants are rinsed off.
A common practice with industrial washers
with a clean water wash capability is to add a
rust inhibitor to prevent oxidation of the part
surface after the cleaning operation. A water
rinse with a rust inhibitor, of any percentage,
will result in spotty hardness under areas that
have been coated with the stop-off paint.
To ensure parts are free of oil after cleaning

in a single-stage washer, it is an accepted prac-
tice to thermally remove these contaminants by
heating the parts above 400 �C (750 �F) to
vaporize any residual surface oils left after the
wash operation. These parts are then cooled to
room temperature prior to paint application.
Shot/Sand Blasting. A common practice to

prepare part surfaces for the application of a
stop-off coating is to blast the part with steel
shot, alumina oxide, garnet, or glass beads.
Parts that have been blasted should be washed
after the blast operation for two reasons. The
majority of blast equipment utilize a media-
reclamation system. The blast media is
reclaimed and reused. This reclaimed media is
often contaminated with oil and dirt from previ-
ous operations that is redeposited onto the part
surface. Ideally, only virgin blast media should
be used in these applications. Even virgin
media is problematic. After blasting, the part
surface is contaminated with residuals from
the blast operation in the form of dust. This sur-
face contamination inhibits adherence of the
stop-off coating, resulting in nonuniform

Table 1 Summary of stop-off paints

Process Base chemistry Liquid carrier Removall of residues Special features

Carburizing/
carbonitriding

Boron oxide Solvent Hot water Water washable
Boric acid Aqueous emulsion Water base, water washable

Deep carburizing Silicates + metals Metal oxides Aqueous Shotblasting, steel brush Solvent-free
Pack carburizing Silicates + metals Metal oxides Aqueous Shotblasting, steel brush Solvent-free
Nitriding/
nitrocarburizing

Tin Solvent Shotpeening, steel brush . . .
Aqueous emulsion

Plasma nitriding Copper Solvent Wiping Electrically conductive
Ceramics Nonconductive

Annealing Silicon, silicates Solvent Wiping . . .
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protection. A note of caution: There are blast
media on the market that consist of reclaimed
abrasive from grinding wheels and other previ-
ous operations. These media have been pro-
cessed and cleaned but can be contaminated
from glues and binders, which can be left on
the part surface. One must verify that the media
being used is virgin material.
Hand Cleaning. When parts to be coated

are too large to wash, the areas to be coated
must be cleaned by hand. Various cleaning
agents are available, and special care should
be taken to ensure these cleaning agents are
100% effective. Because it is difficult to verify
that the area cleaned by hand is free of oil, a
thermal cleaning cycle following hand cleaning
would offer further assurance that the area to
be coated is free of contaminants. This cycle
would consist of heating the part above
400 �C (750 �F).
Paint Curing/Drying. Insufficient drying

time is another leading cause of stop-off paint
failures. All stop-off paints use either a solvent
or aqueous thinning agent. These thinning
agents must be fully evaporated prior to intro-
duction into the furnace. Insufficient drying will
cause the thinning agent to outgas, lifting areas
of the paint off the part surface during heatup. It
is most important that the first coat be thor-
oughly dried before application of a second
coat. Applying a coat onto a coat that has not
been thoroughly cured will result in hard spots.
The second coat will seal the first and prevent
the thinning agent from dissipating. When
heated, the thinning agent will then outgas,
popping areas of the first coat off the part sur-
face during the heat-up cycle.

Uses of Stop-off Paints

Carburizing and Carbonitriding. The most
commonly used stop-off paints for carburizing

and carbonitriding are solvent or water-based
coatings with boron as the main ingredient.
The biggest advantage of boron-based paints
is that the residues, after heat treatment, are
water soluble in a hot water or alkaline wash.
These paints are the best choice for applications
where mechanical cleaning is not an option.
The protection of threads is a typical applica-
tion. These paints are widely used in the
automotive industry in mass production of
small- and medium-sized car components. They
provide local protection during carburizing and
carbonitriding, and the removal of residues dur-
ing the wash operation eliminates an additional
cleaning operation.
Figure 1 shows an added benefit of boron

paint: the hardness response in the protected
area with such a product is even lower than
the core hardness, because the quenching speed
is lowered due to the insulating characteristic of
the paint.
The original stop-off paint, developed over

60 years ago, consisted of boron oxide and a
solvent-based coating. These solvent-based
paints are still used today (2013) and still offer
the best protection in this class of coatings.
Water-based products have been developed
and offer a more environmentally friendly alter-
native when the use of a solvent-based paint is
not acceptable. However, the use of boron in
an aqueous base has limitations that can be det-
rimental to the interior of the furnace chamber.
Both solvent- and water-based boron stop-off
paints break down during the heat treating cycle.
It is a time-temperature relationship. These
paints offer protection up to 2 mm (0.08 in.) case
depths. Beyond these depths, the paints are no
longer effective. The combination of water
and boron forms boric acid. The outgassing of
the boric acid based coating during the atmo-
sphere cycle can react with the silicon in the
refractory, causing a eutectic and lowering the
melting point of the silicon. This can result in

a glazing of the furnace chamber. The degree
of glazing is dependent on the amount of paint
used and number of cycles with painted parts
the furnace chamber has been subjected to.
The glazing will vary within the chamber due
to variation of silicon in the various refractory
components within the chamber. This glazing
effect has also been observed on substrates used
in oxygen probes. The glaze can coat the elec-
trical contact area between the outer electrode
and the inner substrate, increasing the probe
resistance and offsetting readings. To correct
this situation, the probe must be replaced and
sent back to the manufacturer to be cleaned.
The interface area between the electrode and
substrate must be mechanically cleaned and
tested. For these reasons, a solvent-based boron
stop-off should be the first choice, because it is
not subject to this phenomenon.
Boron-based paints differ from all other

alternatives. When heated, these paints go into
a semi-liquid state at temperature. If the coating
is too thick, the mass of the paint could cause
the paint to run into uncoated areas and create
stop-off in addition to the intended areas. For
this reason, a paint thickness of 0.2 to 1.0 mm
(0.008 to 0.04 in.) should be maintained. Only
one coat is required, as long as this coating is
uniform. Thicker is not better. Two coats are
recommended only for certain applications,
such as threads. A second coat is recommended
to ensure the tips of threads are adequately
protected.
Deep Case Carburizing. A number of stop-

off paints have been developed as an alternative
to boron-based paints for case depth require-
ments exceeding 2 mm (0.08 in.). These sili-
cate-based paints can provide safe protection
for case depths up to 10 mm (0.40 in.), for
example, large gear parts for the wind energy
industry (Fig. 2) and other energy transmissions.
Apart from the aqueous silicate liquid carrier,
the main ingredients are metals/metal oxides.
Paints containing copper are not particularly
suited for carbonitriding because of the possible
chemical reaction between the metal and the
ammonia of the processing atmosphere. Silicate-
based stop-off paints are normally applied in
two or three layers, depending on the case
depth in question. After heat treatment, the

Fig. 2 Gear parts for a wind turbine coated with stop-
off paint (Condursal 0118) prior to case
hardening
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glasslike residue of the paint is not water solu-
ble nor can it be removed using solvents. The
residue is removed by shotblasting. An advan-
tage of these paints, unlike the boron-base pro-
ducts, is they will not run even if the coating
thickness is excessive. Also, they are not sub-
ject to the possibility of glazing the furnace
interior, unlike the water-based boron paints.
Vacuum Carburizing. Stop-off paints used

for vacuum carburizing are similar to those
used in atmosphere carburizing. Boron paints
are used for applications requiring the paint to
be washed off after heat treatment.
The only boron paint that should be used in a

vacuum carburizing furnace is one that has
been specifically formulated for this process.
Conventional boron paints can be a particular
concern, especially in high-pressure vacuum
quench furnaces. The extreme turbulence of
the nitrogen or argon quench can blow some
of the residues off the part surface and contam-
inate the interior of the furnace chamber. The
real concern is the possibility that these resi-
dues make their way into the vacuum pump. If
mechanical removal (shotblasting) of the stop-
off paint is acceptable, a silicate-based copper
oxide paint should be the first choice. This type
of paint is extremely effective and negates the
possibility of contaminating the furnace cham-
ber during the turbulence of the quench cycle.
Nitriding and Nitrocarburizing. Stop-off

for nitriding and nitrocarburizing in gas is
mainly based on a fine tin powder dispersed in
a lacquer consisting of a solvent + synthetic
binder or water + synthetic emulsion. The
stop-off effect is based on a layer of molten
tin dispersed on the steel surface. It acts as a
gas tight barrier, preventing the diffusion of
nitrogen. It should be noted that preheating
the coated parts in air must be limited to
380 �C (720 �F) maximum. Exceeding this tem-
perature limitation will prove detrimental to the
uniformity of the tin plating as required for safe
protection. Residues of these paints are of a
powdery appearance after the nitriding process
and can be easily removed by wiping or brush-
ing. It must be noted that a microscopic layer of
tin is left on the part surface after the powdery
residues are removed. Often, this does not pres-
ent a problem to the functionality of the part. In
the event this does present a problem, the tin
layer can be removed by blasting or machining.
Occasionally, the tin layer left behind on the

steel surface of the coated area is misinterpreted
by metallography as a nitride layer. If there are
respective doubts, a microhardness measure-
ment helps clarify whether it is soft tin or a hard
nitrided area.
It is possible that some of the powdery resi-

duals after nitriding may come off at the end
of the cycle, due to gas turbulence in the retort
or during the unloading stage of the cycle.
These residuals will settle on the bottom of
the retort. It is recommended that the inside of
the retort be vacuumed out after each cycle to
ensure that residues of this powder do not rede-
posit on noncoated areas of parts in the next

load. Failure to follow this procedure could
result in soft spots in uncoated areas of these
parts.
Typical parts for nitriding processes are

crankshafts, camshafts, cam followers, valve
parts, extrusion screws, die-casting tools,
forging dies, extrusion dies, injectors, and plas-
tic mold tools (Fig. 3).
Plasma Nitriding. For plasma nitriding, the

most commonly used stop-off technology is
shielding. If the geometry of the part does not
lend itself to shielding, stop-off paints based
on either copper (electrically conductive) or
ceramic ingredients (nonconductive) are avail-
able. The residues of these paints are powdery
and can be removed easily by wiping or
brushing.
Scale Prevention. Stop-off paints are avail-

able to prevent scale and oxidation in open-fired
furnaces. These paints are used for annealing,
stress relieving, normalizing, and hardening.
They are used in applications where a protective
atmosphere is not available or is cost-prohibi-
tive. In these applications, the entire part surface
is coated. Boron paints are available that will
prevent scale in applications up to a maximum
temperature of 850 �C (1560 �F). After heat
treatment, the residues of these paints are water
soluble and easily removed in a hot water wash.
These paints are not recommended in applica-
tions over 850 �C (1560 �F), because the paint
is no longer water soluble, and even mechanical
removal is extremely difficult.
Lacquers and ceramic-based coatings are avail-

able for applications up to 1200 �C (2190 �F).
These coatings form a glasslike barrier to pre-
vent scale from forming. On cooling, the coat-
ing will begin to spall off, due to differential
expansion of the coating and the steel part.
While much of the coating will break off,
mechanical removal of areas of the part will
typically be required.

General Considerations

Masking of steel parts during heat treatment
can be successfully and economically applied
using stop-off paints for practically the whole
range of diffusion-based gas carburizing and
nitriding processes, including the latest vacuum
technologies. New products and modes of
application provide a versatile and reliable
technology, offering major benefits regarding
cost reduction, health and safety protection of
the workers, and protection of the environment
compared to formerly used techniques such as
copper plating.
Stop-off paints are used on expensive parts

that are nearly ready for use. A lot of value
has been added to each part before it is sent
for heat treatment. Failure to properly clean the
part surface and adhere to the manufacturer’s
application instructions will result in costly
scrap. Also, it must be considered that the stop-
off paints are not standardized but manufactured
according to the proprietary formula of their

manufacturer. Thus, it is mandatory to strictly
follow the advice given in their technical
documents.
A general rule of thumb states that no more

than 30% of the total area of the parts within
a furnace load should be coated with stop-off
paint. Exceeding this amount could delay the
furnace cycle due to a temporary imbalance in
the furnace atmosphere. As the parts are heated,
water vapor or gases generated by thermally
cracked binders in the paint are released to the
atmosphere. An excessive amount will cause
an imbalance of the furnace atmosphere, stop-
ping the process. In time, the furnace atmo-
sphere will recover, but the cycle would have
been interrupted, resulting in a shallower case
than had been intended.
Stop-off paints typically have a minimum

shelf life of one to several years. These paints
should be stored at room temperature, and dis-
tribution use should always be first in, first
out. Water-based paints must not be allowed
to freeze. In the event freezing has occurred,
the paint must be allowed to thaw to room tem-
perature and then mixed thoroughly before
application. As discussed earlier, the parts must
be thoroughly cleaned and dried prior to appli-
cation of the stop-off paint. Parts must be free
of contaminants such as oil, grease, dust, and
oxides/scale. Ideally, both parts and paint
should be at room temperature (approximately
25 �C, or 77 �F) when the paint is applied.
After the paint is thoroughly stirred, the coating
should be applied as uniformly as possible, in
such a way that the steel surface is covered
completely and the steel does not shine through
the painted surface. Excessive coating thickness
must be avoided; it does not enhance the pro-
tective performance of the paint. However, it
could cause some of the paint to run into
unwanted areas, and it will definitely extend
drying time. Required drying time is dependent
on various factors, such as paint composition,
viscosity, coating thickness, ambient and part
temperature, as well as atmospheric humidity.
Drying time can range from approximately
3 to 16 hours, depending on atmospheric condi-
tions, coating thickness, and number of coats

Fig. 3 Tool parts coated with stop-off paint (Condursal
N633) prior to nitriding
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applied. Solvent-based paints will dry relatively
fast, due to the accelerated evaporation of the
solvent compared to an aqueous-based paint.
Drying time on all these paints can be shortened
by preheating the parts at a maximum tempera-
ture of 180 �C (360 �F) in air. Exceeding this
maximum temperature could cause the paint to
run into noncoated areas and also compromise
the effectiveness of the paint.
If parts previously coated with stop-off paints

are preheated to temperatures exceeding 180 �C
(360 �F), the protective performance may be
affected, depending on the paint formula, the
furnace atmosphere, and the preheating tempera-
ture. Thus, it is important to consider the respec-
tive advice provided by the manufacturer.
Many of these paints are hygroscopic and

will absorb moisture if exposed to high humid-
ity for extended periods of time. It is recom-
mended that painted parts be heat treated
within 24 hours of the last coat. In areas of high
humidity, it is recommended that painted parts
be stored in an oven at 80 �C (180 �F) maxi-
mum until they are ready to be placed into the
furnace.
The painted areas of the part must be

arranged or fixtured to ensure these areas do
not come into contact with noncoated areas of
other parts in the furnace load. If contact occurs
during the furnace cycle, the protective layer
may be damaged, or unwanted insulation from
the gas process of neighboring parts may occur.
Care must be taken to ensure that the stop-off

paint does not drip or is misapplied to unwanted
surfaces. Manual cleaning of these areas is typ-
ically not sufficient. Even though the contami-
nated surface looks clean, case penetration in
these areas may not be uniform. It is recom-
mended that all the paint be removed mechani-
cally by blasting, the part washed, and the paint
reapplied.
After heat treatment, it is recommended that

the residue of the paint does not remain on the
parts for an extended period of time. The resi-
due of some stop-off paints can react with
humidity and cause a corrosive attack on the
part surface.
Most stop-off paints are only effective for

one atmosphere cycle. This is definitely the
case with hardening cycles in which the parts
are quenched. The parts must be cleaned and
recoated if subsequent heat treatment is
required. There is one exception to this rule.
A couple of stop-off paints are available that
will prevent carbon penetration during a carbur-
izing cycle followed by atmosphere slow cool-
ing. The parts can be cooled further in air to
room temperature. These same parts can be
reheated in atmosphere and oil quenched for
the hardening cycle. These silicate-based paints
will offer stop-off protection during both
cycles, eliminating the need to recoat.
In the same furnace load, do not combine

parts painted with two different stop-off paints.
This situation could compromise the effective-
ness of one or both of the paints. This is defi-
nitely the case if a solvent-based boron paint

and a water- or silicate-based paint are in the
same load. Water- and silicate-based paints
give off water vapor during the heat-up cycle,
which can attack the solvent-based paint and
cause it to run into uncoated areas.
Edge Effect. A common complaint is hard-

ness found under the edges of the painted sur-
face. This is not a failure of the paint but is
caused by penetration of carbon or nitrogen
through the uncoated area adjacent to the paint
edge. The case diffuses into the part surface
and wraps under the edge of the paint. If this
is unacceptable, it can be alleviated by extend-
ing the edges of the painted surface to compen-
sate for this condition.

Application Methods

Small numbers of parts to be selectively pro-
tected are normally coated manually by simply
painting with a flat, soft brush. At the same time,
stop-off paints can be tailored to the customer’s
needs, which allows a variety of modern semi-
or fully automatic application technologies.
Prior to application of any of these technolo-

gies, proper mixing of the paint is of utmost
importance. The majority of stop-off paints on
the market today (2013) are non-Newtonian
fluids, meaning the viscosity of the paints are
always changing based on time, temperature,
and other factors that can disrupt the fluid.
These paints are thixotropic. Upon opening a
container of paint, the contents look thick (vis-
cous) and almost gellike. However, as the paint
is sheared by the mixer, the paint becomes
more fluid as the viscosity decreases, due to
the shear stress caused by the mixing. Typi-
cally, these products cannot be shaken or agi-
tated but must be mechanically mixed, either
by hand or by mechanical mixer. Most stop-off
paints can be used directly from the can when
first opened. Thinning of the paint with either
solvents or water is only required to replenish
that which has been lost to evaporation. It is
important that the paint be thoroughly mixed
before considering the addition of thinner.
Overthinning the paint can be detrimental to
the effectiveness of stop-off protection.

Brushing. As mentioned previously, brush-
ing is suited for single or small series of com-
ponents, such as large gears, shafts, tools, and
so on. The stop-off paint should be applied in
an even, thin layer of uniform thickness by
using a flat, clean brush with soft bristles. When
applying the paint to the part, do not put any
pressure on the brush, but allow the paint to
flow off the brush in a uniform manner. Stop
immediately if the paint rolls off the painted
surface and back to the brush. There is oil or
some other contaminant on the surface that
must be removed. When storing the brush
between coats, the same solvent as in the paint
must be used to ensure there is no adverse
chemical reaction or paint contamination.
Dipping/immersion is the simplest and

most economical way to coat high volumes of
lightweight parts. If the area to be coated is at
the end of the part, semiautomatic or continu-
ous systems are used to perform this task
(Fig. 4). In one system (Fig. 4a), parts are
loaded into a rack. The loaded rack is placed
in a stationary position above a container of
stop-off paint. The container is elevated to the
part as required and then withdrawn. Excess
paint drips into the container. The rack is
removed and replaced with another rack.
In another system (Fig. 4b), parts are placed

into a carrier. The carrier is indexed over a sta-
tionary container of stop-off paint. A shallow
container is submerged in the paint and elevated
to the parts as required. The shallow container is
withdrawn into the stationary container to refill.
Excess paint drips into the container. The carrier
indexes from the stationary container, followed
by another carrier to be processed.
Dispensing. Automatic dispensing of stop-

off paint uses equipment similar to that used
to apply adhesives. The process and equipment
is similar to normal paint-spraying technolo-
gies, but the paint is not sprayed; it continu-
ously flows from the nozzle like toothpaste.
Many installations use this technology that
requires only moderate adjustment in respect
to the paint characteristics and the workpiece
area to be coated. Depending on the number
of parts and how sophisticated the requirements
are, either simple low-cost devices (Fig. 5) or
high-end computer-operated systems, including

Fig. 4 Schematic view of dipping installations
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automatic handling systems, drying zones, and
so on (Fig. 6) can be implemented. Robotics
and automated handling systems provide repro-
ducible high-production application. These sys-
tems are found in the automotive industry and
are used by the manufacturers of high-produc-
tion gears, such as those used in transmissions.
Spraying. Like dispensing, spraying also

lends itself to high-production coating. It is
especially suited for applications requiring
large areas to be coated. That said, spraying
has been substituted more and more by

dispensing, which offers major benefits such
as reduced consumption (no overspray) and
minimized mist exposure for the workers. In
addition, spraying usually requires some form
of masking to keep the overspray from contam-
inating unwanted areas.
Stamping. On large numbers of parts with

intricately shaped areas to be coated, the paint
can be applied by stamping. For this, a counter-
piece with the mirror shape of the area to be
coated is wetted with the paint and then
pressed onto the workpiece. Such a process

can be semi- or fully automatically set in prac-
tice at reasonable costs.
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Methods of Measuring
Case Depth in Steels
Revised by William J. Bernard III, Surface Combustion, Inc.

Introduction

Case hardening of steel is a process whose
goal is to selectively harden the surface of a
specimen. The hardened surface is defined as
the case, while the interior is known as the core.
Case depth is broadly defined as the normal dis-
tance from the surface of the steel to the start of
the core.
The purpose of this article is to describe var-

ious methods of measuring case depth. Other
articles describe methods to model and predict
case depth in different steels for different
surface-hardening processes. There are two pri-
mary methods of case hardening: diffusion
methods such as carburizing, carbonitriding,
nitriding, and nitrocarburizing; and thermal
methods such as induction and flame hardening.
In the case of diffusion methods, the chemical
composition of the surface layer is modified
by introducing a hardening chemical species.
For thermal methods, the surface of the mate-
rial is heated and quenched rapidly to form hard
metastable phases (e.g., martensite), while the
core retains its original microstructure.

Measurement Specifications

Measurement of case depth is highly sensi-
tive to the type of case hardening, original steel
composition, quenching condition, and even the
testing method. For example, typical hardness
surveys taken on cross sections at the pitch line,
root fillet, and root land of a tooth in a carbur-
ized and hardened gear made of 8620H steel
are shown in Fig. 1. These data illustrate the
importance of well-defined specifications by
showing that there are variations in effective
case depth even among three areas of the same
gear tooth.
Specifications such as those listed in the

Selected References generally specify the fol-
lowing two terms.
Effective case depth is the perpendicular

distance from the surface of a specimen to the

deepest point at which a specific hardness value
or specific chemical composition is reached.
Different standards define the hardness limit
or composition value differently. For example,
carburizing standards will often call for “effec-
tive case depth to 50 HRC,” “case-hardened
depth to 550 HV,” or “case depth to 0.40 wt% C.”
For nitriding, specifications may call for
“practical nitrided case depth to core hardness
+ 50 HV.” For induction or flame hardening,
a standard may call for “case-hardened depth
to 80% of minimum surface hardness” or
may allow for the effective case-depth hardness
limit to vary with the carbon content of the
steel, as in Table 1. Some specifications may
even define case depth based on microstructure
(e.g., “case depth to 50% martensite”). The
effective case depth is typically found to be
approximately two-thirds to three-fourths the
total case depth.

Total case depth is defined as the perpendic-
ular distance from the surface of a specimen to
the point at which differences in chemical or
physical properties of the case and core are no
longer measurable. Total case depth sometimes
is considered to be the distance from the surface
to the deepest point at which the carbon content
is 0.04% higher than the carbon content of
the core.
It should be noted that international standards

and commercial specifications may define case-
depth measurement differently. When applica-
ble, use and refer to these documents for their
specific procedures. The following discussion
of test procedures and technologies should
only be used as a guideline of suggested prac-
tices in the absence of a governing standard’s
requirements.
Case depth determined by different methods

may vary significantly. For example, in one
study, carburized and hardened samples of
8620 steel were prepared and submitted to
five independent laboratories. Because of the
amount of personal estimation involved with
different case-depth measurement procedures,
the results as shown in Fig. 2 and 3 vary some-
what more widely than usually encountered
with other physical measurements. The results
also show that when the design of a part
requires a certain case depth, the method of
measurement should be defined clearly. Addi-
tionally, when qualifying a process, multiple
case-depth measurement methods should be
employed.

ASM Handbook, Volume 4A, Steel Heat Treating Fundamentals and Processes
J. Dossett and G.E. Totten, editors

Copyright # 2013 ASM InternationalW
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Fig. 1 Variation in hardness with distance below surface
for a carburized and hardened 8620H steel

gear. Effective case depths to 50 HRC: 0.94 mm (0.037 in.)
at root fillet, 1.02 mm (0.040 in.) at root land, 1.45 mm
(0.057 in.) at pitch line

Table 1 Recommended hardness limits as a
function of carbon content for effective case
depth of induction- or flame-hardened steel

Carbon content, % Hardness Limit, HRC

0.28–0.32 35
0.33–0.42 40
0.43–0.52 45
0.53 and over 50

Source: Ref 1



Chemical Method

Chemical methods may be used to determine
the total case depth developed from diffusion-
based processes. If effective case depth is
defined using a chemical composition limit
(e.g., 0.40 wt% C), these methods can also be
used. Two common methods are combustion
analysis and spectrographic analysis.
Combustion Analysis. Different methods

are used to determine the amount of carbon
and nitrogen in steels. For carbon, typically a
sample is burned in pure oxygen to convert all
carbon to carbon dioxide. The carbon dioxide
is then measured by infrared gas absorption
and related to the weight of the original sample.
Alternatively, the amount of carbon dioxide can
be measured using thermal conductivity test
methods. Carbon dioxide is inserted into a gas
stream of helium or hydrogen. The thermal con-
ductivity of the gas stream is measured in a test
cell and compared to a standard, whereby the
amount of carbon dioxide can be determined.
For nitrogen, the inert gas fusion method is

used. By heating the sample in helium at high
temperature (�1900 �C, or 3450 �F), molecular
nitrogen (N2) is released and measured by
the thermal conductivity method described
previously.
These test methods are highly accurate and

precise; minimum detection limits of carbon
and nitrogen are typically 0.002%.
Spectrographic Analysis. Carbon and nitro-

gen content may be determined accurately by
optical emission spectroscopy. In this method,
atoms are excited and ablated from the sample
surface by an energy source. Typical energy
sources are electric sparks or glow-discharge
lamps. The excited atoms emit characteristic
wavelengths of light as they lose energy. Resolv-
ing these wavelengths and their intensity from the
overall emitted spectrum allows the type and
amount of each element present to be found.
Whereas chemical determination by the com-

bustion method provides an average carbon or
nitrogen content for the amount of material
removed by machining, the spectrograph deter-
mines the local elemental content of the speci-
men to a depth of 0.03 mm (0.001 in.).
A comparison of carbon values obtained from
five specimens by spectrographic and combus-
tion methods is presented in Table 2.
Example Test Procedures. To ensure maxi-

mum uniformity of the case-hardening process
among various types of furnaces, large heat
treatment facilities often use test specimens
instead of actual parts for chemical analysis.
These specimens are often standardized with
respect to alloy and configuration to establish
schedules for various case depths and to ensure
maximum uniformity among various furnaces.
Case depths of actual parts then can be corre-
lated to the test specimens.
It is good practice for test specimens to be

the same grade material as the production parts
and to be processed in the same load. In some

cases, a simulation procedure is used in a man-
ner representative of the procedure to be used
for actual parts. However, simulation is not
recommended because the furnace load con-
taining the test specimens should approximate
actual production conditions in terms of load
density, configuration, and surface area to be
case hardened. These three variables affect
atmosphere flow, temperature uniformity, and
carbon (or nitrogen) demand. Differences in
these conditions between production loads and
the load that contains the specimens can lead
to errors in the correlation of case depths. In
addition, even if all process variables are the
same, case depth determined on flat or round
test specimens will often be different than case

depth determined on workpieces because of dif-
fering geometry.
A typical procedure for obtaining carburized

specimens for combustion analysis is presented
as follows. The accuracy of the results is highly
dependent on good machining practices and
well-maintained analytical equipment:

1. Prepare a cylindrical test bar of suitable
material in the configuration shown in
Fig. 4. Identify the bar in some manner,
such as by stamping a number on the end.

2. Carburize and then quench or cool the bar
as required. If the bar is slowly cooled,
steps 3 through 7 can be omitted. For mea-
surement accuracy, take care to avoid

Fig. 2 Comparison of case-depth measurements on a
sample of 8620 steel with core hardness of

30 HRC and 0.90% surface carbon in five different
laboratories

Fig. 3 Comparison of case-depth measurements on a
sample of 8620 steel with core hardness of

40 HRC and 0.90% surface carbon in five different
laboratories

Table 2 Carbon contents of shim stock and of surfaces of workpieces concurrently
processed, as determined by spectrographic and combustion analysis
Both shim stock and workpieces were heat treated in a continuous-belt furnace with an endothermic-base atmosphere
(class 301; dewpoint, �9 to �1 �C, or 15 to 30 �F).

Specimen No.

Carbon present, %

Shim stock

Workpiece surface (spectrographic analysis)Spectrographic analysis Combustion analysis

1 0.36 0.36 0.38
2 0.24 0.27 0.25
3 0.22 0.24 0.225
4 0.35 0.35 0.34
5 0.30 0.30 0.305
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excessive decarburization or distortion of
the specimen during cooling.

3. Wash bar with soap and water. Rinse with
methanol, and dry.

4. Cut a section from the 25 mm (1 in.) diam-
eter end for examination of microstructure.

5. Record the as-quenched surface hardness
of the large-diameter end.

6. Temper the bar for the time and at the tem-
perature specified for the part with which
the test bar was carburized. Record the as-
tempered hardness of the large-diameter
end.

7. For ease of machining, first temper the test
specimen for 1½ h at 650 �C (1200 �F).
Then grit blast lightly, clean centers, and
straighten bar to 0.04 mm (0.0015 in.) total
indicator reading taken in three places.

8. Wash bar with soap and water. Rinse with
methanol, and dry. Bars should not be han-
dled with bare hands after cleaning and
prior to machining.

9. For case depths less than 5.10 mm
(0.200 in.), machine approximately 3.8 mm
(0.15 in.) from the 25 mm (1 in.) diameter
end to a depth of 5.0 mm (0.20 in.), to ensure
that the case on the end does not contaminate
the specimens for carbon analysis. An alter-
native is to just perform a plunge cut in the
center section of the turn bar, to preclude
any machining at the ends of the bar.

10. Machine the bar dry (no cutting fluid
should be used). Before each machining
operation, record the diameter of the bar
as measured with a micrometer. Maximum
allowable taper of the machined area is
0.03 mm (0.001 in.) on the radius. Machine
a maximum of 0.05 mm (0.002 in.) from
the radius to clean the surface. Save the
chips for analysis. Next, machine the radius
in increments ranging from 0.05 to 0.25 mm
(0.002 to 0.010 in.), depending on the
desired accuracy and expected case depth.
Machine the radius in increments to a depth
of 0.25 mm (0.010 in.) below the maximum
expected case depth. Take three more
increments of 0.25 mm (0.010 in.) from
the radius or make three cuts at the
expected case-depth break. Save chips
from each increment for separate analysis.
Take precautions to ensure that chips
from each cut are not blued, burned, or

contaminated by dirt, paper, oil, or chips from
preceding cuts.

11. Analyze chips or turnings using a combus-
tion analyzer.

12. Calculate and plot the carbon-gradient
curve. Determine total and/or effective
case depth from the curve. A sample data
sheet and a carbon-gradient curve used to
find effective case depth to 0.40 wt% C of
a specimen are presented in Table 3A and
Fig. 5, respectively.

Determination of carbon or nitrogen using
the spectrographic method normally uses flat
test specimens that can be taper ground, step
ground, or reground incrementally after each
measurement. A very small amount of material
is ground from the surface (to remove oxides).
Successive cuts are made and analyses are per-
formed after each cut. Special care must be
taken for accurate measurement of the depth
corresponding to each elemental determination.
Total and/or effective case depth is found from
a plotted chemical gradient curve as in step 12
of the aforementioned combustion analysis
procedure.
If glow-discharge optical emission spectros-

copy is used, novel techniques allow control

of sputtering depth. Therefore, layer after layer
of the sample surface can be removed and ana-
lyzed without regrinding the sample after a
measurement.

Mechanical Methods

The preferred and most widely used
method of measuring effective case depth is
the microhardness test. This method is also pre-
ferred for measuring total depth of thin cases
(�0.25 mm, or 0.01 in.), such as is found in
nitriding.
The microhardness test consists of making

light load indentations on a prepared sample at
specified linear intervals from a point near the
edge of the surface through the case to a point
well within the core area, as shown in Fig. 6
and 7. For case-depth measurements, the selec-
tion of a Knoop indenter is recommended so
that the highest density of indentations may be
obtained.
The Knoop indenter shown in Fig. 8 uses a

sphero-conical diamond that produces an elon-
gated indentation. This is especially important
when measuring thin cases.

Fig. 4 Nominal configuration of standard test bar used
for chemical method of carbon gradient and

case-depth measurement. The 25 mm (1 in.) diameter
end is finished with 80-grit sandpaper.

Table 3B Definitions of dimensional factors in Table 3A

Dimensional factor in Table 3(a) Definition

DR, DL Diameters of left and right ends of turned bar, respectively. DL,0, DR,0 are diameters before
turning; DL,n, DR,n are diameters measured after each cut.

AL, AR Material removed from diameter as measured from preceding cut; AL,n = DR,n�1 � DL,n,
AR,n = DR,n�1 � DR,n, n > 0

CL, CR Total diametrical depth of material removed, measured from case-hardened bar surface;
CL,n = DL,n � DL,0, CR,n = DR,n � DR,0, n > 0

X Average total radial depth of material removed from case-hardened bar surface; Xn = (CL,n

+ CR,n)/4, n > 0
M Average radial midpoint of current depth of cut as measured from preceding depth; Mn =

(Xn � Xn�1)/2, n > 0
P Plotted depth from surface of bar corresponding to chemical analysis of turnings from this

depth; Pn = Xn�1 + Mn, n > 0

Table 3A Sample data sheet for computing case-depth values for a carbon-gradient plot
See Table 3B for definitions of dimensional factors. Data are for 8620H steel, carburized at 925 �C (1700 �F) in a 19-tray
continuous pusher furnace with infrared control of carbon dioxide content in zones 2, 3, and 4. See text for explanation
of procedure, and see Fig. 5 for plot of carbon gradient.

Cut No.

Dimensional factor (see Table 3b), mm

Carbon, %DL DR AL AR CL CR X M P

0 25.35 25.36 . . . . . . . . . . . . . . . . . . . . . . . .
1 25.20 25.23 0.15 0.13 0.15 0.13 0.07 0.03 0.03 0.987
2 24.98 24.99 0.22 0.24 0.37 0.37 0.18 0.06 0.13 0.953
3 24.76 24.76 0.22 0.23 0.59 0.60 0.30 0.06 0.24 0.918
4 24.49 24.47 0.27 0.29 0.86 0.89 0.44 0.07 0.37 0.871
5 24.22 24.22 0.27 0.25 1.13 1.14 0.57 0.06 0.50 0.818
6 23.94 23.91 0.28 0.31 1.41 1.45 0.71 0.07 0.64 0.787
7 23.69 23.65 0.25 0.26 1.66 1.71 0.84 0.06 0.77 0.717
8 23.41 23.38 0.28 0.27 1.94 1.98 0.98 0.07 0.91 0.675
9 23.10 23.10 0.31 0.28 2.25 2.26 1.13 0.07 1.05 0.627

10 22.80 22.78 0.30 0.32 2.55 2.58 1.28 0.08 1.21 0.583
11 22.49 22.48 0.31 0.30 2.86 2.88 1.43 0.08 1.36 0.540
12 22.19 22.17 0.30 0.31 3.16 3.19 1.59 0.08 1.51 0.483
13 21.87 21.87 0.32 0.30 3.48 3.49 1.74 0.08 1.67 0.444
14 21.59 21.56 0.28 0.31 3.76 3.80 1.89 0.07 1.81 0.401
15 21.25 21.27 0.34 0.29 4.10 4.09 2.05 0.08 1.97 0.365
16 20.80 20.75 0.45 0.52 4.55 4.61 2.29 0.12 2.17 0.328
17 20.27 20.24 0.53 0.51 5.08 5.12 2.55 0.13 2.42 0.283
18 19.72 19.68 0.55 0.56 5.63 5.68 2.83 0.14 2.69 0.245

Methods of Measuring Case Depth in Steels / 407



The use of the square pyramid Vickers
indenter shown in Fig. 9 limits the ability to
make closely spaced indentations and indenta-
tions close to the surface. To avoid error, there
should always be a two-indentation-width space
from the edge of the case to the first indentation
and the same distance between subsequent
indentations. The load selection is based on
the need to have a sufficient number of indenta-
tions to obtain good reliable data and large
enough indentations to be read accurately.
Microhardness traverses are made using loads
ranging from 100 to 1000 g.
Typically, specimens are prepared by cutting

them perpendicular to the surface at a specified
location (such as the center-length of a bar).
The cut sample is then typically compression
molded in a low-shrinkage thermosetting resin
containing a hard filler to retain the edge of
the case. The surface is then ground and
polished to a point that allows accurate mea-
surement of the microhardness indentor load
impressions. It is recommended to at least pol-
ish to a 6 mm (240 min.) finish using a napless
cloth charged with diamond abrasive compound
or suspension with a suitable extender. Final

polishing with 0.05 mm (2 min.) alumina on a
napped cloth should be limited to approxi-
mately 30 s duration to prevent edge rounding.
The accuracy of a microhardness traverse

across the case and core depends on the correct
preparation of the sample to be tested. In gen-
eral, the same care should be taken with the

sample as if it were to be examined for micro-
structure. During all cutting and grinding opera-
tions, care must be taken to avoid overheating
and thus tempering the sample. Each step must
be performed thoroughly with ample lubrica-
tion to prevent microstructural deformation.
Also, care must be taken to avoid blunting the

Fig. 6 Comparison of Knoop indentation using the
same load in both the hardened case and soft
core of a workpiece

Fig. 7 Knoop survey in carburized alloy steel. 2% nital etch. Original magnification: 40�. Courtesy of Materials
Evaluation and Engineering, Inc.

Fig. 8 Pyramidal or spheroconical Knoop indenter and resulting indentation in the workpiece

Fig. 5 Carbon gradient for carburized test bar of
8620H steel. A test bar similar to the one

shown in Fig. 4 was carburized at 925 �C (1700 �F) in a
19-tray continuous pusher furnace with infrared control
of carbon dioxide content in zones 2, 3, and 4. Effective
case depth to 0.40% C is 1.82 mm (0.0715 in.)
(indicated by broken lines). See text for explanation of
procedure for calculating plot points and Table 3 for
sample data sheet for this figure.
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edges of the cross section to allow accurate
measurement of hardness near the surface. That
said, in practice, reliable microhardness read-
ings closer than 0.01 mm (0.004 in.) to the edge
of a polished specimen are difficult to obtain
due to edge rounding.
It may be necessary to etch the as-polished

sample to determine the demarcation between
the case and the core (see visual methods that
follow) or to see if temper burning has
occurred. However, application of the etchant
must be light. A heavy etch may affect the
hardness readings and also make the visual
measurement of the indentations more difficult.
Next, the specimen is typically loaded onto a

microscope equipped with a Vickers (diamond
pyramid) or Knoop microhardness indenter
and a micrometer stage. Microhardness indenter
loads are typically 0.2 to 1.0 kg. An initial
impression is made adjacent to the original sur-
face at a depth where adequate support is
provided by the surrounding material to allow
an accurate hardness reading. Subsequent
impressions are made toward the center of the
cross section (Fig. 10). Generally, the indenta-
tion process is repeated every 0.05 mm
(0.002 in.) for a distance of approximately

0.5 mm (0.020 in.), unless finer readings or greater
distances are required. However, successive
indentations should be spaced far enough apart
to preclude distortion of hardness values.
Indentations can also be staggered laterally to
achieve finer readings, as in Fig. 11. One final
indent is usually made near the center of the
sample to determine the core hardness.
Finally, the hardness data are plotted, and the

effective case depth is determined from the
curve. Often, this entire procedure is automated
with specially designed microscopes and
software.
Other specimen-preparation methods are also

used. In the chord or taper-grind procedure
(Fig. 12), the surface is cut or ground at an
angle greater than 90�. The method effectively
magnifies the distance from the surface to the
core, thus allowing more indentations over an
equivalent normal distance. With this method,
thin cases or sharp transitions in the hardness
curve within a case can be measured.
Step-grind procedures are also used (Fig. 13).

Superficial hardness or microhardness readings
can be taken on polished specimens similar to
the chemical test bars described in the previous
section. An alternate method is to section or

grind a sample to a minimum and maximum
depth. Hardness readings are made and checked
to see if the effective case depth falls between
the two chosen limit depths. For example, if
the hardness is greater than 50 HRC on the
shallow step and less than 50 HRC on the deep
step, the effective case depth to 50 HRC lies
somewhere between the two steps.
The accuracy of microhardness testers

should be checked regularly using the calibra-
tion sample provided. Care must also be
taken to prevent errors due to the manual con-
version of ocular indentation measurements
to actual hardness numbers. Some more
advanced testers display actual hardness num-
bers, making it unnecessary to convert ocular
readings.
Because the more advanced microhardness

testers are equipped to convert Knoop or Vick-
ers measurements directly into Rockwell
values, the chance for error is reduced. How-
ever, it must be remembered that any conver-
sion of hardness values from one hardness
measurement system to another introduces
some error. See Table 4 and Fig. 14 for Vick-
ers, Brinell, Knoop, and Rockwell hardness
conversions.
Even when care is taken to ensure precise

and accurate measurement of case depth,
repeatability and reproducibility of microhard-
ness testing can be significant. The data given
in Fig. 15 correlate effective case depth to
50 HRC as measured using a microhardness
traverse on the same gears by two different
laboratories. Results of another gage repeatabil-
ity and reproducibility study are shown in
Fig. 16. In this study, a total of nine trained
operators from three independent laboratories
(equipped with three different microhardness
testers) each performed three microhardness
traverses on the same set of two samples daily
for five consecutive days. The two samples
had nominal effective case depths to 50 HRC
of 1.3 and 3.2 mm (0.05 and 0.125 in). Approx-
imately the same microhardness measurement

Fig. 9 Diamond pyramid indenter used for the Vickers test and resulting indentation in the workpiece. D is the mean
diagonal of the indentation in millimeters.

Fig. 11 Cross-sectioned specimen for hardness-traverse
method of measuring depth of light and

medium cases. Dots show locations of hardness-indenter
impressions. Source: Ref 1

Fig. 10 Cross-sectioned specimen for hardness-traverse
method of measuring depth of medium and

heavy cases. Dots show locations of hardness-indenter
impressions. Source: Ref 1

Fig. 12 Chord or taper-ground specimen for hardness-
traverse method of measuring depth of light

and medium cases. Arrows show locations of hardness-
indenter impressions. Source: Ref 1

Fig. 13 Step-ground specimen for hardness-traverse
method of measuring depth of medium and

heavy cases. Arrows show locations of hardness-indenter
impressions. Source: Ref 1
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Table 4 Approximate equivalent hardness numbers for steel
For carbon and alloy steels in the annealed, normalized, and quenched-and-tempered conditions; less accurate for cold-worked condition and for austenitic steels. The values in
boldface type correspond to the values in the joint SAE-ASM-ASTM hardness conversions as printed in ASTM E140, Table 1. The values in parentheses are beyond normal range and
are given for information only. See Fig. 14 for plots of approximate equivalent hardness numbers for steel.

HV HK, 500 g load and greater HRC, 150 kg load, Brale indenter

Superficial Brale indenter HB, 3000 kg load, 10 mm ball

HR15N scale, 15 kg load HR30N scale, 30 kg load HR45N scale, 45 kg load Standard ball Tungsten carbide ball

940 920 68.0 93.2 84.4 75.4 . . . . . .
920 908 67.5 93.0 84.0 74.8 . . . . . .
900 895 67.0 92.9 83.6 74.2 . . . . . .
880 882 66.4 92.7 83.1 73.6 . . . (767)
860 867 65.9 92.5 82.7 73.1 . . . (757)
840 852 65.3 92.3 82.2 72.2 . . . (745)
820 837 64.7 92.1 81.7 71.8 . . . (733)
800 822 64.0 91.8 81.1 71.0 . . . (722)
780 806 63.3 91.5 80.4 70.2 . . . (710)
760 788 62.5 91.2 79.7 69.4 . . . (698)
740 772 61.8 91.0 79.1 68.6 . . . (684)
720 754 61.0 90.7 78.4 67.7 . . . (670)
700 735 60.1 90.3 77.6 66.7 . . . (656)
690 725 59.7 90.1 77.2 66.2 . . . (647)
680 716 59.2 89.8 76.8 65.7 . . . (638)
670 706 58.8 89.7 76.4 65.3 . . . (630)
660 697 58.3 89.5 75.9 64.7 . . . 620
650 687 57.8 89.2 75.5 64.1 . . . 611
640 677 57.3 89.0 75.1 63.5 . . . 601
630 667 56.8 88.8 74.6 63.0 . . . 591
620 657 56.3 88.5 74.2 62.4 . . . 582
610 646 55.7 88.2 73.6 61.7 . . . 573
600 636 55.2 88.0 73.2 61.2 . . . 564
590 625 54.7 87.8 72.7 60.5 . . . 554
580 615 54.1 87.5 72.1 59.9 . . . 545
570 604 53.6 87.2 71.7 59.3 . . . 535
560 594 53.0 86.9 71.2 58.6 . . . 525
550 583 52.3 86.6 70.5 57.8 (505) 517
540 572 51.7 86.3 70.0 57.0 (496) 507
530 561 51.1 86.0 69.5 56.2 (488) 497
520 550 50.5 85.7 69.0 55.6 (480) 488
510 539 49.8 85.4 68.3 54.7 (473) 479
500 528 49.1 85.0 67.7 53.9 (465) 471
490 517 48.4 84.7 67.1 53.1 (456) 460
480 505 47.7 84.3 66.4 52.2 (448) 452
470 494 46.9 83.9 65.7 51.3 441 442
460 482 46.1 83.6 64.9 50.4 433 433
450 471 45.3 83.2 64.3 49.4 425 425
440 459 44.5 82.8 63.5 48.4 415 415
430 447 43.6 82.3 62.7 47.4 405 405
420 435 42.7 81.8 61.9 46.4 397 397
410 423 41.8 81.4 61.1 45.3 388 388
400 412 40.8 80.8 60.2 44.1 379 379
390 400 39.8 80.3 59.3 42.9 369 369
380 389 38.8 79.8 58.4 41.7 360 360
370 378 37.7 79.2 57.4 40.4 350 350
360 367 36.6 78.6 56.4 39.1 341 341
350 356 35.5 78.0 55.4 37.8 331 331
340 346 34.4 77.4 54.4 36.5 322 322
330 337 33.3 76.8 53.6 35.2 313 313
320 328 32.2 76.2 52.3 33.9 303 303
310 318 31.0 75.6 51.3 32.5 294 294
300 309 29.8 74.9 50.2 31.1 284 284
295 305 29.2 74.6 49.7 30.4 280 280
290 300 28.5 74.2 49.0 29.5 275 275
285 296 27.8 73.8 48.4 28.7 270 270
280 291 27.1 73.4 47.8 27.9 265 265
275 286 26.4 73.0 47.2 27.1 261 261
270 282 25.6 72.6 46.4 26.2 256 256
265 277 24.8 72.1 45.7 25.2 252 252
260 272 24.0 71.6 45.0 24.3 247 247
255 267 23.1 71.1 44.2 23.2 243 243
250 262 22.2 70.6 43.4 22.2 238 238
245 258 21.3 70.1 42.5 21.1 233 233
240 253 20.3 69.6 41.7 19.9 228 228
230 243 (18.0) . . . . . . . . . 219 219
220 234 (15.7) . . . . . . . . . 209 209
210 226 (13.4) . . . . . . . . . 200 200
200 216 (11.0) . . . . . . . . . 190 190
190 206 (8.5) . . . . . . . . . 181 181
180 196 (6.0) . . . . . . . . . 171 171
170 185 (3.0) . . . . . . . . . 162 162
160 175 (0.0) . . . . . . . . . 152 152
150 164 . . . . . . . . . . . . 143 143

(continued)

410 / Case Hardening of Steels



variation (4 HRC) was observed regardless of
the measurement depth and was consistent
between the laboratories.
The data in both studies also showed that the

measurement error of effective case depth
increases with increasing case depth. In the lat-
ter study, expected case-depth variation was

found to be 0.2 mm (0.008 in.) for the shal-
lower case sample and 0.8 mm (0.03 in.) for
the deeper case sample. Linear interpolation
between microhardness measurements is used
to determine effective case depth. If the pre-
dicted variation of any two measurements is
constant, the predicted error band of a linearly

interpolated value between two measurements
increases as the slope of the line between the
two points decreases. Therefore, because
microhardness measurement variation is
approximately constant, as the slope of the
microhardness profile decreases with increasing
case depth, measurement error of effective case
depth increases with increasing case depth. If
an effective case-depth tolerance is to be speci-
fied for a part, the tolerance should be greater
than the inherent measurement error of the
microhardness test method (Fig. 17).

Visual Methods

Visual methods have been classified into two
general categories: macroscopic and micro-
scopic. In macroscopic procedures, specimens
normally are ground no finer than through
No. 000 metallographic emery paper (600-grit
silicon carbide paper), and magnifications usu-
ally do not exceed 20 diameters. The Brinell
microscope, a handheld optical instrument
with retical markings at intervals of 0.1 mm
(approximately 0.004 in.) and 20 diameters
magnification, is a convenient tool for macro-
scopic measurement. In microscopic proce-
dures, complete metallographic polishing

Table 4 (continued)

HV HK, 500 g load and greater HRC, 150 kg load, Brale indenter

Superficial Brale indenter HB, 3000 kg load, 10 mm ball

HR15N scale, 15 kg load HR30N scale, 30 kg load HR45N scale, 45 kg load Standard ball Tungsten carbide ball

140 154 . . . . . . . . . . . . 133 133
130 143 . . . . . . . . . . . . 124 124
120 133 . . . . . . . . . . . . 114 114
110 123 . . . . . . . . . . . . 105 105
100 112 . . . . . . . . . . . . 95 95
95 107 . . . . . . . . . . . . 90 90
90 102 . . . . . . . . . . . . 86 86
85 97 . . . . . . . . . . . . 81 81

Fig. 14 Approximate equivalent hardness numbers for steel. See Table 4 for tabulated data.

Fig. 15 Comparison of effective case depth to 50 HRC
measurements made on the same gears in two
different laboratories

Methods of Measuring Case Depth in Steels / 411



and etching generally are required, and case
depths normally are read at a magnification of
100 diameters.
Macroscopic visual procedures are

characterized best as quick and simple routine
tests for measuring total case depth in a produc-
tion environment. Typically, test specimens are
compared to standard specimens whose visual

properties have been correlated to total or effec-
tive case depths found through other methods.
The most basic procedure is to fracture the

test specimen and visually inspect the fracture
surface. Figure 18 is an example of a gear
tooth. Often, a clearly demarcated boundary is
apparent that approximates total case depth,
especially if the steel has shallow hardening

characteristics. If added contrast is desired, the
fractured specimen can be etched in 20% nitric
acid with water. In practice, test specimens that
are more than 9.5 mm (0.375 in.) in diameter
are not used because they are difficult to
fracture.
Even more contrast can be developed if

the fractured surface is roughly ground or
polished. (A cut surface could also be used.)
As an added benefit, relatively weaker
acids can be used to heighten the contrast of
these specimens (e.g., 10 or 5% nital). An alter-
native etching procedure for the polished speci-
mens is to etch in 25% nital for 30 s, wash
in concentrated picral, rinse in alcohol, and
blow dry.
At best, these methods are good for measur-

ing approximate total case depth. However,
after correlation with another case-depth mea-
surement method, effective case depth can be
successfully estimated by measuring from the
specimen surface to a selected point of the
darkened zone.
The Ms method is another method of case-

depth measurement which uses the fact that
the martensite-start temperature (Ms point) var-
ies with carbon content. Quenching and holding
the steel for a short time at the Ms point
corresponding to a given carbon content tem-
pers the martensite formed at all lower carbon
levels. Subsequent water quenching transforms
austenite at all higher carbon levels to untem-
pered martensite. Once polished and etched,
the boundary between tempered (dark) and
untempered (light) martensite is clearly defined;
this line is normally read at 20 diameter magni-
fication (Brinell microscope) to a precision of
þ�0.05 mm (0.002 in.).

The case depth is not sensitive to small tem-
perature changes in the quenching bath. The
final selection of quenching temperature is usu-
ally done statistically to produce an equal plus-
and-minus distribution of error about known
carbon curves.
The main factors that affect the accuracy of

this method are pearlite formation during
quenching to the Ms point and time at Ms tem-
perature. The specimen size should be suffi-
ciently small to ensure that the severity of
quench transforms all austenite of lower carbon
levels to martensite without any formation of
pearlite. (Specimen size may be critical for
low-hardenability steels.) The time at Ms tem-
perature should be short enough to preclude
the formation of bainite, which interferes with
the sharpness of the line of demarcation upon
etching and can obliterate it completely. For
additional information on the Ms technique,
see Ref 2.
Microscopic Visual Procedures. Generally,

the preparation of specimens for microscopic
visual procedures is similar to the methods used
for photomicrography or mechanical case-depth
measurement. The specimen is then etched in
2 to 5% nital and rinsed with alcohol or water.
Measurements are made with a microscope

Fig. 17 Plot of expected measurement error as a function of effective case depth to 50 HRC derived from
interlaboratory microhardness traverse gage repeatability and reproducibility study on samples with 1.3

and 3.2 mm (0.05 and 0.125 in.) effective case depth. A typical allowable range of variation in the measured
effective case depth for the process is also plotted. Courtesy of Caterpillar Inc.

Fig. 16 Results of interlaboratory microhardness traverse gage repeatability and reproducibility study on samples
with 1.3 and 3.2 mm (0.05 and 0.125 in.) effective case depth. Courtesy of Caterpillar Inc.
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using software or using a filar micrometer
accessory that replaces one of the ocular view-
ing lenses.
Total case depth is found by finding the con-

trast boundary between the case and core or the
point where no further change in microstructure
occurs (Fig. 19). For many case-hardened parts,
there will be a sharp transition in microstructure
(and visual contrast because of the etchant

used) between case and core. However, some-
times the boundary between the case and core
is not apparent, and experienced judgment must
be used (e.g., carburized or carbonitrided alloy
steels quenched at high temperatures). For car-
burized alloy steels, the Ms method described
earlier has been found effective. This method
can also be used for carbonitrided, cyanided,
nitride, and flame- or induction-hardened cases.

Effective case depth may be determined if a
microstructure corresponding to the hardness
limit is empirically well defined. In the case
of carburized cases, often the structure that is
nearly equivalent to 50 HRC consists of
approximately 85% tempered martensite and
15% intermediate quench or mixed upper-
transformation products.
For carburized cases, SAE J423 (Ref 1)

defines an annealing method whereby total case
depth can be determined precisely using micro-
structural methods. Instead of annealing speci-
mens in charcoal, as suggested in the standard,
a protective atmosphere can be used. Also note
that production carburizing schedules often
have cooling rates similar to those described
in the SAE J423 annealing method. Therefore,
specimens processed under those conditions
would not have to be reheated before testing,
and the results of the test can be accurately cor-
related to a standard specimen.

Nondestructive Methods

Nondestructive case-depth measurement is
an active field of research. As with all nonde-
structive methods, the goal is to quickly inspect
100% of parts during the production process
and avoid having to destroy parts that could
have otherwise been sold in the marketplace.
Nondestructive methods of measuring case

depth make use of the changing electrical and
magnetic properties of the material through
the depth of a case-hardened workpiece. These
property changes result from localized differ-
ences of material microstructure, hardness,
and/or chemistry within the case.
Eddy-current tests are themost frequently used

nondestructive tests in the automotive industry
(Ref 3). Primary among their valuable character-
istics is the speed with which tests can be per-
formed; this makes them suitable for the
automatic testing of high-production quantities.
Production nondestructive evaluations of case
depths are performed on parts such as piston pins;
axle, transmission, and water pump shafts; and
differential and transmission gears. Measured
case depths range from 0.2 to 9 mm (0.008 to
0.35 in.), with agreement with destructive techni-
ques of 0.2 mm (0.008 in.) or less. This requires
equipment specifically designed for the parts
being tested.
A typical system for the production precision

measurement of case depths generally requires
the use of master parts of known case depth to
standardize the unit. With a system developed
to test cold-extruded axle shafts, measurements
are made on a master shaft and stored in com-
puter memory for later comparison with mea-
surements from unknown production parts.
Computers are commonly used to control the
part scanner and eddy-current instrument,
acquire and analyze the data, and store the
results. A typical test consists of placing the
part within the test machine and then sequen-
tially applying frequencies ranging from 5 to

Fig. 19 Nitrided case etched with 2% nital. Original magnification: 50�. Courtesy of Materials Evaluation and
Engineering, Inc.

Fig. 18 Induction-hardened gear tooth polished with silicon carbide abrasive paper and etched with 10% nital.
Courtesy of Materials Evaluation and Engineering, Inc.
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10 kHz to the eddy-current coil located at
the area of interest. The computer uses the
responses at certain frequencies to estimate
the case depth. Then, on the basis of the esti-
mate, it selects algorithms to make a final cal-
culation of case depth, based on multiple
linear regressions of eddy-current responses
at several frequencies against case depth.
The particular frequencies used depend on
the location on the part. Generally, they con-
sist of a combination of one or more low fre-
quencies (0.1 to 1.0 kHz) with one or more
higher frequencies (5 to 10 kHz). The highest
frequencies (5 to 10 kHz) are used for surface
hardness measurements. Figure 20 illustrates
the correlation that can be achieved between
destructive and nondestructive case-depth
measurement methods.
The accuracy of eddy-current inspection is

limited by the testing conditions encountered
by the instrument. Variations in workpiece tem-
perature, surface roughness, residual stress,
material chemistry, and core microstructure
can affect the impedance of the material and
the resultant determination of case depth. Sam-
ple cleanliness, surface roughness, and residual
stresses can also affect measurement. When

measuring carburized cases, varying surface
carbon concentrations may introduce additional
uncertainties. It is important to recognize these
variables when designing and operating nonde-
structive measurement systems and selecting
appropriate master parts.
New variations of the eddy-current technique

are in various stages of development. One tech-
nique uses handheld eddy-current sensors
known as meandering winding magnetometers
(Ref 4). These instruments also incorporate
magnetic induction sensors.
Another new way of measuring case depth

makes use of the magnetic Barkhausen noise
phenomenon (Ref 5). When a variable magnetic
field is applied to steel, it is not magnetized
continuously. Rather, it is magnetized in
discrete jumps due to the field overcoming
barriers in its path (such as carbides, nitrides,
dislocations, and grain boundaries). Electro-
magnetic and acoustic signals are generated
during these jumps in magnetization. After
amplifying, filtering, and analyzing these sig-
nals, they can be correlated to results of other
case-depth measurement techniques to deter-
mine the range of frequencies most appropriate
for case-depth determination.

Other methods apply an electric current
to a test sample and then either measure the
resistivity (Ref 6) or potential drop (Ref 7)
or even the initial magnetic permeability
between the leads. These signals, when ana-
lyzed and correlated, allow measurement of
case depth and can even be used as a real-time
sensor.
Ultrasonic techniques have also been used

for case-depth measurement (Ref 8).These tech-
niques measure the group velocity within the
part under different frequencies and compare
it to previous group velocity measurements that
have been correlated with carbon content, resid-
ual stress, hardness, and grain size. Because
depth of wave propagation is inversely propor-
tional to ultrasonic frequency, various frequen-
cies are applied to the part in order to
characterize the entire case.
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Flame Hardening of Steels*
Revised by B. Rivolta, Politecnico di Milano (Polytechnic Institute Milan)

FLAME HARDENING is a heat treating
process in which a thin surface shell of a steel
part is heated rapidly to a temperature above
the critical temperatures of the steel. After the
microstructure of the shell has become austen-
itic (austenitized), the part is quickly quenched,
transforming austenite to martensite while
leaving the core of the part in its original state.
In contrast, slow cooling causes transformation,
as the temperature passes through the corres-
ponding ranges, to pearlite, bainite, andmartensite,
with the final structure being a combination of the
three. The result is a relatively soft andductile steel.
To achieve hardness, therefore, the steel must be
cooled rapidly so that it bypasses the first two trans-
formation phases and transforms directly from
austenite to martensite. Flame hardening employs
direct impingement of a high-temperature flame
or high-velocity combustion product gases.
The part then is cooled at a rate that will produce
the desired levels of hardness. The high-temperature
flame is obtained by combustion of amixture of fuel
gas with oxygen or air; flame heads are used for
burning the mixture.
To achieve hardness, the steel must have ade-

quate hardenability and must be rapidly cooled.
The cooling rate of the shell must be higher
than the so-called martensitic critical cooling
velocity, that is, the minimum quench rate to
produce a completely martensitic structure (or
a mixture of martensite and retained austenite).
Other intermediate critical velocities can be

useful. For example, V1(50) is the critical cool-
ing velocity that results in 50% martensite and
50% bainite (or other higher-temperature trans-
formation products).
It is known that the martensitic critical cooling

rate is strongly influenced by the alloying ele-
ments. Maynier and colleagues have developed
regression equations that can be used to predict
the critical cooling velocity by composition.
The martensitic critical cooling velocity in �C/h,
with composition in wt%, and Pa (the austenitiz-
ing parameter, a separate equation involving tem-
perature and time) is given by the equation:

LogV1 ¼ 9:81� ð4:62%Cþ 1:05%Mnþ 0:54%Ni

þ 0:50%Crþ 0:66%Moþ 0:00183 PaÞ

LogV1 50ð Þ ¼ 8:50� ð4:13%Cþ 0:86%Mn

þ 0:57%Niþ 0:41%Crþ 0:94%Mo

þ 0:0012 PaÞ

The influence of each element on the marten-
sitic critical cooling rate is indicated by the
magnitude of each coefficient.
The final hardness of the shell is strongly

dependent on the total amount of martensite
together with the alloying elements in the steel.
Maynier et al. developed equations for pre-

dicting hardness before and after tempering,
with the knowledge of cooling rates and com-
position. The hardness of as-quenched martens-
ite is expressed by the equation:

HVmartensite ¼ 127þ 949Cþ 27Siþ 11Mnþ 8Ni

þ 16Crþ 21 logV

where V is the cooling rate in �C/h.
Carbon content is the most important factor

determining the level of hardness that can be
obtained in steels by flame heating. The carbon
amount controls hardness level and also the ten-
dency of the part to crack and the magnitude of
residual surface stresses.
Although flame hardening is used mainly to

develop high levels of hardness for wear resis-
tance, the process also improves bending and
torsional strength and fatigue life.
Flame hardening can be considered similar to

induction hardening both in terms of the materi-
als processed and their applications. Flame hard-
ening plants tend to be generally cheaper than
induction hardening ones, but the operation costs
often are higher. The process cannot be readily
and easily automated, because induction harden-
ing can be and is more suitable for hardening
different types of uneven components. The skill
of the operator is considered very important in
carrying out this process successfully.
Flame hardening is applied to a wide variety

of workpieces and ferrous materials for differ-
ent reasons. The main advantages of flame
hardening are as follows:

� It may be applied to large components where
conventional furnace heating and quenching

are impracticable and/or uneconomical; typ-
ical examples include large gears, machine-
ways, dies, and rolls.

� It is possible to harden a selective surface of
the part, thus avoiding the heating of the
whole part.

� It is more rapid than carburizing and nitriding,
and larger depth of hardness can be obtained.

� A wide selection of steels may be used.

The main disadvantages of flame hardening
are as follows:

� It can be somewhat difficult to measure the
exact temperature on the component during
the process, and, in many cases, the estima-
tion of the surface temperature is left to the
skill of the operator.

� The standardization of the process may be dif-
ficult, and it may require a specific trial run to
optimize the surface temperature of the part.

� The control of the case depth may be diffi-
cult if compared with the induction-harden-
ing process.

� Fuel gases are explosive.

For a detailed discussion of materials suitable
for flame hardening and for a comparison of
flame hardening with other methods used to
attain similar results, see the sections “Selection
of Process” and “Selection of Material” near
the end of this article.

Methods of Flame Hardening

The versatility of flame-hardening equipment
and the wide range of heating conditions
obtainable with gas burners often permit flame
hardening to be done by a variety of methods,
of which the principal ones are:

� Spot or stationary
� Progressive
� Spinning
� Combination progressive-spinning

The selection of the appropriate method
depends on the shape, size, and composition
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of the workpiece; the area to be hardened; the
depth of case required; and the number of
pieces to be hardened. In many instances, more
than one method will provide the desired result;
the choice then will depend on comparative
costs.
The spot (stationary) method, shown in

Fig. 1(a), consists of locally heating selected
areas with a suitable flame head and subse-
quently quenching. Both the component and
the flame are held stationary. The heating head
may be of either single-orifice or multiple-
orifice design, depending on the extent of the
area to be hardened. The heat input must be
balanced to obtain a uniform temperature over
the entire selected area. After being heated,
the parts usually are quenched by immersion
in water or oil, depending on the chemical com-
position of the steel; however, in some mechan-
ized operations, a spray quench may be used.
Basically, the spot method requires no elabo-

rate equipment, except perhaps fixtures and
timing devices to ensure the uniform processing
of each piece. However, the operation may be
automated by indexing the heated parts into
either a spray quench or a suitable quench bath.
The progressive method, shown in Fig. 1

(b), is used to harden large areas that are
beyond the scope of the spot method. The size
and shape of the workpiece, as well as the vol-
ume of oxygen and fuel gas required to heat the
specified area, are factors in the selection of this
method. In progressive hardening, the flame
head usually is of the multiple-orifice type,
and quenching facilities may be either
integrated with the flame head or separate from
it. The flame head progressively heats a narrow
band that is subsequently quenched as the head
and quench traverse the workpiece.
The equipment needed for flame hardening

by the progressive method consists of one or
more flame heads and a quenching means
mounted on a movable carriage that runs on a
track at a regulated speed (flame-cutting
machines are adaptable to this type of flame
hardening). Workpieces mounted on a turntable

or in a lathe can be hardened readily by the pro-
gressive method; either the flame head or the
workpiece may move. There is no practical
limit on the length of parts that can be hardened
by this method, because it is easy to lengthen
the track over which the flame head travels.
Single passes as wide as 1.5 m (60 in.) can be
made; wider areas must be hardened in more
than one pass.
When more than one pass is required to

cover a flat surface, or when cylindrical sur-
faces are hardened progressively, such surfaces
will exhibit soft bands because of overlapping
or underlapping of the heated zones. These soft
bands can be minimized, however, by closely
controlling the extent of the overlapping. Wher-
ever overlapping occurs, the possibility of
severe thermal upset and cracking should be
anticipated. Tests should be conducted to deter-
mine whether overlapping will cause cracking
or other harmful effects. Simple curved sur-
faces may be hardened progressively by means
of contoured flame heads, and some irregular
surfaces may be traversed by the use of tracer
template methods.
The rate of travel of the flame head over the

surface is governed mainly by the heating
capacity of the head, the depth of case required,
the composition and shape of the work, and the
type of quench used. Speeds ranging from
0.8 to 5 mm/s (2 to 12 in./min) are typical with
oxyacetylene heating heads. Ordinarily, water
at ambient temperatures is used as a quenchant,
although air sometimes is used when a less-
severe quench is indicated; under special condi-
tions (particularly for quenching alloy steels),
warm or hot water or a polymer-based synthetic
quenchant may be employed.
The spinning method, shown in (Fig. 2), is

applied to round or semiround parts such as
wheels, cams, or gears. In its simplest form,
the method uses a mechanism for rotating or
spinning the workpiece, in either a horizontal
or a vertical plane, while the surface is being
heated by the flame head. One or more water-
cooled heating heads equal in width to the

surface to be heated are employed. The speed
of rotation is relatively unimportant, provided
uniform heating is obtained. After the surface
has been heated to the desired temperature,
the flame is extinguished or withdrawn, and
the work is quenched by immersion or spray
or a combination of both.
The spinning method is particularly adapt-

able to extensive mechanization and automa-
tion. This makes it possible, for example, for
all the cams on a camshaft to be hardened at
the same time.
Today (2013), fully automatic flame-heating

equipment is available that can treat round com-
ponents up to 1.5 m (60 in.) in diameter and up
to 2 Mg (2.2 tons) in weight. Much of it has
been designed to treat gear wheels of all types.
Commercial machines have been built that

can provide automatic control of timing, tem-
perature, and quenching, as well as accurate
control of gas flow, so that close metallurgical
specifications can be met consistently. Fre-
quently, when production is sufficient, the
spinning method can be set up so that parts
are either loaded manually or unloaded auto-
matically, or they are loaded and unloaded
automatically.
This method has been extended to compo-

nents of irregular cross section and mass distri-
bution. Typical are large drive wheels for
tracked vehicles, cams and camshafts for
marine diesel engines, and crane traveling
wheels. Speed, deep hardness penetration, loca-
lized hardness zone, and uniformity of hardness
pattern are the main advantages.
In one technique, a rotating flame head is

used for internal spin hardening of odd-shaped
parts that would present handling problems if
the parts themselves were rotated. Each part is
positioned by a simple handling device, and
the flame head rotates inside the part.
In contrast to the progressive method, in

which acetylene usually is used (because of its
high flame temperature and rapid heating rates),
satisfactory results can be obtained in spin hard-
ening with natural gas, propane, or manufactured

Fig. 1 Spot (stationary) and progressive methods of flame hardening. (a) Spot (stationary) method of flame hardening a rocker arm and the internal lobes of a cam; quench not
shown. (b) Progressive hardening method
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gas. The choice of gas depends on the shape,
size, and composition of the workpiece and on
the depth of case required, as well as on the rel-
ative cost and availability of each gas.
A wide choice of quenchants also is possible

in the spin-hardening method. Because the
flame is extinguished or withdrawn before the
part is quenched, any appropriate quenchant
may be used for immersion quenching. In spray
quenching, the quenchant usually is water, a
water-based liquid such as soluble oil, or a
simulated oil in the form of a polymer-based
quenchant; air also has been used.
The combination progressive-spinning

method (Fig. 3), as the name implies, com-
bines the progressive and spinning methods
for hardening long parts such as shafts and
rolls. The workpiece is rotated as in the
spinning method, but, in addition, the heating
heads traverse the roll or shaft from one end
to the other. Only a narrow circumferential
band is heated progressively as the flame head
moves from one end of the work to the other.
The quench follows immediately behind the
heating head, either as an integral part of the
head or as a separate quench ring.
This method provides a means of hardening

large surface areas with relatively low gas
flows. Progressive-spinning units designed to
handle a broad range of diameters and lengths
are available commercially.

Fuel Gases

Several different fuel gases are used in flame
hardening. In selecting a fuel gas for a given

application, the required rate of heating and
the cost of the gas must be considered, along
with the initial cost of equipment and mainte-
nance costs.
Flame hardening does not alter the composi-

tion of the base metal if done properly. Carbur-
izing, neutral, and oxidizing flames can be used.
Oxidizing flames have high oxygen ratios and
can be detrimental because they produce
extremely hot temperatures that can cause
decarburization and overheating. A carburizing
flame can prevent some decarburization but
can also introduce unwanted carbon into the
surface. For best results, neutral or slightly car-
burizing flames should be used (Ref 1).
A comparison of the heating rates of fuel

gases can be made when certain fundamental
properties of usable mixtures with oxygen are
known. A parameter that correlates well with
actual heating speed is combustion intensity,
or specific flame output. This is the product of
the normal velocity of burning multiplied by
the net heating value of the mixture of oxygen
and fuel gas. Knowledge of these two proper-
ties will aid in the selection of the most suitable
fuel gas for a specific hardening speed and
depth of case. The fuels of greatest commercial
interest are ranked by combustion intensity
(at metallurgically suitable ratios of mixture
with oxygen) in the following order: acetylene,
methylacetylene propadiene (MAPP), propane,
and methane. Values of normal burning veloc-
ity and the heating values of metallurgically
suitable mixtures are listed in Table 1.
The time required for heat penetration is

another good criterion for judging the heating
qualities of a fuel, provided that all other

variables remain constant. Figure 4 shows com-
parative heating times for stabilized MAPP,
acetylene, and propane, using an efficient
coupling distance for each fuel. These curves
show that a greater depth of hardness can be
obtained with MAPP in a shorter length of time
(Ref 2).
The ratio of oxygen to fuel is very important

in obtaining maximum heating efficiency from
the fuel. However, oxygen-to-fuel ratios should
not be confused with oxygen and fuel consump-
tion rates, which vary with flame velocity, port
size, and heating time. Stoichiometrically, acet-
ylene requires 2½ mols of oxygen per mol of
gas for complete combustion, MAPP requires
4 mols, and propane requires 5 mols. With
acetylene, however, a range of only 1 to
1.5 volumes of oxygen is provided directly,
with the remainder being drawn from the sur-
rounding atmosphere. Neither MAPP nor pro-
pane has sufficient heat for flame hardening
unless more oxygen is supplied, normally at a
rate of four parts of oxygen per part of fuel.
MAPP burns over a rather wide range of oxy-
gen-to-fuel ratios, however, and thus permits a
wider range of heat output while still providing
high heat generation when necessary. The use
of MAPP increases oxygen consumption, and
fuel is more expensive than oxygen.
Bulk systems of supply for oxygen and fuel

gases greatly reduce their cost, but of greater
importance is the elimination of cylinder
handling and of the residual losses usually
attendant upon the use of gases in cylinders.
Bulk systems also provide a more nearly

Table 1 Fuel gases used for flame hardening

Gas

Heating value

Flame temperature

Usual ratio of
oxygen to fuel gas

Heating value of oxy-fuel
gas mixture

Normal velocity
of burning Combustion intensity(a)

Usual ratio of air
to fuel gas

With oxygen With air

MJ/m3 Btu/ft3 �C �F �C �F MJ/m3 Btu/ft3 mm/s in./s mm/s � MJ/m3 in./s � Btu/ft3

Acetylene 53.4 1433 3105 5620 2325 4215 1.0 26.7 716 535 21 14,284 15,036 12
City gas 11.2–33.5 300–900 2540 4600 1985 3605 (b) (b) (b) (b) (b) (b) (b) (b)
Natural gas
(methane)

37.3 1000 2705 4900 1875 3405 1.75 13.6 364 280 11 3808 4004 9.0

Propane 93.9 2520 2635 4775 1925 3495 4.0 18.8 504 305 12 5734 6048 25.0
MAPP(c) 90 2406 2927 5301 1760 3200 3.5 20.0 535 381 15 7620 8025 22

(a) Product of normal velocity of burning multiplied by heating value of oxy-fuel gas mixture. (b) Varies with heating value and composition. (c) MAPP, methylacetylene propadiene

Fig. 3 Combination progressive-spinning flame hardening
Fig. 2 Spinning methods of flame hardening. In methods shown at left and at center, the part rotates. In method at

right, the flame head rotates. Quench not shown
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constant supply of gas at uniform pressure.
A disadvantage of acetylene is that it cannot
be stored in bulk, thereby requiring manifolds
of cylinders.

Depth of Heating. Shallow hardness pat-
terns (less than 3.2 mm, or 0.125 in., deep)
can be attained only with oxy-gas fuels. The
high-temperature flames obtained with oxy-gas
fuels provide the fast heat transfer necessary
for effective localization of the heat pattern.
Deeper hardness patterns permit the use of
either oxy-gas fuels or air-gas fuels. Oxy-gas
fuels will localize the heat, but care is required
in their application to avoid overheating the
surface during the development of the deeper-
seated heat. Air-gas fuels, with their slower
rates of heat transfer (lower flame tempera-
tures), minimize or eliminate surface overheat-
ing but generally extend the heat pattern
beyond the desired hardness pattern. For this
reason, air-gas flame hardening generally is
limited to steels of shallow hardenability. In
this manner, the hardness pattern is controlled
by the quench rather than by the heating. The
deeper-seated heat produced by air-gas flames
may preclude the use of air-gas mixtures,
because excessive distortion may occur. In con-
sideration of these factors, the use of air-gas
heating will depend primarily on the shape of
the part insofar as the configuration favors heat
localization and a lower rate of heat transfer.
Gas Consumption, Time, and Speeds. Gas

consumption in flame hardening varies with the
thickness of the case to be obtained; increasing

or decreasing the depth of hardening increases
or decreases the amount of gas used. Massive
parts increase gas consumption because of their
greater internal cooling effect. To take advan-
tage of the maximum flame temperature from
the oxy-fuel gas flame, the distance from the
end of the inner cone of the flame to the work
should be 1.6 mm (1=16 in.).
The speed of travel of the flame head over

the work in the progressive method, as well as
the time of heating in the spot and spinning
methods, will vary with the thickness of the
case desired and the capacity of the flame head.
The proximity of the quench spray to the last
row of flames will affect the speed somewhat
in the progressive method. Progressive and pro-
gressive-spinning speeds usually vary between
0.8 and 5 mm/s (2 and 12 in./min) for most
applications, although very thin parts may
require speeds of 42 mm/s (100 in./min) or
more to avoid overheating or burning. Because
of the intense heat involved, the necessity for
accurate control of the rate of travel in the pro-
gressive and progressive-spinning methods can-
not be overemphasized.
Time-temperature-depth relationships for

various fuel gases used in the spot (stationary),
spinning, and progressive methods of flame
hardening are shown in Fig. 5. The family of
curves for the spot method (Fig. 5a) was

Fig. 4 Comparison of heating times for methylacetylene
propadiene (MAPP), acetylene, and propane.

Flame velocity, 170 m/s (550 ft/s); port size, No. 69 drill
(0.74 mm, or 0.0292 in.); coupling distance, 9.5 mm
(⅜ in.); material, 1036 steel. Oxygen-to-fuel ratios: MAPP,
5.0; acetylene, 1.33; propane, 4.5

Fig. 5 Calculated time-temperature-depth relationships for spot (stationary), spinning, and progressive flame hardening. Depth of hardness given in millimeters
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obtained analytically by considering the flow of
heat in three dimensions away from a heated
spot on the surface of a rocker arm pad. The
calculations were based on heat sources of dif-
ferent strengths, which were varied on the basis
of the combustion intensity of the gases consid-
ered (acetylene, propane, and natural gas). It is
understood that the strength of the heat source also
will be affected by such factors as size of tip, dis-
tance from tip to work, total gas flow, and ratio of
oxygen to fuel gas; hence, these curves are
intended to indicate trends in time-temperature-
depth relationships rather than to provide opera-
tional values for particular applications.
The curves for the time-temperature-depth

relationships of fuel gases used in the spinning
method, shown in Fig. 5(b), were obtained ana-
lytically by considering the flow of heat into a
cylindrical body from a heat source supplying
heat uniformly over the outer cylindrical sur-
face. It was assumed that the temperature at
the axis would not be raised appreciably during
surface heating and that, in spin hardening, the
cylinder would be rotated rapidly enough to give
the effect of substantially uniform surface heat-
ing. No temperature decrease at high values of
time is indicated, because in this type of process
the body is quenched immediately when the sur-
face temperature reaches a predetermined value.
The curves for the progressive method

(Fig. 5c) also were obtained analytically by
considering heat flow into a body from a line
source moving along a flat side of the body.
The heat source strength and body configura-
tion were chosen to be representative of pro-
gressive flame hardening. In this instance, the
time variable can be correlated with travel
speed if the width of the flame zone is known.
For example, a flame zone 25 mm (1 in.) wide
will pass over a point on the work surface
in 15 s when the travel speed of the tip is
1.7 mm/s (4 in./min). This width of flame zone
indicates the probability of a multirow tip, and
if the heat source is as strong as assumed for
computing the curves, will undoubtedly damage
the work surface. Consequently, a higher travel
speed would be used, for example, 2.5 mm/s
(6 in./min), which would heat a point on the
work for 10 s and result in hardening to a depth
of approximately 2.5 mm (0.100 in.). The rapid
decrease in temperature at large values of time
is due to the mass quenching effect, which, in
practice, would be augmented by the use of water
spraying or other quenching means.

Burners and Related Equipment

Burners are basic components of equipment
for all methods of flame hardening. Burners
vary in design, depending on whether they are
fired by an oxy-fuel or an air-fuel gas mixture.
Flame temperatures obtained by oxy-fuel gas
combustion are 2540 �C (4600 �F) and higher.
Heat transfer is by direct impingement of the
flame on the surface of the workpiece. This is
the reason oxy-gas burners are more commonly

referred to as flame heads. Flame temperatures
obtained by air-fuel gas combustion are consid-
erably lower (Table 1), and heat transfer is by
impingement of high-velocity combustion prod-
uct gases (no direct flame) or by radiation from
an incandescent refractory surface.
There is no universal flame head, and no

flame head is designed specifically for one par-
ticular gas. A well-designed flame head can be
used with MAPP, acetylene, or propane, for
example. Better flame head design usually
results in improved operation and lower gas
consumption. Both acetylene and MAPP gas
are somewhat reactive with copper-base alloys
having more than 67% Cu. This concern is a
problem only with piping systems, not torches
or tips.
In general, a large number of small ports will

produce a more efficient heat pattern than a few
larger ports. Port spacing of 2.3 to 3.2 mm
(0.090 to 0.125 in.) on centers is, in most cases,
advisable. Counterboring permits higher flame
velocities and is frequently advantageous or nec-
essary when propane or MAPP is used. Because
acetylene has a higher flame propagation rate,

counterboring usually is unnecessary and fre-
quently is undesirable. Counterboring reduces
coupling distance and permits a stabilized flame
at higher flame velocities. For effective opera-
tion, the ratio of counterbore area to throat area
should be on the order of 2 to 1. Ratios as high
as 4 to 1 may be used in some cases, however
(Ref 2).
Examples of modern flame heads are shown

in Fig. 6.
Oxy-Fuel Gas Flame Heads. Oxy-fuel gas

combustion develops flame temperatures above
those at which useful metals and refractory
materials can survive. Accordingly, the flame
head is designed to provide a flame pattern that
avoids any direct heating of its parts.
Generally, the flame head consists of a tube

or a shell with one or more orifices drilled into
it. The number and arrangement of orifices
depend on the required area of heat coverage.
Flame heads for use with oxy-fuel gas are
shown in Fig. 7.
The drilled-face flame head has a limited

range of application and usually is designed to
meet the requirements of one specific part to

Fig. 6 Representative flame head designs. (a) Gear tooth-hardening flame head. (b) Sheave-hardening flame head.
Source: Ref 3
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be flame hardened in appreciable quantity. For
other applications, the flame head may be fitted
with removable tips of the screw-in or insert
type.
The screw-in type of removable tip shown in

Fig. 7 is used widely enough that it is available
in off-the-shelf commercial flame heads or is
supplied as a standard item by manufacturers
of flame-hardening equipment; it also is simple
enough that it can be made to specification by
plants applying the flame-hardening treatment.
The insert, or press-in, type of tip shown in

Fig. 7 is smaller than the screw-in type and per-
mits closer spacing of orifices, approaching that
of a drilled flame head. Flame heads with
removable and replaceable tips can be used
over a wider range of applications by removing
one or more tips and replacing them with plugs.
Flame cone characteristics are affected by

different drill sizes and counterbore drill sizes,
as well as whether a drilled flame port is even
counterbored. This also affects the heating
characteristics, as shown in Table 2.
A typical flame port is a No. 69 drill

(0.74 mm, or 0.0292 in.) with a No. 56 drill
(1.18 mm, or 0.0465 in.) counterbore. This pro-
duces a cone length of approximately 8 mm
(0.3125 in.) when the oxy-fuel gas is delivered

at a flow rate of 0.07 L/s (8.75 ft3/h) with a
neutral ratio.
Integral parts of the flame system are the

mixer block and the mixer tube, which mix
the component fuel gases and convey them
through the orifices (Fig. 7). The capacities of
mixer block and mixer tube must match the
number and size of the orifices; if the mixer is
too small, the flame will flash back, and if the
mixer is too large, the flame head will not func-
tion efficiently.
To ensure identical velocity of mixed gases

at all flame orifices, it is common practice to
design a flame head with baffle orifices through
which the gases must pass before they are
burned at the flame orifices. Two rules apply
to the design of baffle orifices: first, their total
area must be 1.25 to 1.50 times the area of the
flame orifices; and second, the number of baffle
orifices within a single baffle should be one-
fourth the total number of flame orifices.
Multiple-orifice flame heads are water cooled

because otherwise the high temperatures devel-
oped at and around the flame head would cause
early deterioration. On flame heads used for
progressive hardening, the quench water cools
the head. On multiple-orifice flame heads used
in the spinning and progressive-spinning meth-
ods, the cooling water is circulated through
chambers integrated into the head. Single-orifice
flame heads (welding torches, for example)
generally are not water cooled.
Typical flame-hardening installations that

use oxy-fuel gas mixtures are shown in Fig. 8.
The equipment in Fig. 8(a) was designed to
handle the high production of similar parts.
The equipment in Fig. 8(b) was designed to
harden a variety of parts by changing the flame
heads and work spindle.
New equipment configurations are being

designed to handle specific problems. With
conventional flame-hardening equipment, for
example, it is difficult to obtain a zone of
uniform temperature across the surface of the
tooth gap in gears. The problem of obtaining
uniform depth of hardness, not only from tooth
to tooth but also across the entire face width,
has been solved by the development of a two-
chamber burner with individual control of
energy input to each chamber. The system
ensures uniform heating, particularly in the
tooth root, and incorporates the separate control
of nozzles for tooth-root and tooth-flank hard-
ening (Ref 4).
With this system, complex components also

can be processed by spin hardening. For exam-
ple, both the straight and bevel gears of a
double-pinion shaft can be hardened simulta-
neously if the quenching-bath immersion
depth is adequate. By distributing heating
power between spur wheel and bevel wheel,
the austenitizing temperature can be reached
under the tooth roots of both gears at the same
time. This requires the selection of different
heat-up times for the two gears and different
rates of oxygen flow to the two sets of burners
(Ref 4).

Fig. 7 Flame heads for use with oxy-fuel gas

Table 2 Total gas flow from one flame port at various velocities

Flame port drill
size number

Flame port drill
size diameter Total gas flow, L/s (ft3/h)

Recommended
coupling distance

mm in. At 120 m/s
(400 ft/s)

At 140 m/s
(450 ft/s)

At 150 m/s
(500 ft/s)

At 170 m/s
(550 ft/s)

mm in.

69 0.74 0.029 0.055 (7) 0.063 (8) 0.069 (8.75) 0.076 (9.6) 9.5 0.375
64 0.91 0.036 0.079 (10) 0.089 (11.25) 0.098 (12.5) 0.108 (13.75) 11.1 0.4375
60 1.01 0.040 0.094 (12) 0.106 (13.5) 0.118 (15) 0.130 (16.5) 12.7 0.5
56 1.18 0.0465 0.134 (17) 0.150 (19) 0.167 (21.25) 0.184 (23.4) 14.3 0.5625

Source: Ref 3

Fig. 8 Typical flame-hardening installations using oxy-fuel gas mixtures. (a) Installation for high production of similar
parts: hardening the 54 mm (2⅛ in.) bores of hubs to a depth of approximately 3.2 mm (⅛ in.). Machine has a

standard, retractable spindle adapted with a rotary flame head. Spindle is driven by a variable-speed motor.
Temperature of agitated quench is maintained by a water-cooled heat exchanger. (b) Installation for selective oxy-fuel
gas heating of small-production lots of gears, sprockets, and flanges within size limits of the equipment. A radiation
pyrometer is used here to control the heating cycle, but many operations use an electric timer instead. By changing
work heads and spindles, equipment can be adapted to various parts.
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Air-Fuel Gas Burners. Air-fuel gas combus-
tion develops lower flame temperatures that are
compatible with available refractory materials.
Thus, burners are designed with the aim of
completely using the heat generated. The bur-
ners, incorporating heat-resistant refractory
liners, are of two types, generally designated
as the radiant type and the high-velocity con-
vection type (Fig. 9).
The radiant-type burner (Fig. 9a) essen-

tially is a refractory cup in a protective metal
casing. Air-gas premixing is supplied through
the pipe at the back and passed through an
accurately molded ceramic tip that is screwed
into the pipe and located at the bottom of the
cup. With numerous narrow slots molded into
its periphery, the tip essentially functions as
the distributing head of a multiport burner.
The many small flames wash the inner surface
of the cup, making it highly incandescent for
rapid heat transfer by radiation. Because com-
bustion is completed within the cup, the burner
may be positioned close to the work with no
flame impingement.
The standard radiant burner used in flame

hardening is approximately 75 mm (3 in.) in
cup diameter. It is particularly effective for spin

hardening the teeth of large gears. A single row
of burners may be arranged in a ring surround-
ing a gear, as shown in Fig. 10(a), or multiple
rows of burners may be arranged to cover
completely the surface to be hardened.
The high-velocity convection burner is

basically a miniature refractory-lined furnace
in which heat is released at rates as high as
415 MJ/m3 � s (4 � 107 Btu/ft3 � h). The air-
gas premixture, supplied through a pipe con-
nection, flows through the orifices of the
ceramic port plate. The burner design is such
that the burning gases heat the chamber lining
to a temperature approaching the theoretical
flame temperature. This permits preheating of
the reacting gases and accelerates combustion.
In this manner, gases at approximately 1650 �C
(3000 �F) are discharged through a restricted slot
opening to impinge on the workpiece at veloci-
ties up to 760 m/s (2500 ft/s). High-velocity con-
vection burners are well adapted to the localized
heating of parts in spin-hardening operations.
Figure 10(b) shows their application for hard-
ening the teeth of a thin gear.
Related Equipment. Burners for both the

oxy-fuel gas and the air-fuel gas methods of
flame hardening are implemented by pressure

regulators, valves, flowmeters, and protection
devices. For the air-fuel gas method, a separate
mixer and compressor are used because the
mixing function is not incorporated within the
burners (Fig. 11).
Materials of Construction for Burners. The

metallic components of burners may be of a
variety of materials, depending on the type of
burner and the service to which it is subjected.
The flame heads for oxy-fuel gas flame heating
in nearly all instances are made of copper or a
dense grade of lead-free brass (Ref 2). These
metals are relatively inexpensive, have excel-
lent thermal conductivity, and are readily
machined. Because flame velocity is relatively
low, there is little likelihood that the metal
flame head will overheat and deteriorate as a
result of the backwash of hot gases. Normally,
the flow of gases within the head provides suf-
ficient cooling to maintain a safe temperature.
If additional cooling is required, the head may
be water cooled. Under no circumstances
should the flame head be permitted to overheat
to the extent that the burner metal, brazed burner
joints, or drilled flame ports are damaged.
The service life of oxy-fuel gas flame heads

depends largely on the conditions of a particu-
lar application, such as containment of the heat
resulting from the configuration of the piece
being heated, and the degree of backwash of
flame or hot gases impinging on the burner.
Therefore, it is difficult to predict the exact ser-
vice life that can be expected for a new applica-
tion. Brass heads used for the progressive
hardening of machineways have recorded an
average life of 1000 to 2000 h in continuous
service.
The melting points and ranges of heat resis-

tance of available materials are not greatly dif-
ferent (compared with the large differences
between flame temperatures and metal melting
points). Life expectancy, therefore, is a rela-
tively unimportant basis for the selection of a
particular metal. Availability, cost, and ease of
fabrication are likely to be more important fac-
tors in materials selection. A metal frequently
used for flame heads is Muntz metal (60-40
lead-free brass); when cooling is a problem,
however, copper is preferable.Fig. 9 Typical burners for use with air-fuel gas. (a) Radiant type. (b) High-velocity convection type (not water cooled)

Fig. 10 Setups for flame hardening gears, idler wheels, and sprockets. (a) Radiant burners. (b) High-velocity
convection burners. Wide-face parts can be heated with double or staggered rings of burners. Fig. 11 Mixer-burner system for use with air-fuel gas
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Screw-in tips usually are made of copper, but
when higher heat resistance is required, because
of secondary flame, a nickel alloy with small
amounts of aluminum and titanium can be used.
Insert or press-in tips usually are made of cop-
per, but when high wear resistance of the tip
bore is desired, tips made of sintered carbide
are employed.
Cast iron, stainless steel, and heat-resisting

alloys are used for the casings that surround
the refractory cups of radiation-type air-fuel
gas burners. Heat-resisting alloys may provide
reasonable life at temperatures up to 1150 �C
(2100 �F). Casings of high-velocity convection
burners generally are constructed of stain-
less steel but may be of an austenitic nickel-
chromium-base superalloy for more severe
service. For the spin hardening of gears, either
type of burner may have a useful life of 10 to
15 40-h weeks of continuous operation. In
many applications, longer life for casings has
resulted when the operator has exercised care
in setting up and operating burners. Also, water
cooling the burner casing can markedly extend
its life and may be used if the added cost is jus-
tifiable and if space for the cooling arrangement
is available in the heating setup.
The refractory parts of all types of air-gas bur-

ners are formed in steel dies and prefired in kilns
and are capable of withstanding the most extreme
temperatures generated in the burners. These
parts generally fail from thermal or mechanical
shock; hence, service life is unpredictable.

Operating Procedures and Control

The success of many flame-hardening appli-
cations depends largely on the skill of the oper-
ator. This is true especially when the volume of
work is so small or varied that the cost of
automatic-control equipment is not justified.
The principal operating variables are:

� Distance from inner cone of oxy-fuel gas
flames or from air-fuel gas burner to work
surface

� Flame velocities and oxygen-to-fuel ratios
� Rate of travel of flame head or work
� Type, volume, and angle of quench

These variables must be closely controlled to
ensure the duplication of desired surface hard-
ness and depth of hardness. It is highly desir-
able to develop a specific procedure for each
item to be flame hardened. The procedure is

developed by preliminary tests on the produc-
tion piece itself, if warranted, or on mock-up
sections of approximately the same cross sec-
tion as the production piece. After the desired
contour and depth of hardened zone have been
developed, the procedure is applied to produc-
tion pieces and, when established, is made a
part of the heat treating specification. The criti-
cal importance of developing strict procedures
is demonstrated in the following case study
conducted by a flame-hardening firm (Ref 5).
Example 1: Test on Flame-Hardening Pro-

cedure of 1045 Steel Bar. Each of five expe-
rienced flame hardeners was asked to flame
harden a 1045 steel bar 25 by 50 by 450 mm
(1 by 2 by 18 in.) using only experience and
visual examination to guide the process. Only
the traditionally and normally controlled vari-
ables were preset: coupling distance, 11 mm
(7=16 in.); water pressure, 620 kPa (90 psi);
quench, water; and angle of quench, 30�. Flow-
meter readings were taken, speeds of travel
recorded, and flame velocities determined. After
treatment, each bar was ground to determine the
hardness level and depth of hardness. Results are
given in Table 3. Surface hardness and depth of
hardness showed little consistency: Surface
hardness ranged from 50 to 61 HRC and at
3.18 mm (⅛ in.) from 30 to 52 HRC.
The speed of travel of the flame head, or

the duration of heating, should be held constant
for uniform results. In the progressive method,
the flames gradually heat the workpiece in front
of the flame head, and sometimes this effect
must be compensated for by gradually increas-
ing the speed of travel or by precooling. At
the beginning of a pass when the progressive
or progressive-spinning method is being used,
the flame head or heads should be manipulated
or otherwise adjusted to ensure that the begin-
ning of the area to be hardened attains the
proper temperature and depth of heating as pro-
gression begins.
Gas Pressures. Oxy-fuel gas and air-fuel gas

pressures should be controlled closely for
uniform input of heat. Flat oxy-fuel flame heads
are somewhat less efficient when used on circu-
lar or curved surfaces because each cone of
flame is at a different distance from the work.
Overheating causes cracking.
Oxygen-to-fuel ratio is a key factor in

determining flame temperature. For example,
propane produces flame temperatures of 2700 �C
(4900 �F) at a 5-to-1 ratio, 2540 �C (4600 �F) at
a 4-to-1 ratio, and 2370 �C (4300 �F) at a 3-to-1
ratio.

Flame velocity is one of the most important
variables because when balanced with other
variables, it is the main determinant of case
depth. In example 1 for flame hardening 1045
steel (Ref 5), the basic flame velocity required
for establishing a case depth of 3.2 to 4.8 mm
(⅛ to 3=16 in.) is 152 m/s (500 ft/s).
In flame hardening cast irons, where high

surface temperatures are undesirable, the use
of lower flame velocities is a distinct advan-
tage. In this regard, both MAPP and propane
are easy to control and are effective over a wide
range of velocities. The ability to control the
flame over a wide velocity range not only pro-
vides flexibility but also makes the operation
much safer and results in better heat-pattern
control.
Coupling distance is another key parameter

in flame hardening. The relations between cou-
pling distance and depth of hardening for three
fuel gases are shown in Fig. 12. In general, the
coupling distance for MAPP is equal to or very
slightly greater than that for acetylene. The
effect of counterboring is a shortening of the
coupling distance. By the same token, coupling
distance increases as flame velocity increases.
Efficient coupling distances for MAPP gener-
ally range from 6.4 to 9.5 mm (¼ to ⅜ in.),
depending on gas velocity and port size.
A counterbored port of No. 69 drill size
(0.74 mm, or 0.0292 in.) will operate efficiently
at a coupling distance of 4.8 mm (3=16 in.).
Hardening temperatures can be judged by

competent operators, but to the inexperienced
ones, the heated metal will appear colder than
it actually is because of the light from the burn-
ing gases; the consequent tendency is to over-
heat unless the operator is equipped with
didymium-tinted glasses. Radiation or optical
pyrometers often are used to judge more accu-
rately the temperatures being developed. Radia-
tion-pyrometer systems of fast response are
used extensively to control work temperatures
and heating times. Metallurgical examination
is the best method for establishing operating
conditions. Overheated spots may appear under
individual flames, but with properly designed
flame heads and good scanning technique, this

Table 3 Results of operator skill test

Operator

Flame velocity

Oxygen-to-fuel ratio

Travel speed
Surface hardness,

HRC
Hardness at 3.18

mm (0.125 in.), HRCm/s ft/s mm/s in./min

1 95 313 3.6:1 3.4 8.0 61 30
2 99 324 3.1:1 2.5 6.0 50 41
3 137 451 3.1:1 1.7 4.0 57 50
4 124 407 4.2:1 1.9 4.5 55 38
5 156 511 3.3:1 2.5 6.0 60 52

Fig. 12 Effect of coupling distance for methylacetylene
propadiene (MAPP), acetylene, and propane.

Flame velocity, 170 m/s (550 ft/s); port size, No. 69 drill
(0.74 mm, or 0.0292 in.); material, 1052 steel. Oxygen-
to-fuel ratios: MAPP, 4.5; acetylene, 1.33; propane, 4.5.
Heating times: MAPP, 6 s; acetylene and propane, 8 s

426 / Applied-Energy Case Hardening of Steels



effect is minimized and not readily detectable
by microscopic examination.
Examples of Flame-Hardening Proce-

dures. The interrelationship of variables can
e illustrated best by specific examples of proce-
dures used for the production hardening of actual
parts. The following six examples involve the
hardening of gears, cams, shafts, and flat surfaces.
A small gear hub made of 1052 steel was

flame hardened by the spinning method at a
spindle speed of 140 rpm (Table 4). The aim
was to harden to 52 HRC minimum to a depth
of 0.9 mm (0.035 in.) maximum above the root
of the gear teeth.
A large bevel ring gear of 8742 steel was

flame hardened by the progressive method
(Table 5). The hardness aim was 53 to 55 HRC.
A free-wheel cam made of 1062 steel was

flame hardened by the spot method (Table 6).
The aim was 60 HRC minimum at the surface
and 59 HRC at a depth of 1.3 mm (0.050 in.),
for a width of 8.8 mm (0.345 in.) on the roller
surface of the cam.
A 52100 steel shaft was flame hardened

by the progressive method to 61 to 63 HRC
(Table 7).
The roller path of a large cast alloy steel

ring gear was hardened according to the proce-
dure outlined in Table 8. The hardness aim was
515 to 600 by portable Brinell, as specified in
the last item in Table 8 (see Fig. 13).
Drop-forged wear blocks of 1040 steel were

flame hardened on a conveyor to 53 to 58
HRC (Table 9).
Cam Lobe Heating. A manufacturer of cast

iron automobile cams developed a production
process for hardening individual cam lobes
using direct flame impingement. Each cam is
spin heated using a specially designed flame

head, heating the individual lobes to the desired
temperature, after which the cam is dropped
into a quench medium. Cam spin heating is
similar to spin heating a worm shaft for harden-
ing (Fig. 14).
In this case, hardening using flame heating

gave better results than those using induction
heating, due to the cracking problems asso-
ciated with induction heating. The key for solv-
ing many cam-heating problems was designing
a flame head that could heat an irregularly
shaped cam and balancing the heat so as to heat
all lobes in the same way.

Preheating

In flame hardening parts of large cross sec-
tion, difficulty in obtaining the desired surface
hardness and hardness penetration often can
be overcome by preheating. When available
power or heat input is limited, the hardened
depth can be increased by preheating. The hard-
ness data in Fig. 13 shows the effectiveness of
preheating in developing hardness penetration
in the ring gear discussed in Table 8.
The flame hardening of prehardened and

tempered steels, especially some of the alloy
steels, requires careful control of heating to
avoid cracking. Preheating the part may be
advisable to minimize cracking in such steels.
Hardenable cast iron also is susceptible to
cracking. In one application, cast iron crane
wheels had to be preheated to 480 �C (900 �F)
to prevent the rupture of the spokes caused by
nonuniform expansion during the spin heating
of the tread area.
In another application, the difficulty of heat

treating the internal teeth of a planetary-gear

housing was overcome by spin hardening. The
component had an irregular mass distribution,
which led to large distortions when heat treat-
ing was done by ordinary flame-hardening or
induction-hardening equipment. The case hard-
ening of teeth also failed. The problem was
solved by using a specially designed gear wheel
spin-hardening machine with close control over
heating time and power and by preheating the
part with the largest mass and cross section to
an accurately predetermined temperature (Ref 4).

Depth and Pattern of Hardness

In some instances, the flame-hardening pro-
cedure results in a greater depth of hardness
than desired. Figure 5(a), for example, shows
that spot hardening a rocker arm pad after heat-
ing 4 s at 870 �C (1600 �F) with oxyacetylene
flame produces a depth of hardness of 5.1 mm
(0.200 in.). If excessive, this depth may be
reduced by heating the steel to the same
temperature but in a shorter time. Thus, with a
reduction in heating time to 3.2 s at 870 �C,
the depth of hardening will be 2.5 mm
(0.100 in.) (Fig. 5a). Because of the shorter
heating period, the cost of hardening each pad
also will be reduced.
The problem of excessive depth resulting from

a spin-hardening operation may be resolved simi-
larly, as shown in Fig. 5(b). In this operation, heat-
ing with an oxyacetylene flame for 13.5 s at
870 �C (1600 �F) produces a hardness depth of
7.6 mm (0.300 in.). Heating at the same tempera-
ture for a period of 8 s results in a hardened depth
of approximately 3.8 mm (0.150 in.).
In a progressive-hardening operation with a

rate of travel of 1.7 mm/s (4 in./min), a hard-
ness depth of 5.1 mm (0.200 in.) will be pro-
duced when the heating time is 12 s at 870 �C

Table 4 Procedure for spin flame hardening a small converter gear hub (shown in Fig. 16a)

Preliminary operation

Turn on water, air, oxygen, power, and propane. Line pressures: water, 220 kPa (32 psi); air, 550 kPa (80 psi); oxygen, 825 kPa
(120 psi); propane, 205 kPa (30 psi). Ignite pilots.

Loading and positioning

Mount hub on spindle. Hub is held in position by magnets. Flame head previously centered in hub within 0.4 mm (1=64 in.).
Distance from flame head to inside diameter of gear teeth, approximately 7.9 mm (5=16 in.)

Cycle start

Spindle with hub advances over flame head and starts to rotate. Spindle speed, 140 rpm

Heating cycle

Propane and oxygen solenoid valves open (oxygen flow delayed slightly). Mixture of propane and oxygen ignited at flame head
by pilots. Check propane and oxygen gages for proper pressure. Adjust flame by regulating propane. Heating cycle
controlled by timer. Time predetermined to obtain specified hardening depth.

Propane and oxygen solenoid valves close (propane flow delayed slightly). Spindle stops rotating and retracts. Hub stripped
from spindle by ejector plate. Machine ready for recycling

Propane regulated pressure, 125 kPa (18 psi); oxygen regulated pressure, 550 kPa (80 psi); oxygen upstream pressure, 400 kPa
(58 psi); oxygen downstream pressure, 140 kPa (20 psi). Flame velocity (approximate), 135 m/s (450 ft/s). Gas consumptions
(approximate): propane, 0.02 m3 (0.6 ft3) per piece; oxygen, 0.05 m3 (1.9 ft3) per piece. Total heating time, 9.5 s

Flame port design: 12 ports per segment; 10 segments; port size, No. 69 (0.74 mm, or 0.0292 in.), with No. 56 (1.2 mm, or
0.0465 in.) counterbore

Quench cycle

Hub drops into quench oil, is removed from tank by conveyor. Oil temperature, 54 � 5.6 �C (130 � 10 �F); time in oil
(approximate), 30 s

Hardness and pattern aim

Hardness, 52 HRC minimum to a depth of 0.9 mm (0.035 in.) maximum above root of gear teeth

Table 5 Progressive flame hardening of
ring gear teeth

Workpiece

Bevel ring gear made of 8742 steel with 90 teeth. Diametral
pitch, 1.5; face width, 200 mm (8 in.); outside diameter,
1.53 m (60.412 in.)

Mounting

Gear mounted on holding fixture to within 0.25 mm (0.010 in.)
total indicator runout

Flame heads

Two 10-hole, double-row, air-cooled flame heads, one on
each side of tooth. Flame heads set 3.2 mm (⅛ in.) from
tooth

Operating conditions

Gas pressures: Acetylene, 69 kPa (10 psi); oxygen, 97 kPa
(14 psi)

Speed: 1.9 mm/s (4.5 in./min). Complete cycle (hardening
pass, overtravel at each end, index time, preheat return
stroke on next tooth), 2.75 min

Indexing: Index every other tooth. Index four times before
immersing in coolant.

Coolant: Mixture of soluble oil and water, at 13 �C (55 �F)
Hardness aim: 53 to 55 HRC
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(1600 �F), as shown in Fig. 5(c). The flame
head contains two rows of flame holes that pro-
duce a heating zone 20 mm (0.8 in.) wide. If the
rate of travel is increased 20% to 2 mm/
s (4.8 in./min), the heating time is reduced pro-
portionately to 10 s. This results in a hardened
depth of approximately 2.5 mm (0.100 in.).
Variation in depth of hardness may occur

in steels of the same nominal composition
but from different heats. This is demonstrated
in Fig. 15, which shows the variation in
depth of hardness obtained in flame harden-
ing hubs made of 1062 steel from three dif-
ferent heats. The inside diameters of these
hubs were flame hardened for 12 s to produce
a minimum hardness of 59 HRC at a depth of
1.9 mm (0.075 in.).
Surface Hardness Pattern. The hardness

pattern of any portion of a flame-hardened sur-
face can be determined by lightly blasting the
area with fine sand. The hardened portion of
the surface will be less affected than the

unheated area by the cutting action of the sand.
This procedure also may be employed to indi-
cate soft spots when the entire surface has been
subjected to flame hardening. (Soft spots may
result from nonuniform heating or the interfer-
ence of scale on the surface.) Another proce-
dure for determining the surface hardness
pattern is to etch the area with a 10% nitric acid
solution. The hardened area will appear darker
than the unhardened area.
These procedures also are applicable to cross

sections of hardened areas for an indication of
heat penetration, and they are useful as prelim-
inary checks on the performance of the flame-
hardening setup.
Variations in the hardness of the surface are

exemplified by the data shown in Fig. 16. These
hardness readings taken on the surface of races
made of 4063 steel cover a one-month period.
The races were heated for 9 s to produce a
minimum hardness of 59 HRC at 1.3 mm
(0.050 in.) below the surface.

Summary. Hardness of the case in flame
hardening is a function of the carbon content
of the steel and will range up to 65 HRC.
Medium-carbon steels with 0.40 to 0.50% C
are ideal for flame hardening, but steels with
carbon contents as high as 1.50% also can be
flame hardened with special care. Normally,
hardening depth ranges from 1.3 to 6.4 mm
(0.05 to 0.25 in.). Heavier sections, such as
large rolls and wheels, can have case depths
of up to 13 mm (0.5 in.). Manganese-bearing
alloys aid in the depth of hardening by decreas-
ing the critical cooling rate, which contributes
to deep hardening. Therefore, manganese and
free-machining grades of steel are considered
excellent for flame hardening.
When hardening depths are required beyond

the capabilities of ordinary carbon steels (0.60
to 0.90% Mn), elevated manganese ranges
such as 0.80 to 1.10%, 1.00 to 1.30%, or 1.10
to 1.40% can be used efficiently. Wear resis-
tance in many cases is not the only critical
design criterion. Under high compressive load-
ing, the hardened layer must be deep enough
not only to provide the required wear life of
the part but also to contribute to the support
of heavy contact loads. The case must be
fully martensitic, and the material supporting
the hardened layer must be of sufficient
strength. However, increased hardenability
may lead to cracking problems, at least with
water quenching.

Maintenance of Equipment

Oxy-Fuel Gas Type of Flame Heads (Non-
ferrous). Experience with nonferrous flame
heads of three types of construction (drilled
face, screw-in tips, and press-in tips) has shown
carbon deposit, lack of proper cooling, erosion,
and corrosion to be the main causes of mainte-
nance problems common to all.
Carbon Deposit. The intermittent igniting

and extinguishing of the flame causes a small
deposit of carbonaceous material to build up
on the sidewalls of the port, from the

Table 6 Spot flame hardening of a 1062 steel free-wheel cam

Preliminary operation

Turn on water, air, oxygen, power, and propane. Line pressures: water, 205 kPa (30 psi); air, 550 kPa (80 psi); oxygen, 825 kPa
(120 psi); propane, 205 kPa (30 psi). Ignite pilots.

Loading and positioning

Mount cam on flame head. Cam positioned on locating plate and two wear pads, and against three locating pins that are integral
parts of flame head. Distance from flame head to cam surface, approximately 7.9 mm (5=16 in.)

Cycle start and heating cycle

Propane and oxygen solenoid valves open (oxygen flow delayed slightly). Mixture of propane and oxygen ignited at flame
heads by pilots. Check propane and oxygen pressures. Adjust flame by regulating propane. Heating cycle controlled by
timer. Time predetermined to obtain specified hardening depth. Propane and oxygen solenoid valves close (propane flow
delayed slightly). Ejector plate (air operated) advances and strips cam from flame head.

Propane regulated pressure, 125 kPa (18 psi); oxygen regulated pressure, 585 kPa (85 psi); oxygen upstream pressure, 425 kPa
(62 psi); oxygen downstream pressure, 110 kPa (16 psi). Flame velocity (approximate), 135 m/s (450 ft/s). Gas consumption
(approximate): propane, 0.01 m3 (0.4 ft3) per piece; oxygen, 0.04 m3 (1.3 ft3) per piece. Total heating time, 11 s

Flame port design: nine ports per row; eight rows; port size, No. 69 (0.74 mm, or 0.0292 in.), with No. 56 (1.2 mm, or
0.0465 in.) counterbore

Quench cycle

Cam drops into quench oil, is removed from tank by conveyor. Oil temperature, 54 � 5.6 �C (130 � 10 �F). Time in oil
(approximate), 30 s

Hardness and pattern aim

Hardness, 60 HRC minimum at surface and 59 HRC minimum at a depth of 1.3 mm (0.050 in.) below surface, for width of
8.8 mm (0.345 in.) on cam roller surface. Dimensions in figure given in inches

Table 7 Progressive flame hardening of a
52100 steel shaft

Setup

Shaft held vertically between centers to within 0.1 mm
(0.005 in.) total indicator runout

Flame heads

Three water-cooled flame heads, each with eight holes
1.3 mm (0.052 in.) in diameter. One torch for each flame
head. Flame heads set 6.4 mm (¼ in.) from shaft

Operating conditions

Gas pressures: Acetylene, 55 kPa (8 psi); oxygen, 76 kPa
(11 psi)

Speeds: Flame head travel, 1.3 mm/s (3 in./min); speed of
shaft revolution, 20 rpm

Quench: Water nozzles directly below flame heads
Hardness aim: 61 to 63 HRC
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retrogression of the burning fuel below the ori-
fice of the port as the flame is extinguished.
Although small for each cycle, the deposit
builds up gradually until it causes a restriction
in the port and thus a variation in the velocity
of the gas and therefore in the heating perfor-
mance. Several thousand cycles may be com-
pleted before it is necessary to clean the head.
A slight amount of cleaning can be done

without removing the head from the mixer tube.
This is done by pushing through the ports a
wire of the proper size or a drill one size smal-
ler than the ports. However, care must be exer-
cised to prevent bell mouthing or increasing the
size of the port. Cleaning by this method depos-
its loose carbonaceous material in the fuel

chamber, and this material, propelled by the
velocity of the oxygen and fuel-gas mixture,
may become lodged in other ports.
Flame heads operating on volume production

should be removed from the machine and thor-
oughly cleaned after 40 to 120 h of operation.
The interval depends on the installation, the oxygen
and fuel gas mixture, and the heating cycle time.
Drilled-port and insert-port heads, when

removed, can be cleaned by inserting in the
ports a wire of the proper size or a drill one size
smaller than the ports and then immersing the
heads in a suitable solvent or cleaner that will
loosen the carbonaceous deposits. Again, care
must be exercised to prevent bell mouthing or
enlarging of the port. Also the cleaner or

solvent must not attack the head itself. After
cleaning and rinsing in clean water, all traces
of dirt and moisture should be blown from the
ports, fuel chamber, and water lines. Screw-in
tips and heads may be cleaned in the same
manner.
Erosion and Corrosion. All types of heads

are subjected to the by-products of combustion,
which may attack the face of the burner or the
tips, causing erosion and corrosion. A flash
plate of chromium on the burner face has
proved to be helpful in reducing erosion and
corrosion. In time, the face of a drilled-port
burner may erode to a point at which it is nec-
essary to reface the head by machining and
reworking the counterbore. If there is enough
space between ports on drilled-port heads, the
port can be repaired by drilling oversize and
pressing in an insert. These inserts can be
removed and replaced when necessary.
Because the oxy-fuel gas type of flame head

is water cooled, it may be necessary, in local-
ities where extremely hard water is supplied,
to soften the water to keep scale from forming
in the cooling passages; commercial water soft-
eners of the zeolite or polyphosphate type may
be used. Recirculating systems with heat
exchangers sometimes are required.
Air-Gas Type of Burners. Failures of air-gas

burner liners occur by spalling, erosion, and
cracking of the refractory cup or tunnel and out-
let. These liners should be inspected periodi-
cally, at intervals determined by experience
with the individual installation; when condi-
tions are severe, inspection may be required as
often as once every shift.
The causes of deterioration of burner liners

are thermal shock from repeated rapid heating
or cooling (or both) and mechanical shock from
work striking the burners. The burner casings
deteriorate mainly from prolonged exposure to
escaping hot gases that heat the casings locally,
causing more or less progressive oxidation,
cracking, growth, and, infrequently, burning. If
installation space permits the use of water or
air cooling, these usually can be expected to
increase the life of burners. Shielding, designed
to conduct hot gases away from the burners and
other parts of the machine, also is valuable in
reducing maintenance costs.
Mechanical Components. Because both

oxy-fuel and air-fuel gas systems employ pres-
sure gages, pressure regulators, valves, flow-
meters, and safety devices, the maintenance
problems associated with these accessories are
common to both methods of flame hardening.
Symptoms and probable causes of trouble with
several mechanical components used in flame
hardening are listed in Table 10.
Air-gas systems also have maintenance pro-

blems related to their compressors and blowers.
Devices for protection against backfire and
explosion should be serviced according to man-
ufacturer instructions.
Electrical Components. Electrical contacts

should be cleaned periodically; when the heat-
ing cycle is controlled by a timer, periodic

Table 8 Flame hardening of roller path on side of large ring gear

Mounting on positioner

Gear should be centered on positioner in a vertical position, to approximately 1.7 mm (0.065 in.) total indicator runout on tooth
outside diameter (see schematic).

Preheating

Flame head gap: Set 75 mm (3 in.) maximum flame head at 190 mm (7½ in.) gap from flame-hardened surface and
approximately 610 mm (24 in.) ahead of hardening tip.

Gas pressures: Acetylene, 89 kPa (13 psi); oxygen, 185 kPa (27 psi)
Flowmeter: 2.1 divisions for acetylene; 2.65 divisions for oxygen
Tube readings (neutral flame): Flutter, approximately ⅛ division, plus or minus
Speed setting: No. 9 notch on positioner; equivalent to 2.7 mm/s (6.42 in./min) on 5.79 m (228 in.) circumference of 1.84 m
(72½ in.) flame-hardened pitch circle (�35½ min/rev)

Heat cutoff: Kill preheat when spread of flame toward oncoming hardened surface produces blue-purple temper color at flame-
hardening starting point. (Air-block flame head may be set up for the same purpose.)

Flame hardening

Heating-head gap. (Must be kept parallel with flame-hardened surface): Set and hold 125 mm (5 in.) flame head at 13 mm
(½ in.) gap from flame-hardened surface and at an angle of approximately 35 to 40� to radius; adjust during flame hardening
to follow in line with roller-path warp.

Gas pressures: Acetylene, 89 kPa (13 psi); oxygen, 185 kPa (27 psi)
Flowmeter: 2.7 divisions for acetylene; 3.2 divisions for oxygen
Tube readings (neutral flame): Normal flutter, approximately ⅛ division; watch frequently for signs of gas failure.
Water pressure (flame-hardening quench): Set pressure-reducing valve for 205 kPa (30 psi).
Speed setting: Same as for preheating. (Note: Double-check setting just before flame hardening.)
Heat cutoff: (No overlap permissible; aim at 13 mm, or ½ in., maximum soft gap; use extreme caution.) As flame head
approaches finish junction, gradually back off tip 1.6 mm (1=16 in.) during final 13 mm (½ in.) of gear travel and kill flame
abruptly when nearest row of flames just reaches 6.4 mm (¼ in.) clearance from starting point of flame hardening;
immediately speed up table to fastest-speed notch.

Hardness aim (except at flame-hardening junction): 515 to 600 on portable Brinell at points 50 mm (2 in.) from inside diameter
of flame-hardened roller path (50 HRC at a depth of approximately 5.1 mm, or 0.2 in.); total depth of contour, 7.9 mm
(5=16 in.). Schematic shows ring gear (in vertical position) and position of flame heads for hardening roller path (located on
side face of ring) by procedure summarized in table. Gas cost was approximately 25% of total processing cost. Hardening
extended to a depth of 4.8 mm (3=16 in.). Hardness at surface, 530 HB. For hardness gradients, see Fig. 13.
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checks of the timer are advisable. Generally, if
the heating cycle is inaccurate, it will be evi-
dent in the inspection of the parts. If the heating
cycle is controlled by a thermopile, several
items must be checked. Excessive flow of cool-
ing water through the housing will cause con-
densation on the lens; a deposit of any type
on the lens will cause erratic results. In high-
production work, the lens should be cleaned at
least twice each shift, and the temperature
recorder should be balanced once each shift.
Spindle and Movable Holding Fixtures. It

is important that positioning of the parts and
the flame head be consistent. Therefore, holding

Table 9 Flame hardening of 1040 steel wear blocks

Preliminary operation

Clean blocks until free of scale and rust, preferably by sand or shot blasting.

Loading

Load blocks on one end of conveyor belt.

Flame head

Head contains 2 rows of No. 54 drill size (1.4 mm, or 0.055 in.) flame holes; total of 49 holes, of which 24 are plugged;
150 mm (6 in.) between centers of end holes. Head also contains single row of water-quench holes. Head set at 16 mm
(⅝ in.) total gap; cone point clearance of flame, 4.8 mm (3=16 in.)

Gas pressures

Acetylene, 83 kPa (12 psi); oxygen, 150 kPa (22 psi)

Speed

Conveyor speed, 2.47 mm/s (5.83 in./min); total flame-hardening time, 1.5 min per pad

Hardness and pattern aim

Hardness, 53 to 58 HRC; total depth of hardening to core, 4 mm (5=32 in.)

Fig. 14 Worm-shaft spin heating (similar process to
cam spin heating). Source: Ref 3

Fig. 13 Effect of preheatingonhardness gradient in a ring
gear. See Table 8 for preheating procedure.

Fig. 15 Heat-to-heat variations in depth of hardness
among three heats of 1062 steel hubs flame

hardened on the inside diameter to a minimum of
59 HRC at 1.9 mm (0.075 in.) below the surface. Hubs
were heated 12 s and quenched in oil. Hardness was
measured on cross sections of heated area. Dimensions
given in millimeters and, in parentheses, inches

Fig. 16 Distribution of surface hardness. Results obtained
during 1 month of testing flame-hardened

races (4063 steel) that were heated for a total of 9 s to
produce a minimum hardness of 59 HRC at a depth of
1.3 mm (0.050 in.)

Table 10 Maintenance problems in flame-hardening equipment

Component Symptom of trouble Probable cause

Pressure gage Erratic behavior Mechanical damage to mechanism
Gas supply pressure regulator Failure to hold pressure setting at outlet Broken or hardened diaphragm

Too taut diaphragm
Sticking stem or valve parts
Damaged or dirty valve seat or plugged
orifices or vents

Broken or damaged spring
Solenoid valve Failure to close or open Defective valve mechanism or wiring
Fuel valve Flame lingers after shutoff Dirty seat or stem; damaged seat
Oxygen valve Flame popping after shutoff Damaged seat
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fixtures and spindles should be periodically
cleaned, checked, and lubricated. Any worn
part should be replaced before it becomes
improperly located.
Piping. Types of piping and fittings recom-

mended by underwriters should be used in
installing the gas lines from the gas source to
the site of use. In long gas lines, means should
be provided for purging accumulated conden-
sate from the line before the gas reaches the
mixing chamber or torch.

Preventive Maintenance

A typical schedule of preventive maintenance
for flame-hardening equipment is as follows.
Daily tasks include:

� Check all solenoids for leaks; clean, repair,
or replace, as necessary

� Replace damaged screw-in flame tips; clean
dirty or clogged tips or ports

� Remove foreign material from surfaces of
flame heads and movable machine parts

� Check for stable pilots
� Check for leakage of fuel gas, water, oxy-

gen, and air
� Check level, circulation, and temperature of

quench oil
� Clean lens of radiation pyrometer and bal-

ance the recorder
� Check oil level and flow of oil to spindle

Weekly tasks include:

� Check liquid level in backflash arrestor
� Check relief valve on backflash arrestor
� Lubricate all movable parts as required
� Check all fuel-gas, oxygen, and air connec-

tions for leaks (using soap solution)

Bimonthly tasks include:

� Remove and clean flame heads (frequency
will vary with installation and use)

Semiannual or annual tasks include:

� Remove, clean, and repair oxygen and fuel-
gas regulators

� Remove, clean, and repair all solenoids
� Check electrical contacts and wiring
� Clean heat exchanger and quench tank
� Check orifice in mixing blowpipe
� Repack motor bearings

Safety Precautions

All fuel gases are explosive when mixed with
either air or oxygen within their flammable lim-
its. However, they are widely used throughout
industry and are safe when properly handled,
stored, and transported in compliance with
established laws of safe practice. Stabilized
MAPP combines the safety and handling ease

of propane with the high heat energy of
acetylene.
The following organizations have published

information on cylinder storage, cylinder mani-
folding, acetylene generators, housing and piping
systems, equipment, and operating procedures:

American Gas Association
400 North Capitol Street NW, No. 450
Washington, D.C. 20001

American Insurance Association
(formerly National Board of Fire Underwriters)
2101 L Street NW, Suite 400
Washington, D.C. 20037

Compressed Gas Association
14501 George Carter Way, Suite 103
Chantilly, VA 20151

XL Group
(formerly Industrial Risk Insurers)
100 Washington Boulevard, 6th Floor
Stamford, CT 06902

National Fire Protection Association
1 Batterymarch Park
Quincy, MA 02169

Most state and local governments follow the
recommendations of these organizations in
adopting regulations pertaining to gases. A study
of local regulations should be made to deter-
mine whether there is any variance from stan-
dard procedures.
Operators should be taught to keep equip-

ment clean, free of grease and oil, and in good
condition, and to avoid leaks of oxygen or fuel
gas by regularly testing them with soapy water
free of oil and grease. They should open oxy-
gen or fuel-gas valves slowly and be sure that
the lines are purged before igniting. An air hose
should be available for dispersing fuel gas that
has been bled from the lines. Any spaces in
and around the machine in which gases may
accumulate also should be purged with the air
hose. No flame or other source of ignition should
be allowed in proximity to the area where fuel
gas or oxygen is released into the air, and good
ventilation is of primary importance.
Operators should recognize backfires or back-

flashes immediately and shut off the gases; the
cause and extent of damage must be determined,
and corrections made, before the torch is reig-
nited. To prevent major explosions, a backflash
arrestor must be installed in the fuel line.
Hand friction lighters should not be used to

ignite the gases, except for very small flame
heads of low gas capacity. A flame from an
acetylene torch or a burner using some other
gas should be used. The pilot flame should be
very close to the heating head to prevent the
accumulation of gas and oxygen before igni-
tion. For automatic flame-hardening machines,
the pilot light can be permanently mounted
(in which case a flame detector and alarm
system should be installed to give warning
when the pilot light is extinguished accidently),
or electric spark ignition can be used. When

operations are stopped for any length of time,
the valves in the main supply lines should be
closed. These valves must not leak because
even a small leak can cause a dangerous accu-
mulation of gas.
Oil or grease may ignite violently in the pres-

ence of oxygen under pressure and must be kept
away from cylinders, regulators, hoses, and
other apparatus. The storage of fuel-gas cylin-
ders must be in accordance with standards
established by the Occupational Safety and
Health Administration and the National Fire
Protection Agency. The allowable amounts of
indoor gas storage are limited, and cylinder
manifold design must meet the appropriate
requirements.
The cylinders in a manifold should be

secured with clamps or chain to prevent them
from tipping or falling. A fall or any severe
bump can detonate acetylene, with disastrous
consequences. Propane is not likely to detonate,
but any gas under pressure is dangerous if the
valve is damaged or knocked off the cylinder.
In some instances, noise can be a problem in a
gas-air system. Equipment should be designed
to keep the noise level within generally accepted
limits to avoid injury to nearby personnel.

Quenching Methods and Equipment

The proper application of a suitable quench
in flame hardening is as important as proper
heating. The quench must remove heat at a rate
that will produce the desired structure and assist
in controlling the depth of the hardened case.
The method of quenching and type of quench-

ant vary with the method of flame hardening. In
spot hardening, immersion quenching generally
is used, but spray quenching may be used.
Quenching after Progressive Heating.

Parts heated by the progressive method usually
are quenched by a spray integrated into the
flame head, although for steels of high harden-
ability, or when it is desirable to vary or adjust
the distance between the heated zone and the
quench, a separate spray-quench head some-
times is used. The spray quench should issue
from the head at an angle away from the flame
head to prevent interference with heating and
must provide full coverage over the heated
band. The integrated type commonly sprays
the quenching medium on the work 19 to
32 mm (3/4 to 1¼ in.) behind the last row of
flames. When the surface to be hardened by
the progressive method is vertical or overhead,
additional cooling may be required after the
usual spray quench.
Quenching after Spin Heating. Parts

heated by the spinning method can be quenched
by several different procedures. In one, the
heated part is removed from the heating area
and quenched by immersion in a separate
quench tank. Another method integrates qu-
enching by making the quench tank a part of
the flame-hardening machine. Parts may be
heated on the machine spindle or arbor and then

Flame Hardening of Steels / 431



quenched by being dropped into a quench tank
located immediately below the arbor. Parts that
are either too heavy or too fragile to be dropped
may be lowered into the quench by means of
arms or may be lowered into the quench while
still on the arbor. Parts may be removed manu-
ally from the quench or automatically by means
of a conveyor belt. A spray-quenching ring is
sometimes submerged in the quench bath to
increase the cooling rate.
Parts heated by the spinning method also

may be quenched with quench blocks on the
same plane as the flame heads. When the heat-
ing cycle is completed and the flames are extin-
guished, the quench is turned on. The quench
blocks should cover the heated band and pro-
vide enough quenching liquid to obtain suitable
and uniform hardness. There should be enough
quench points around the periphery of the block
to envelop the area completely with quenchant.
Water or a polymer quench solution is typical
for this type of quench because of the hazard
of contaminating the heating heads with oil.
When oil quenching is used, the oil should not
contact the heating head. This may be avoided
by indexing the heated part to a separate
quenching station or by retracting the heating
heads into a shielded area.
When air-fuel gas mixtures are employed in

spin-hardening operations, the heat pattern
developed, in many instances, extends beyond
the limits desired. Immersion quenching in such
instances could extend the hardening into areas
requiring subsequent machining or contribute
to an excessive amount of distortion. Localized
quenching, such as that provided by quench
rings, is a solution to this problem. For exam-
ple, this quenching method was used in harden-
ing the teeth of large sprockets weighing
approximately 205 kg (450 lb). The entire tooth
surface, including the root, was hardened to a
depth of 4.8 mm (3=16 in.). The 10 min heating
cycle completely heated the teeth and backup
rim. When quenching was done by rotation of
the sprocket in a ring of water spray nozzles,
hardening was confined to the desired surfaces
and the backup rim remained soft. A similar
practice is used for hardening large gears.
Parts heated by the combination progressive-
spinning method usually are quenched by a spray
integrated in the flame heads or by separate
quench blocks located below the flame heads.

Quenching Media

With spray quenching, either integrated in
the flame head or by separate quench blocks,
water or a dilute polymer solution is used as
the quenching medium. Quenching oils should
not be allowed to come into contact with
oxygen or to contaminate equipment using it.
As with conventional hardening, the alloy con-
tent of the steel determines the type of quench
that should be used. The quenchant may be
water, a brine solution, a glycol-based polymer
quench, or air.

By reducing the pressure of the quenchant,
the rate of cooling by spray quenching can be
reduced from the maximum for which the
integrated or separate quench blocks are de-
signed. Increasing the distance between the last
row of flames and the point at which the quench-
ant impinges will allow the mass of metal below
the area to be hardened to extract heat and thus
will decrease the severity of quenching.
Quenching distance is another factor the

operator must consider because the quenchant
must strike the heated area while it still is at
the critical temperature to avoid the formation
of pearlite or other undesirable transformation
products in the microstructure. If the spray head
is angled too close to the flame, spotty hardness
and blowouts can occur. If the angle of spray is
too far away, the case may not be fully hardened.
Forced Air. In progressive hardening opera-

tions, forced air frequently is used as the
quenchant for steels normally considered to be
oil-quenching steels. Water is not used immedi-
ately after heating because the fast cooling
action would result in surface checks. Because
most of these steels have relatively low Ar3
transformation temperatures, the forced air
quickly reduces the surface temperature to a
point at which water can be applied without
causing surface checks. The resulting hardness
usually is close to that obtained with a direct
oil quench. For example, 52100 steel quenched
with forced air and then with water attains a
surface hardness of 60 to 61 HRC.
Forced-air quenching also is used in applica-

tions in which intermediate hardnesses are
required. One example is the hardening of rail-
road rail ends to reduce “end-batter” by the
impact of car wheels. The rails are indexed
under the burners in four preheat stations and
one high-heat station (high-temperature, high-
velocity burner), which heats the rail to the hard-
ening temperature of 870 �C (1600 �F) in 95 s.
In a sixth station, air at 690 kPa (100 psi) is
directed against the heated surface. This treat-
ment results in a hardened structure of fine pearl-
ite that provides wear resistance and sufficient
ductility to withstand the impact of moving
wheels. Water is unsuitable in this application
because the high-carbon rail steel is susceptible
to cracking. Rail lengths for curves, crossovers,
and switches are similarly hardened; however,
for these, hardening is done progressively, using
oxy-gas burners and air quenching.
Immersion quenches vary in type in rela-

tion to the metal used, the hardness and depth
desired, and the mass, design, and dimensional
tolerances of the part. The quenching medium
can be a caustic or brine solution, water, a solu-
ble-oil emulsion, or any of a large variety of oils
or simulated oils such as polymer quenches.
Self-Quenching. During any type of flame

hardening other than through hardening, the
mass of cold metal underneath the heated layer
aids quenching by withdrawing heat. Thus,
cooling rates are very high compared with rates
for conventional quenching. During the pro-
gressive hardening of the teeth of gears made

from medium-carbon steels such as 4140,
4150, 4340, and 4640, for example, the combi-
nation of rapid heating and the temperature gra-
dient between the surface and the interior of the
gear results in a subsequent self-quench that is
equivalent to quenching in oil.
For uniform quenching, a coolant can be

used at some distance from the tooth being
heated. In one application involving hardening
the teeth of 4150 steel gears in the size range
of 4 to 12 pitch, one tooth at a time was heated
and cooled by conduction. The coolant was
directed at the body of the gear. With this
procedure, the hardness of the teeth was 50 to
55 HRC after the gears had been tempered at
200 �C (400 �F).

Flame-Hardening Problems and
Their Causes

Problems that may occur in flame hardening
and their causes include the following.
Overheating can be caused by:

� Controlling pyrometer set too high
� Millivolt compensator of controlling pyrom-

eter set incorrectly
� Heating cycle too long
� Flame heads too close to work
� Oversized flame ports
� Excess oxygen in flame
� Excessive fuel-gas pressure
� Improper pattern of flame tip

Hardness below the minimum required
can be caused by:

� Controlling pyrometer set too low
� Millivolt compensator of controlling pyrom-

eter set incorrectly
� Heating cycle too short (underheating)
� Severity of quench too low
� Delay before quenching too long
� Part not thoroughly quenched
� Material hardenability too low for quench
� Surface decarburized

Spotty or uneven hardening can be caused
by:

� Nonuniform heating
� Time interval between heating and quench-

ing too short
� Quenching medium not sufficiently agitated
� Water in quenching oil
� Scale on work
� Improper quenching medium
� Surface decarburized

Distortion can be caused by:

� Shape of part or relationship of portion to be
hardened to remainder of section not well
adapted to flame hardening

� Metallurgically unsuitable prior structure
� Heating cycle too long
� Nonuniform heating
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� Nonuniform quenching
� Excessive rate of quenching
� Material hardenability excessive

Shallow depth of hardening can be caused
by:

� Material of low hardenability
� Excessive rate of gas flow; check for oxidiz-

ing flame
� Flame-port velocity too high
� Controlling pyrometer set too low
� Millivolt compensator of controlling pyrom-

eter set incorrectly
� Short heating cycle or excessive scanning

speed
� Severity of quench too low
� Delay before quenching too long

Excessive depth of hardening can be caused
by:

� Lowflow rate of gas; check for reducing flame
� Excess fuel gas in flame
� Controlling pyrometer temperature set too

high
� Millivolt compensator of controlling pyrom-

eter set incorrectly
� Flame port velocity too low

Excessive scaling can be caused by:

� Heating cycle too long
� Rates of gas flow too low
� Flame velocity too low
� Delay before quenching too long
� Improper arrangement of flame heads

around periphery; overheating or banding

Tempering of Flame-Hardened Parts

It usually is desirable to temper parts that have
been flame hardened; the need for tempering
martensite is the same regardless of the
heat treating method used to produce it. Flame-
hardened steel will respond to a tempering treat-
ment in the same manner as it would if hardened
to the same degree by any other method. Stan-
dard procedures, equipment, and temperatures
can be used. However, for work that is flame
hardened because it is too large to be heated in
a furnace, flame temperingmay be the only feasi-
ble method of tempering available.
Flame Tempering. Large articles usually are

hardened by the progressive method and can be
tempered immediately by reheating the hardened
surface with a flame head placed a short distance
behind the quench. The reheating or tempering
flame head must be designed correctly with
regard to number and size of orifices or tips
(flame ports) to produce the desired work tem-
perature and temperature gradient in the flame-
hardened zone at the flame-hardening speed.
Exact final adjustments can be made by vary-

ing the flow of gases through the flame head
and by adjusting the distance between flame
head and work surface. Tempering flame heads

must have smaller heat outputs than hardening
flame heads because the too-rapid heating of
the hardened zone can cause cracking and
because, for tempering, the temperatures
required are lower and temperature control usu-
ally is more critical.
Self-Tempering. On large parts flame hard-

ened to depths of approximately 6.4 mm
(¼ in.) or more, the residual heat present after
quenching may be sufficient to accomplish sat-
isfactory relief of hardening stresses, and
subsequent tempering in a separate operation
may be unnecessary. Air-fuel gas heating,
because of its lower rates of heat transfer, pro-
motes the development of the deep-seated heat
required for self-tempering.
When residual heat cannot be used and it is

desirable to eliminate the separate tempering
operation, the use of a lower-carbon steel is
suggested if hardness requirements permit.
The preheating of heavy parts increases the
residual heat available for tempering. For this
purpose, preheating may be accomplished by
either heating the part in a furnace, if feasible,
or by spinning the part in the burner ring with
the burners firing at reduced or idling input.
The choice depends on the availability of
equipment and the economics involved. The
exact preheat temperature will vary, depending
on the size and configuration of the part and
the degree of stress relief or temper desired.
In each application, the exact schedule may be
established on a trial basis as a preliminary step.

Surface Conditions

For wrought and cast steel parts, the surface
conditions likely to be detrimental to successful

flame hardening are, in general, those that inter-
fere with heating or quenching, cause localized
overheating, initiate cracking, or result in the
presence of a soft surface skin after proper heat-
ing and quenching.
Table 11 summarizes the more common

defects or conditions, their origins, and the det-
rimental effects to be expected when they are
present on flame-hardened areas. The extent of
these defects determines the amount of diffi-
culty they may cause.

Dimensional Control

Because of its ability to heat specific areas of
a part selectively, flame hardening in many
applications affords greater control of dimen-
sional stability than is obtainable by furnace
heating and quenching. The magnitude of the
dimensional changes that occur in flame hard-
ening is influenced by such factors as size
and shape of the part, area heated, depth of
heating, hardenability, and quenching medium.
Figure 17, for example, shows the various
dimensional changes that occurred from the
flame hardening of converter gear hubs.

Selection of Process

Flame hardening basically is adaptable to
surface hardening and to the through hardening
of selected areas. Manufacturing specifications
often call for the heat treatment of an entire
part, but in many cases this is not necessary.
Crane wheels, mill rolls, and gears are exam-
ples of items for which flame hardening can

Table 11 Surface conditions detrimental to flame hardening of steel parts

Defect or condition Probable origin of condition Detrimental effects to be expected on flame-hardened areas

Laps, seams, folds, fins
(wrought parts)

Rolling mill or forging operations Localized overheating (or, at worst, surface melting), with
consequent grain growth, brittleness, and greater hazard
of cracking

Scale (adherent)(a) Rolling or forging; prior heat
treatment; flame cutting

Insulating action against heating, with resulting
underheated areas and soft spots

Localized retardation of quench, causing soft spots
Rust, dirt(a) Storage and handling of material

or parts
Similar to scale condition as noted above left
Severe rusting may result in surface pitting that will remain
after hardening.

Decarburization Present in as-received steel bar
stock; heating for forging or
prior heat treatment of parts
or stock

In severely decarburized work, no hardening response will
be found when parts are tested by file or other superficial
means.(b)

Pinholes, shrinkage
(castings)

Casting defects Localized overheating (or, at worst, surface melting), with
consequent grain growth, brittleness, and greater hazard
of cracking

Coarse-grain gate areas
(castings)

Casting gates located in areas
to be flame hardened (avoid,
if possible)

Increased cracking hazard during quenching, compared
with nongated areas; shrinkage defects also likely in
these areas

Improper welds Parts welded with an alloy
dissimilar to base metal

Weld zone reaction dissimilar to base-metal reaction. Weld
may separate, requiring rewelding or scrapping of the
part.(c)

(a) In addition to having detrimental effects on flame-hardened surfaces, scale, rust, or dirt in the path of the flame may become dislodged and cause
fouling of oxy-fuel gas burners or react chemically with ceramic air-fuel gas burner parts (causing rapid deterioration). When such materials enter
a closed quenching system, they may clog strainers, plug quench orifices, and cause excessive wear of pumps. (b) Partial decarburization lowers
surface hardness as a direct function of actual carbon content of stock lost at surface, provided that steel was adequately heated and quenched.
(c) To avoid these and other problems, it is mandatory that the flame hardener be given accurate and complete information on any changes in com-
position and past processing of the part. For example, previously hardened parts should never be flame hardened unless they have been annealed;
otherwise, cracking is inevitable. Source: Ref 1
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be used to harden only the working surfaces.
Dies often require hardening only along parting
lines or in forming areas.
Other hardening processes that may be appli-

cable for accomplishing the same purposes
include:

� Induction hardening for surface or through
hardening

� Carburizing, nitriding, and other furnace
processes in which surface composition is
altered to permit hardening of the case

� Application of hard facing materials to
surfaces

� Through hardening of selected sections by
partial immersion in molten lead or salt baths

Table 12 lists the different processes in use
and describes the benefits realized from each.
Induction hardening and flame hardening are

the most effective methods for selectively hard-
ening portions of a part (gear teeth, for exam-
ple) without affecting other areas. A 4150
steel shaft, 760 mm (30 in.) long, with a
25 mm (1 in.) long gear at one end, can be core
hardened to 26 to 32 HRC all over (a good
machining hardness), and the gear can be hard-
ened to 55 to 60 HRC by flame or induction
hardening. If carburizing or nitriding were used
instead, the main shaft would have to be
masked with copper, which would have to be
stripped away after hardening.
The differences between these three basic

types of surface-hardening processes can be
small enough for certain applications that their
feasibilities overlap. For example, a ring gear
used in almost identical applications has been
made for four customers using four different
surface-heating procedures: induction hardening
a 4150 steel gear, with or without separate core
hardening, depending on the specific application;
flame hardening the teeth of a 1045 steel gear;
carburizing an 8620 or 9310 steel gear, and then
finish grinding; and core hardening a 4150 steel
gear to 32 to 34 HRC and then nitriding.
Careful analysis, however, no doubt would

show that one of the four variations would be

most economical. Examples of false economy
are common. A company may save 25¢/kg on
steel but have to pay twice that amount for
hot or cold straightening to correct the distor-
tion caused by the lower heat treatability of
the lower-cost steel.
In selecting a flame-hardening process, con-

sideration must be given to the method of
applying the flame to the work and to the
choice of gas mixture. Oxy-gas equipment dif-
fers significantly from air-gas equipment in
the design of the systems that control, deliver,
and burn the gas mixtures.
The heating characteristics of the combustion

mixture largely determine the degree to which
the hardening and heat-affected zones can be
localized in the workpiece. Shallow hardness
patterns (less than 3.2 mm, or ⅛ in., deep) can
be obtained with oxy-gas mixtures because the
higher-temperature flames produced will pro-
vide a sufficiently rapid heat transfer to localize
the heat pattern effectively. Deeper hardness
patterns may permit the use of either oxy-gas
or air-gas mixtures. With oxy-gas mixtures,
the heat is localized, but care is required in
controlling the heat-release rate to avoid over-
heating the surface during the development of
the deeper-seated heat.

Air-gas mixtures, because of the lower rate
of heat transfer obtained with them, reduce the
tendency toward surface overheating but gener-
ally extend the heat-affected zone well beyond
the desired hardness pattern. For this reason,
air-gas flame hardening generally is limited to
those applications in which the portion to be
hardened may be through heated or in which
materials of shallow hardenability are used. In
the latter instance, the depth of the hardness
pattern primarily is controlled by quenching
rather than by heating intensity. Because of
potential excessive distortion, the deeper-seated
heat developed in a part by air-gas flames may
preclude the use of this heating medium.
In view of these considerations, the success

of air-gas flame hardening largely depends on
the configuration of the part insofar as that con-
figuration favors heat localization with its lower
rates of heat transfer. In selective through hard-
ening of gear and sprocket teeth, flanges, ribs,
edges, and similar projections, air-gas flame
heating may be applied. On the other hand,
the surface hardening of gear teeth, rolls, jour-
nals, shaft areas, machineways, wear areas of
forming dies, inside and outside diameters of
hubs, and massive sections usually is done with
oxy-fuel flame equipment. Small parts

Table 12 Relative benefits of five hardening processes

Carburizing Hard, highly wear-resistant surface (medium case depths); excellent capacity for contact load; good bending
fatigue strength; good resistance to seizure; excellent freedom from quench cracking; low-to-medium-
cost steels required; high capital investment required

Carbonitriding Hard, highly wear-resistant surface (shallow case depths); fair capacity for contact load; good bending
fatigue strength; good resistance to seizure; good dimensional control possible; excellent freedom from
quench cracking; low-cost steels usually satisfactory; medium capital investment required

Nitriding Hard, highly wear-resistant surface (shallow case depths); fair capacity for contact load; good bending
fatigue strength; excellent resistance to seizure; excellent dimensional control possible; good freedom
from quench cracking (during pretreatment); medium-to-high-cost steels required; medium capital
investment required

Induction
hardening

Hard, highly wear-resistant surface (deep case depths); good capacity for contact load; good bending fatigue
strength; fair resistance to seizure; fair dimensional control possible; fair freedom from quench cracking;
low-cost steels usually satisfactory; medium capital investment required

Flame hardening Hard, highly wear-resistant surface (deep case depths); good capacity for contact load; good bending fatigue
strength; fair resistance to seizure; fair dimensional control possible; fair freedom from quench cracking;
low-cost steels usually satisfactory; low capital investment required

Source: Ref 6

Fig. 17 Distribution of dimensional change as a result of flame hardening. (a) Change in pitch diameter of converter gear hubs made of 1052 steel. Gear teeth on inside diameter
were heated for a total of 9.5 s, before being quenched in oil to provide a depth of hardness of 0.9 mm (0.035 in.) above the root. (b) Close-in of inside diameters of

converter hubs made of 1062 steel. Inside diameter was heated for a total of 12 s and then oil quenched to harden to 59 HRC min at a depth of 1.9 mm (0.075 in.) below the
surface. Inside diameter was finish ground after hardening.
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frequently require the very small, easily con-
trollable flame characteristics obtainable with
oxy-fuel-burning equipment.
When more than one mode of flame applica-

tion or combustion-gas mixture can be used for
a flame-hardening operation, the selection of
process and equipment becomes primarily an
economic consideration. The equipment then
may be chosen on the basis of the expected cost
involved in meeting immediate and anticipated
production requirements.
Whether or not a flame-hardening process is

selected in preference to other hardening pro-
cesses for a specific application is commonly
determined on the basis of the suitability of
the process for producing the required results,
control of distortion, and cost. A specific exam-
ple of the selection of flame hardening as a
method of hardening is described as follows.
Example 2: Flame Hardening versus

Induction Hardening of Sprocket Teeth.
Because of service failures and to avoid a
design change, a sprocket manufacturer
changed from induction hardening to flame
hardening of sprocket teeth (Fig. 18). When
induction hardened, the sprockets were failing
in the web area. Failure was attributed to high
stress concentration resulting from the induc-
tion through hardening of the teeth and rim.
Continued use of induction hardening would
have required major redesign of the part and
remaking of a costly forging die.
For flame hardening, the sprocket was

indexed on a small positioner, and standard
flame-hardening tips were moved across the
face of the tooth by means of a small flame-
cutting dolly. Warm-water quenching was
used to eliminate the slight surface checks
that had developed with cold-water quenching.
Figure 18 shows the hardness pattern developed
by the standard flame tips. Failures were elimi-
nated, sprockets hardened by this method had
excellent wear qualities, and the cost of harden-
ing was not increased.

Selection of Material

The use of flame hardening is limited to hard-
enable steels (wrought or cast) and cast irons.
Typical hardnesses obtained for various grades
of these materials by flame heating and quench-
ing in air, oil, or water are given in Table 13.
Maximum hardness is not the sole criterion

used in selecting flame hardening as a heat
treatment. Proper steel selection is essential to
minimize distortion, for example. Plain carbon
steels should be used, if possible, instead of steels
whose deep-hardening characteristics are more
likely to incur higher internal stresses.
Some flame hardeners feel it is important to

stress relieve all alloy steels and other steels
with more than 0.40% C at 175 to 245 �C
(350 to 475 �F), depending on customer specifi-
cations. This low-temperature tempering decr-
eases hardness but also removes internal stress
and restores toughness and ductility.

Selective heating has the disadvantage of
developing residual tensile stresses in the sur-
face. As one area of a piece of metal is heated
while the remainder stays cold, the hot metal
expands; if restraint is sufficient, the heated
metal will upset itself. Upon cooling, this upset
metal becomes short. As it cools to room tem-
perature, it often stabilizes in a state of tension,
which can be high enough to crack the part.
When a part is to be induction or flame hard-

ened, the materials engineer should work
closely with the designer to keep the level
of hardness, and the necessary carbon, as low
as possible, while still meeting engineering
requirements. Carbon content is the most
important factor determining the level of hard-
ness that can be attained in steels by induction
or flame heating. It controls hardness level,
the tendency of the part to crack, the magnitude
of the part to crack, and the magnitude of resid-
ual surface stresses.
The practical level of minimum surface hard-

nesses attainable with water quenching for var-
ious carbon contents is shown in Fig. 19. The
curve is applicable for induction hardening as
well as for flame hardening. It also applies to
alloy steels, except those containing stable car-
bide formers such as chromium and vanadium.
For best results, steels to be induction or

flame hardened should be as-rolled, normalized
(particularly from a high temperature), air-blast
quenched, or quenched and tempered. These
preferred heat treatments result in micro-
structures conducive to rapid and complete aus-
tenitization and full hardening. In selecting
steels for either induction or flame hardening,
it is important that the necessary steps be taken
to ensure that the areas to be hardened are free
of decarburization. Depending on stock size,
steel grade, producing mill, and several other
factors, the depth of decarburization for as-
rolled bar may run from near 0 to 3.2 mm
(0.125 in.). It should not be assumed that

turned and polished bar is free of decarburiza-
tion unless it is specifically ordered with this
requirement. Carbon-restored and cold-finished
bar is available from mills in various carbon
and alloy grades.
When maximum resistance to fatigue is

desired, the hardened surface should contain
residual compressive stresses; a recommended
level is 172 MPa (25 ksi). Because surfaces
hardened to depths of less than 1.9 mm
(0.075 in.) are commonly residually stressed
in tension, it is suggested that depth of harden-
ing be at least 2.7 mm (0.105 in.) to ensure that
residual stresses are compressive. This depth

Fig. 18 Hardness pattern developed in sprocket tooth
when standard flame tips were used for

heating. When space permits the use of this method,
hardening one tooth at a time results in low distortion.

Table 13 Response of steels and cast irons
to flame hardening

Material

Typical hardness, HRC,
as affected by quenchant

Air(a) Oil(b) Water(b)

Plain carbon steels

1025–1035 . . . . . . 33–50
1040–1050 . . . 52–58 55–60
1055–1075 50–60 58–62 60–63
1080–1095 55–62 58–62 62–65
1125–1137 . . . . . . 45–55
1138–1144 45–55 52–57(c) 55–62
1146–1151 50–55 55–60 58–64

Carburized grades of plain carbon steels(d)

1010–1020 50–60 58–62 62–65
1108–1120 50–60 60–63 62–65

Alloy steels

1340–1345 45–55 52–57(c) 55–62
3140–3145 50–60 55–60 60–64
3350 55–60 58–62 63–65
4063 55–60 61–63 63–65
4130–4135 . . . 50–55 55–60
4140–4145 52–56 52–56 55–60
4147–4150 58–62 58–62 62–65
4337–4340 53–57 53–57 60–63
4347 56–60 56–60 62–65
4640 52–56 52–56 60–63
52100 55–60 55–60 62–64
6150 . . . 52–60 55–60
8630–8640 48–53 52–57 58–62
8642–8660 55–63 55–63 62–64

Carburized grades of alloy steels(d)

3310 55–60 58–62 63–65
4615–4620 58–62 62–65 64–66
8615–8620 . . . 58–62 62–65

Martensitic stainless steels

410, 416 41–44 41–44 . . .

414, 431 42–47 42–47 . . .

420 49–56 49–56 . . .

440 (typical) 55–59 55–59 . . .

Cast irons (ASTM classes)

Class 30 . . . 43–48 43–48
Class 40 . . . 48–52 48–52
Class 45010 . . . 35–43 35–45
50007, 53004, 60003 . . . 52–56 55–60
Class 80002 52–56 56–59 56–61
Class 60-45-15 . . . . . . 35–45
Class 80-60-03 . . . 52–56 55–60

(a) To obtain the hardness results indicated, those areas not directly
heated must be kept relatively cool during the heating process. (b) Thin
sections are susceptible to cracking when quenched with oil or water.
(c) Hardness is slightly lower for material heated by spinning or combi-
nation progressive-spinning methods than it is for material heated by
progressive or stationary methods. (d) Hardness values of carburized
cases containing 0.90 to 1.10% C
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is appropriate particularly for manufacturers not
equipped with residual-stress-measuring equip-
ment. Further, microstructure should be at least
90% martensite, with no ferrite visible at a
magnification of 500�.
Carbon Steels. Plain carbon steels in the

range of 0.37 to 0.55% C are the most widely
used for flame-hardening applications. They
can be through hardened in sections up to
13 mm (½ in.). This response permits the use
of carbon steel for selectively flame-hardened
small gears, shafts, and other parts of small
cross section in which uniform properties are
needed throughout the section. These same
steels can be used for larger parts in which
hardness is necessary only to shallow depths
from 0.8 to 6.4 mm (1=32 to ¼ in.).
Carbon steels 1035 to 1053 are suitable for

flame hardening; 1042 and 1045 are the most
widely available and are recommended for all
flame-hardening applications except when they
would be incapable of meeting requirements,
for example:

� Failure of a 1045 steel part to harden with a
given quench would necessitate the use of a
steel of higher hardenability; for example,
one with higher carbon or manganese or
both, or possibly an alloy steel.

� If increased depth of hardening is required,
1042 or 1045 may be inadequate where
heavy sections are progressively hardened;
therefore, the substitution of 1541, 1552, or
an alloy steel would be necessary.

� In applications in which wear resistance is of
prime importance, it may be advisable to use
a steel with 0.60% C or more to produce
maximum surface hardness. Steels this high
in carbon content often are quenched in oil
or simulated oil to avoid the possibility of
cracking due to water quenching. Thus,
greater hardenability may be needed with
the higher carbon content.

� When a severe quench in brine or caustic is
required for hardening 1042 or 1045 steel
and such quenching causes cracking, a steel
of higher hardenability—either carbon or
alloy, which can be hardened by a less
severe quench—should be selected.

Alloy Steels. The use of alloy steels for flame-
hardening applications is justified only when:

� High core strength is required (through heat
treatment before flame hardening) and car-
bon steels are inadequate to achieve this
strength in the section sizes involved.

� The mass and shape of a part, restrictions
on distortion, or the hazard of cracking pre-
clude the use of carbon steel quenched in
water.

� Certain alloy grades may be more readily
obtainable than carbon grades (particularly
the higher-manganese carbon grades) appro-
priate for the application. Steels such as
4135H, 4140H, 6150H, 8640H, 8642H, and
4340H are typical of the more readily
obtainable alloy steels.

Carbon and alloy steel castings are widely
used for flame-hardening applications. The
selection of a specific composition or grade is
made on much the same basis as for wrought
carbon and alloy steels.
Cast Iron. Gray cast irons, ductile irons, and

pearlitic malleable irons having combined car-
bon contents of 0.35 to 0.80% can be flame
hardened and will respond the same as steel.
Cast irons having less than 0.35% combined

carbon will not respond readily to flame harden-
ing because of the inability of austenite to
dissolve graphite during the extremely rapid heat-
ing that occurs during flame hardening. Flame
hardening these irons produces a typical hardness
of approximately 40 HRC. Malleable iron, in
which all the carbon is in graphitic form, is not
amenable to flame hardening for this reason.
Cast irons having combined carbon contents

greater than 0.80% are difficult to flame harden
because of their inherent brittleness and suscep-
tibility to cracking when heated and quenched
rapidly. The low melting point of cast iron
and the presence of graphite in the microstruc-
ture make cast iron susceptible to “burning” or
even localized melting during flame hardening;
therefore, extreme care must be taken to reduce
the rate of heating when cast iron is hardened
using equipment designed specifically for flame
hardening steel. For example, the distance
between the inner cone and the workpiece can
be increased, or the flame velocity can be
decreased. The use of a flame head with smaller
orifices also will decrease the heating rate.
Perhaps the most significant factor in the

response of cast irons to flame hardening is
prior microstructure. Irons without free ferrite
in their microstructure respond almost instantly
to flame or induction heating and require very
little holding time at the austenitizing tempera-
ture in order to be fully hardened. With a

moderate amount of free ferrite, the response
may be satisfactory, but an entirely ferritic
matrix, typical of grades with high ductility,
requires several minutes at 870 �C (1600 �F)
to be fully hardened by subsequent cooling.
A matrix microstructure of fine pearlite, readily
obtained by normalizing, has a rapid response
to surface hardening and provides excellent
core support for the hardened case.
Other Materials. Flame hardening can be

applied to other hardenable ferrous materials,
for example, alloy cast irons, martensitic stain-
less steels, and tool steels. However, the nature
of flame hardening—especially the relatively
high-temperature gradients and higher-than-
normal surface temperatures—may cause the
retention of excessive amounts of austenite in
many of the highly alloyed materials, with pos-
sible low hardness and transformation to
untempered martensite in service, which is
accompanied by brittleness.
Lee et al. (Ref 7, 8) investigated the proper-

ties of hardness, hardening depth, and residual
stresses of 12Cr steel after a flame-hardening
modification. The process increases the
hardness of the steel up to 420 to 550 HV
(250 HV base value), depending on the surface
temperature. The investigation allowed the
optimization of the process parameters accord-
ing to the acceptance criteria of Siemens AG-
KWU and GE Power Generation Engineering.
Carburized parts made of plain carbon or

alloy steels can be flame hardened to provide
a hard case of high carbon content. The depth
of carburized case may vary from a few hun-
dredths of a millimeter to 1.6 mm (1=16 in.)
or more. The flame-hardening procedure is
adjusted to heat the carburized case to its full
depth for hardening. Because the core of low-
carbon steel thus treated does not harden sub-
stantially, the method provides a means of
accurately controlling the depth of hardened
case.
Recently, flame hardening was used to create

alloy deposits with different chemical composi-
tions on low-carbon steel (Ref 9). Chromium-
nickel alloy deposits were obtained from a
plating bath with trivalent chromium and diva-
lent nickel ions. An amorphous structure was
detected in which the hardness can be signifi-
cantly increased from 550 to 1460 HV after
flame heating for 3 s. From the analysis of the
microstructure, the hardening can be ascribed
to the precipitation of nanosized carbon-related
particles, which have a high hardness value and
cause lattice strain fields at their precipitation
sites.

Flame Annealing

The chemical reaction between oxygen and
steel during flame cutting evolves intense heat,
raising the temperature of the cut edge to the
melting point on the surface and above the
transformation temperature to a shallow depth.
If the carbon or alloy content of the steel is high

Fig. 19 Relationship of carbon content to minimum
surface hardness attainable by flame or

induction heating and water quenching. Practical minimum
carbon contents can be determined from this curve.
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enough, hardening results when the heated zone
is cooled rapidly.
Carbon steels containing 0.30% C or less do

not harden sufficiently to prevent the use of
flame-cut pieces in structures or in subsequent
fabrication where bending is involved. When
cut by flame, steels containing alloying ele-
ments and steels containing more than 0.30%
C may harden sufficiently to prevent the use
of flame-cut pieces for some purposes.
When hardening is likely to occur along a cut

edge, oxyacetylene flames applied by suitable
equipment can be used either to prevent harden-
ing or to soften an already hardened cut surface.
The term flame annealing is applied to this pro-
cess and to the selective flame softening of
areas of hardened steel parts. Tool steels and
certain highly alloyed steels will crack during
flame cutting, or very soon after, unless they
are heated to temperatures ranging from
200 to 425 �C (400 to 800 �F) before being cut.
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Induction Surface Hardening of Steels*
Valery Rudnev, Inductoheat Incorporated
Jon Dossett, Consultant

INDUCTION HEATING occurs when an
alternating magnetic field induces eddy currents
in electrically conductive materials. Because all
metals are fair electrical conductors, induction
heating is applicable to several types of metal
processing operations, such as melting, weld-
ing, brazing, heat treating, stress inducement,
and zone refining.
Induction heat treatment is done with various

metals and alloys—mainly steels and cast
irons, although other materials, including light
metals, aerospace materials, superalloys, and
some composites, are also inductively heat trea-
ted or preheated prior to hot and warm forming
operations. Induction heat treatment is attractive
from the viewpoint of its speed, selective heat-
ing capabilities, low distortion, energy savings,
and high production rates, among other reasons.
The advantages of using induction for heat treat-

ing are derived from its capability to generate heat
within the workpiece and include the following:

� Heat intensity: In heat treatment, the higher
heating rates play a central role in designing
rapid, high-production heat treating pro-
cesses. Induction heat treating of steels
and cast irons may take as little as 5% or
less of the time required for a furnace treat-
ment. For example, only a few seconds are
typically required to induction harden small-
and medium-sized gears or journals of
camshafts and crankshafts.

� Selective heating: Controlling the heat pat-
terns by selecting appropriate process para-
meters and induction equipment allows
surface and selective hardening that yield
an attractive blend of properties (e.g., high
strength and hardness of the component sur-
face layers and toughness of its core that
may not be affected by the heat). Such cap-
abilities are not feasible with furnace heating
processes, which are slower and heat the
entire workpiece.

� Energy savings: In addition to eliminating
idle periods, induction heat treating techniques
put energy only when and where needed,
improving energy efficiency and equipment

readiness. With induction heaters, there are
no conditioning or idle periods such as with
the use of furnace equipment.

� Space saving: The induction equipment has
a substantially smaller footprint. Equipment
can be easily incorporated in in-line proces-
sing and manufacturing cells than furnace
treatment equipment.

� Individual part traceability: This is a very
attractive feature that plays an important role
in ensuring the required quality of heat trea-
ted components.

� Low equipment maintenance cost; lean and
green process with reduced labor

Induction heating is used in a variety of steel
heat treatment processes, such as steel harden-
ing and tempering, annealing, normalizing, and
stress relieving. The most popular application
of induction heat treatment is the surface hard-
ening of steels and cast irons. Although not as
common as surface hardening and tempering,
through hardening and tempering by induction
heating have been found to be practical for a
number of applications, such as piping, struc-
tural members, saw blades, and garden tools.
Induction surface hardening and tempering of

steels can be used for a wide range of parts.
Examples include machine tools, hand tools,
crankshafts, camshafts, axle shafts, transmission
shafts, splined shafts, universal joints, gears,
valve seats, wheel spindles, bearings, steering
knuckles, and track links. This article introduces
the fundamentals of induction heating and
describes the general process factors for the
induction surface hardening of steels. See ASM
Handbook, Volume 4C, Induction Heating and
Heat Treatment (2014) for more information
on induction equipment and other heat treating
applications of induction heating.

Principles of Induction Heating

Induction heating occurs when an electrically
conductive material is exposed to a varying mag-
netic field. The basic components of an induction

heating system are an induction coil (an induc-
tor), an alternating-current power supply, and
the workpiece itself. The coil, which may take
different shapes depending on the required heat-
ing pattern, is connected to a power supply.
The basic process is illustrated in Fig. 1 with an

alternating current that flows in a solenoid coil.
The current generates an alternating magnetic
field around the coil, and the magnitude of the
magnetic field depends on the strength of the cur-
rent and the number of turns in the coil.
When a material is placed inside the coil, the

varying magnetic field induces an electric
potential according to Faraday’s law of electro-
magnetic induction:

e ¼ �N
d�

dt
(Eq 1)

which relates an induced voltage (e) to the time
rate of change of the magnetic field (F) and the
number of turns (N) in the coil. In effect, the
coil acts in much the same manner as a primary
winding of a transformer, with the workpiece
acting as a single-turn (or short-circuited) sec-
ondary winding. Hence, the term transformer
action is sometimes used to describe the pro-
cess of electromagnetic induction. In fact, an
early observation of induction heating by
Michael Faraday in the mid-1800s was the
undesirable heating of transformer and motor
windings and laminated cores.
Heating occurs when an electrically conduc-

tive material is placed in (or near) the coil.
The induced voltage creates electrical eddy
currents, which have the same frequency as
the current in the primary coil—but the direc-
tion of eddy currents is opposite that of the cur-
rent in the coil (Fig. 1b). It is also important to
note that eddy currents are generated in any
electrically conductive objects that are near
the coil. At any moment, the direction of the
induced current in the workpiece is approxi-
mately opposite to that in the inductor coil,
and, in general, its flow pattern will describe a
kind of shadow image of the coil conductors.
The induced currents also generate their
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own magnetic fields, which are in opposition to
the field generated by the coil and thereby pre-
vent the field from penetrating to the center of
the object.
The primary mechanism of heat generation

occurs from the flow of eddy currents in the
workpiece. A second mechanism of heat gener-
ation occurs in ferromagnetic materials when
energy is dissipated during the reversal of mag-
netic domains. This effect in ferromagnetic
materials is usually ignored in induction heat-
ing calculations, because the effect is small
for the typical strength levels of magnetic fields
for induction hardening. Therefore, the rate of
heating in units of power (watts) is largely a
function of I2R, or Joule heating.
The heating efficiency and intensity as well

as temperature distribution depend on several
factors. The heating rate is affected by several
variables, such as:

� Magnetic field strength (expressed in units
of ampere-turns of the work coil)

� Frequency of the magnetic field
� Proximity of the workpiece to the coil con-

ductors and its geometry
� Electrical and magnetic properties of the

material, such as resistivity (r) and magnetic
permeability (m)

Heating rates are typically controlled by the
coil voltage/current, because the field strength
is roughly proportional to coil voltage/current.
A key factor also is the degree of coupling
between the workpiece and the magnetic field
of the coil. Coupling is determined by the num-
ber of imaginary magnetic flux lines that enter
the workpiece. This flux density is proportional
to the coil current, and the amount of energy
transferred is proportional to the square of the
number of imaginary flux lines intercepted by
the workpiece. The frequency of coil currents
also influences the pattern of induced currents,
because flux lines tend to stay closer to the coil
conductors as frequency is increased.
Induction heating also is nonuniform,

because the distribution of eddy currents (and
heating) is concentrated near the surface.
According to the commonly accepted theory
of electromagnetic induction, eddy currents
and power density (heat source) primarily flow
near the surface layer (or “skin”). This “skin
effect” must be clearly understood in practi-
cally all application of induction heating. Heat
transfer and electromagnetics also are nonlinear
and tightly interrelated, because the physical
properties of heated materials depend strongly
on temperature, magnetic field intensity, alloy
chemical composition, prior microstructure,
and other factors.
Except for the simplest of workpiece geome-

tries, mathematical analysis of induction heat-
ing processes can be quite complex, because
of nonuniform three-dimensional (3-D) heat
generation through the workpiece, 3-D heat
transfer, and the fact that the electrical, thermal,
and metallurgical properties of most materials

exhibit a strong dependence on temperature.
For this reason, quantitative solutions exist,
for the most part, only for the heating of round
bars or tubes and infinitely wide rectangular
slabs and sheets. Nevertheless, such knowledge,
if properly applied, may provide useful insights
into the effects of coil design and equipment
characteristics on heating patterns in irregularly
shaped parts. This information, coupled with
knowledge generated through years of experi-
mentation in both laboratory and production
environments, serves as the basis for the practi-
cal design of induction heating processes.
Induction Coils. Inductor coils for induction

heat treating applications are of three types: sin-
gle-shot inductors, progressive (or scanning)
inductors, and special inductors. The shape of
induction coils can be quite varied, depending on
the size and shape of the workpiece surface that

is to be hardened and the required pattern of heat-
ing. Figure 2 shows three basic types of coils for
heating for external surfaces (Fig. 2a), internal sur-
faces (Fig. 2b), and front surfaces (Fig. 2c) of
the workpiece. The shape of the coil also influ-
ences heating patterns (see the section “Design
of Induction Heating Coils” in this article).
Single-shot coils are setups in which the

entire surface of the workpiece is heat treated
at one time with a coil that remains stationary
with respect to the part. Typically, single-shot
coils are used for parts with complex geome-
tries and parts that require irregular heating
patterns. Single-shot induction heating is
often combined with rotation of the workpiece
to ensure more uniform heating. The coil-to-
workpiece gap is very important, because the
energy penetration and heating efficiency
depend on it.

Fig. 1 Pattern of electrical currents and the magnetic field in (a) a solenoid coil and (b) conductive materials with
induced eddy current (flowing in the opposite direction to the current in the coil). Source: Ref 19

Fig. 2 Three general configurations of induction coils. Source: Ref 1, 2
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If part rotation is not feasible, heating unifor-
mity can be improved by coil copper profiling
increased by using flattened tubing, by putting
an offset in the coil, and so on. Flattened
tubing should be placed so that its larger dimen-
sion is adjacent to the workpiece. The offsetting
of coil turns (Fig. 3) provides an even horizon-
tal heating pattern. Offsetting is most easily
accomplished by annealing the coil after wind-
ing and pressing it between two boards in
a vise. Profiling of induction coils can be
achieved by spacing turns differently (in multi-
turn inductors) or by copper machining and
having variable workpiece-to-copper proximity
(in single-shot inductors).
Progressive (Scanning) Coils. When parts

are induction scanned, the parts are moved pro-
gressively through the coil. Thus, only a small
portion of the workpiece is heat treated at any
given time. Parts with a high degree of rota-
tional or axial symmetry are often induction
heated using scanning techniques.
Scan hardening inductors are particularly

attractive for large and/or elongated workpieces
for which a single-shot method would substan-
tially increase coil and power supply costs.
Scan inductors also provide superior flexibility
compared to single-shot inductors. They allow
various lengths of parts to run, can result in an
easily automated process that quickly adapts
to new heat treatment tasks, and can be easily
integrated into a work cell.
Scan inductors may be one or more turns.

The required number of turns is determined by
process features or by the ability to load-match
(load-tune) the coils to the power supply. This
impedance (load)-matching process is particu-
larly important if maximum power is required
from the power supply.
Scan inductors with narrow heating faces are

useful not only for a sharp pattern cutoff but
also for obtaining short transition zones. Scan
coils with wider heat faces allow faster scan
rates. This is due to the simple fact that the
inductor is longer. The part will be in the induc-
tor for a longer period of time; therefore, the
scan rate can be higher. The main disadvantage
of the wide heating face is that it will produce a
gradual pattern runout and may not meet hard-
ness pattern specifications there. Single-turn
inductors with narrow heating faces are used
where a sharp pattern runout is required. An
example of this would be the case where a pat-
tern must end near a snap-ring groove.

High-Temperature Electrical,
Magnetic, and Thermal Properties

The performance of induction heaters first
and foremost depends on the electromagnetic
properties of the heated metal. Electromagnetic
properties of materials encompass a variety
of characteristics, including magnetic perme-
ability, electrical resistivity (electrical conduc-
tivity), saturation flux density, coercive
force, and many others. While recognizing the
importance of all electromagnetic properties,
two of them—electrical resistivity (electrical
conductivity) and magnetic permeability—are
key properties that influence the depth of heat-
ing by induction (see Eq 3 and 4 in the section
“Eddy Current Distribution” in this article).
Thus, the electrical resistivity and relative mag-
netic permeability of the workpiece have a pro-
nounced effect on the performance of an
induction heating system, the coil efficiency,

and the selection of main design and process
parameters (Ref 3).
Electrical Resistivity. The ability of material

to easily conduct electric current is specified by
electrical conductivity, s. The reciprocal of
the conductivity s is electrical resistivity, r.
The units for r and s are Ohm�m and mho/m,
respectively. For some electrically conductive
materials, electrical resistivity decreases with
temperature. For majority steels and cast irons,
electrical resistivity increases with temperature,
being a nonlinear function. Grain size has a
noticeable effect on electrical resistivity, as
well as plastic deformation, prior heat treat-
ment, and some other factors. At the same time,
the effect of temperature and chemical compo-
sition are two of the most pronounced factors.
The resistivities of metals vary with tempera-

ture. Figure 4 shows this behavior for two fer-
rous alloys: electrolytic iron, an alloy with a
negligible amount of carbon, and a 1% C steel.
Both alloys have a similar dependence of

Fig. 3 Induction coil with an offset used to provide
heating uniformity Fig. 4 Electrical resistivity versus temperature for electrolytic iron and a 1% C steel. Source: Ref 4
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resistivity on temperature. This can be attribu-
ted to the fact that both consist largely of ferrite
at low temperatures and austenite at high tem-
peratures. In fact, a change in slope of the
curves occurs at temperatures between 700
and 800 �C (1290 and 1470 �F)—a region in
which ferrite-austenite phase transformation
occurs.
Magnetic Properties of Steel. Relative

magnetic permeability, mr, indicates the ability
of a material (i.e., metal) to conduct magnetic
flux better than vacuum or air. Relative mag-
netic permeability is a nondimensional parame-
ter, and it has a pronounced effect on coil
calculation, electromagnetic field distribution,
and selection of process parameters. The con-
stant m0 = 4p � 10�7 H/m [or Wb/(A � m)]
is called the permeability of free space (the vac-
uum). The product of relative magnetic perme-
ability and permeability of free space is called
magnetic permeability, m, and corresponds to
the ratio of the magnetic flux density (B) to
the magnetic field intensity (H).
All materials, based on their magnetization

ability, can be divided into paramagnetic, dia-
magnetic, and ferromagnetic. The relative mag-
netic permeability of paramagnetic materials is
slightly greater than 1 (mr > 1). The value of
mr for diamagnetic materials is slightly less
than 1 (mr < 1). Due to insignificant differences
of mr for both paramagnetic and diamagnetic
materials, those materials are simply called non-
magnetic materials in induction heating practice.
The relative magnetic permeability, mr, of non-
magnetic materials is assumed to be equivalent
to that of air and is assigned a value of 1. Typical
nonmagnetic metals are aluminum, copper, tita-
nium, austenitic stainless steels, tungsten, and
so on. In contrast to paramagnetic and diamag-
netic materials, ferromagnetic materials, includ-
ing iron, cobalt, nickel, and some rare earth
metals, exhibit an appreciable value of relative
magnetic permeability (mr >> 1) and are simply
called magnetic materials.
Carbon steels exhibit magnetic properties

and belong to the group of magnetic alloys.
As the temperature increases, the relative mag-
netic permeability of steels decreases until the
Curie temperature is reached. When steels are
heated above the Curie temperature, they
become nonmagnetic. Figure 5 shows the Curie
temperature for plain carbon steels, as repre-
sented by the line ABCD.
Below the Curie temperature, relative perme-

ability varies with the intensity of the magnetic
field and hence the current in carbon steels. For
steels with less than 0.45% C, this temperature
is 768 �C (1414 �F). In higher-carbon steels,
the Curie temperature follows the A3 line on
the iron-carbon phase diagram to the eutectoid
composition; thereafter, it coincides with the
A1 line. Alloying elements in steels change
the Curie point by small amounts. Molybdenum
and silicon increase it, and manganese and
nickel decrease it.
In physical terms, the decrease in magnetic

permeability with temperature in carbon steel

signifies the loss of ferromagnetic properties.
Below the Curie point, heating occurs as a
result of both eddy-current losses and hystere-
sis losses. The latter are no longer present once
the ferromagnetic property of steels is elimi-
nated. Such a consideration is very important
with regard to the austenitizing of steels in
the hardening operation, since this is done
above the Curie temperature. Figure 6 illus-
trates this effect (assuming that eddy-current
cancellation is absent). Here it will be noticed
that, below the Curie point, the amount of
energy needed to heat a given mass of steel
by induction is proportional to the temperature
increase.
It is important to recognize that several fac-

tors are responsible for the need to increase
the required power when heating a workpiece
above the Curie point compared to the below-
Curie temperature:

� Absence of hysteresis losses
� Reduction of the equivalent electrical

resistance of the heated workpiece. As a fer-
romagnetic material loses its magnetic prop-
erties, the thickness of the layer where the

eddy current flows (current penetration
depth) inevitably increases, which in turn
decreases its electrical resistance.

� Nonlinearity of the specific heat
� Significant increase of surface heat losses

(due to thermal radiation and convection)
that must be compensated

Once the Curie temperature is reached, the
required amount of energy per degree of tem-
perature is substantially larger. When the final
required temperatures are only slightly above
the Curie temperature, very minor adjustments
in the induction equipment are usually neces-
sary (an exception includes wire and strip
through-heating applications). On the other
hand, when the temperatures must be relatively
high, there will be a significant change in coil
impedance, which may require special consid-
eration for load-matching.
The ferromagnetic property of a material is

also a complex function of grain structure,
chemical composition, frequency, temperature,
and magnetic field intensity. It is important to
recognize that the same kind of carbon steel at
the same temperature and frequency can have

Fig. 5 Curie tempertaure for carbon steels. Source: Ref 4
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a different value of mr due to differences in
power applied to the induction coil, which
affects the intensity of the magnetic field (H).
For example, the mr of magnetic steels com-
monly used in induction heating can vary
from small values, where mr = 3 or 4, to very
high values exceeding 300, depending on the
magnetic field intensity (H) and temperature
(T). The temperature at which a ferromagnetic
body becomes nonmagnetic is called the Curie
temperature (Curie point). Figure 7 illustrates
the complex relationship among mr, tempera-
ture, and magnetic field intensity for medium-
carbon steel. In the majority of induction
heating applications, magnetic permeability
decreases with increasing temperature. How-
ever, in a relatively weak magnetic field,
mr may first increase with temperature and
begin to drastically decline only near the Curie
point. Discussion of this phenomenon is provided
in Ref 3.
Chemical composition is another factor that

has a marked effect on the Curie point. The
Curie point of plain low-carbon steel corre-
sponds to the A2 critical temperature on the
iron/iron-carbide phase transformation dia-
gram. Therefore, even among plain carbon
steels, the Curie temperature may be notice-
ably different due to the carbon content.
For example, the Curie temperature of plain
carbon steel AISI 1008 is clearly different
from steel AISI 1060 (768 versus 732 �C, or
1414 versus 1350 �F). Depending on the heat
intensity (�C/s, or �F/s), there can be some
shifting of the Curie temperature due to ther-
mal hysteresis.
Magnetic Hysteresis losses occur only in

magnetic materials. As magnetic parts, such as
those made from carbon steels, are heated by
induction from room temperature, the alternat-
ing magnetic flux field causes the magnetic
domains of the material to oscillate, because
the magnetic domains change their polar orien-
tation every cycle. Figure 8 shows an illustra-
tion of hysteresis and the effect on the
magnetic flux field strength. This oscillation is
called magnetic hysteresis, and a minor amount
of heat is produced due to the friction produced
when the domains oscillate.
For the great majority of induction heat treat-

ing applications (such as through-hardening and
normalizing), a heating effect due to hysteresis
losses does not typically exceed 7 to 8% com-
pared to the heat effect due to Joule heat gener-
ated by eddy current, because the majority of
the heat cycle of the component surface temper-
ature is well above the Curie point. This makes
valid an assumption of neglecting the magnetic
hysteresis losses. However, in some low-tem-
perature applications, where heated metal
retains its magnetic properties during the
entire heating cycle (e.g., induction temper-
ing, low-temperature stress relieving, heating
prior to galvanizing and coating of ferrous
strips and wires, etc.), hysteresis heat genera-
tion can be appreciable compared to Joule
heat generated by eddy-current losses, and

an assumption of neglecting the magnetic
hysteresis may not be valid.
Thermal properties of heated materials

(specific heat, thermal conductivity, heat

content, etc.) are also temperature dependent.
Figure 9 shows the change in heat content (abil-
ity to absorb heat) with temperature for various
materials. Steel has the ability to absorb more

Fig. 6 Temperature increase as a function of energy input for induction-heated carbon steel. Note the decrease in
heating rate as the Curie temperature (770 �C, or 1420 �F) is approached and exceeded. Source: Ref 4, 21

Fig. 7 Magnetic permeability as a function of temperature and magnetic field intensity. Source: Ref 6
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heat as the temperature increases. This means
that more energy is required to heat steel when
it is hot than when it is cold.
Thermal conductivity, k, designates the rate

at which heat travels across a thermally conduc-
tive workpiece. A material with higher k value
conducts heat faster than a material with a
low k. When thermal conductivity of the metal
is high, it is easier to obtain a uniform temper-
ature distribution within the workpiece, which
is important in through-heating applications.
Therefore, from the point of view of obtaining
temperature uniformity, a higher thermal con-
ductivity of metal is preferable. However, in
surface- and selective-hardening applications,
a high value of k is quite often a disadvantage
because of its tendency to promote a heat-soaking
action and equalize the temperature distribution
within the workpiece. As a result of heat soak-
ing, the temperature rise will take place not
only in the required region of the workpiece
that is to be hardened but in adjacent, not-
to-be-hardened areas as well. The temperature
increase in the adjacent areas results in the need
for more power to heat the region to the desired
final temperature.

Eddy-Current Distribution

As noted, eddy currents and power density
(heat source) primarily concentrate near the
surface layer (or “skin”) of the workpiece (or
any conductive materials or in close proximity
to the coil). The electromagnetic skin effect is
a fundamental property of induction heating,
and the mathematics needed to explain the skin
effect involve a differential equation that has
solutions in the form of Bessel functions. These
solutions demonstrate that the induced current
in a large planar object (that is, a plate much
thicker than the expected eddy-current penetra-
tion) decreases exponentially from the surface
into the workpiece. This allows the definition
of an effective depth of eddy currents known
as the reference depth or penetration depth,
where the current density has dropped by 1/e
(or 37%) of its surface value.
Reference Depth from Skin Effect. The

induced current density (Jx) at some distance,
x, decreases exponentially from the current den-
sity at the surface (Js), such that:

Jx ¼ Js exp �x=d½ � (Eq 2)

where d is defined as the reference depth or
penetration depth. By definition, the current
density at the reference depth (x = d) is thus
1/e (or 37%) that of the current at the surface.
This is illustrated in Fig. 10, where the distance
of d = 1 is equal to the reference depth (d).
A great majority of induced power also is con-
centrated within the reference depth, because
power density (W) is a square of current den-
sity. Thus, the power density at the reference
depth distance decreases as a function of
[1/e]2 from the surface (Fig. 10). From this,

Fig. 8 Hysteresis losses from varying magnetic field. Source: Ref 5

Fig. 9 Change in specific heat with temperature for various metals and steel. Source: Ref 4
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one can see that approximately 63% of the cur-
rent and 86% of the power induced in the work-
piece will be concentrated within the reference
depth near the surface.
The formula for the value of penetration

depth is:

d ¼ 503

ffiffiffiffiffiffiffiffi
r

mr F

r
(Eq 3)

where r is the electrical resistivity of the metal
(in units of O m), mr is its relative magnetic per-
meability, F is the frequency of the alternating
current (in units of Hertz, or cycles per second),
and d is the penetration depth in units of meters.
It is also expressed in the form:

d ¼ 3160

ffiffiffiffiffiffiffiffi
r

mr F

r
(Eq 4)

where penetration depth (d) is given in units of
inches, with electrical resistivity (r) expressed
in units of O in.
Many times, engineers calculate the distribu-

tion of the current density along the workpiece
thickness (radius) using numerical computer
simulation, Bessel functions, or numerous
charts that are readily available to determine
values of penetration depth (d) versus tempera-
ture when heating different materials using vari-
ous frequencies. For example, Fig. 11(a)
presents plots of penetration depth at various fre-
quencies as a function of electrical resistivity.
Figure 11(a) also illustrates different frequency
requirements for a given penetration depth dur-
ing various steel processing methods.
However, because electrical resistivity (r) is

a function of temperature, and relative magnetic
permeability (mr) is a function of temperature
and magnetic field intensity, the penetration
depth is a nonlinear function of temperature
and magnetic field intensity. Furthermore, for
ferromagnetic metals, the relative permeability
varies with temperature, decreasing to a value
of 1 (relative to free space) at the so-called
Curie temperature. Also, as the power density
is increased, steels may become magnetically
saturated, leading to decreased permeability
and hence increased reference depth
(Fig. 11b). Because of these effects, the refer-
ence depth in nonmagnetic materials may vary
by a factor of 2 or 3 over a heat treatment

Fig. 10 Reduction of induced currents and power density as a function of distance below the surface. (a) Current
density at the reference depth (d, or here as d = 1) is 1/e (37%) that of current density at the surface.
(b) Power density at the reference depth (d) is 1/e2 (13%) that of power density at the surface. Source: Ref 19

Fig. 11 Plots of penetration depth at various frequencies as a function of electrical resistivity. (a) Curves of current penetration versus frequency for induction heating with
longitudinal flux. The dashed lines represent the reference depth for ferromagnetic steel below the Curie temperature for various operations. (b) Reference (skin) depth
for magnetic steel as a function of power density. Source: Ref 19
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temperature range, whereas for magnetic steels
it can vary by a factor of 20.
It also is important to be aware that commonly

accepted assumptions regarding current and
power distribution due to skin effect are not
valid for a great majority of induction surface-
hardening applications. For example, the widely
accepted assumption of exponential distribution
of induced current and power is only appropriate
for a solid body (workpiece) having constant
values of both electrical resistivity and magnetic
permeability. For the great majority of induction
surface-hardening applications, the power density
(heat source) distribution is not uniform, and there
always are thermal gradients within the heated
workpiece. These thermal gradients result in non-
uniform distributions of electrical resistivity and,
in particular, magnetic permeability within the
heatedworkpiece.The presence of these nonlinea-
rities leads to the fact that the common definition
of current penetration depth being an exponential
curve does not fit its principal assumption.
Current Cancellation. Current density

decreases exponentially if the dimensions of
the part are sufficiently large. For example,
the cross-sectional size of a solid cylinder being
heated must be at least four times the reference
depth, otherwise current cancellation may
occur. If the cross section is smaller relative
to reference depth, then eddy currents in the
inner regions of an object will overlap and can-
cel each other (assuming the use of solenoid-
type inductors). This effect is illustrated in
Fig. 12(a) for various ratios of object thickness
(a) and reference depth (d). The dashed lines
show exponential decay from either side, while
the solid line gives the net current from the
summation of the two dashed lines. Net heating
curves (Fig. 12b) are obtained by squaring
the net current density. Current cancellation
is directly affect a reduction of the heating
efficiency.
To avoid current cancellation, frequencies

for through hardening are often chosen so that
the reference depth at final temperature does
not exceed approximately one-fourth of the
diameter for round parts and one-half the thick-
ness for plates and slabs when using solenoid
coils. When the bar diameter is less than three
reference depths or the slab thickness less than
two reference depths, the electrical efficiency
drops sharply. By contrast, little increase in
electrical efficiency is obtained when the bar
diameter or slab thickness is many times more
than the reference depth, but in some cases it
can result in a reduction of total efficiency.
Because current cancellations reduce the effi-

ciency of heating, the rule of thumb for good
efficiency is to have the reference dimension
of the part at least three times greater than the
reference depth (d). The reference dimension
is the diameter of round objects or the thickness
of rectangular objects such as strips or slabs.
Magnetic-Wave Characterization. During

induction surface hardening, the desirable fre-
quency is often chosen in such a way that it
produces a current penetration depth at the

austenitizing temperature that is 1.2 to 2 times
the required case depth. If the frequency has
been chosen correctly, the thickness of the non-
magnetic surface layer—the layer that is heated
to above Curie temperature for purposes of
austenitization—is somewhat less than the cur-
rent penetration depth in hot steel.
With the criterion of austenitization being an

integral aspect of induction hardening, an
important effect occurs that differs significantly
from the commonly assumed exponential distri-
bution. Here, the power density has its maxi-
mum value at the surface and decreases
toward the core. However, at a certain distance
from the surface, the power density suddenly
starts to increase again, reaching a maximum
value before it starts a final decline (Fig. 13,

right). This unique effect on power density dis-
tribution along the radius/thickness during
induction surface heating is referred to as a
magnetic-wave phenomenon (Ref 3, 6).
Originally, a hypothesis regarding a

magnetic-wave phenomenon was independently
introduced by Simpson (Ref 7) and Lozinskii
(Ref 8). They intuitively felt that there should
be situations where the power density (heat
source) distribution would differ from that of
the traditionally accepted exponential form.
Both scientists provided a qualitative descrip-
tion of this phenomenon based on their intuition
and understanding of the physics of the process.
At the time, a quantitative evaluation of this
phenomenon could not be developed due to a
limitation in computer modeling capabilities

Fig. 12 Schematics showing (a) current distribution and (b) heat distribution for specimens of varying thicknesses.
Source: Ref 19
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and the lack of software that could simulate the
tightly coupled electrothermal phenomena of
induction hardening. Of course, it also was not
possible to measure the power/current density
distribution inside the solid workpiece during
heating, without disturbing an eddy-current
flow. The first publication that provided a quan-
titative assessment of the magnetic-wave phe-
nomenon was Ref 6.
Modern, tightly coupled electromagnetic-

thermal numerical software enables a quantitative
assessment of the magnetic-wave phenomenon
based on its ability to properly simulate interre-
lated electromagnetic and thermal phenomena.
An example is given in Fig. 13, which shows the
temperature profile (Fig. 13, left) and power den-
sity distribution (Fig. 13, right) along the radius
of a 36 mm (1.42 in.) diameter medium-carbon
steel shaft at the final stage of heating (just before
quenchingwouldbe applied), using a frequencyof
10 kHz. For comparison, the dotted curve repre-
sents the commonly assumed exponential curve
for power density distribution, and the solid curve
shows an actual magnetic-wave distribution
obtained as a result of numerical computer model-
ing (Ref 9).
The main cause of magnetic wave relates to

the phenomenon that, in induction surface hard-
ening, carbon steel retains its magnetic proper-
ties in the subsurface region. The surface
region is nonmagnetic (being heated well above
the Ac2 critical temperature for austenitization).
Note that in some cases, this phenomenon can
manifest itself in formation of the maximum
value of heat sources being located in an inter-
nal layer of the workpiece and not at its surface.
The capability to take into consideration the

phenomenon of wavelike distribution of power
density has a marked effect on the choice of
frequency that allows the required hardness
depth to be provided.
It is important to be aware that the magnetic-

wave phenomenon of power density distribu-
tion does not appear only along the radius/
thickness of the workpiece. It also occurs when

studying power density distribution in the axial
direction, because it occurs in through harden-
ing of selected areas of the component.

Induction Hardening and
Tempering

The hardening and tempering of steel
account for the largest market in the induction
heat treatment field. As with steel parts hard-
ened by furnace heat treatment, the typical pro-
cedure for induction hardening of steel involves
austenitizing and quenching to form martensite
either on the surface (case hardening) or
through the entire section (through hardening).
The difference between heat treatment tempera-
tures for induction heating and furnace heating
is related to the inherent short heating times of
the induction method and its effect on transfor-
mation temperatures. Due to the shorter heating
times with induction, the treatment tempera-
tures with induction heating are higher than
the treatment temperatures with conventional
furnace-based processes.
Because the induction hardening process does

not change the carbon content of the steel, the
selected material must have sufficient amounts
of carbon and alloy content (if required) prior
to induction hardening. Steels with a 0.25 to
0.65% C content are commonly used for induc-
tion hardening. H-steels (i.e., 1050H, 4340H)
are preferred because they produce more consis-
tent results due to having a specified hardenabil-
ity. Martensitic stainless steels (AISI 416, 420,
and 440C) as well as some iron castings also
can be induction hardened (Ref 10).

Austenitizing

The primary metallurgical question that arises
in induction hardening relates to austenitizing.
As with austenitizing by conventional furnace
techniques, time and temperature are the two

critical parameters that must be controlled.
Complete austenitization occurs above the A3

critical temperature for hypoeutectoid steel (car-
bon < 0.8 wt%) or the Acm critical temperature
for hypereutectoid steels (carbon > 0.8 wt%).
The time to form a totally austenitic microstruc-
ture depends on the selected austenitizing tem-
perature and the starting microstructure (also
called an initial structure or prior structure).
In all cases, the speed with which austenite is

formed is controlled by the diffusion of carbon,
a process that can be accelerated a great deal by
increasing the temperature. For example, the
time for complete austenitization in a plain car-
bon steel of eutectoid composition with an initial
microstructure of pearlite is decreased from
approximately 400 seconds at an austenitizing
temperature of 730 �C (1345 �F) to approxi-
mately 30 seconds at an austenitizing tempera-
ture of 750 �C (1380 �F), as shown in Fig. 14.
The influences of heat rate and carbon con-

tent on austenitization are plotted in Fig. 15
for various carbon steels with varying carbon
levels. Time-temperature austenitization dia-
grams give variations of the transition tempera-
ture A3, with particular emphasis for some
common plain carbon steels (1015, 1035,
1045, and 1070) and reference to the given

Fig. 13 Magnetic-wave effect during austenitization of a steel surface by induction heating. CD, case depth. Source: Ref 6

Fig. 14 Effect of austenitizing temperature on the rate
of austenite formation from pearlite in a
eutectoid steel

Fig. 15 Influence of heating rate and carbon content
on austenitic transformation temperature.
Source: Ref 11
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heating rate and the corresponding heating time
(Ref 11). Figure 16 plots an example of austeni-
tizing temperatures at different cooling rates for
hypoeutectic carbon steels.
These times for austenitization also can be

considerably increased if the starting micro-
structure has carbon tied up within large, spher-
oidized carbide particles. This occurs because
the diffusion distance for carbon, which must
be transported from the carbon-rich carbide
phase, is considerably larger than that of pearl-
ite (which has thin lamellae of ferrite and
carbide). Likewise, the finer bainitic and mar-
tensitic microstructures tend to be reausteni-
tized more readily than pearlite.
Data such as those in Fig. 14 suggest that at

sufficiently high temperatures, austenite forms
in a fraction of a second. This fact is relied
upon in induction surface hardening (very rapid
heating rates) or induction through hardening
(moderate-to-rapid heating rates) in which the
workpiece surface or cross section is raised to

a higher temperature than is normally used in
much slower, furnace-based processes.
A tremendous amount of metallurgical

research has been directed at the determination
of the upper critical temperature (Ac3) that sig-
nifies complete austenitization during continuous
heating cycles, such as those used in induction
heating. Because the only soaking time available
for phase transformation in these cases is that
time after which the equilibrium critical tempera-
tures (Ae3 orAecm) are exceeded, the continuous-
heating critical temperatures are always above
the equilibrium ones. This difference increases
with heating rate, as may be expected—an effect
shown in Fig. 17 for theAc3 temperature for 1042
carbon steel. Here, the Ac3 temperature is the one
at which it has been estimated that the austenite
reaction is complete.
These data also show that the increase in crit-

ical temperature depends on the initial micro-
structure. The quenched-and-tempered, or
martensite, microstructure revealed the least
change in Ac3 temperature as compared to the
equilibrium A3 temperature, whereas the same
steel with annealed microstructure exhibits the
largest difference in Ac3 as compared to the
corresponding temperatures obtained from very
slow heating rates. Such a trend is readily
explained by the fact that the diffusion distance
to redistribute carbon is shorter in the former
instance and longer in the latter microstructure,
in which carbides are much larger.
Data similar to those for 1042 steel are given in

Fig. 18. For eutectoid 1080 carbon steel, the Ac1
and Ac3 temperatures nearly coincide during
slow heat treatments. By contrast, they differ for
rapid heating (Fig. 18). The lower critical tem-
perature can be taken as one at which the reaction
started, and the upper one as that at which trans-
formation to austenite was completed. At the
higher heating rates, the Ac1 and Ac3 are higher
than at lower rates, an effect which offsets the
shorter times at temperature.

The aforementioned measurements are most
useful when only the surface layers of a steel
part are to be austenitized and hardened. In
these cases, continuous rapid heating to the
Ac3 temperature is all that is needed. In other
situations, in which deeper hardening or
through hardening is necessary, a certain
amount of actual soaking time at temperature
may be required.
Based on data such as those in Fig. 17 and

18, guidelines have been derived for the
required austenitizing temperature for induction
hardening of a wide range of steels (Table 1).
Generally, the recommended temperatures
increase with increasing A3 temperature;
they are approximately 100 �C (180 �F) above
the equilibrium upper critical temperature, pri-
marily to reduce the austenitizing time during
continuous induction heating cycles. However,
they are still below that at which undesirable
austenite grain growth occurs in the short times
characteristic of rapid induction heating
processes.
Recommended austenitizing temperatures are

at least another 100 �C (180 �F) higher in alloys
with strong carbide-forming elements (for
example, titanium, chromium, molybdenum,
vanadium, niobium, or tungsten) than for car-
bon steels. These increases are a result of large
increments in the critical temperatures of alloy
steels. This is because of the kinetics of alloy
carbide dissolution in austenite, which can be
substantially slower than those of cementite dis-
solution, particularly when NbC, TiC, and VC
are involved. Such increases in induction hard-
ening temperature and time generally are not
deleterious from the viewpoint of austenite
grain growth, however, because of the effects
of alloying.
The aforementioned recommendations for

induction hardening temperatures should be
used only as a guide. This is especially true
for modern plain carbon steels, which are

Fig. 17 Effect of prior structure and rate of heating on Ac
3
transformation temperature

of 1042 steel. Source: Ref, 4, 19

Fig. 16 Influence of induction surface heating rate on
hardening temperature for hypoeutectic
steels. Source: Ref 1, 8

Fig. 18 Effect of heating rate on Ac1 and Ac3 temperatures for annealed 1080 steel.
Source: Ref 4
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typically melted using a large percentage of
scrap that may contain microalloyed high-
strength low-alloy steels. Thus, the steel may
still be considered to be nominally of the plain
carbon type but may contain trace amounts of
niobium, vanadium, and/or titanium, whose
presence may greatly affect heat treating
response. For this reason, it is wise to obtain a
complete chemistry on each lot of steel
employed in induction hardening processes or
to determine proper austenitizing temperatures
experimentally.

Quenching

The heating process is only one portion of
the hardening operation. Quenching techniques
are as varied as the heating equipment. The crit-
ical factors to be considered when determining
quenching systems include the following:

� Part size and geometry
� Type of austenitizing operation (surface or

through hardening) and required heat pattern
� Type of heating method (single-shot or

scanning)
� Hardenability of steel, its brittleness or

toughness, and quenchant required

Various quenchants have different cooling
characteristics and cooling rates. Different
materials and part geometry have different
quenching rate requirements in order to produce
a martensitic microstructure that is free of
cracking and has reduced distortion. For exam-
ple, free or compressed air quenching is typi-
cally used for high-hardenability steels or
surface-hardened steels with small case depths
in which relatively little heat needs to be
removed by the thermal conduction of the
cold core.
Water continues to be an excellent quenchant

when used appropriately. In the early years of
induction heat treating, water was widely used
for quenching, with salt additives when severe
quenchants were needed. In the 1950s, the
introduction of fast-speed oil quenchants per-
mitted the use of oil as a quenchant for
medium-carbon steels where there were crack-
ing tendencies because of small section size or

the presence of irregularities. Later, various
water-soluble oils and plastic quenchants were
introduced, followed by the introduction and
use of polymer-based water quenchants that
became the most popular choice today (2013).
Polymer quenchants have eliminated spotty
hardnesses that were caused by vapor pocket
formation in immersion quenching, and they
provide more flexibility and reliability at a
reduced overall cost.
Concern about fires and environmental

restrictions are obvious drawbacks to using oils
and oil-based quenchants. These are some of
the main reasons why oils are seldom used with
induction.
When quenching is done improperly, several

problems may arise. These may include soft
spots, quench cracks, and/or excessive part dis-
tortion. Soft spots may occur when water is
used as the quenchant as a result from the for-
mation of steam pockets on the part surface,
which prevent uniform and sufficiently rapid
cooling for the formation of martensite in stati-
cally processed parts. This problem can also
occur during the use of other aqueous-based
quenchants as a result of quenchant foaming.
As may be expected, the problem can be most
severe in lower-hardenability steels. The prob-
lem can be alleviated by improved quench ring
design or changes in the quenching device-
workpiece configuration. A foam-suppressant
material from the quenchant manufacturer can
eliminate foaming problems.
Quench cracks from the induction hardening

process are typically due to one or several of
five separate factors:

� Too severe a quench (which is particularly
troublesome in higher-carbon and higher-
hardenability steels)

� Nonuniformity of quenching
� Changes in part contours with insufficient

transitional areas
� Surface roughness (e.g., tool marks)
� Presence of irregularities (e.g., holes, key-

ways, grooves, etc.)

Quenching Methods. The two most com-
mon types of systems consist of spray quench
rings and immersion techniques. Dunk (immer-
sion) quenching can be used in induction heat

treating, particularly for alloy steels producing
the critical cooling rates needed for complete
martensitic microstructures. The workpiece is
removed from the induction coil and placed
into the quench tank. There are applications,
such as the submerged hardening of gear teeth,
in which the entire gear is submerged in the
quenchant with the induction coil during an
entire heating cycle. The gear tooth can be aus-
tenitized under the quenchant because the heat
formed on the gear tooth produces a vapor
pocket during heating of the gear that insulates
and permits temperature buildup. At the end of
the cycle, turning the power off allows the part
to quench in place.
Spray quenching (for example, using water

or water-based polymers) is the most popular
method used in induction hardening applica-
tions. Spray quenching works best if the com-
ponent (axle shafts, spindles, rods, and gears,
for example) is rotated during the quenching,
ensuring cooling uniformity. By rotating parts,
the component essentially experiences a con-
stant impingement rather than many small
impingements. Uneven quenching could have
a detrimental negative effect on the microstruc-
ture of the heat treated part and could result in
excessive distortion and quench cracking. Fast
rotation should be avoided, because quenchant
may be thrown off the surface of the heat trea-
ted component, failing to provide a sufficient
cooling intensity.
Quench holes in the tooling are typically

placed facing the heated component at �5 to
6 mm (3/16 to ¼ in.) intervals in a staggered pat-
tern. The orifice size is related to the specifics of
quenching requirements, including coil-to-work-
piece geometry, the air gap between the quench
block and theworkpiece surface, quench concen-
tration, and its pressure. In some cases, the
quench system is built into the coil, which is
called machined integral quench. In other cases,
quench followers (additional quench rings or bar-
rels) are used separately from an inductor when a
high scanning rate is required. Quench followers
help to ensure that a heat treated component was
sufficiently quenched (Ref 3).
Spray quenches are used both in static heat-

ing and single-shot heating, where the work-
piece is heated at one time, and in progressive
or scan hardening. When quench rings are used
for round bars, their shapes, like the coil, are
generally round. The ring may be located con-
centric with the coil or directly underneath or
alongside it, as in single-shot induction harden-
ing setups (Fig. 19).
In induction scanning or progressive harden-

ing, workpieces move through the quench ring
and coil, with quenching occurring immediately
after heating (Fig. 20). For nonsymmetric work-
pieces, the quenching system, like the coil, is
generally the same shape as the workpiece. It
is possible to design the induction coil sepa-
rately from the spray (Fig. 20) or combined so
that the induction coil has downward-directed
spray openings for quenching in its bottom part
(Fig. 20b).

Table 1 Approximate induction austenitizing temperatures for carbon and alloy steels

Carbon content, %

Temperature for furnace heating Temperature for induction heating

�C �F �C �F

0.30 845–870 1550–1600 900–925 1650–1700
0.35 830–855 1525–1575 900 1650
0.40 830–855 1525–1575 870–900 1600–1650
0.45 800–845 1475–1550 870–900 1600–1650
0.50 800–845 1475–1550 870 1600
0.60 800–845 1475–1550 845–870 1550–1600

>0.60 790–820 1450–1510 815–845 1500–1550

Note: Recommended austenitizing temperatures for a specific application will depend on heating rates and prior microstructure. Free-machining and
alloy grades are readily induction hardened. Alloy steels containing carbide-forming elements (e.g., niobium, titanium, vanadium, chromium, molyb-
denum, and tungsten) should be austenitized at temperatures at least 55 to 100 �C (100 to 180 �F) higher than those indicated (Ref 19).
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Severity of Spray Quenching. The intensity
of spray quenching (intensity of heat removal)
depends on the quenchant flow rate; the angle
at which the quenchant strikes the workpiece;
the temperature, purity, and type of quenchant;
the depth of heating; and the temperature
of the heat treated component. Spray quenching
typically leads to a greater quench severity than
immersion quench, resulting in higher hardness
and greater compressive surface residual stres-
ses compared to conventional immersion
quenching. Quenchants used include water,
aqueous polymer solutions, and, to a lesser
extent, oil, water mist, and forced air. Water

and aqueous polymer solutions are the most
popular choices. Oil and oil-based quenchants
should never be used with spray quenching.
There is a common misunderstanding regard-

ing the ability to apply the widely published,
classical cooling curves for immersion quench-
ing to induction hardening applications. Classi-
cal cooling curves representing three stages of
quenching—vapor blanket (stage A), nucleate
boiling (stage B), and convective cooling
(stage C)—cannot be applied directly to spray
quenching. The differences are both quantita-
tive and qualitative and include, but are not lim-
ited to, specifics of film formation and heat

transfer through the vapor blanket during the
initial stage (A), as well as the kinetics of for-
mation, growth, and removal of bubbles from
the surface of the heated component during
nucleate boiling (stage B) (Ref 12).
Due to the nature of spray quenching, stages

A and B are greatly suppressed in time, while
cooling during the heat convection stage (C) is
noticeably more intense, compared with the
process represented by classical cooling curves
of immersion quenching.
Also, the thickness of the vapor blanket film

during stage A is typically much thinner during
spray quenching than when the part is
submerged in a quench tank, and its magnitude
depends on flow rate, impingement angle, part
rotation, and other characteristics of the
quenching system. This vapor film is unstable
and could be frequently ruptured.
In addition, the transition between stages

A and B is smoother with spray quenching than
that shown by classical cooling curves for
immersion quenching. During nucleate boiling
(stage B), bubbles are smaller because they
have less time to grow. Much larger numbers
of bubbles form during spray quenching, and
the intensity with which they remove heat from
the surface of the component is substantially
greater compared with immersion quenching.
Another factor that has a considerable effect

on quench severity in selective hardening or
surface hardening by induction is the thermal
sink effect provided by the cold regions of the
component (for example, its cold core). In the
majority of induction surface-hardening appli-
cations, the core temperature does not rise sig-
nificantly during the heating cycle, due
primarily to a pronounced skin effect, high heat
intensity, and short heating time. As a result,
heat transfer from the surface of the workpiece
to its core during the heating stage is not suffi-
cient to significantly raise core temperature.
A cold core complements spray quenching
by further increasing the cooling intensity of
austenitized regions of the part due to thermal
conduction.
Note that in some induction surface-hardening

applications that require shallower case depths
(0.5 to 1.25 mm, or 0.02 to 0.05 in.), self-
quenching can be used. Here, the effect of ther-
mal conduction away from the surface by a suf-
ficiently cold core provides a cooling intensity
that may be high enough to miss the nose of
the continuous cooling transformation curve.
Such a self-quenching technique (also called
mass quenching) allows a shallow case to be
obtained without the use of a liquid quenchant.
Regardless of its simplicity, self-quenching is
seldom used in induction hardening because it
is limited to very shallow case depths and the
presence of a sufficiently large cold mass below
the case depth, or when hardening high-harden-
ability or air-hardenable alloys.
When discussing spray quenching in scan

hardening, it is imperative to take into consider-
ation a comet-tail effect (Ref 13, 14). Figure 21
shows a result of computer modeling of

Fig. 19 Single-shot induction hardening of cylindrical workpieces. (a) Separately installed induction coil and
immersion quenching. (b) Induction coil and spray quenching adapted for quenching. (c) Separately
installed induction coil and spray quenching. Source: Ref 1, 2
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temperature distribution of an intermediate pro-
cess stage during vertical induction scan hard-
ening of the hollow shaft. The comet-tail
effect manifests itself as heat accumulation in
shaft subsurface regions below the scan induc-
tor, being pronounced in the areas of a diameter
change. Upon quenching, the temperature of the
shaft surface can be cooled sufficiently below
the martensite start (Ms) temperature, approach-
ing the temperature of the quenchant. At the
same time, the heat accumulated in the shaft
subsurface may be sufficient for tempering back
the as-quenched surface regions and could
potentially result in the appearance of soft
spots within the case depth. Sufficient quench-
out is essential to prevent this undesirable
phenomenon.
In addition to the coil/quench ring arr-

angements mentioned earlier, several other
systems are in common use. These have been
summarized by Spencer and his colleagues
(Ref 15) and are depicted in Fig. 22. In brief,
they consist of the following systems and
operations:

� Fig. 22(a): Heat in coil; manually lift part
out of coil; submerge part in tank of agitated
quench medium. Used where limited pro-
duction does not warrant the cost of an auto-
mated quench

� Fig. 22(b): Heat and quench in one position;
quench by means of integral quench cham-
ber in inductor (single-shot method
described previously)

� Fig. 22(c): Heat in coil with part stationary;
quench ring moves in place (modified sin-
gle-shot scanning technique)

� Fig. 22(d): Part is hydraulically lowered into
quench tank after single-shot heating.

Quench medium is agitated by submerged
spray ring or propeller.

� Fig. 22(e): Vertical or horizontal scanning
with integral spray quench. Single-turn
inductor. Used for shallow hardening

� Fig. 22(f): Vertical or horizontal scanning
with multiturn coil and separate multirow
quench ring. Used for deep-case or through
hardening

� Fig. 22(g): Coil scans and heats workpiece;
self-quench or compressed air quench. Used
in special applications with high-hardenabil-
ity steels

� Fig. 22(h): Horizontal cam-fed parts are
pushed through coil, then dropped onto
submerged quench conveyor

� Fig. 22(i): Vertical scanning with single-turn
inductor in combination with integral dual
quench: one quench ring for scan hardening,
the second for stationary quenching when
the scanning travel stops. Used for parts hav-
ing a diameter or a flange section too large
to travel through the inductor, wherein it is
desired to harden up to the shoulder or
flange

� Fig. 22(j): Vertical scanning with single-turn
inductor with integral spray quench and
submerged quench in tank

� Fig. 22(k): Split inductor and integral split
quench ring. Used for hardening crankshaft
bearing surfaces

As-Quenched Hardness. Another important
feature of induction hardening is its ability
to impart as-quenched hardnesses somewhat
higher than those of conventional furnace-
hardened steels. This trait is illustrated in
Fig. 23 for plain carbon steels of various carbon
contents. Data are presented for surface

induction-hardened (curve A), furnace
through-hardened (curve B), and furnace-hard-
ened (curve C) specimens given a low-tempera-
ture heat treatment consisting of cooling to
liquid nitrogen temperatures and subsequently
tempering at 100 �C (210 �F).
The higher hardnesses of the induction-hard-

ened specimens may be attributable to four
sources:

� Greater quench severity
� Residual stresses
� Smaller amounts of retained austenite
� Carbon segregation

The greater quench severity is related to the
cooling intensity of spray quenching that is
associated with the additional cooling effect of
the cold core.
As to the second effect, compressive residual

stresses are developed in surface-hardened
steels because of the smaller density of mar-
tensite as compared with bainite or pearlite.
During cooling following austenitizing, the
higher-density inner layers shrink more than
the surface layers, leading to such residual
stresses (and thus increments in hardness).
The third factor, smaller amounts of retained

austenite in induction-hardened steels, is a
result of the finer martensite generally resulting
from such steel heat treatments; the martensite
may also be harder because it was formed from
finer-grain, less-homogeneous austenite having
a larger number of imperfections.
The last factor, the increment in hardness due to

carbon segregation, derives from the fact that
induction austenitizing normally involves rapid
heating and requires short holding times, which
may lead to variation in carbon content within
the austenite grains. Thus, a mixture of higher-
carbon and lower–carbon martensite is formed
during quenching. It is the high-carbonmartensite

Fig. 21 Computer model of temperature distribution
showing comet-tail effect manifested as heat

accumulation in shaft subsurface regions below the scan
inductor. Source: Ref 14

Fig. 20 Progressive (scan) hardening of cylindrical workpiece. Source: Ref 2
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that gives rise to higher hardnesses. This effect
decreases in steels whose carbon contents exceed
approximately 0.6 to 0.8 wt%, above which the
hardness of martensite does not change.

Induction Tempering

The major differences between induction and
furnace tempering cycles lie in the times and
temperatures involved. Tempering of hardened
steel structures, such as martensite, involves
diffusion of carbon atoms to form iron carbide
(Fe3C, or cementite). The extent of diffusion
increases with both increasing temperatures
and time. Thus, a short time/high-temperature
treatment and a longer time/lower-temperature
treatment will provide similar tempering
responses. The former process would be typical

of induction treatment and the latter of furnace
treatment. The data in Fig. 24 illustrate this
point. The results show the tempering response
for a quench-hardened 1050 steel that was tem-
pered at a variety of temperatures between 150
and 650 �C (300 and 1200 �F). Consider, for
example, the processing conditions to obtain a
hardness of 40 HRC. Induction heat treatment
at 540 �C (1000 �F) for 5 s gives this hardness, as
does a much longer (1 h) furnace treatment at
425 �C (800 �F). Because other mechanical prop-
erties of quenched-and-tempered steels, such as
yield and tensile strength, elongation, reduction
in area, and fracture toughness, often correlate
with hardness, these two different tempering treat-
ments apparently yield a very similar product.
Equivalent time/temperature cycles for tem-

pering can be determined in several ways. For
example, tempering experiments can be

conducted at a variety of temperatures for a range
of times; the hardness for each treatment is deter-
mined and then plotted, as in Fig. 24, to establish
time-temperature relationships. This method,
however, involves considerable time and effort.
A simpler technique uses a mathematical

function known as the tempering parameter
(T.P.). A number of researchers have found that
the hardness of tempered martensite (as well as
tempered bainite and pearlite) can be correlated
to a certain function of the tempering time
and tempering temperature. The formulation
of the tempering parameter most widely used
is that developed by Grange and Baughman:

T:P: ¼ T Cþ log tð Þ

where T is the absolute tempering temperature
in degrees Rankine, C is a constant equal to
14.44, and t is tempering time in seconds.
To illustrate the application of the tempering

parameter, consider the 40 HRC data discussed
in Fig. 24. The tempering parameters for the
two treatments are:

� T.P. furnace = (800 + 460) � (14.44 +
log 3600) = 22,675

� T.P. induction = (1000 + 460) � (14.44 +
log 5) = 22,105

Because the tempering parameters are almost
identical, the hardness and other mechanical
properties yielded by the two treatments should
be nearly the same.

General Equipment and Process
Factors

Although this article focuses on induction
surface hardening, this section briefly describes
induction heating parameters for surface hard-
ening, through hardening, tempering, and some
general heating operations in metalworking.
Key process factors for induction heating are:

Fig. 23 Effect of carbon content on hardness in plain
carbon steels. Curve A: induction hardened.

Curve B: furnace hardened and water quenched. Curve
C: furnace hardened, water quenched, and tempered.
The quenched-and-tempered steels were treated in
liquid nitrogen following water quenching prior to
tempering at 100 �C (210 �F) for 2 h. Source: Ref 4

Fig. 22 Eleven basic arrangements for quenching induction-hardened parts. See text for details. Source: Ref 15
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� Workpiece characteristics (part geometry
and electrical-magnetic properties)

� Coupling distance and coil design
� Frequency selection (which affects the skin

effect and thus the depth of heating)
� Power density (kilowatts per unit area

exposed to the inductor)
� Heating time

The manufacturing engineer should also con-
sider methods for part quenching, for material
handling, and for the integration of heat treating
cycles with other production steps.
The choice of suitable heating parameters is,

to a large extent, determined by the temperature
required, the depth of heating, and its pattern.
Workpiece characteristics are also important.
The distribution of induced current is influ-
enced also by the magnetic and electrical
characteristics of the part being heated, and
because these properties change with tempera-
ture (as discussed in the preceding section),
the current distribution will change as the work-
piece is heated.
Optimum heating for a given workpiece and

heat treatment requires detailed knowledge of
the application and equipment. The first step
in designing a system for induction hardening
is to specify the required hardness pattern,
including surface hardness, case depth, hard-
ness pattern, and, in some cases, transition
zone. The hardness pattern is directly related

to temperature distribution, which is controlled
by selection of frequency, time, power, and
workpiece/coil geometry. When only surface
hardening is needed, induction is employed to
heat the surface rapidly to temperature. For
through hardening, much lower power densities
and lower frequencies are typically used in
order to allow heat conduction from the surface
and thereby to minimize temperature gradients.
Initial guidance can come from charts or cal-

culations for a specific set of conditions. Many
induction heating equipment manufacturers
have extensive computer programs based on
laboratory tests, production/operating data, and
mathematical modeling, which they use to rec-
ommend the proper apparatus and suggest
application parameters. An estimate of what
may be required for a new application can often
be derived from results obtained on similar
parts or by careful observation of the part itself
as it is being heat treated or by applying numer-
ical analysis (including finite-element, finite-
difference, or boundary-element methods and
their combinations). Final operating parameters
are usually fine-tuned by experimentation.
Basic process control for most induction

heating applications consists of applying power
through a current-, power-, or voltage-regulated
power supply for a measured period of time,
and this has proved to be satisfactory for a wide
variety of operations. Solid-state inverters,
through their logic circuits, can provide

constant voltage, constant current, or constant
power output during an entire heat cycle, and
each in a particular way can help to ensure a
repeatable heating effect with time under a
wide variety of changing conditions. For a sta-
tionary hardening operation, either an elec-
tronic or a synchronous timer can be used to
control the heating time, any needed load-
matching adjustments, and application of the
quench. If energy input to the product is consid-
ered an appropriate measure of control, a
kilowatt-second or kilowatt-hour energy moni-
tor can be used to terminate a heating cycle.
In terms of frequency selection, lower fre-

quencies are more suitable as the size of the
part and the case depth increase. However,
power density and heating time also have an
important influence on the depth to which the
part is heated. This interrelationship is shown
in Fig. 25 in terms of case depth for surface-
hardened steel. In some instances, the determin-
ing factor in selecting the frequency is the
power required to provide a power density suf-
ficient for successful hardening, because lower-
frequency induction equipment is available
with higher power ratings.
Frequency Selection in Induction Heating.

Frequency is the first parameter considered for
induction heating. Primary considerations in
the selection of frequency are depth of heating,
efficiency, type of heat treatment (such as sur-
face hardening versus through hardening or
subcritical annealing), and the size and geome-
try of the part. It may also depend on the type
of alloy, its initial microstructure, required
hardness pattern, and other application factors.
As an initial starting point, Eq 3 or 4 for ref-

erence depth (d) can be used to estimate the
desired generator frequency for induction hard-
ening of steel. For surface hardening, the
desired case depth is typically taken to be equal
to approximately one-half the reference depth
at austenitizing temperature when selecting fre-
quency. Compared to through-heating applica-
tions, however, frequency selection is more
subtle in surface-hardening applications (see
the section “Frequency Selection for Induction
Surface Hardening” in this article).
By contrast, when through hardening is

desired, the frequency is usually chosen such
that the reference depth is a fraction of the bar
diameter (or an equivalent dimension for parts
that are not round). This is necessary in order
to maintain adequate skin effect and to enable
efficient induction heating to take place when
heating using a solenoid inductor. If the refer-
ence depth is chosen to be comparable to or
larger than the bar radius, then dramatic eddy-
current cancellation occurs. Induced eddy cur-
rent flowing on diametrically opposed surfaces
of the bar will tend to go in opposite directions
and thus cancel each other. To avoid this, fre-
quencies for through hardening are often cho-
sen so that the reference depth does not
exceed approximately one-fourth of the diame-
ter for round parts or one-half the thickness
for plates and slabs when using solenoid coils.

Fig. 24 Hardness as a function of tempering temperature and time for furnace- and induction-treated 1050 steel
austenitized at 855 �C (1575 �F) and quenched in brine. Source: Ref 4
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When the bar diameter is less than four refer-
ence depths (and, in particular, less than three
reference depths) or the slab thickness less
than two reference depths, the electrical effi-
ciency drops sharply. By contrast, little increase
in efficiency is obtained when the bar diameter
or slab thickness is many times more than the
reference depth.
Power Density and Heating Time. Once

the frequency has been selected, a wide range
of temperature profiles can be produced by
varying the power density and heating time.
Selection of these two heating parameters
depends on the desired heat patterns of a partic-
ular application, the production rate, and the
inherent heat losses of the surface workpiece
(due to thermal radiation and heat convection).
In through-heating applications, the power

needed is generally based on the amount of
material that is processed per unit time, the
average temperature, and the heat capacity of
the material at this temperature. Power specifi-
cation for other operations, such as surface
hardening of steel, is not as simple because of
the effects of starting material condition and
the desired case depth.
Surface heating is used primarily in the sur-

face hardening of steel parts such as shafts
and gears. In this type of application, high
power densities and short heating times are
used when thin case depths are desired. Typical
power ratings for surface hardening of steel are
given in Table 2. These are based on the need
to heat to austenitizing temperature (Table 1)
appreciably rapidly and have proven to be
appropriate through the years of experience.
When using these or other fixed ratings, how-
ever, the effect of heating time on case depth
(Fig. 25) must be considered.
Through Heating. Power ratings for

through hardening of steel are much lower than
those for surface hardening, to allow time for
the heat to be conducted to the center of the
workpiece. After a while, the rates of increase
of the surface and center temperatures become
comparable due to conduction, and a fixed
temperature differential persists during further
heating. The allowable temperature differential
permits the generator power ratings to be
selected.
The basic steps in rough estimating the

power rating are as follows (Ref 17, 19):

1. Select the frequency and calculate the ratio
of bar diameter (or section size) to reference
depth, D/d. For most through-heating appli-
cations, this ratio will vary from approxi-
mately four to eight.

2. Using the values of the thermal conductivity
(in W/in. �F) and D/d, estimate the induction
thermal factor, KT (Fig. 26).

3. The power per unit length is calculated as
the product of KT and the allowable temper-
ature differential (in �F) between the surface
and center, Ts � Tc. Multiplying this by the
length of the bar yields the net power
required in kilowatts.

In addition to these estimates, radiation heat
loss must also be considered when determining
power ratings. The upper limit of radiation
losses, which is defined by the emission charac-
teristics of a blackbody, is shown in Fig. 27 as a
function of temperature. Actual workpiece mate-
rials will exhibit less radiation loss than in Fig.
27 because their emissivities have lower values
compared with the emissivity of blackbodies.
To avoid calculations of power require-

ments, tables of power densities ordinarily

used for through heating of steel (for harden-
ing as well as other uses, such as forging) are
available. One such listing is shown in Table
3. These values of power densities are based
on typical electrical efficiencies and proper
selection of frequency (which lead to D/d
ratios in the range of four to six). It may be
noted that the larger-diameter bars, which can
be heated efficiently with lower-cost, lower-
frequency power supplies, typically employ
smaller power densities than small-diameter

Table 2 Typical rough estimates of power densities required for surface hardening of steel

Frequency, kHz

Depth of hardening(a)

Input(b)(c)

Low(d) Optimum(e) High(f)

mm in. kW/cm2 kW/in.2 kW/cm2 kW/in.2 kW/cm2 kW/in.2

500 0.381–1.143 0.015–0.045 1.08 7 1.55 10 1.86 12
1.143–2.286 0.045–0.090 0.46 3 0.78 5 1.24 8

10 1.524–2.286 0.060–0.090 1.24 8 1.55 10 2.48 16
2.286–3.048 0.090–0.120 0.78 5 1.55 10 2.33 15
3.048–4.064 0.120–0.160 0.78 5 1.55 10 2.17 14

3 2.286–3.048 0.090–0.120 1.55 10 2.33 15 2.64 17
3.048–4.064 0.120–0.160 0.78 5 2.17 14 2.48 16
4.064–5.080 0.160–0.200 0.78 5 1.55 10 2.17 14

1 5.080–7.112 0.200–0.280 0.78 5 1.55 10 1.86 12
7.112–8.890 0.280–0.350 0.78 5 1.55 10 1.86 12

(a) For greater depths of hardening, lower kilowatt inputs are used. (b) These values are based on use of proper frequency and normal over-
all operating efficiency of equipment. These values may be used for both static and progressive methods of heating; however, for some
applications, higher inputs can be used for progressive hardening. (c) Kilowattage is read as maximum during heat cycle. (d) Low kilowatt
input may be used when generator capacity is limited. These kilowatt values may be used to calculate largest part hardened (single-shot
method) with a given generator. (e) For best metallurgical results. (f) For higher production when generator capacity is available. Source:
Ref 15

Fig. 25 Interrelationship among heating time, surface power density, and hardened depth for various induction
generator frequencies. Source: Ref 8
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bars (Table 4). This is because of the greater
times required for heat to be conducted to the
center of the larger pieces. In addition, lower
frequencies such as 60 and 180 Hz are not
ordinarily recommended for through heating
of steel parts with diameters less than 250 to
140 mm (9.8 to 5.5 in.), respectively, when
temperatures above approximately 730 �C
(1350 �F) are desired. This is due to the
increased reference depth (and decreased skin
effect) above the Curie temperature where the
relative magnetic permeability drops to unity.
An exception to this practice is the use of
60 Hz sources for induction heating of very
large parts, such as steel slabs in steel mills.
Tempering treatments may also use 60 Hz
sources (Table 5).
When estimating power ratings for a particu-

lar application, it is important to take into con-
sideration the expected coil efficiency and the
presence of additional kilowatt losses induced

in electrically conductive bodies located in
close proximity to the induction coil (e.g., rails,
end plates, cabinets, magnetic concentrators,
shunts, etc.) as well as transmission losses
(e.g., bus bars, transformers, etc.).
Design of Induction Heating Coils. Guide-

lines for coil design are based largely on
experience, and additional information is
described in ASM Handbook, Volume 4C,
Induction Heating and Heat Treatment (2014).
Designing an induction coil is very specific
to a given application, but there are several
major functions that an induction coil must
perform:

� Induce current in the load and accomplish
the proper heating pattern with as high an
electrical efficiency as possible

� Provide an impedance match to the genera-
tor so that adequate power can be transferred
to the load

� Have a geometry that will accomplish the
aforementioned two major functions and
permit easy loading and unloading of the
part being heated

The required production rate and the available
power/frequency of the source may also influ-
ence coil design.
Low-frequency induction heating is gener-

ally desired for through heating of metals,
particularly those with large and relatively
simple cross sections. Low-frequency coils
often have many turns. Generally, the lower
the frequency, the larger the coil or the greater
number of turns. (unless C-core or transverse
inductors are used.)
Medium-to-high-frequency applications typi-

cally require specifically configured or con-
toured coils with the coupling adjusted for
heat uniformity. In the simplest cases, coils
are bent or formed to the contours of the part.
Regardless of the final part contour, the most effi-
cient coils are essentially modifications of the
standard, round coil or channel-type inductors.
Coil Characterization. In static/stationary

heating applications, because magnetic flux
tends to concentrate toward the middle of the
length of a solenoid work coil, the heating rate
produced in this area is generally greater than
that produced toward the ends (assuming that
the lengths of the workpiece and the coil are
approximately the same). Further, if the part
being statically heated is long, conduction and
radiation remove heat from the ends at a greater
rate. To achieve uniform heating along the part
length, the coil must thus be modified to provide
better uniformity. The technique of adjusting the
coil turns, spacing, overhang, or coupling with
the workpiece to achieve a uniform heating pat-
tern is known as coil characterization.
There are several ways to modify the flux field.

The coil can be decoupled in its center, increasing
the distance from the part and reducing the flux in
this area. Secondly, and more commonly, having
appreciable coil overhang and/or the number of
turns in the center (turn density) can be reduced,
producing the same effect. A similar approach—
altering a solid single-turn inductor by increasing
its bore diameter at the center—achieves the
same result. Each of these techniques is described
and illustrated in this section.
In Fig. 28(a), the coil turns have been modi-

fied to produce an even heating pattern on a
tapered shaft. The closer turn spacing toward
the end compensates for the decrease in cou-
pling caused by the taper. This technique also
permits through-the-coil loading or unloading
to facilitate fixturing. A similar requirement in
the heat treatment of a bevel gear is shown in
Fig. 28(b). Here, because of the greater part
taper, a spiral-helical coil is used. With a pan-
cake coil, decoupling of the center turns pro-
vides a similar approach for uniformity.
Magnetic Flux Concentrators. The degree

of coupling between the workpiece and the
magnetic field of the coil is determined by the
number of imaginary magnetic flux lines that

Fig. 27 Radiation heat loss as a function of surface
temperature. Losses are based on blackbody

radiation into surroundings at 20 �C (70 �F). Source:
Ref 19Fig. 26 Induction thermal factor for round bars as a

function of the ratio of bar diameter to
reference depth (a/d) and the thermal conductivity.
Source: Ref 17

Table 3 Approximate power densities required for through heating of steel for hardening,
tempering, or forming operations (Ref 19)

Frequency(a), Hz

Input(b)

150–425 �C
(300–800 �F)

425–760 �C
(800–1400 �F)

760–980 �C
(1400–1800 �F)

980–1095 �C
(1800–2000 �F)

1095–1205 �C
(2000–2200 �F)

kW/cm2 kW/in.2 kW/cm2 kW/in.2 kW/cm2 kW/in.2 kW/cm2 kW/in.2 kW/cm2 kW/in.2

60 0.009 0.06 0.023 0.15 (c) (c) (c) (c) (c) (c)
180 0.008 0.05 0.022 0.14 (c) (c) (c) (c) (c) (c)

1000 0.006 0.04 0.019 0.12 0.08 0.5 0.155 1.0 0.22 1.4
3000 0.005 0.03 0.016 0.10 0.06 0.4 0.085 0.55 0.11 0.7

10,000 0.003 0.02 0.012 0.08 0.05 0.3 0.070 0.45 0.085 0.55

(a) The values in this table are based on use of proper frequency and normal overall operating efficiency of equipment. (b) In general, these power
densities are for section sizes of 13 to 50 mm (½ to 2 in.). Higher inputs can be used for smaller section sizes, and lower inputs may be required for
larger section sizes. (c) Not recommended for these temperatures
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enter the workpiece. This magnetic flux density
is proportional to the coil current, and the
amount of energy transferred is proportional
to the square of the number of flux lines
intercepted by the workpiece. The frequency
of coil currents also influences the pattern of
induced currents, because flux lines tend to stay
closer to the coil conductors as frequency is
increased.
Flux leakage refers to the magnetic flux that

does not thread through the heated material.
The degree of flux leakage depends, in part, on
the gap between the current-carrying surface of
the coil conductors and the workpiece. This so-
called air gap is of greater concern as frequency

increases, because flux lines tend to stay closer
to the surface of coil conductors as frequency
is increased.
Flux leakage can also be reduced by the use

of flux concentrators, which are ferromagnetic
materials purposely placed on or near the coil
assembly. These devices provide a path of low
magnetic reluctance and facilitate the concen-
tration of flux lines in desired regions. If a fer-
romagnetic material is introduced into the coil
field, it will provide a low-reluctance path for
the flux (with minimum energy dissipation).
This low-reluctance path reduces the stray flux
and tends to gather flux lines, thereby concen-
trating the field. The use of flux concentrators

improves the load power factor and may also
reduce coil current requirements.
Flux concentrators can play a very important

role in enhancing the induction heating process
when they are properly applied in and around
the induction coil. The major uses of flux con-
centrators are to (Ref 3, 16):

� Improve heating at coil ends
� Improve the heating effect of internal coils
� Improve the heating effect of proximity or

stray field coils
� Improve the general efficiency of an induc-

tion coil
� Provide shielding effect

Table 5 Operating and production data for progressive induction tempering (Ref 19)

Section size

Material Frequency, Hz Power(a), kW Total heating time, s

Scan time

Work temperature

Production rate Inductor input(b)Entering coil Leaving coil

mm in. s/cm s/in. �C �F �C �F kg/h lb/h kW/cm2 kW/in.2

Rounds

13 ½ 4130 9600 11 17 0.39 1 50 120 565 1050 92 202 0.064 0.41
19 3/4 1035 mod 9600 12.7 30.6 0.71 1.8 50 120 510 950 113 250 0.050 0.32
25 1 1041 9600 18.7 44.2 1.02 2.6 50 120 565 1050 141 311 0.054 0.35
29 11/8 1041 9600 20.6 51 1.18 3.0 50 120 565 1050 153 338 0.053 0.34
49 115/16 14B35H 180 24 196 2.76 7.0 50 120 565 1050 195 429 0.031 0.20

Flats

16 5/8 1038 60 88 123 0.59 1.5 40 100 290 550 1449 3194 0.014 0.089
19 3/4 1038 60 100 164 0.79 2.0 40 100 315 600 1576 3474 0.013 0.081
22 7/8 1043 60 98 312 1.50 3.8 40 100 290 550 1609 3548 0.008 0.050
25 1 1043 60 85 254 1.22 3.1 40 100 290 550 1365 3009 0.011 0.068
29 11/8 1043 60 90 328 1.57 4.0 40 100 290 550 1483 3269 0.009 0.060

Irregular shapes

17.5–33 11/16–15/16 1037 mod 9600 192 64.8 0.94 2.4 65 150 550 1020 2211 4875 0.043 0.28
17.5–29 11/16–11/8 1037 mod 9600 154 46 0.67 1.7 65 150 425 800 2276 5019 0.040 0.26

(a) Power transmitted by the inductor at the operating frequency indicated. For converted frequencies, this power is approximately 25% less than the power input to the machine, because of losses within the machine. (b) At the
operating frequency of the inductor. One mitigating effect that must be considered when establishing power requirements for austenitizing is the delay between the time at which the power is turned off and the time at which the
quench is applied. Following heating, the temperature at the surface drops more rapidly than that at the center of the workpiece. Eventually, the center temperature becomes greater. Because of this, the heating and cooling
cycles can often be adjusted to compensate for the nonuniform heating that characterizes induction processes. Thus, greater input power and higher heating rates can sometimes be realized than when quenching follows imme-
diately after heating.

Table 4 Typical operating conditions for progressive through hardening of steel parts by induction (Ref 19)

Section size

Material Frequency(a), Hz Power(b), kW Total heating time, s

Scan time

Work temperature

Production rate Inductor input(c)Entering coil Leaving coil

mm in. s/cm s/in. �C �F �C �F kg/h lb/h kW/cm2 kW/in.2

Rounds

13 ½ 4130 180 20 38 0.39 1 75 165 510 950 92 202 0.067 0.43
9600 21 17 0.39 1 510 950 925 1700 92 202 0.122 0.79

19 3/4 1035 mod 180 28.5 68.4 0.71 1.8 75 165 620 1150 113 250 0.062 0.40
9600 20.6 28.8 0.71 1.8 620 1150 955 1750 113 250 0.085 0.55

25 1 1041 180 33 98.8 1.02 2.6 70 160 620 1150 141 311 0.054 0.35
9600 19.5 44.2 1.02 2.6 620 1150 955 1750 141 311 0.057 0.37

29 11/8 1041 180 36 114 1.18 3.0 75 165 620 1150 153 338 0.053 0.34
9600 19.1 51 1.18 3.0 620 1150 955 1750 153 338 0.050 0.32

49 115/16 14B35H 180 35 260 2.76 7.0 75 165 635 1175 195 429 0.029 0.19
9600 32 119 2.76 7.0 635 1175 955 1750 195 429 0.048 0.31

Flats

16 5/8 1038 3000 300 11.3 0.59 1.5 20 70 870 1600 1449 3194 0.361 2.33
19 3/4 1038 3000 332 15 0.79 2.0 20 70 870 1600 1576 3474 0.319 2.06
22 7/8 1043 3000 336 28.5 1.50 3.8 20 70 870 1600 1609 3548 0.206 1.33
25 1 1036 3000 304 26.3 1.38 3.5 20 70 870 1600 1595 3517 0.225 1.45
29 11/8 1036 3000 344 36.0 1.89 4.8 20 70 870 1600 1678 3701 0.208 1.34

Irregular shapes

17.5–33 11/16–15/16 1037 mod 3000 580 254 0.94 2.4 20 70 885 1625 2211 4875 0.040 0.26

(a) Note use of dual frequencies for round sections. (b) Power transmitted by the inductor at the operating frequency indicated. This power is approximately 25% less than the power input to the machine, because of losses
within the machine. (c) At the operating frequency of the inductor
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For example, flux concentrators applied at
coil ends will increase heat intensity there and
may help to make the heat pattern more
uniform along the coil length. The performance
from coils used to heat the inside or bore of a
part also can be improved by placing the flux
concentrator or core inside the coil. Transverse
flux coils can heat more effectively when a flux
concentrator is placed on the face opposite the
heating face.
Modern, high-permeability, low-electrically-

conductive materials are routinely used in a
manner similar to that of magnetic flux cores
in power transformers or motors. Different
applications may call for different materials.
The material chosen for a flux concentrator

depends on the applied frequency, the kind of
service, and the degree of exposure to radiated
heat. Commonly used materials include stacks
of silicon-steel laminations used at frequencies
below 15 kHz or ferrites and various iron- and
ferrite-base composites for higher frequencies,
including those in the radio-frequency range
(Ref 3, 16).
There is a common misconception that

the use of flux concentrators automatically
means an increase in coil efficiency. Flux

concentrators improve the efficiency, partly by
reducing the stray losses (by reducing the reluc-
tance of the air path), but also by reducing the
equivalent electromagnetic coupling distance
between the coil and the workpiece. However,
because the flux concentrator is an electrically
conductive body and conducts high-density
magnetic flux, there is some power loss gener-
ated as heat within it, due to Joule effect and
hysteresis loss. This phenomenon could cause
a reduction of electrical efficiency and the need
for designing a special water-cooling system to
remove the heat from the concentrator. The first
two factors (reducing stray losses and coupling
distance) counteract power loss, but the change
in electrical efficiency is a result of all factors
(Ref 3, 16). Therefore, in some cases, an effi-
ciency reduction can actually take place after
applying a magnetic flux concentrator. Typi-
cally, in induction-hardening applications using
single-turn or two-turn inductors, the use of a
magnetic flux concentrator noticeably increases
coil efficiency.
Special care should be taken when applying

flux concentrators to multiturn coils, because
the voltage across coil turns can be significant,
and a short current path may develop through

the concentrator. In this case, the reliability of
the concentrator electrical insulation plays an
essential role in induction coil design.

Surface-Hardening Parameters

Frequency Selection for Induction Surface
Hardening. Frequency selection is appreciably
more subtle for surface-hardening applications
compared to through-heating applications. In
surface-hardening (case-hardening) applica-
tions, a hard surface layer may be required at
a particular surface (for example, inside diame-
ter, outside diameter, butt end, fillet, etc.) of the
heat treated component.
According to a classic definition of the skin

effect (see earlier discussion), approximately
86% of all power induced by induction coil will
be concentrated in the surface layer, called the
current penetration depth. Frequency and tem-
perature have a dominant effect on the magni-
tude of current penetration depth in steels and
cast irons. By controlling the depth of current
penetration, it is possible to austenitize selec-
tive areas of the component that require harden-
ing without affecting the rest of the component.
Depending on the required hardness case depth,
the frequency selection for surface-hardening
applications ranges from 60 Hz (hardening of
large mill rolls) to greater than 450 kHz (hard-
ening small pins).
It is also important to recognize that, in some

cases, the frequency selection can be affected
by an economical factor as well. A higher fre-
quency rating usually reflects a higher capital
cost for the equipment.
Induction heat treating practitioners typically

divide frequencies into three categories: low
frequency (below 10 kHz), medium frequency
(from 10 to 90 kHz), and high frequency (above
90 kHz). With frequency increase, the depth of
heating is decreased according to Eq 2 and 3.
Various case depths and hardness patterns

can be achieved with the same inductor by
changing the frequency, power density, and
duration of heating. Figure 29 shows an impres-
sive example of the diversity of achievable
induction-hardening patterns when hardening
gearlike components (Ref 3). The image at the
left in Fig. 29 shows various hardness patterns
that were obtained on the same carbon steel
shaft with variations in heat time, frequency,
and power density. The images at the right
show a similar effect when surface hardening
a spur gear. As a general rule, with encircling
coils, when it is necessary to harden only the
tips of the gear tooth, a higher frequency and
high power density are applied; to harden the
tooth roots, use a lower frequency. A high
power density in combination with a relatively
short heat time generally results in a shallow
pattern, while a low power density and
extended heat time produces a deep pattern
with wide transition zones.
For illustration purposes, Fig. 30 shows

sketches of three cases related to frequency

Fig. 28 Adjustment (coil characterization) of induction heating patterns for several parts by varying the coupling
distance or turn spacing. Source: Ref 19
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selection when surface hardening of a solid
shaft (Ref 3). In all three cases, it was possible
to achieve the same case depth (indicated as a
dotted line) while using three appreciably dif-
ferent frequencies designated as too high, too
low, and optimal frequency. If the frequency
is too high for the specified case depth, result-
ing in a too-small current penetration depth
(Fig. 30, left), additional heating time is needed
to allow the heat to be conducted to the desired
depth to obtain the required hardness depth. Not
only does this add unnecessary cycle time, but
it may also lead to noticeable overheating of
the surface, resulting in excessive grain growth,
decarburization, scale formation, incipient
melting, grain-boundary liquation, and other
undesirable metallurgical phenomena.
Conversely, if the chosen frequency is appre-

ciably lower than optimal frequency, it pro-
duces a depth of heating significantly greater
than necessary. The result is a large heat-
affected zone, additional shape distortion of
the heat treated component, and unnecessary
waste of energy to heat the greater-than-
required mass of metal (Fig. 30, middle). In
some cases, the penetration depth can be so
large compared to the required hardened case
depth that it will not be possible to meet a pat-
tern specification, because the maximum per-
missible case depth is exceeded or the pattern
repeatability may be altered.
Generally speaking, the desirable frequency

results in a current penetration depth at a tem-
perature above the Curie point within the range
of 1.2 to 2.4 times the required hardness case
depth. In this case, the surface of the compo-
nent will not be overheated, and additional heat
that is generated below the case depth will be

just sufficient to compensate for the cooling/
soaking effect of the cold core.
Keeping in mind the aforementioned draw-

backs of using other-than-optimal frequencies,
it should be stated that in many cases it is pos-
sible to achieve the desirable hardness patterns
by using an appropriate combination of power
density, frequency, and heat time (as illustrated
in Fig. 30). The basic rule is that when a shal-
low case depth is required, it may be possible
to achieve the same case depth with a lower-
than-recommended frequency by using a higher
power density and a shorter heat time (faster
scan rate). Conversely, if a deeper pattern is
required, a higher-than-optimal frequency and
a lower power density in combination with lon-
ger heat time should be used.
In the majority of cases, the frequencies used

in surface hardening of regular-shaped compo-
nents result in a pronounced skin effect, which
eliminates the concern of eddy-current cancel-
lation. However, if the workpiece has an irreg-
ular shape (e.g., C-shaped tubes, odd-shaped
parts, or slotted cylinders), the eddy current
may be forced to flow on the outside and inside
areas of the part, with the potential of cancel-
ling each other (Ref 3). The basic rule of thumb
to avoid current cancellation in such cases is
that the chosen frequency should result in a
value of current penetration depth that would
be no more than one-fourth the thickness of
the current-conducting path (Ref 3).
Rules of Thumb. Over the years, industry has

accumulated numerous “rules of thumb” for
calculating process parameters for induction
surface hardening. Most of those rules are
extremely subjective and only related to the
selection of frequency and power when

performing single-shot hardening or scan hard-
ening of regular-shaped cylinders (i.e., solid
shafts) made from plain carbon steels. Some
recommendations are shown in Table 2.
According to another rule of thumb, the

required frequency for surface hardening of
solid cylinders with a case depth ranging from
1.6 to 5 mm (0.05 to 0.2 in.) can be determined
based on Eq 5 or 6:

6:5

XCD

� �2

< Frequency kHzð Þ < 16:6

XCD

� �2

(Eq 5)

Frequency kHzð Þ ffi 9:8

XCD

� �2

(Eq 6)

where XCD is the required case depth (in
millimeters).
Example. If a 3 mm (0.12 in.) case depth is

required, the calculation for the frequency
range is:

6:5

3

� �2

< Frequency kHzð Þ < 16:6

3

� �2

According to Eq 5, an appropriate frequency
range will be 4.7 kHz < 30.6 kHz. In compari-
son, the most desirable frequency according to
Eq 6 will be 10.7 kHz.
Components of smaller sizes (smaller outside

diameter) shift the expression (Eq 5) toward
using higher frequencies. In contrast, lower fre-
quencies could be used when induction case
hardening larger-sized parts.
Power Selection. The typical power ratings

given in Table 2 are based on the need to heat
to temperature very rapidly, and they have
proven to be appropriate through years of expe-
rience. Two examples serve to show that these
numbers should be used only for rough
estimation.
First, consider induction hardening the sur-

face of a small-diameter shaft by a 500 kHz
generator. For a case depth of 0.75 mm
(0.03 in.), 6.5 cm2 (1 in.2) of surface requires
0.00064 kWh (2.18 Btu), or 2.30 kW-seconds,
of energy to be heated to 870 �C (l600 �F).
Thus, a generator that can supply 1.55 kW/cm2

(10 kW/in.2) of surface, operating at 100% effi-
ciency, can heat the surface in 0.23 s. In prac-
tice, it will take noticeably longer because of

Fig. 30 Comparison of required case depth versus
current penetration depths in hot steel at
various frequencies. Source: Ref 3

Fig. 29 Variety of induction-hardening patterns obtained by using variations in frequency, heat time, and power
density. (Courtesy of Inductoheat Inc.)
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generator and coil losses as well as the fact that
some of the power is used to heat the inner
layers of the workpiece, due to thermal conduc-
tion to temperatures below the transformation
temperatures.
As another illustration, consider case

hardening a larger-diameter shaft to a depth of
7.6 mm (0.3 in.) using a 1 kHz generator.
The energy required is 10 times that for the
previous example, or 3.55 kW-seconds/cm2

(22.9 kW-seconds/in.2) of surface. Similarly, a
power rating of the order of 15.5 kW/cm2

(100 kW/in.2) would be required to surface heat
the shaft to temperature in an identical time.
Because cost and the likelihood for surface
overheating increase with power rating, a
power of only 1.55 kW/cm2 (10 kW/in.2) or
slightly more would also be optimal in this
instance. The time to heat to temperature at this
power level would still be only 2.3 s under
idealized conditions, or probably around 2 to
3 times this period in practice. For other case
depths and frequencies, it may be noted from
Table 2 that a power rating of approximately
1.55 kW/cm2 (10 kW/in.2) of surface to be trea-
ted is the typical recommendation.
However, the microstructure of steel prior to

heat treatment has a pronounced effect on
the results of the heat treatment, and it is imper-
ative to keep in mind that most rules of
thumb assume hardening of fine-grained, nor-
malized, homogeneous, ferritic-pearlitic prior
structures with a carbon content of approxi-
mately 0.4 to 0.5%. Even for the same grade
of steel (AISI 1042), the required induction-
hardening temperature range depends on the
heat intensity as well as the prior microstructure
of the steel:

� 880 to 1095 �C (1620 to 2000 �F) for
annealed prior microstructures

� 840 to 1000 �C (1550 to 1830 �F) for nor-
malized prior microstructures

� 820 to 930 �C (1510 to 1710 �F) for quenched-
and-tempered prior microstructures

Tempered martensite ensures rapid transforma-
tion, which lowers the temperature required
for austenite formation. This results in a fast,
consistent response of the steel to induction
hardening with minimum amounts of grain
growth, shape/size distortion, and surface oxi-
dation; a minimum required heating energy;
and a well-defined—or “crisp”—hardness pat-
tern having a narrow transition zone. This type
of initial structure can even result in slightly
higher hardness and a deeper hardened case
depth as well as lower coil power compared
with other prior structures. Normalized micro-
structures, consisting of homogeneous, fine
pearlitic structures, also are responsive to auste-
nitization. In contrast, steels with large stable
carbides (spheroidized microstructures) have
poor response to induction hardening and also
result in the need for prolonged heating and sig-
nificantly higher temperatures to complete
austenitization.

After selecting the frequency and power den-
sity, the last parameter is the duration of heat.
Typically, induction-hardened components are
heated to hardening temperatures within several
seconds or even during a fraction of a second
(i.e., gear contour hardening using a dual-
frequency source). Upon choosing an appropri-
ate frequency and power density based on one
of the aforementioned criteria, the duration
of heat can also be determined after several
heat trials and evaluation of obtained hardness
patterns. Numerical computer modeling
(e.g., finite-element analysis) can provide more
accurate results than rough-estimation techni-
ques that are based on simplified formulas,
graphs, or tables.
Heating Times for Austenitization. The

information given earlier (Fig. 25) is useful
for estimation of frequency and power density
for surface and through hardening and temper-
ing. However, the question often arises as to
the heating time that one should use. For
through-heating applications, this is a relatively
straightforward calculation based on the heat
capacity and weight of the workpiece, the input
power, the system efficiency, and the desired
final temperature. In a through-hardening appli-
cation, only a minimum time need be estimated
in this manner. Longer times can often be used
without deleterious results.
On the other hand, time is a critical factor in

surface-hardening operations. If the heating
time is too long, the workpiece may reach aus-
tenitizing temperature at locations deeper than
necessary for the desired case thickness. As
noted, prior microstructure also has a more pro-
nounced effect on the time required for austeni-
tization when shorter heating times are
involved. This can dramatically influence the
selection of heat time, power, and, in some
instances, frequency.
Rapid heating also reduces the effect of ther-

mal conduction and tends to austenitize only
the area where eddy currents were induced
(i.e., the outer surface layer). This results in a
very short transition zone. With an increase in
heat time, thermal conductivity begins to play
an increasingly appreciable role, allowing the
heat to soak from higher-temperature surface
areas toward lower-temperature internal regions,
leading to a fuzzy transition area of the hardened
pattern and requiring a greater amount of energy.
Longer heating times lead to grain growth,

the formation of coarse martensite, a larger
transition zone, surface oxidation, and
increased shape distortion. Physics dictates that
if a greater amount of heat is induced in the
workpiece, then a larger mass of steel will be
heated, leading to greater workpiece expansion
which often results in more shape distortion.
Therefore, to decrease the distortion of hard-
ened components, it is desirable to keep the
heating time as short as possible. However,
there are limits to shortening the heating time
while also achieving the minimum required
transformation temperature to create a homoge-
neous austenite at the depth to be hardened.

Short heating times may be undesirable
when:

� A combination of unreasonably high fre-
quency and/or surface power density leads
to surface overheating and undesirable
microstructures.

� A combination of high frequency and/or sur-
face power density produces a substantial
temperature gradient during heating that
causes cracking of more brittle materials
(i.e., high-carbon steels and gray cast irons).
In such cases, it may be desirable to use lon-
ger heating times with lower power density.

� Geometrical irregularities (sharp corners,
holes, keyways, grooves, edges, etc.) cause
hot and cold spots. In these cases, a less
intensive heat and longer heat times are also
desired, including the use of dwells before
quenching to allow thermal conduction to
reduce the temperature of hot spots and
equalize heat distribution.

Methods to Establish the Heating Time for
Surface Hardening. Three methods are
available to establish the heating time for sur-
face-hardening operations. One involves a
trial-and-error procedure in which the power
and heating time are varied until the needed
hardness and hardened depth are obtained. The
hardened depth is determined metallographi-
cally by sectioning and acid etching. If the case
is too shallow, the power input and/or heating
time should be increased. Conversely, if it is
too deep, the power and/or the heating time
should be decreased. Metallography will also
show the presence of various microstructural
constituents, such as martensite or the presence
of upper transformation products, which can be
used as an indication of proper or improper
austenitization.
A second method of determining appropriate

surface-hardening parameters, including heat-
ing time, is through the use of graphs such as
the ones shown in Fig. 25 and 31. Figure 25
gives the relation between frequency, applied
power density, heating time, and hardened
depth for steels that are austenitized at tempera-
tures between 850 and 900 �C (1560 and
1650 �F) using a single-shot induction heating
method. As illustrated in the figure, it is appar-
ent that, for a given power density and heating
time, shallow case depths require higher fre-
quencies, or, at a fixed frequency, shallow case
depths need high power densities for shorter
times.
Figure 31 is a similar nomograph designed

for surface hardening via a scanning technique.
The curves give the approximate relationship
between power density and heating time in the
coil for various case depths. Note that the
curves apply only to a 10 kHz power supply.
A similar set of curves can be used for other
frequencies. Whenever possible, the greatest
operating efficiencies are obtained by using
operating conditions close to the steeper part
of the curves.

458 / Applied-Energy Case Hardening of Steels



A third method of determining optimal pro-
cess parameters for surface hardening is related
to the use of numerical computer modeling,
which became increasingly popular in the last
five years.
However, it is imperative to remember that

using rules of thumb as well as the use of
rough-estimation techniques can be misleading
in determining an optimal combination of pro-
cess parameters. Material specifics, prior struc-
ture, geometry, and functionality can influence
results. Numerical computer modeling may
help in obtaining better recommendations.

Application Tips and
Troubleshooting

Parts with Complex Geometries. Complex-
shaped parts with geometrical stress raisers
(i.e., holes, sharp corners, grooves, undercuts,
diameter changes, etc.) can present challenges
in avoiding localized overheating and cracking
and obtaining the required hardness pattern.
Sharp corners and poor chamfering or rounding
of holes and edges can lead to local overheat-
ing, resulting in excessive thermal stresses
and excessive grain growth that may, in turn,
cause cracks to form. If a part consists of a
combination of thick and thin sections, the
thick sections may not come up to the required
temperatures during heating as quickly as the
thin sections. Inductor profiling and the use of
special process settings can help to overcome
this problem (Ref 3).
Thickness variations of complex-geometry

parts may create some difficulties in obtaining
the required heat treating pattern during
quenching as well, because there may be a
noticeable cooldown difference between

thinner sections compared to massive areas.
Special adjustments in inductor design and
quench blocks should be made.
The proper choice of design parameters

(applied frequency, power density, coil geome-
try, steel selection, etc.) allows the heat treater
to obtain the required heat treating pattern even
in cases when an undesirable combination of
electromagnetic end effect and thermal edge
effects seem unsuitable for hardening by
induction.
Induction Surface Hardening of Powder

Metallurgy Parts. Surface hardening of ferrous
powder metallurgy (PM) parts is an important
application of induction hardening, and PM parts
have several peculiarities compared with harden-
ing wrought steels and cast irons. Inconsistent
results are often observed when induction hard-
ening highly porous (low-density) PM parts.
The composition and homogeneity of PMmateri-
als also affect induction hardening.
Density and/or porosity may include crack-

ing and variations in surface hardness and case
depth. Low-density PM parts are good candi-
dates for cracking, because interconnected
pores contribute to decreased part strength and
rigidity compared with wrought materials. In
addition, the poor thermal conductivity of
porous PM parts encourages the development
of hot spots, requiring intense quenching, which
results in severe thermal gradients that also
increase the tendency for cracking. Variations
of electrical resistivity and magnetic permeabil-
ity lead to variations in the amount of power
induced within the PM workpiece and the depth
of eddy-current penetration, resulting in heat
pattern variation.
Electrical resistivity, thermal conductivity,

and magnetic permeability are strongly
dependent on the amount of porosity in the sin-
tered compact. This helps explain why the
induction-hardening response of PM parts is
more sensitive to variations in material proper-
ties than that of castings or forgings. The
effects of density reduction (porosity increase)
on some properties and induction-hardening
parameters are given in Table 6.
Low density (high porosity) negatively

affects hardenability. Therefore, when induc-
tion hardening PM parts, good practice
requires having a density of at least 7.0 g/cm3

(0.25 lb/in.3) but preferably 7.2 g/cm3

(0.26 lb/in.3) or greater. This will help ensure

consistent heat treating results, particularly
when hardening internal surfaces that have
undercuts, teeth, splines, sharp corners, slots,
and other stress raisers.
Composition and Homogeneity. Density and

porosity are not the only factors that affect the
induction hardening of PM parts. Material com-
position is another. Copper, nickel, and molyb-
denum are the most commonly used steel
powder alloying elements. Depending on their
specific composition and alloying techniques,
some parts may have a greater tendency to
crack. Copper-alloyed PM steels require partic-
ular attention when developing an induction-
hardening recipe.
Other factors that affect the heat treating

quality of a PM part are the homogeneity of
its microstructure (material segregation), sur-
face condition, and parameters of the heat treat-
ing process, as well as specifics of prior
processing operations such as sintering. In the
case of sintering, factors include the process
sequence, atmosphere used, pressure, tempera-
ture, degree of sintering, and graphite segrega-
tion. High-temperature sintering is preferred
because it improves microstructural homogene-
ity and ensures good diffusion. However, decar-
burization of the surface prior to induction
hardening should be avoided.
The alloying method used to produce the

powder also can have a marked effect on heat
treating results. Among alloying techniques
are admixing, diffusion alloying, prealloying,
hybrid alloying, and the metal injection mold-
ing method. The technique used can affect
material segregation and chemical and micro-
structural heterogeneity, due to different areas
of the part undergoing abnormal phase transfor-
mations during cooling. For example, large
inclusions may form that can serve as stress rai-
sers, increasing the potential for cracking and/
or inconsistent hardness readings.
It is quite common for PM parts to absorb

2% oil by weight. Therefore, steps must be
taken to ensure that quenchants remain clean
and that sufficient ventilation is provided.
Other media frequently used include water-

based polymer quenchants and water (contain-
ing appropriate additives). Note that oils typi-
cally require higher hardening temperatures
than polymer quenchants and water.
Shape/size distortion and warping due to heat

treating are usually less for PM components

Fig. 31 Relationship between power density, time in
coil, and hardened depth for shaft hardening

via a scanning method. Generator frequency = 10 kHz;
minimum scanning rate = 50 mm/s1; minimum shaft
diameter = 16 mm (0.6 in.). Source: Ref 18

Table 6 Effect of density reduction (porosity increase) on some properties and induction-
hardening parameters

Property Change Influence on induction heat treatment process

Thermal conductivity Decrease Less soaking action from high-temperature to low-temperature regions. Larger
temperature gradients and thermal stresses during heating. Slower cooling during
quenching

Electrical resistivity Increase Larger current penetration depth
Magnetic permeability Decrease Larger penetration depth and lower coil electrical efficiency
Hardenability Decrease More severe quench required to provide the same case depth
Structural homogeneity Worse Inconsistency of hardening: variations in surface hardness, case depth, hardness

scatter, and residual stress data. Tendency for cracking during hardening

Source: Ref 3
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than for their wrought steel counterparts. The
degree of shape deformation strongly depends
on part/coil geometry and hardness pattern,
and usually is determined experimentally.
Powder metallurgy steel parts often have a

variable surface-to-core or outside-diameter-to-
inside-diameter density. The density at the
surface to be hardened typically is 7.5 g/cm3

(0.27 lb/in.3) or higher. This gradually decreases
to a base density of 7.0 g/cm3 (0.25 lb/in.3) at the
center of the part.
When determining process parameters for

induction hardening of PM parts, energies and
frequencies higher than those used for wrought
alloys of similar composition often are chosen.
Closer process control also is required. Preheat-
ing is sometimes necessary to avoid cracking
and to obtain the required heat treating pattern
of parts with appreciable stress raisers.
As with conventional furnace heat treatments,

problems such as surface decarburization, surface
defects (e.g., seams, laps, etc.), distortion,
cracking, and dimensional changes should be
considered in the design of induction- hardening
processes. Any surface defects remaining from
the steelmaking process can also cause cracks
and/or undesirable metallurgical structures.
Surface Decarburization. Decarburization

is the loss of carbon from the surface of steel
after being heated to sufficiently high tempera-
ture without a protective atmosphere during
manufacture. Because the carbon content of
steel determines the hardness level that can be
achieved in austenitized and quenched parts,
surface decarburization causes a soft surface
hardness that can lead to tensile stresses at the
surface, which in turn reduce strength and can
cause cracking.
All medium- and high-carbon steel bars have

surface decarburization to some degree, because
of themethod of steelmanufacture. This condition
as well as others resulting from the steelmaking
process (seams, laps, etc.) must be removed
prior to heat treatment in order to achieve the
desired result. TheRecommended StockRemoval
tables for various sizes of bar stock are published
by the American Iron and Steel Institute and
are available from steel manufacturers. Forging
processes also contribute to surface decarburiza-
tion of steel, which must be removed from for-
gings prior to induction hardening.
The actual induction-hardening process can

add only a small amount of decarburization—
on the order of approximately 0.02 mm
(0.0008 in.) depth of decarburization after
induction heating for 5 s at 960 �C (1760 �F).
In addition, microstructural and chemical inho-
mogeneities (such as banding), which are car-
ried through the melting and hot rolling
operations during steel production, particularly
in resulfurized grades such as 1137, 1141, and
1144, may affect the ability to obtain a uni-
formly heat treated product.
Distortion. Dimensional changes developed

during hardening operations have two main
sources: residual stresses and volume changes
associated with phase transformation. For many

surface-hardening applications, the dimensional
changes associated with these effects are usu-
ally minimal; in some surface-hardening jobs,
such as hardening of shafts with grooves, they
are not. Similarly, through-hardening applica-
tions can produce size changes that are not neg-
ligible. Those due to residual stresses (arising
from thermal or phase-change effects) vary
with material, part shape, and processing para-
meters. On the other hand, dimensional altera-
tions resulting from phase changes can be
estimated from the data in Table 7.
It is seen that volume change is greatest when a

martensitic structure is produced in a part with a
starting spheroidized microstructure. Less
change can be expected after hardening a part
with an initial bainitic or fine pearlitic structure.
In contrast to the dimensional changes asso-

ciated with hardening, those in tempering gen-
erally involve volume decreases. This trend
occurs when carbon is precipitated from solu-
tion in martensite, leading to a higher-density
microstructure of ferrite and carbides. In steels
in which austenite is retained following quench-
ing, however, bainite or pearlite formation from
the austenite may produce volume increases
during tempering. For these reasons, tempering
may give rise to overall dimensional decreases
or increases.
Parts distortion is commonly caused by relief

of residual stresses, uneven heating, nonuniform
quenching, or hardening nonsymmetrical parts.
In many cases, the problem can be controlled
by modifications to inductors, quenching sys-
tems, or part-handling techniques during heating
and quenching. When the workpiece has an axi-
symmetric shape, it is very important to place
the induction coil so that symmetric heating
and quenching is achieved, resulting in uniform
thickness of the hardened layer with a martensi-
tic microstructure.
Distortion during austenitizing usually results

from relief of residual stresses introduced dur-
ing forging, machining, and so on or from non-
uniform heating. When the cylindrical part
(i.e., shaft) is only surface austenitized and
hardened, the cool metal in the core of the
workpiece minimizes distortion. Small amounts
of distortion in induction-surface-hardened
parts with shallow cases are often eliminated
by means of a subsequent mechanical sizing
(e.g., grinding, straightening) operation. Fur-
thermore, the use of induction scanning, in
which only a small portion of the workpiece is

heated at any one time, is helpful in preventing
problems of this type. Scanning is also helpful
in keeping distortion levels low in through-
hardening applications. In these instances, rota-
tion of the part enhances the heating uniformity
and decreases the likelihood for nonuniformi-
ties in the final shape. It is important to note
that part wobbling during rotation (which may
occur due to excessively worn bearings) cannot
be compensated by part rotation.
Distortion resulting from quenching is a func-

tion largely of the austenitizing temperature, the
uniformity of the quench, and the quenchmedium.
Higher austenitizing temperatures, which give
rise to higher transitional and residual stresses,
increase the amount of nonuniform contraction
during cooling. Severe quenches such as water or
brine, which also tend to produce high residual
stresses, can lead to severe distortion as well.
The problem can be especially troublesome when
alloy steels are quenched into water. However,
these steels usually have sufficient hardenability
such that oil or high-concentration polymer
quenchants can often be employed instead.
Part distortion may also occur as a result of

nonuniform starting microstructure in a part to
be induction hardened. For example, decarburi-
zation that varies around the periphery can give
rise to distortion because of variations in the
volume changes that accompany the formation
of martensite.
Cracking. In extreme cases, distortion may

lead to cracking. This cracking is intimately
related to part design as well as the transitional
and residual stresses that are developed. Compo-
nents with large discontinuities in cross section
are particularly difficult to heat treat, for this rea-
son. In addition, many times there is a limiting
case depth beyond which cracking can poten-
tially occur (Fig. 32); in these instances, tensile
stresses near the surface of the induction-hard-
ened part, which balance the compressive resid-
ual stresses generated, can be blamed for the
cracking problem.

Table 7 Change in volume during
transformation to differing phases of steel

Transformation Change in volume, %

Spheroidized pearlite ! austenite �4.64 + 2.21 � (% C)
Austenite ! martensite 4.64 � 0.53 � (% C)
Spheroidized pearlite ! martensite 1.68 � (% C)
Austenite ! lower bainite 4.64 � 1.43 � (% C)
Spheroidized pearlite ! lower
bainite

0.78 � (% C)

Austenite ! upper bainite 4.64 � 2.21 � (% C)
Spheroidized pearlite ! upper
bainite

0

Fig. 32 Effect of heating time on hardened depth and
tendency toward quench cracking of

machined and ground 1045 steel bars induction heated
(450 kHz, 50 kW generator) and water quenched to a
surface hardness of HRC 62. Source: Ref 15
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Steel composition also plays a role in the ten-
dency toward cracking in induction-hardening
applications. This tendency increases as the car-
bon or alloy content is increased. The effect of
carbon on the tendency toward quench cracking
is greatest in through-hardened parts and arises
because of its influence on the depression of the
Ms temperature and the hardness of the mar-
tensite. This is not to say, however, that critical
levels of constituents can be specified, because
other factors such as case depth (in surface-
hardening applications), part design, and
quench medium are also important.
As the carbon content is increased, the Ms

temperature is lowered. Because the transfor-
mation occurs at lower temperatures, larger
surface tensile residual stresses are produced.
(Note that surface residual stresses, which are
tensile in nature, are often generated during
through-hardening processes. Subsequent tem-
pering can reduce such residual stresses.) These
residual stresses have a greater effect at lower
temperatures, at which ductility is lower than
at higher temperatures. Moreover, the ductil-
ity/toughness of higher-carbon martensite at a
given temperature is lower than that of lower-
carbon martensite. Therefore, the combination
of high tensile residual stresses and low ductil-
ity/toughness contributes to quench cracking.
However, inasmuch as hardness increases

with carbon content, quench-cracking problems
can often be minimized by employing slower
cooling rates (through the use of a milder
quenchant), by decreasing the difference
between the austenitizing and quenching tem-
peratures, both of which tend to reduce residual
stresses, or by using an interrupted quench.
Sometimes, higher-hardenability steels must
be used to take advantage of these alternatives.
Also, in some situations, quench-cracking pro-
blems can be alleviated by switching to lower-
carbon or more ductile/tough steels.
Besides low toughness and ductility, induction

hardening of high-carbon steels is associated
with an increased amount of retained austenite,
unless cryogenic treatment is used. Transforma-
tion of retained austenite could occur during ser-
vice life, leading to increased distortion and
brittleness.
Even if distortion and quench cracking are

not a problem, the dimensional changes that
occur as a result of induction heat treatment

should be evaluated, particularly if little or no
machine finishing is to follow hardening and
tempering of close-tolerance parts.
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Electron Beam Surface Hardening
Rolf Zenker and Anja Buchwalder, Technical University Bergakademie Freiberg
Institute of Materials Engineering, Freiberg, Germany

ELECTRON BEAM HARDENING (EBH)
is one of the most modern surface-hardening
technologies, with some special characteristics
in comparison to other heat treatment technolo-
gies. Electron beam hardening is similar to other
surface heat treatment processes in that the
material to be hardened is heated to the austeni-
tization temperature, held at that temperature for
a short period, and then quenched. Martensitic
transformations occur that generally differ neither
thermodynamically nor kinetically from the
transformations occurring under conventional
conditions. Electron beam hardening belongs,
as does laser beam hardening (LBH), to the
process group known as short-cycle heat treat-
ments. When compared to all other conven-
tional volume and surface-layer heat treatment
processes, the temperature-time (T-t) cycles
are characterized by significantly higher auste-
nitizing temperatures, TA (with TA close to
the melting temperature, TM), as well as con-
siderably higher heating and cooling rates
(103 to 104 K/s) and short austenitization times
(0.1 to 3 to 5 s). Another similarity to LBH as
opposed to conventional heat treatments, which
need additional cooling media, is that cooling
occurs from TA via self-quenching, that is, the
heat produced in the material by the electron
beam (EB) or laser beam flows rapidly into the
material mass. The advantages of EBH when
compared to other surface hardening, including
LBH processes, arise in particular from the
physical characteristics of the EB, which can
be transformed with exceptional readiness into
technical and technological advantages. The
most advantageous characteristics of electron
beams are their excellent formability and deflect-
ability, which allow beam deflection frequencies
of up to 100 kHz.
Other important facts are the high productiv-

ity and low cost of the EB process. Thermal EB
processes are realized in a vacuum. In the past,
processing under vacuum was described as a
disadvantage. However, because of the inert
effect of the vacuum, secondary negative
effects (oxidation, decarburization, or hydrogen
embrittlement) are avoided. In modern EB
facilities, the process sequences and facility
layouts are optimized such that the evacuation

period does not impair the productivity of the
machine.
During the last 30 years, EB surface technol-

ogies have been implemented at the industrial
scale, with various interesting and innovative
applications. As a result of the high-frequency
beam deflection technique (Ref 1–4) and its
further development (Ref 5–10), EBH has
become more and more efficient. Both the
basics of the interaction of electrons with mate-
rials and their effects on structure and proper-
ties have been investigated (Ref 9, 11–20),
and the progress in industrial application has
been advanced (Ref 7, 9, 10, 16, 19–21). Results
regarding the combination of EBH with nitriding
and/or hard coating have already been pub-
lished and are used in industrial applications
(Ref 22–25). Electron beam surface treatments
are used, in particular, for enhancing internal
stress conditions, surface hardness, and wear
resistance. The success of EB surface treatment
depends, among other things, on the technology
chosen and the material to be treated, combined
with a suitable beam deflection technique that is
related to the geometry of the component, espe-
cially its surface contour. The energy of the
beam must be transferred into the material in
order to achieve surface-layer properties and
gradients that enable the material to cope with
relevant stress conditions.
Today (2103), there are not only numerous

innovative solutions in the field of EBH, but
modern EB facilities and complete manu-
facturing systems are also available. Electron
beam hardening is employed as a job-shop
solution for individual one-off part treatment,
for small- and medium-sized series production
with associated component variety, and for
large-series mass production.
The challenge is to find intelligent solutions

for processing in connection with suitable facil-
ities concepts.
There are other EB surface-layer tech-

nologies in which, in contrast to EBH, the
material zones subjected to energy input by
EB change to the liquid state up to a certain
depth, such as remelting (without additives),
and alloying, dispersing, or cladding (with addi-
tives), for example. These treatment variations

are especially advantageous in applications for
nonhardenable ferrous materials (e.g., austenitic
and ferritic steels or cast iron materials) and
lightweight alloy materials based on magne-
sium, aluminum, and titanium, as well as cop-
per- or nickel-base alloys. Such processing
technologies, however, are not the focus of this
article.
This article aims to illustrate the principles

of thermal EB technologies and to characterize
the technical and technological possibilities
for EBH in comparison to other surface-layer
hardening processes. Furthermore, this article
seeks to present modern EB facilities and pres-
ent the state of current industrial application via
numerous examples of use.
This article deals with the topical knowledge

about modern EBH technology.

Electron Beam Generation and
Interaction with Material

Electron Beam Generation

Figure 1 shows a schematic configuration of
an EB machine. The electron beam is produced
in an electron beam generator through the emis-
sion and acceleration of free electrons (beam
generation) and is centered, shaped, focused,
and deflected (beam guidance). When the beam
impacts the material to be processed in the
working chamber, various interaction processes
occur.
The generation of the EB is based on the

thermal emission of electrons. In industrial pro-
cesses, a tungsten cathode is preferred for use.
This cathode is directly (band cathode) or indi-
rectly (bolt cathode) heated to very high tem-
peratures (>2500 �C, or 4530 �F). This causes
numerous electrons to emerge from the cathode
surface and to form a so-called “electron
cloud,” into which new electrons are constantly
emitted and from which others return to the sur-
face of the cathode material (Fig. 2).
Through application of a high voltage

(60 to 150 kV) in the beam-generation system
between the cathode and anode (Fig. 2b), the
electrons are accelerated in the direction of
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the anode (up to ⅔ the speed of light). The
accelerated electrons continue their path
through a hole in the anode toward the beam
exit of the EB generator (Fig. 3a). A control
electrode between cathode and anode regulates
the amount of electrons transmitted by way of

a control voltage (0 � U � �3 kV with respect
to the cathode potential), thus regulating the
beam intensity (Fig. 2).
To produce a beam of the smallest possible

diameter with concentric energy distribution
(Gaussian function) and low divergence, the

raw beam is manipulated by electromagnetic
devices, such as the centering yoke (Fig. 3b),
stigmator (Fig. 3c), and focusing lenses
(Fig. 3d), after passing the anode. As a general
result of these measures, an EB is formed with
a diameter between 0.1 and 1.0 mm (0.004
and 0.04 in.), mostly 0.3 to 0.4 mm (0.012 to
0.016 in.), in focus.
So that larger areas on components can be

influenced in a targeted way using EB, an addi-
tional beam-deflection mechanism is required
(Fig. 3e). The electromagnetic deflection coil
is capable of deflecting the EB in the x- and
y-directions very quickly (deflection frequency,
f � 100 kHz). A dynamic lens establishes addi-
tional degrees of freedom in the z-direction (by
changing the distance of the focus plane to the
beam generator in synchronization with the x/y
deflection pattern). With such a system, it is
possible to produce different deflection figures
and energy-transfer patterns (Fig. 3e; see also
the section “Processing Techniques” in this
article).

Electron Beam Interaction with
Material

When the electrons impact the material sur-
face, different interaction processes arise
(Fig. 4). Due to so-called inelastic scattering,
the kinetic energy of the electrons is transferred
into various kinds of energy and causes genera-
tion of secondary particles within a thin absorp-
tion layer in the surface region of the material.
In the energy range of interest for EBH, the
thickness of the energy-absorption layer is given
by the electron range, S (mm), which can be
approximated by the equation (Ref 26, 27):

S ¼ 6:67� 10�7 U
5=3
A

r

 !
(Eq 1)

where UA is the acceleration voltage of the
electron beam generator in volts, and r is the
density of the material in g/cm3 (Ref 26, 27).
For ferrous metals, typical acceleration voltages
of the beam range from 60 to 150 kV, and typi-
cal electron range values are >8 to 36 mm.
Because of the intense interaction between

the beam electrons and the atoms of the target
material, the beam electrons lose their energy
rapidly. The majority of this energy lost by
the electrons is transformed into heat in the
absorption volume (Fig. 4).
Due to elastic scattering, a certain portion of

the beam electrons is not absorbed but reflected
back into the vacuum by the target material.
These backscattered electrons carry away from
the workpiece but can be used for process mon-
itoring and control (see the section “Processing
Techniques” in this article). Further energy
losses occur via thermal radiation, x-radiation,
and the emission of thermal electrons (Fig. 4).
The x-rays generated can be used for analytical
purposes, although this has, to date, been carried
out exclusively in laboratory settings.

Fig. 1 Schematic of main assemblies and functional elements of an electron beam machine

Fig. 2 Beam-generation system. (a) Components. (b) Schematic. Courtesy of pro-beam
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Heat Transfer

Approximately 75 to 80% of the power gen-
erated by the electron beam is converted to heat
when the beam is applied perpendicular to the
material surface.
As a result of the energy transfer, it is the

material in the energy absorption volume that
is heated first. This results in a temperature gra-
dient toward the interior of the component.
Because of thermal conduction in the direction
of this gradient, the regions adjacent to the abs-
orption volume are heated accordingly. The
longer the duration of the energy transfer, the far-
ther the heated zone of the material extends
beyond the actual energy-absorption volume.
The temperature field, T (x, y, z, t), that results is
described by the thermal conductivity equation:

q
qt

� a
q2

qr2

� �
T x; y; z; tð Þ¼

u x; y; z; tð Þ
rc

for 0 � t � tH

0 for tH � t
;

8<
:

with a ¼ l
rc

(Eq 2)

where r is a vector in space defined by jrj2 = (x2

+ y2 + z2), and a is the temperature diffusivity
resulting from the heat conductivity (l), the
specific heat (c), and the density (r) of the
material (Ref 26, 27). The term u (x, y, z, t)
describes the spatial heat source distribution
in the energy-absorption volume and their
temporal evolution, which extends over the
energy-transfer duration (tH). The solution to
the equation of thermal conductivity (Eq 2)

for different source distributions u (x, y, z, t)
and various boundary conditions is available
in the technical literature covering thermody-
namics (Ref 28).
One general result of the resolved thermal

conductivity equation (Eq 2) is of great impor-
tance for EBH (Ref 27). This is the sudden energy
transfer that occurs within a time tH ! 0. In this
case, the energy-absorption layer is heated up
rapidly when hit by the EB but cools downmuch
slower due to heat conduction into the bulk
material afterward. So, the energy-absorption
layer acts as a heat accumulator that discharges
at a constant relaxation time (t):

t � S2

a
(Eq 3)

This means that the energy-absorption layer
maintains the energy transfer into the interior
of the workpiece for a certain time even after
the pulsed beam action has ceased (Ref 27).
As a result, it is immaterial for the temperature
field in a distance z > S below the surface
whether a particular energy flow density is
transferred to the surface either continuously
or in a pulsed fashion, provided the cycle time
of pulses is shorter than the time t given by
Eq 3. Because of the interdependence of Eq 1
and 3, however, the heat-retaining capacity of
the energy-absorption layer and the discharge-
time constant will strongly increase with the
acceleration voltage of the EB (Ref 27).
Depending on the acceleration voltage and
material, this results in values of t in a range

from a few microseconds to a few hundred
microseconds.
Figure 5 shows the conditions of energy

transfer for two different scenarios:

� Constant power density, P, in the energy-
transfer field (Fig. 5a)

� Constant surface, TS (isothermal), during
energy transfer (Fig. 5b)

At constant power density, the surface temp-
erature varies directly with √t (Fig. 5a). To
achieve constant surface temperature, power
density must be changed proportionally to 1/√t
(Fig. 5b) (Ref 27).

Processing Techniques

Beam-Deflection Technique

The density and distribution with which elec-
trons impact the material surface are deciding
factors for the effectiveness of the EB. As
opposed to EB welding, extended areas shall
be thermally influenced during EB surface
treatment.
The development of the two-dimensional

high-speed scanning beam-deflection technique
(Ref 1, 2) in 1986 was the beginning of a new
era in thermal EB technologies, and for surface
treatment in particular, because this was the key
to the cost-efficient application of high-power
beams in a geometrically precise manner. Since
2000, three-dimensional beam deflection has
been available for EB processing (Ref 5–8).
Without deflection, the EB takes effect at one

energy-transfer spot. Its size varies for EBH
facilities from at least 0.1 to 0.4 mm (0.004 to
0.016 in.) (focused beam diameter) up to some
millimeters in diameter (defocused EB). How-
ever, the EB can also be deflected so that the
energy transfer takes place in every position
within a programmed interaction area, depend-
ing on the technically limited deflection angle,
with a maximum area of typically 200 by
200 mm2 (0.3 by 0.3 in.2). Using high-frequency
beam-deflection techniques, nearly arbitrary,
lateral energy-dose distributions of energy or
locally defined lateral dosed-energy distribution

Fig. 3 (a) Functional elements of an electronbeamgenerator. (b) Effects of beamcentering. (c) Correction of astigmatisms.
(d) Beam focusing. (e) Beam deflection. Courtesy of pro-beam

Fig. 4 Interaction of electrons with material. EB, electron
beam
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can be defined: homogeneous concentrated (e.g.,
several programmed spots) or an energy-transfer
field with analytically prescribed local power
density variation (e.g., proportional to 1/√x as
needed for surface isothermal heating of moving
workpieces).
Two basic techniques can be distinguished.

First, the component to be treated or the EB
deflection field (or both) is moved relative to
each other when the beam interacts with the
material. Although the energy transfer to a
given surface area happens within a short time
(determined by the relative speed of motion
and the dimension of the deflection field), this
variant is called the continuous interacting
(CI) technique because the EB power is kept
constant during the process. Second, the

component to be treated and the EB deflection
field are fixed, but the beam power is controlled
in dependence on time. Because the energy-
transfer times required are usually short (typi-
cally 0.1 to 2 s), this variant is called the flash
technique (Fig. 6).

Continuous EB Interaction
(CI Technique)

When using the CI technique, a rectangular
energy-transfer field with a width of up to
200 mm (8 in.) and a length ranging from 3 to
20 mm (0.12 to 0.8 in.) is usually programmed.
This parameter window covers the majority of
applications. The component moves with a feed

rate of 5 to 20 mm/s�1 through the EB deflection
field. In this way, tracks are formed (Fig. 6)
along which the material is thermally influenced
(e.g., hardened). A simple rectangular field with
constant energy distribution over the entire area
means that, in the feed direction, the surface
temperature of the material is lower at the begin-
ning than at the end of the field (Fig. 5a).
In the case of surface isothermal energy

transfer, a field with variable energy density in
the feed direction is passed over the compo-
nent; therefore, the energy density is higher
at the front of the field than at the end
(Fig. 5b). The resulting temperature-time profile
beneath the distance from the surface is shown
in Fig. 7. In material layers below the surface,
the maximum temperature is reached after a
finite time, and its value decreases with increas-
ing surface distance. These processes are defined
by the field energy density, by exposure time
(field length, feed rate), and, above all, by the
thermal conductivity of the material.

Electron Beam Flash Technique

The flash technique (Fig. 6) is the method of
choice for EBH of components with face areas
to be hardened, sometimes with complex
shapes, because the energy-transfer field can
be flexibly adjusted to the surface geometry of
the component. During beam-effect EB energy
transfer, the field and component are fixed to
each other. The projection ratio of curved sur-
faces, height differences, and variable incidence
angles must be considered when programming
the energy-transfer field. Figure 8(a) shows a
component with a flat surface and a ring-shaped
energy-transfer area for which a ring-shaped
energy-transfer field must be programmed. To
avoid overheating (melting) of the component
being treated, positions of the EB deflection
field and of the component must be positioned
exactly. During exposure of the EB, the energy
input, that is, the beam current, IB, is continu-
ally reduced (Fig. 8b). The surface temperature
thus remains constant during the entire process,
as in the case of surface isothermal energy
transfer with the CI technique. The T-t cycles
at different distances beneath the surface in

Fig. 5 Relation between transferred power density (P ) and surface temperature (TS) for two cases: (a) P = constant and
(b) TS = constant

Fig. 6 Schematic of processing techniques for electron beam (EB) hardening. CI, continuous interacting

Fig. 7 Surface isothermal energy transfer in the continuous
interaction technique. Temperature-time profiles
as a function of distance from the surface (z)
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the material volume are comparable to those of
the CI technique as well (Fig. 7, 8b).

Multifield EB-Deflection Technique

Another highly efficient variant of the EB-
deflection technology is the multifield tech-
nique (Fig. 6).
These process variants can be used advanta-

geously when several areas of a component
that are accessible to an EB are to be treated.
Enabled by the high deflection frequencies
of the EB, energy can be transferred quasi-
simultaneously to different treatment zones,
whereas other surface regions of the component
remain unaffected. This process variant excels
in efficiency due to high area throughput and
reduced handling efforts.
Multifield EB deflection can be used in the

CI or flash techniques. Details are discussed in
the section “Applications” in this article, in
connection with concrete components.

Multiprocess Technique

In multiprocess techniques, two or more dif-
ferent heat treatment processes are carried out
in a single pass of the component through
simultaneously acting energy-transfer fields.
The best-known multiprocess-deflection tech-
nique is EBH plus tempering performed in
one process run.
Prerequisites for this combination include

that the materials to be treated should exhibit
high thermal conductivity and a sufficient
degree of hardenability. After a given surface
region has passed the first (EBH) field, the
self-quenching process must be completed
before the second (tempering) field can be
entered. This means that the distance between
the EBH field and the tempering field must be
sufficiently large. The EB multifield variation

is therefore preferred for use on nonalloy and
low-alloy steels.
Another process combination, preheating

plus EBH, was developed for high-alloy steels
to allow for adjustments for larger transforma-
tion depths. Because of the low thermal con-
ductivity of these materials, the energy input
must be “dosed” in several stages to avoid sur-
face overheating (melting). This combination is
solely realized as a CI process; for example,
two or more energy-transfer fields with differ-
ent energy contents move simultaneously along
a track across the component. The effect of
well-dosed energy input is comparable with that
of the multipulse flash technique.
The advantages of multiprocess technologies

are high productivity and new possibilities for
changing material structures and properties (by
virtue of very short local thermal cycles).

Electron Beam Hardening
Technologies

Characteristics

The principle of the processes taking place in
the material during EBH is represeted schema-
tically in Fig. 9(a). The power density within
the energy-transfer field must be low enough
that the melting temperature (TM) of the mate-
rial is not exceeded but high enough that the
material is heated to a temperature above the
upper transformation temperature (TUT). A suit-
able exposure time ensures the material is
completely transformed down to the desired
hardening depth. At a certain distance from
the surface, only the lower transformation tem-
perature (TLT) is reached, and, in this zone, an
incomplete transformation occurs. Even below
that region, further thermally induced changes
in the material properties can be observed
(heat-affected zone).

In contrast to conventional volume-hardening
technologies and as a result of the high heating
rates during EBH, the transformation tempera-
tures shift to higher values (Ac1, Ac3, Accm by
approximately 100 to 200 K). To reach maxi-
mum EBH depths within the shortest possible
holding times, the austenitizing temperature
must be set considerably higher than in conven-
tional hardening. Typically, a temperature value
approximately 10% below the melting tempera-
ture of the phase that melts at the lowest tem-
perature is chosen.
The EBH technique is confined to steels and

cast irons with carbon contents �0.25%, a
requirement that represents the value for con-
ventional hardening. A selection of ferrous
materials for which established industrial expe-
rience in EBH exists is given in Table 1.
For volume hardening and other thermal

surface-hardening processes (such as flame
hardening and induction hardening), the choice
of the right quenching medium is of crucial
importance for the hardening process results.
For EBH, the quenching rates tied to self-
quenching (103 to 104 K/s�1) lie distinctly
above the values achievable even by quenching
in water.

Microstructure

Given optimal irradiation conditions and suf-
ficiently large component volumes, the depth of
EBH depends on the energy input, chemical
composition, and previous heat treatment of
the material (Fig. 10). In general, low thermal
conductivity due to a higher carbon and alloy-
ing element content reduces the EBH depths.
After EBH with the same process parameters,
a normalized or soft-annealed state exhibits a
hardening depth that is lower by approximately
5 to 15% than those achieved with a hardened
and tempered state, mainly due to the more inho-
mogeneous distribution of carbon in the former.

Fig. 8 (a) Surface isothermal energy transfer in the
flash technique. EB, electron beam; EBH,

electron beam hardening. (b) Component and energy-
transfer field. Temperature-time profiles depend on
distance from the surface (left axis) and time-dependent
control of the beam current (right axis).

Fig. 9 Principle of electron beam hardening as a solid-phase process. (a) Schematic and (b) example microstructure
of low-alloy steel. HAZ, heat-affected zone
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The microstructures (phases) resulting from
EBH are considerably finer than those formed
after conventional volume hardening. Essentially,
however, the same transformation mechanisms
take place. The effect of the carbon and the alloying
elements is also comparable.
The martensitic microstructure of hypoeutec-

toid steels has a lathlike morphology with small
bundles of short, nearly parallel laths (Fig. 11a,
12a). Hypereutectoid steels are characterized by
platelike martensite with different percentages
of retained austenite and additional partially
undissolved carbides (Fig. 11a, 12b).

The changing of the T-t cycles with distance
from the surface affects the microstructure
(Fig. 12). The transformation products become
finer and are distributed less homogeneously,
and a change of the percentage of martensite mor-
phological variants occurs. At the transition from
the EBH layer to the base material, the material
is only partly austenitized, and nontransformed
ferrite and/or pearlite, or undissolved carbides,
appear beside newly formed martensite.
Pearlite-containing cast irons are also EB

hardenable by martensitic transformation of
the former pearlitic matrix (Fig. 12c). The
graphite is not transformed, but the carbon can
diffuse from the graphite into the ferrous matrix

at the edges of the graphite particles in spite of
the short temperature cycle. For former ferritic-
matrix areas, martensite forms along the border
between graphite and the ferrous matrix after
quenching. If a former pearlitic matrix is
enriched with carbon by diffusion out of the
graphite, martensite and retained austenite will
be present after quenching.

Surface Properties

Surface hardness is the parameter most com-
monly used to characterize the success of EBH.
In the vast majority of cases, this value will lie

Table 1 Selected steels suitable for electron beam hardening

Material Composition, wt%

AISI UNS No. DIN(a) C Si Mn P S Cr Mo Ni V

Carbon and low-alloy steels

1030 G10300 C30 0.27–0.34 �0.4 0.50–0.80 �0.045 �0.045 �0.40 �0.10 �0.40 . . .

1045 G10450 C45 0.42–0.50 0.17–0.37 0.50–0.80 �0.040 �0.040 �0.050 �0.10 �0.30 . . .
. . . . . . 30CrMoV9 0.26–0.34 �0.4 0.40–0.70 �0.035 �0.035 2.3–2.7 0.15–0.25 �0.6 0.1–0.2
. . . . . . 37MnSi5 0.33–0.41 1.1–1.4 1.1–1.4 �0.035 �0.035 . . . . . . . . . . . .

1039 G10390 40Mn4 0.36–0.34 0.25–0.5 0.8–1.1 �0.035 �0.035 . . . . . . . . . . . .

1340 G13400 42MnV7 0.38–0.45 0.17–0.37 1.60–1.90 �0.035 �0.035 �0.030 �0.10 �0.30 0.07–0.12
. . . . . . 55Cr 1 0.52–0.60 0.17–0.37 0.5–0.8 �0.035 . . . 0.2–0.5 . . . �0.30
4140 G41400 42CrMo4 0.38–0.45 0.17–0.37 0.50–0.80 �0.035 �0.035 0.90–1.20 0.15–0.25 �0.30 �0.06
. . . . . . 50CrV4 0.47–0.55 0.4 0.7–1.1 �0.035 �0.030 0.90–1.20 . . . . . . . . .

Tool steels

. . . . . . C70W1 0.65–0.75 0.10–0.30 0.10–0.40 �0.030 �0.030 . . . . . . . . . . . .

Wl T72301 C100Wl 0.95–1.04 0.15–0.30 0.15–0.25 �0.020 �0.020 �0.020 . . . �0.20 . . .

E52100 G52986 100Cr6 0.95–1.05 0.17–0.37 0.20–0.45 �0.027 �0.027 1.30–1.65 . . . �0.30 . . .
. . . A485 100CrMn6 0.93–1.05 0.45–0.70 1.0–1.2 �0.025 �0.015 1.40–1.65 . . . . . . . . .

Cold work tool steels

. . . . . . 75Cr1 0.70–0.80 0.25–0.50 0.50–0.80 �0.030 �0.030 0.30–0.40 . . . . . . . . .

O2 T31502 90MnV8 0.85–0.95 0.15–0.35 1.80–2.00 �0.030 �0.030 . . . . . . . . . 0.07–0.12
D2 T30402 X155CrVMo12-1 1.45–1.60 0.10–0.60 0.20–0.60 �0.030 �0.030 11–13 0.7–1.0 . . . 0.70–1.00
D3 T30403 X210Cr12 1.9–2.2 0.10–0.60 0.20–0.60 �0.030 �0.030 11–13 . . . . . . . . .

Hot work tool steels

L6 T61206 55NiCrMoV6 0.50–0.60 0.10–0.40 0.65–0.95 �0.030 �0.020 0.60–0.80 0.25–0.35 1.5–1.8 0.07–0.12
H11 T20811 X38CrMoV5-1 0.33–0.41 0.8–1.2 0.25–0.5 �0.030 �0.020 4.8–5.5 1.1–1.5 . . . 0.30–0.50
. . . . . . X42Cr13 0.36–0.42 �1.0 �1.0 �0.030 �0.030 12.5–14.5 . . . . . . . . .

Spring steel

1070 G10700 Ck67 0.65–0.72 0.25–0.50 0.60–0.80 �0.035 �0.035 �0.035 . . . �0.30 . . .

9255 G92550 55Si7 0.52–0.60 1.6–2.0 0.60–0.90 �0.025 �0.025 �0.4 �0.1 �0.4 . . .

(a) DIN, Deutsche Industrie-Normen

Fig. 10 Influence of transfer energy density, chemical
composition, and previous heat treatment on

electron beam hardening (EBH) depth for steels and cast
iron. H+T, hardened + tempered; SA, soft annealed

Fig. 11 Transmission electron microscopy images showing influence of carbon content on microstructure after
electron beam hardening. (a) Lathlike and (b) platelike martensite
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above that achieved with conventional harden-
ing methods, due to the finer microstructure.
The difference in hardness in comparison to
the tempered or hardened and annealed state
in Fig. 13 can be attributed to the fact that, in
the vast majority of cases, tempering is unnec-
essary after EBH. Exceptions include, in partic-
ular, materials with a high risk of crack
formation (such as, for example, 90MnCrV8
steel). Figure 13 shows that the abrasive wear
density, WR, correlates with the surface
hardness.
With respect to the particular conditions of

use, hardness is not, in many cases, a truly
meaningful term. To more comprehensively
classify the result of treatment, wear tests can
be used. They provide insight into the perfor-
mance characteristics of tribological systems.
Completely different wear mechanisms can

be addressed by contact fatigue and compres-
sive strength measurements. In both cases, a
metallic counterpart (e.g., a tool steel roller or
a carbide disc) moves against a wearing compo-
nent; that is, the conditions inside bearings are
simulated. As shown in Fig. 14, both para-
meters can be significantly improved through
EBH in comparison to conventional treatments.
The considerations thus far refer exclusively

to surface properties; however, this method
generally does not allow conclusions to be
drawn regarding the characteristics of the
EBH layer in its entirety, and certainly not
regarding the layer-matrix compound. As men-
tioned previously, different transformation pro-
cesses occur due to the temperature gradients

Fig. 12 Influence of chemical composition (carbon content) and previous heat treatment on transformation-depth profiles, hardness profile, and microstructure for (a) hypoeutectoid
steel, (b) hypereutectoid steel, and (c) cast iron. H+T, hardened + tempered; N, normalized; SA, soft annealed; LM, lathlike martensite; PM, platelike martensite; RA, retained
austenite; F, ferrite; P, pearlite; C, cementite; G, graphite

Fig. 13 Hardness and scratch energy density for different iron-base alloys. WR, abrasive wear density; H+A,
hardened + annealed; EBH, electron beam hardened

Fig. 14 Influence of (a) load conditions and (b) carbon content on fretting fatigue for different previous heat
treatments. H+T, hardened + tempered; EBH, electron beam hardened
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between the surface and the core, which pro-
duce different microstructures as a result. These
processes vary from material to material. Dif-
ferent properties and property gradients result.
The choice of EB parameters (temporal and
spatial energy input) is, of course, of significant
importance in this process.

Component Specifics

Electron beam surface-layer treatment is a
technological process in which—as with many
other processes, too—the characteristics of the
component (size, volume, mass, geometry, sur-
face contour, wall thickness) must be harmo-
nized with those of the process (restricted
energy-transfer area, irradiation conditions).
The effect of self-quenching is limited by the
component volume and the material thickness.
If the energy introduced cannot be removed
well enough or quickly enough, the component
heats up; that is, the surface-to-core tempera-
ture gradient becomes flatter, and the critical
cooling rate for the formation of martensite is
not reached (Fig. 15a).
The incidence angle of the EB is determined

by the component contour, and this angle deter-
mines the EBH depth via the angular dependen-
cies of the area projection ratio and the electron
backscattering. Without taking additional mea-
sures, the decrease in transformation depth amounts
to approximately 50% at an EB arrival angle of
�60� against the surface normal (Fig. 15b).

However, restrictions regarding the applica-
bility of EBHmay result especially from the cri-
terion that the EB must have preferably straight
access to the surface to be treated. In Fig. 16,
various surface contours are classified in terms
of their suitability for EBH. Interior contours
(e.g., drills) must have an aspect ratio (diameter
to depth) of �1 to be hardened by oblique
irradiation. Certain contours such as cutting
edges, thin walls, or undercuts make the config-
uration of the energy-transfer fields chall-
enging. The main issue in this respect is the
avoidance of local melting through overheating.
In such critical cases, the use of a temperature-
controlled power regulator proves to be extremely
helpful.
As outlined previously, EBH excels in pre-

cise control of the temperature-time regime,
localization, and the total amount of energy
transferred to the component. Thus, the thermal
EB treatment can be limited exactly to the
stressed surface regions of the component and
to the EBH depth, required by the load condi-
tions. In this way, the thermal effect can be
reduced considerably. Hence, the distortion of
components known from conventional heat
treatment is dramatically decreased in EBH
and lies within the usual production tolerance
limits.
Contrary to laser surface treatment, EBH

does not demand special surface preparation.
The EB does not require additional absorption
layers but can easily penetrate into metallic
bright as well as coated metallic material, even
at unfavorable incidence angles and through
thin oxidation or phosphatization layers, ther-
mochemically produced layers, and hard coat-
ings such as TiN, TiAlN, and CrN. Because of
the last-mentioned lower density of the layer
materials, electron absorption will even be
improved.

Surface smoothness is generally not critical.
For high roughness values, it is even possible
for smoothing to occur via melting of the
roughness peaks. For components that will not
be mechanically processed after EBH, it must
be considered, however, that the roughness
prior to the EB treatment is decisive for the
end result and that, in EBH, surface deforma-
tion occurs (depending on the depth of harden-
ing) on the micrometer scale up to a maximum
of 15 mm.
Material allowance for subsequent machin-

ing can thus be omitted or kept small. In
cases where very high requirements regard-
ing the dimensional tolerances are in place,
an oversizing of 0.1 mm (0.004 in.) is recom-
mended, which can simultaneously compen-
sate for the very small dimensional and shape
deviations that eventually occur during the EBH
process.
Components must be free from dirt, proces-

sing solutions, and preservatives. The removal
of such residues can be achieved by chemical
or mechanical means.

Electron Beam Facilities and
Manufacturing Systems with
Integrated EB Facilities

All EB facilities have the same basic techni-
cal design and consist of the following main
subassemblies and devices (Fig. 17):

� Electron beam generator
� Working chamber with operating system
� High-voltage generator
� Vacuum system for EB generator and work-

ing chamber

Fig. 16 Classification of contours with regard to electron beam hardening. (a) Most suitable. (b) Limited suitability.
(c) Unsuitable

Fig. 15 Influence of (a) angle of electron beam (EB)
incidence and (b) material thickness on the
electron beam hardening (EBH) depth
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� Cooling system for EB generator and vac-
uum system

� Computer numerical control (CNC) system
for beam control, power circuits, compo-
nents manipulation, and vacuum system

� Process observation and control (electron
optical monitoring) and/or optical system

The EB facilities (Fig. 18–20) and the
manufacturing system with integrated EB facil-
ity (layout depicted in Fig. 21) differ from each
other with respect to:

� Degree of flexibility: single- or multipurpose
facility

� Structural and technical configuration of the
working chamber: transfer facilities, lock-
type shuttle facilities, manufacturing systems,
specialized designs

� Number of generators: single- or multige-
nerator facility

The beam-generation system and the working
chamber are, vacuumwise, separated from each
other by a flow resistor (usually established by
the anode hole) and differentially pumped
because of the different pressure requirements.
The EB generator must be operated under high-
vacuum conditions (10�5 to 10�6 mbar) to protect
the hot cathodes against erosion and to prevent
high-voltage breakdowns. Depending on the
application, the working chamber with handling
systems is evacuated to a soft vacuum (10�2 to
10�3 mbar) or a high vacuum (10�5 to 10�6

mbar). For process observation and/or control,
EB facilities are equipped with optical and/or
electron optical monitoring systems.
The electron optical monitoring system uses

the fact that the number and main direction of
secondary and backscattered electrons depend
on the material and surface relief of the target
(Fig. 1, 4). With collectors placed beneath or
integrated into the EB generator, these charac-
teristics can be recorded in synchronization
with the EB while it is scanning the surface.
This imaging method has several advantages.
First, it is highly resistant to debris, that is,
condensed vapors or splashes created upon EB
action at the worksite; therefore, it is reliable
in long-term processes. Second, it eliminates
misalignment between the optically determined
position and the practical EB impact location
that magnetized components may cause. Third,
it shows not only outer contours but also the
contrast between different materials. Last, it
produces reflection-free images. In connection
with electronic image processing and control
systems, the electron collector signals can also
be used for process control.
There are two-step and single-step solutions

available for this task. During the former, the
component contour is determined by electron
optical imaging and displayed for the operator
or saved to the control system in a first step.
These (real-time or prerecorded) contour data
are used to adjust component manipulation
and beam guidance. In the second step, the
EB treatment occurs exactly in the desired sur-
face regions.

For the single-step process (CI technique), an
EB scan field suitable for observation advances
a following EBH field and registers a reference
contour, for example, an edge, and transmits its
position to the CNC. Magnetic declination and
edge displacements, for example, through dis-
tortion resulting from prior processing and/or
thermal expansion occurring during EB treat-
ment, can be compensated for by using this
method.
For each application, investment costs must

be balanced against productivity when choosing
the right concept of the EB facility or EB sys-
tem. This concerns the design of the EB facil-
ities on the one hand and the optimization of
technological process runs on the other. Com-
mon strategies are mainly focused on:

� Elimination of nonproductive evacuation
time (by minimization of chamber volume
or multichamber arrangements)

� Assurance of suitable throughput of compo-
nents (by adapted components handling/
beam power rating/deflection technology)

These concepts are particularly important in
the case of highly productive mass-production
facilities. For instance, designing so-called
zero-volume chambers that are fitted in size
and shape to a specific component makes sense
for single-purpose machines used in large-scale
production.
If, however, the treatment time is long com-

pared with the evacuation time, or if a big assort-
ment of different components is to be handled
(as in a job shop), larger single-chamber facil-
ities are preferred, which are less costly than
multichamber systems and offer a higher degree
of flexibility than zero-volume chambers.

Electron Beam Facilities

Electron beam facilities are operator- and
particularly environment-friendly because they
neither need harmful supply media nor produce
toxic waste. They also have outstanding high-
energy efficiency.

Fig. 17 (a) Basic configuration and (b) energy balance of an electron beam machine with 20 kW beam power output

Fig. 18 Universal-chamber electron beam machine
for hardening, welding, engraving, and

structuring. Chamber volume: 0.5 m3; beam parameters:
60 kV, 10 kW. Courtesy of FOCUS

Fig. 19 Load-lock cycle facility for hardening. Chamber
volume: 0.04 m3; beam parameters: 60 kV,
6 kW. Courtesy of PTR
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The EB machine shown in Fig. 18 is a
small universal chamber for microprocessing
and is used in job-shop production of small-
sized individual components or small series.
It can perform EB hardening, welding, struc-
turing, and engraving. The chamber is manu-
ally loaded, evacuated, and vented after the
process upon every exchange of components.
The evacuation times amount to approximately
0.5 to 2 min.
Single-purpose EB systems with more than

one vacuum chamber are used for increasing

the productivity in mass production. While
loading is carried out in one working chamber,
the EB operates in a second one (double-chamber
machine). After loading the first chamber and
finishing EB processing in the second cham-
ber, the beam is switched to the first chamber,
and so on. Other concepts with high producti-
vity are load-lock shuttle or load-lock cycle
and load-lock transfer facilities (Fig. 19) with
more than two chambers (one pre-evacuation
chamber in front of and another one behind
the working chamber).

Although they operate according to the same
basic principle, the two load-lock shuttle facil-
ities (Fig. 19, 20) can be differentiated accord-
ing to their chamber size and their component-
handling method. While the small machine
can only be loaded manually, the system shown
in Fig. 20 can also be loaded automatically. The
principle behind this system type is that differ-
ent process steps can be carried out simulta-
neously in an exactly timed regime. Carriages
on the preparation bed are loaded with compo-
nents. Another component carriage is located
in the prechamber for pre-evacuation up to
working pressure, while the EB components
undergo hardening in the working chamber.
After finishing the hardening process, the door
between the working chamber and the precham-
ber opens, and the component carriages are
exchanged. After the automatic closure of the
chamber door, the EB immediately begins to
harden the components. The prechamber is
vented and opened, and the carriage with the
processed components is removed from the pre-
chamber and exchanged with the fully loaded
carriage on the preparation bed. Then, the re-
filled prechamber is evacuated again. Depending
on chamber size (0.5 to 2.5 m3, or 18 to 88 ft3),
the unproductive time, during which the EB
is switched off, lies between 5 and 20 s. This
is markedly shorter than is the case for single-
chamber machines.

Manufacturing Systems with Integrated
EB Facility

For even higher EBH economic viability, EB
facilities can be integrated in fully automatic
manufacturing systems (Fig. 21). The compo-
nent handling can occur manually or automati-
cally. Then, the components pass through
stations for washing (preheating), EB treatment
(e.g., hardening, welding), cooling, quality con-
trol, and unloading. With systems of this com-
plexity, and depending on the size of the
components, the chamber size, and the harden-
ing task, cycle times between approximately
10 and 30 s can be achieved.
Although EB technology has reached a high

level of development, there is still huge innova-
tion potential. Concepts for numerous EBH
tasks are available, and new applications are
constantly being developed (see the section
“Applications” in this article).
It can be expected that new technologies and

customer needs will also trigger the design of
new EB systems and facilities in the future.

Applications

Characteristics

From both engineering and technological
standpoints and with respect to its economic
viability, experience to date has shown that

Fig. 21 U-type manufacturing system with integrated electron beam (EB) facility (layout) for welding or hardening
with integrated EB facility. Chamber volume: 0.6 m3 (21 ft3); beam parameters: 60 kV, 6 kW. Courtesy of
pro-beam

Fig. 20 Load-lock shuttle facility for hardening and welding. Chamber volume: 2 m3 (71 ft3); beam parameters:
60 kV, 10 kW. Courtesy of pro-beam
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EBH can compete well with other heat treat-
ment and surface treatment methods. Numerous
examples of the application of EBH have been
developed, and they are summarized in Table 2
according to their geometric characteristics.
For components that are geometrically sim-

ple and for surfaces that are, with respect to
their irradiation conditions, relatively uncom-
plicated to harden, the rapid processing speed
of EBH makes it especially attractive. For com-
plex component contours, the relative ease and
diversity of EB guidance and control is of great
benefit.
In the case of precision parts and slim or

thin-walled components, the low shape and/or
dimensional deviations typically met in EBH
can be decisive for its use.
Because EBH is inherently vacuum based

and has a short time-treatment process, decar-
bonization and oxidation are avoided. In this
way, EB-hardened components meet the high-
est surface-quality requirements.
Additional measures with respect to beam

guidance can expand the fields of application
of EBH. Magnetic beam-bending devices,
for instance, enable the hardening of surfaces
that are not directly accessible to a straight
beam. Even inside walls, for example, of
hollow cylinders, can be treated. Further
options include multifield beam-guiding techni-
ques and multiprocess technologies (Fig. 6).
The use of such technological solutions for
advanced beam guidance allows for highly
efficient realization of these modern surface-
treatment technologies.

Connecting Rods

Connecting rods are EB hardened using a CI
rotating monofield technique. Due to its asym-
metry and the relatively large diameter of the
surface to be hardened, a connecting rod, made
of C70 steel (Fig. 22b), is to be horizontally
fixed and centered with respect to the beam
generator (Fig. 22a). The ring-shaped face
region is locally treated by a rotating energy-
transfer field (Fig. 22a) and can be precisely
hardened locally without distortion (Fig. 22c).
In this EBH zone, hardness values reach

800 HV0.30. Due to the very limited local
EBH zone (Fig. 22c), very little energy is trans-
ferred to the component, which is minimally
heated. In the two crack-zone areas of the
connecting rod, the energy input is interrupted
twice over a beam path length of 2 mm
(0.08 in.) to avoid melting in this area. Such
peculiarities are with a view to beam-control
programming and are easy to implement. Con-
necting rods are produced very economically
in large-scale production. Treatment times are
5 s per component.

Pump Cams

Contrary to the EBH of connecting rods, in
the case of pump cams (Fig. 23a) the cam
(and not the CI monofield) moves around its
own rotational axis under a rectangular
energy-transfer field. The external contours of
the pump cam, made of a tempering steel
(51CrMo4), are first rapidly locally heated to
the austenitizing temperature and then hardened
(to approximately 800 HV0.30) by self-quench-
ing to a depth of up to 0.3 mm (0.012 in.),
defined by a hardness limit of 550 HV0.30
(Fig. 23b). The incidence angle of the EB at
and the distance of the surface from the beam
generator changes continuously during the
treatment. To adjust for a uniform EBH layer
thickness over the entire hardening area, the rota-
tional speeds and/or the beam current along the
contour of the cam are continuously adjusted. Pro-
gramming of the EB parameters (beam current,
rotation velocity) in the area of the drill poses an
additional challenge (Fig. 23a).
Using this treatment variation, a softened

slope zone is unavoidable (Fig. 23d). However,
this overlapping area can be located on the
flank of the cam, apart from the radius, where
the highest load occurs. The decrease in hard-
ness in this narrow (approximately 0.5 mm, or
0.02 in.) zone is equivalent to a maximum
50% of the surface hardness (Fig. 23c) and is
not of importance for this component. Special
programming solutions, such as soft-zone opti-
mization with respect to the load profile, can
also be used, thus avoiding soft zones in the
slope area.

Camshafts

Camshafts with different design concepts
(solid, hollow, or assembled) and made of dif-
ferent materials (steel or cast iron) can be EB
hardened using the CI multifield technique for
energy transfer during rotation of the cam shaft.
Generally, cam shafts are made of unalloyed or
low-alloyed steels (e.g., C55, 51CrV4, 42CrMo4).
However, EB hardening is also used for camshafts
made of nodular cast iron, such as EN-GJS-600.
In the case of assembled cam shafts, the cams
are made of 100Cr6 steel.
The EBH process is comparable with that of

the pump cam described previously. It is a
peculiarity of EBH of camshafts that, if neigh-
boring cams have similar angular orientation
and if the axial gap between them is not too
wide, a CI technique with two energy-transfer
fields side by side can be applied. In this way,
one can treat both cams simultaneously and
nearly double the process productivity.
Because the surface deformation of different

materials is very small (4 to <10 mm), it is not
necessary to employ a grinding process after
EB treatment, although a finishing process is
carried out in most cases.
An advantage of the EBH process is that the

thickness of the hardened layer can be varied
depending on the load conditions around the
cam contour (e.g., for cams, 0.4 + 0.1 mm, or
0.016 + 0.004 in.; for bearings, 0.2 + 0.1 mm,
or 0.008 + 0.004 in.) (Fig. 23a). The layer
thickness can be reduced in contour segments
with lower loading (e.g., flanks). In the more
highly loaded radius areas, the EBH-layer
thickness must be higher. Consequently, the
heat transfer into the camshaft can be mini-
mized, which is important with regard to tem-
pering effects and possible deformation of the
camshaft. It should be mentioned that the
EBH process effects no distortions of the shaft,
so that the EBH process can be realized as the
last production step. For particular precision
requirements, a finishing step (removing 3 to
4 mm) must be added.

Table 2 Examples of electron-beam-hardened components

Basic geometrical shape Selected examples

Plane surfaces Bearing pads, face plates, rolling guide elements, machine beds, guide grooves of various
components, grapple bars, jaws, guide rails, stop bars, fixing plates, gripper bars, webs,
work holders

Cylindrical components:
Circumference plane

Quills, shafts (Fig. 24), rollers, guides, rods, machine tapers, cam rings, wire-drawing
drums, support rings, valve rings, screw sleeves, molds, cam disk, bushings, crankshafts,
brake drums, pump cams (Fig. 23), thread rings, pins, stator shafts, wheel drivers, folding
rollers, car pins, rotors, slotted shaft (Fig. 26)

Face plane Pressure rings, seat rings, guide bars, front and teething rings, connecting rods (Fig. 22),
pressure pins, curved segments, armature contact faces, lock bolt, track rings, guide
rings, injector boxes (Fig. 25), spur gearing rings

Spatially-curved surfaces Cam plates, driving links, kneader blocks, screw sleeves, extruder screws, lift bars, lock
components, glass molds, mold components, slewing shaft

Cutting edges (tools) Cutting heads, drilling heads, cutting blades, mill disks, wipers, stator knives, propeller
knives, slicer knives, ploughshares, activated blades, mill blades

Fig. 22 (a) Electron beamhardening (EBH)with rotating
energy-transfer field (continuous-interacting

monofield technique) of (b) connecting rods. (c) Hardened
zone
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Shafts

The EBH process with the CI multifield tech-
nique was used, for example, for a shaft made
of 51CrV4 steel (Fig. 24a). To protect the run-
ning surfaces from wear, all three peripheral
contact areas were EB hardened simultaneously
in one cycle and over the entire circumference
(Fig. 24a). The unavoidable small soft slope
zone can be positioned at a chosen point above
the circumference. In the given application,
however, this is not a matter of importance.
Electron beam technology solves this hard-

ening task much more economically than any
other surface heat treatment technology. The
technological cycle time of EBH takes up
to 6 s per component. Because the shaft will
experience only low stresses in operation,
the depth of hardening can be restricted to
approximately 0.3 mm (0.012 in.). This keeps
the heat load to the component low and pre-
vents distortion. Therefore, reworking is not
required.

Valve Seats

Another example from the automotive indus-
try is EBH of valve seats in cast iron (EN-GJS-
600) diesel cylinder heads. The main challenge
posed by this task is in minimizing the distor-
tion of the cylinder head to avoid subsequent
rework (grinding). This could be achieved
using EB flash technology in combination with
a ring-shaped EB flash energy-transfer field as
an alternative to induction hardening. It was
possible to treat a four-valve, six-cylinder head
in 60 s. It is an additional advantage of EBH
that no quenching media are required, thanks
to the self-quenching effect. The short-cycle

energy transfer can be performed with high
energy density in these contact areas, but it is
realized with minimum heat transfer into the
surrounding material. To confine the hardened
zone to the valve seat, exact positioning of the
ring-shaped energy-transfer field is necessary.
This adjustment is carried out by means of elec-
tron optical monitoring and the process-control
system during the first 0.25 s of the initial heat-
ing phase. In this short time interval, the tem-
perature in the energy-transfer area is still
below the transformation temperature to austen-
ite. Austenite formation and subsequent harden-
ing occur only in the area that is further heated
by the aligned beam, that is, in the desired hard-
ening zone.
Enabled by the described self-positioning of

the EB to the valve seat, this EBH technology
is flexible with regard to the various geometri-
cal conditions or manufacturing tolerances of
different cylinder heads.

Injector Boxes

The monoflash hardening method of valve
seats described previously can be varied by
introducing a multipulse flash technique. Here,
the total energy required is transferred by a
series of short pulses (Fig. 25d). This has the
advantage that, despite the short exposure time
related to an individual pulse (typically 0.3 s),
the energy transfer occurs in a moderate man-
ner, because programmed pauses between the
pulses offer enough time for heat propagation
into the material body, thus preventing unde-
sired surface melting (Fig. 25d).
This processing variant was applied to the

EBH of injector boxes (Fig. 25) made of
42CrMo4 steel. Regardless of the small volume

of this component (Fig. 25b), relatively thick
EBH layers of 0.8 mm (0.03 in.) (Fig. 25c)
could be realized using 0.3 s pulses and
0.15 s pauses (Fig. 25d). The EB interaction
time was 1.35 s, and the resulting process
period (including the self-quenching phase)
was approximately 2 to 3 s. Aided by pyromet-
ric control (Fig. 25a), surface melting of the
contact area of the injector box could be
excluded.

Slotted Shafts

The EBH of slotted shafts (Fig. 26a) was per-
formed using the monoflash multifield tech-
nique. The component was made of 42Mn7
steel. The contact surfaces in the slots (marked
in the cross section in Fig. 26b) must be pro-
tected against wear. The hardening occurs
through the simultaneous action of three adja-
cent rectangular energy-transfer fields. The
energy density distribution in each field was
adjusted to compensate for the different beam
incidence angles, reaching up to 60� for the
outer fields (Fig. 26a). The result is a constant
EBH depth of 0.5 mm (0.02 in.) along the entire
slot length (Fig. 26b). Due to the localized and
balanced heat input and thanks to the advan-
tages of self-quenching, hardening-related
deviations in shape and dimensions lie within
range of the manufacturing tolerances; that is,
there is a de facto absence of distortion.
Although 12 (4 � 3) contact surfaces must be
treated per component, the technological total
treatment time for EBH, including positioning,
requires only up to 8 s, and the production
(cycle) time is approximately 14 s per compo-
nent. In this way, an annual production quantity
of more than 1 million components can be pro-
duced with a suitably designed and dedicated EB
system.

Fig. 24 (a) Electron beam hardening of a shaft with the
continuous-interacting multifield technique.
(b) Cross section of hardened layers

Fig. 23 (a) Electron beam hardening of pump cams with the continuous-interacting monofield technique.
(b) Hardness depth profile. (c) Hardness mapping in the slope area. (d) Microstructure of slope area
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Laser Surface Hardening
Soundarapandian Santhanakrishnan, Indian Institute of Technology Madras
Narendra B. Dahotre, University of North Texas

THE MANUFACTURING COST, energy
consumption, and service life of components
and tools are major concerns to any industry. In
this endeavor, laser manufacturing has become
a state-of-the-art technology. This technology
provides a clean manufacturing environment
resulting in superior-quality products. A brief
timeline of laser technology development is sum-
marized in Table 1 (Ref 1). Today (2013), laser
beam emission ranges from ultraviolet to infrared
wavelengths (191 to 10,600 nm). Depending on
the active medium used and its physical charac-
teristics, industrial lasers are classified by the type
of active medium: solid state, gas, and liquid
(Table 2, Ref 2). Lasers are used in several fields
of applications, such asmeasurement and quality-
control tools, nano-macro materials manifesta-
tion, biomedical, and so on. Among these, laser
materials processing, such as heat treatment,
cladding, alloying, and hard facing, is among
the fastest growing fields (Fig. 1).
Each year, several billion dollars are spent

in the defense, nuclear, automotive, aerospace,
and ship-building industries to repair or
replace high-value components (Ref 3, 4). To
save money, material, manpower, and time,
laser surface hardening (LSH) is used on
high-value parts to repair instead of replace,
thereby extending service life (Ref 5). Laser
surface hardening offers many advantages over
conventional techniques (physical vapor depo-
sition, chemical vapor deposition, sputtering,
sol-gel); localized/bulk surfaces with superior
surface resistance properties (wear, fatigue,
corrosion, fracture, erosion, heat) can be
obtained. Laser surface hardening is a noncon-
tact process that in turn provides a chemically
inert and clean environment as well as flexible
integration with operating systems. High vol-
ume of production with superior surface qual-
ity and reasonable manufacturing cost are the
foremost advantages.

Conventional Surface-Hardening
Techniques

For several decades, many conventional sur-
face-hardening techniques have been used to
enhance the surface and mechanical properties

of ferrous and nonferrous alloys. Various con-
ventional surface-modification techniques are
discussed extensively in the following sections
(Fig. 2).

Physical Vapor Deposition

Physical vapor deposition (PVD) is a thin-film
atomizing deposition process. In this process,
material in the form of vaporized plasma-state
atoms or molecules is injected in and under a
pressured chamber; the plasma particles deposit
on the cold substrate, forming a thin film on it.
Normally, the film thickness varies from few
nanometers to micrometers. However, in some
circumstances, multilayer functionally graded
films near half a millimeter can also be obtained.
A small-to-large area (more than 10 m2) with
complex-shaped substrates (glass, metals, tool
bits) can be deposited using different elements,
alloys, and compounds (TiN, TiC) at a deposition
rate of 1 to 10 nm2/s.

Chemical Vapor Deposition

Chemical vapor deposition (CVD) is a pro-
cess to continually deposit the atoms or mole-
cules of a chemical vapor precursor species on
the substrate. This process is often accom-
plished under a hydrogen-base atmosphere at
an elevated temperature. The deposited material
may react with other gaseous species in the sys-
tem to yield by-products such as oxides and
nitrides. Chemical vapor deposition processing
is generally accompanied by volatile-reaction
by-products and unused precursor species with
deposition rates of 5 to 100 nm2/min. The advan-
tages and disadvantages of PVD and CVD are
illustrated in Fig. 3.

Sputter Deposition

Sputtering is the process whereby atoms or
molecules of a material are ejected (or vapor-
ized) due to the momentum transfer from an
atomic-sized energetic bombarding particle
impinging on the target surface (Ref 6). These
vaporized particles will then condense upon
and coat a substrate material. Typically, sput-
tering is performed using gaseous ions from

plasma that are then accelerated and directed
toward the target. The system uses plasma pro-
duced and controlled by magnetron guns. For
sputtering to be a useful coating process, a
number of criteria must be met. First, ions of
sufficient energy must be created and directed
toward the surface of a target to eject atoms
from the material. Second, ejected atoms must
be able to move freely with little impedance
toward the object to be coated. In this, low
pressures are required to maintain high ion
energies and to prevent too many atom-gas col-
lisions after ejection from the target. Sputtering
is a high-rate vacuum coating technique for
depositing metals, alloys, and compounds onto
a wide range of materials with thicknesses up
to approximately 5 mm (0.2 mil). It exhibits
several important advantages over other vac-
uum coating techniques, which has led to the
development of a number of commercial appli-
cations ranging from microelectronics fabrica-
tion to simple decorative coatings (Ref 6).

Ion Plating

Ion plating uses continuous or periodic bom-
bardment of atomic-sized energetic particles to
deposit a thin film on a substrate. The energetic
particles used for bombardment are usually ions
of an inert or reactive gas. It can be done in
either a plasma environment or a vacuum envi-
ronment. By using a reactive gas in the plasma,
films of compound materials can be deposited.
Ion plating can provide dense coatings at rela-
tively high gas pressures, where gas scattering
can enhance surface coverage. Ion plating is
used to deposit hard coatings of compound
materials, adherent metal coatings, optical coat-
ings with high densities, and conformal coat-
ings on complex surfaces. Thin-film deposition
for optical and electronic devices and corrosion
and wear resistance are primary applications.

Electroplating, Electroless Plating, and
Displacement Plating

Electroplating is the deposition on the cath-
ode of metallic ions from the electrolyte of an
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Table 1 Timeline of laser technology development

Year Event

1916 Albert Einstein proposes stimulated emission
1928 Indirect evidence for stimulated emission reported by

Rudolf Ladenburg
1940 Light amplification by stimulated emission proposed by

Valentin Fabrikant
1951 Stimulated emission at 50 kHz observed by Edward Purcell and Robert

Pound, Harvard
1954 Charles Townes and James Gordon produce first microwave maser at 24

GHz at Columbia University
Summer 1957 Townes starts investigating optical maser
October 1957 Townes talks with Gordon Gould about optical pumping

and optical maser
November 1957 Gould coins the word laser and proposes Fabry-Pérot resonator in first

notebook
December 1958 Townes and Arthur Schawlow publish detailed optical maser proposal in

Physical Review
1959 Advanced Research Projects Agency issues $999,000 contract to TRG Inc.

to develop laser based on Gould proposal
May 1960 Theodore Maiman demonstrates ruby laser at Hughes

Research Labs
Summer 1960 TRG Inc. and Bell Labs duplicate ruby laser
July 1960 Headlines announce laser discovery, predict uses from communications to

weapons
November 1960 Peter Sorokin and Mirek Stevenson, IBM, make first four-level solid-state

laser, uranium in CaF2
December 1960 Ali Javan, William Bennett, and Donald Herriott of Bell Labs

make helium-neon laser, the first continuous-wave laser and the first
gas laser

1961 First neodymium laser in calcium tungstate, Leo Johnson and Kurt Nassau,
Bell Labs

1961 First neodymium-glass laser, Elias Snitzer,
American Optical

1961 Second harmonic of ruby generated by Peter Franken
1961 Trion Instruments founded in Ann Arbor, MI, to

make lasers
1961 Quantatron founded by Maiman to make lasers; later

becomes Korad
November 1961 Ruby laser repairs detached retina in first patient at Harkness Eye Institute

in New York
1962 Red helium-neon laser invented by Alan White and Dane Rigden, Bell

Labs
1962 First semiconductor diode laser, Robert Hall, GE

Research and Development Labs, followed in weeks
by three other groups

1962 Spectra-Physics and Perkin-Elmer introduce $8000 infrared
helium-neon laser in March; sales take off when they introduce red
version in autumn

1962 Lawrence Livermore National Laboratory forms groups to study prospects
for laser fusion

1962 Air Force Chief of Staff Gen. Curtis LeMay praises prospects for laser
nuclear defense

1963 Herbert Kroemer proposes heterostructures to improve diode lasers.
Zhores Aleferov and Rudolf Kazarinov at Ioffe Institute in Russia file
patent on double-heterostructure laser

1963 First ion laser demonstrated in mercury by Earl Bell at
Spectra-Physics

1963 Nitrogen laser invented by H.G. Heard
1964 Snitzer demonstrates first fiber amplifier
1964 William Bridges discovers pulsed argon-ion laser at Hughes; Eugene

Gordon develops continuous-wave argon at Bell
1964 First three-dimensional laser holograms displayed by Emmett Leith and

Juris Upatnieks
1964 Kumar Patel makes CO2 laser at Bell Labs
1964 Joseph Geusic and LeGrand Van Uitert make first Nd:YAG

laser at Bell
1965 Kumar Patel reaches 200 W continuous wave from CO2 laser
1965 Coherent Radiation founded to manufacture CO2 lasers
1965 William Silfvast and Grant Fowles make helium-cadmium laser
1965 J.V.V. Kasper and George C. Pimentel make first chemical

laser, HCl
1965 Coherent anti-Stokes Raman spectroscopy demonstrated by Robert

Terhune at Ford
1966 Peter Sorokin makes first dye laser at IBM; Fritz P. Schaefer independently

invents dye at Max Planck Institute
1966 Charles Kao and George Hockham propose communications through low-

loss, single-mode optical fibers
Source: Ref 1 (continued)

Table 1 (Continued)

Year Event

1966 Ed Gerry and Arthur Kantrowitz invent gas-dynamic CO2 laser, which
eventually reaches hundreds of kilowatts

1967 Dye laser tuned for the first time by Bernard Soffer and B.B. McFarland at
Korad

1967 Jack Dyment develops stripe-geometry diode laser
1968 Argon-laser treatment of diabetic retinopathy developed by Francis

L’Esperance, Eugene Gordon, and Ed Labuda
1969 Ruby laser pulses range the moon by bouncing off retroreflector placed by

Apollo 11 astronauts
1970 Nikolai Basov of Lebedev Institute reports pulsed ultraviolet lasing by

xenon excimers
1970 Zhores Alferov demonstrates first room-temperature continuous-wave

diode laser
1970 First low-loss optical fiber made by Robert Maurer, Donald Keck, and Peter

Schultz at Corning
1970 Ben Snavely demonstrates continuous-wave dye laser at Kodak
1971 Rudolf Kazarinov and R.A. Suris propose concept behind quantum cascade

laser
1972 Erich Ippen and Charles Shank produce 1.5 ps pulses
1974 First laser scanner demonstrated in a supermarket
1974 Rare-gas halide excimer lasers invented; several types demonstrated
1974 Two-photon Doppler-free spectroscopy developed independently by

Theodor Hänsch at Stanford and David Pritchard at Massachusetts
Institute of Technology

1976 Bell Labs’ accelerated aging tests predict million-hour lifetimes for GaAs
diode lasers

1976 J. Jim Hsieh operates InGaAsP diode emitting at 1.25 mm at room
temperature

1977 John M.J. Madey operates first free-electron laser oscillator
1978 MCA-Philips begins test marketing helium-neon laser player of 12 in.

videodisks
1979 Philips shows prototype compact disk player
1980 Bell announces plans for TAT-8, first transatlantic

fiber-optic cable
1980 Supermarket scanners become common
1982 Peter Moulton develops titanium-sapphire laser
1982 Audio compact disk players introduced in Japan
1983 Ronald Reagan launches Strategic Defense Initiative
1984 First commercial diode-pumped neodymium lasers emit 100 mW

continuous wave
1985 Spectra Diode Labs introduces 200 mW array of ten continuous-wave

GaAlAs diode laser stripes
1985 Sony makes continuous-wave AlGaInP diode emitting

at 671 nm in red
1985 First room-temperature vertical cavity surface-emitting laser by

Kenichi Iga
1986 David Payne makes erbium-fiber laser tunable across 25 nm

near 1535 nm
1987 Payne reports 26 dB gain at 1536 nm in erbium-doped

fiber amplifier
1987 Pulses from dye laser compressed to 6 fs by Richard

Fork at Bell
1988 TAT-8, the first transatlantic fiber cable, is completed
1989 Spectra Diode Labs produces 76 W continuous wave from

1 cm diode array
1989 Isamu Akasaki demonstrates blue light-emitting diode of GaN
1994 Nichia Chemical offers 450 nm nitride light-emitting diodes with 2%

electrical conversion efficiency
1994 Federico Capasso at Bell Labs demonstrates quantum

cascade laser
1995 Pulse length of titanium-sapphire reaches 8 fs
1996 Shuji Nakamura of Nichia reports first blue diode laser, made

from InGaN
2000 Titanium-sapphire pulses compressed to 5 fs
2000 Peak of technology stock bubble; the American stock exchange

NASDAQ exceeds 5000 during the 2000 Optical Fiber Communication
Conference and Exposition. In March 2002, TAT-8 submarine cable
retired after failure because its capacity was too small to justify the cost
of repairs.

2004 Ozdal Boyraz and Bahrom Jalali, first silicon Raman laser at the University
of California, Los Angeles

2006 John Bowers, first silicon laser
2007 John Bowers and Brian Koch, first mode-locked silicon

evanescent laser
2010 First 10 petawatt laser at Lawrence Livermore

National Laboratory
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electrolysis cell. Chromium, nickel, zinc, tin,
indium, silver, cadmium, gold, lead, and rho-
dium elements are commercially deposited
from aqueous solutions. Some alloy composi-
tions, such as copper-zinc, copper-tin, lead-
tin, gold-cobalt, tin-nickel, nickel-iron,
nickel-phosphorus, and cobalt-phosphorus,
are also commercially deposited. Conductive

oxides, such as PbO and CrO3, can also be
deposited by electroplating. Typically, the
anode of the electrolytic cell is of the material
being deposited and is consumed in the depo-
sition process. In some cases, the anode mate-
rial is not consumed, and the material to be
deposited comes only from the electrolyte
solution. In electroless or autocatalytic

plating, no external voltage/current source is
required. The voltage/current is supplied by
the chemical reduction of an agent at the
deposit surface. The reduction reaction is
catalyzed by a material, which is often
boron or phosphorus. Materials that are com-
monly deposited by electroless deposition are
nickel, copper, gold, palladium, platinum, sil-
ver, cobalt, and nickel-iron alloys. Displace-
ment plating is the deposition of ions in
solution on a surface, and it results from the
difference in electronegativity of the surface
and the ions.

Laser Surface Hardening

The use of lasers to modify the surfaces of
metals in order to increase the resistance of
heat, wear, corrosion, and erosion has signifi-
cant growth potential for manufacturing
industries. In LSH, higher heating and cooling
rates of 108 to 1010 oC/s are involved to mod-
ify the surface and mechanical properties of
the metallic components. These higher heat-
ing and cooling rates could generate superior
microstructures and excellent surface and
mechanical properties. Laser surface harden-
ing has demonstrated its capability to tailor
properties of a surface locally as well as in
bulk (Ref 7, 8).
Majumdar and Manna (Ref 9) reported that

the power density of the laser and its interac-
tion time with the material determines the
heating and cooling cycle (Fig. 4). The heating
and cooling frequency and duty ratio deter-
mine the final microstructure of the laser-
treated surface. The final microstructure
determines the mechanical and surface proper-
ties of the components. The laser materials
processes are divided into three categories
based on the ratio of the power density
with respect to the interaction time: heating
(without melting/vaporizing), melting (no
vaporization), and vaporization. Surface-
transformation hardening requires low-power
density to avoid surface melting. High peak
power density is required to perform the sur-
face melting, cladding, alloying, and hardfa-
cing processes. High power density within a
short interaction time is required to perform
the cutting, deep drilling, and other similar
machining operations.
In general, laser surface modification is clas-

sified into the following five categories: laser
surface heat treatment, laser surface melting
(skin melting or glazing), laser direct metal
deposition (cladding, alloying, and hardfacing),
laser physical vapor deposition, and laser shock
peening. In laser surface heat treatment, no
melting takes place, whereas in laser surface
melting, a thin surface layer of the workpiece
is melted, and, as a result of the rapid quench-
ing, a harder and more wear-resistant structure
is obtained. In laser deposition, a second

Table 2 Types of industrial lasers

Type of laser Wavelength, nm Pump source

Solid-state lasers(a)

Nd:YAG 1064 Flashlamp, laser diode
Ruby 694 Flashlamp
Nd:glass 1062 Flashlamp, laser diode
Alexandrite 700–820 . . .
Titanium-sapphire 700–1100 Other laser
Er:YAG 2940 Flashlamp, laser diode
Nd:YLF 1047 Flashlamp, laser diode

Gas lasers

HeNe 632.8 . . .
Argon 488, 514.5 . . .
Krypton 520–676 . . .
HeCd 441.5, 325 . . .
CO2 10600 Transverse (high-power) or longitudinal

(low-power) electrical discharge
CO 2600–4000 and 4800–8300 Transverse (high-power) or longitudinal

(low-power) electrical discharge
ArF 191 . . .
KrF 249 . . .
XeCl 308 . . .
XeF 351 . . .
Copper vapor 510.6, 578.2 . . .
Gold vapor 628 . . .

Semiconductor lasers

InGaAs 980 . . .
AlGaInP 630–680 . . .
InGaAsP 1150–1650 . . .
AlGaAs 780–880 . . .

Liquid dye lasers

Rhodamine 6G 570–640 . . .
Coumarin 102 460–515 . . .
Stilbene 403–428 . . .

(a) YAG, yttrium-aluminum-garnet; YLF, yttrium-lithium-fluoride. Source: Ref 2

Fig. 1 Laser surface-hardening techniques
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material is applied to the surface and melted by
the laser beam, either to alloy with a thin sur-
face layer of the substrate or to metallurgically
bond to the substrate. However, in laser physi-
cal vapor deposition, the second material is
applied in vapor form, and no melting takes
place. Laser shock peening, however, generates
shock waves, which induce compressive resid-
ual stresses on the surface of the material and
so alter its properties.

Absorptivity

Laser radiation can be described as electro-
magnetic waves, which comprise electric (E)
and magnetic (H) field vectors. Absorption of
light results predominantly from the interaction
of electromagnetic radiation with the electrons
(either free or bound) of the material. When the
electromagnetic radiation passes over the elec-
tron, it exerts a force and sets the electrons into
motion by the electric field of the radiation
(Ref 2). The force exerted by the electromagnetic

Fig. 3 Advantages and disadvantages of physical and chemical vapor deposition processes. HT-CVD, high-
temperature chemical vapor deposition; MT-CVD, mid-temperature chemical vapor deposition; PA-CVD,
plasma-assisted chemical vapor deposition. Source: H. G. Prengel et al., 1998

Fig. 2 Conventional surface-hardening techniques
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radiation on the electron can be expressed as:

F ¼ eEþ e
v

c
� H

� �
(Eq 1)

where v is the velocity of the electron, and c is
the speed of light. If it is considered that
the electric and magnetic field carry the
same amount of energy, then, according to
Eq 1, the contribution of magnetic field to the
force is smaller than that of the electric field
by a factor of the order of v/c. Hence, the
most significant term in Eq 1 is eE. The
absorbed radiation thus results in increasing
the total energy of the charged particles, such
as kinetic energy of the free electrons, excita-
tion energy of the bound electrons, and so on.
Once excited, charged particles spontaneously
relax down to a lower energy level, thereby
releasing energy radiatively, translating in at
least partial heat. Hence, the absorption
process is sometimes referred to as the second-
ary source of energy inside the material and
is used to determine the extent of various
effects on the material during laser-material
interactions.
The absorption of laser radiation in the mate-

rial is generally expressed in terms of the Beer-
Lambert law (Ref 10):

I zð Þ ¼ Ioe
�mz (Eq 2)

where Io is the incident intensity, I(z) is the
incident intensity at depth of penetration of z,
and m is the absorption coefficient. Thus, the
intensity of the laser radiation becomes attenu-
ated inside the material. The length over which
the significant attenuation of laser radiation
takes place is often referred to as the attenua-
tion length (L) and is given by the reciprocal

of the absorption coefficient:

L ¼ 1

m
(Eq 3)

For a strongly absorbing material, the absorp-
tion coefficients are in the range of 105 to
106 cm�1, such that the attenuation lengths are
in the range 10�5 to 10�6 cm (Ref 11).
Laser surface hardening needs lower power

density with smaller interaction time com-
pared to welding and cutting processes. For
power densities less than 105 W/cm2, a major-
ity portion (�90%) of the incident infrared
energy is reflected away from the laser-
material interaction zone (Ref 12). Therefore,
in practice, it is essential to apply a black coat-
ing on the substrate surface to enhance effec-
tive absorptivity. Without such a coating,
only a small fraction of the laser beam
energy will be conducted into the bulk sub-
strate material, thus failing to acquire the
desired surface temperature. Absorptivity is
therefore one of the most important para-
meters directly influencing the LSH process.
Although much research on absorptivity
has been reported in this regard (Ref 12), it is
very difficult to determine an accurate
absorptivity because it depends on many para-
meters, such as surface roughness, irradiation
angle, and surface coating. The absorptivity
(A = (LA � LR)/LA) is derived from the
applied laser energy (LA) and the reflected
energy (LR). The ability of the material
surface to radiate energy is known as emissiv-
ity (e), expressed as a function e = f (l, T, t) of
the wavelength of the laser (l), temperature
(T ), and time (t) (Ref 13). The emissivity
values of different metals are summarized
in Table 3.

The laser energy absorbed by the material
during the laser-material interaction is con-
verted into heat by degradation of the ordered
and localized primary excitation energy. The
typical overall energy relaxation times are
of the order of 10�13 s for metals (10�12 to
10�6 s for nonmetals). The conversion of light
energy into heat and its subsequent propagation
by conduction into the material, convection,
and radiation in the surrounding atmosphere
controls the temperature distribution in the
material. Depending on the magnitude of the
rise in temperature, heating, melting, and
vaporization can occur. Furthermore, the
ionization of vapor during laser irradiation
may lead to generation of plasma. In addition
to the thermal effects, the laser-material
interactions may be associated with photochem-
ical processes such as photoablation of the
material.
The laser light intensity can be produced

with different spatial transversal and longitudi-
nal distribution patterns within the beam. These
are called transverse electromagnetic modes
(TEMmn), characterized by integer indices m
and n. TEM00 represents a Gaussian mode
beam. Higher-order modes TEMmn with m
and/or n greater than zero are less focusable
than Gaussian modes.

Laser Scanning Technology

In LSH, the focal beam spot geometry and its
energy distribution are very important to obtain
a desired heating and cooling rate, which in

Fig. 4 Chart of laser power density and beam interaction time for various laser applications

Table 3 Emissivity values of different
metals at 100 �C (212 �F)
Material Surface condition Emissivity

Aluminum As-received plate 0.09
Aluminum Oxidized 0.2
Aluminum Polished 0.05
Aluminum Rough 0.07
Brass Oxidized 0.61
Brass Polished 0.03
Chromium Polished 0.1
Copper Oxidized 0.7
Copper Polished 0.03
Granite Polished 0.85
Granite Rough 0.88
Iron, cast Oxidized 0.64
Iron, cast Polished 0.21
Iron and steel Hot rolled 0.6
Iron and steel Oxidized 0.6
Iron and steel Polished 0.07
Iron and steel Galvanized 0.07
Magnesium As-received plate 0.18
Magnesium Polished 0.07
Nickel Polished 0.05
Nickel Oxidized 0.37
Silver Polished 0.03
Stainless steel Polished 0.18
Stainless steel Oxidized 0.85
Titanium Polished 0.15
Stainless steel Oxidized 0.40
Zinc Oxidized 0.11
Zinc Polished 0.05

Source: Ref 14
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turn generates the specified microstructure and
surface properties (Ref 15). In general, a circu-
lar laser beam spot with Gaussian energy distri-
bution is used for melting-based microstructure
and chemical compositional transformed hard-
ening processes (laser cladding, laser alloying,
laser hardfacing). A rectangular or square laser
beam spot with uniform energy distribution
(top-hat intensity distribution profile) is used
for nonmelting processes (laser annealing, laser
transformation hardening, laser shock peening)
where microstructure changes occur (Ref 12, 16).
The quality of the TEMmn laser beam is quanti-
fied as a factor K (Ref 16). For example, in the
case of TEM00 (Gaussian) K = 1, this K value
decreases for higher TEM modes (K = 0.57 for
TEM01). Sheikh and Li (Ref 15) have designed
various nonconventional beam geometry, such
as circular (C), rectangular-short (RS), rectangu-
lar-long (RL), triangular-forward (TF), and trian-
gular-reverse (TR), and the maximum obtained
heating and cooling rates (HR/CR) were given
as the sequence of HR/CR = C > TR > RL >
TF > RS. Several custom-designed optical sys-
tems (peritech, SCANLAB, and so on) are com-
mercially available to tailor the laser beam spot
geometry and energy distribution (Ref 17). By
using a scanning technology with optical beam
expander, any specific laser beam spot geometry
and energy distribution can be obtained, allow-
ing a single laser system to be used for multiple
applications (Fig. 5).

Laser Annealing

Laser annealing is a nonmelting process where
an epitaxial regrowth of thin defective or amor-
phous layers are formed (Ref 18). The trans-
formation of small-grain polycrystalline or
amorphous layers into large-grain crystalline
material is due to laser-induced recrystallization.
The advantages of laser annealing are short

processing time and better process control, good
surface crystallinity of laser-recrystallized mate-
rials, the process temperature is well below melt-
ing and therefore the outcome is solid-phase
transformation, and its velocity is more than sev-
eral meters per second. Toyserkani and Khaje-
pour (Ref 18) mentioned that substrate
preheating is advantageous to obtain the specified
phase at lower laser-light intensities. Previous
studies (Ref 19, 20) demonstrated laser-induced
recrystallization was achieved for a large number
of materials (aluminum, copper, nickel, etc.).
After laser-induced recrystallization, corrosion
and wear resistance improved. Katakam et al.
(Ref 21) demonstrated the site-specific stress-
induced selective nanocrystallization in laser-
processed amorphous Fe-Si-B alloy. The mecha-
nism was attributed to the enhanced diffusivity at
the edges of the laser track due to a reduced diffu-
sion activation barrier. A homogeneously devitri-
fied nanocrystalline microstructure at the
interface and predominantly an amorphous phase
at the center of the laser track were seen. The
retention of an amorphous phase in the regions
experiencing a tensile stress and a compressive
stress occurred at devitrification regions.

Laser Cladding

In the laser cladding (LC) process, clad mate-
rial is welded to the surface of the substrate.
During LC, a high-power laser is used to melt
powder particles or feeding wire on the
substrate.
Cook et al. (Ref 22) demonstrated that a

denser-microstructure laser clad with a stable
bond to the substrate was generated at high
temperature. The clad structure on the compo-
nents enhances/improves surface properties
such as resistance to wear, corrosion, and heat.
Several methods are used to achieve a thin
layer of clad in the laser cladding process:

� Injecting powder particles into the substrate
molten pool generated by the high-power-
density laser beam

� Feeding the wire into the focal spot of the
laser beam to melt it over the substrate

� Preplacing a thin layer of powder on the sub-
strate to expose it to the high-density laser
beam

The laser cladding process by powder injec-
tion has proved to produce a uniform, defect-
free, and good metallurgically bonded clad
on the substrate. Syed et al. (Ref 23) studied
the influence of the powder-feeding direction
(front side and rear side) with respect to the
laser scanning direction. The angle and posi-
tion of the powder-feeding nozzle greatly
affect the clad geometry. A small variation in
the powder feed rate could significantly gener-
ate larger variations in the geometrical fea-
tures and microstructure of the clad. The
front feeding direction was found to produce
a smooth, uniform, and good metallurgically
bonded clad. In addition, a dense, crack-free,
nonporous cladding and a small heat-affected
zone (HAZ) were seen.
In LC, a strong coupling between the laser

beam, powder particles, and the molten pool
occurs. A larger fraction of the laser power
reaches the substrate, while a smaller fraction of
the laser power is captured by the powder parti-
cles that will heat it up. The laser power attenu-
ated by the powder particles and the related
fluctuation of laser energy apparently changes
the shape of the molten pool. The variation of
molten pool shape has a significant effect on the
workpiece absorption with respect to the laser
beam. A number of processing parameters,
such as laser power, scanning speed, powder
feed rate, laser focal spot, and thermophysical
properties of the materials, are involved in
the laser cladding process to achieve the
desired clad geometry (height and width) and
surface properties. The temperature generated
in the cladding process is a function of proces-
sing parameters such as laser power, scanning
speed, beam angle with respect to the sub-
strate, and the absorptivity of the clad material
and the substrate to the laser beam. The clad
geometry, the dilution of the clad material to
the substrate, and the HAZ generated in the
cladding process are the function of the ther-
mophysical properties of the clad material
and the substrate, temperature, and time. The
microstructure evolution and the corresponding
mechanical and surface properties produced in
the cladding process depend on the rates of heating
and cooling cycles, temperature gradient, and the
subsequent rate of solidification.
Surface hardness obtained through LC is pri-

marily a function of the build material and its
microstructure. According to the Hall-Petch
relationship, hardness is linearly proportional
to the reciprocal square root of the grain size
(Ref 24). It is applicable for grain sizes above
approximately 0.1 mm (0.004 in.) (Ref 25), so
it is appropriate for laser direct metal depositionFig. 5 Schematic of laser scanning technology
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(LDMD). In turn, the microstructure is a func-
tion of the thermal gradients and cooling rates
during solidification and is related to the cool-
ing rate by the Kurz and Fischer relationships
(Ref 26), which can be summarized as the
microstructural scale being approximately pro-
portional to the reciprocal cube root of the cool-
ing rate during solidification. Consequently,
hardness increases with cooling rate. Surface
hardness has been found to increase with tra-
verse speed but decrease with powder particle
size and laser power when substrate and deposi-
tion material are the same. The hardness often
varies with surface position; faster cooling rates
near the base of a structure, where the heat flow
is approximately three-dimensional, tend to
give an initially harder surface, but reheating
by subsequent layer deposition eventually leads
to the upper portion of a wall being harder
(Ref 27). Sometimes, the type of material used
causes unusual hardness profiles. One example
is the sudden drop in surface hardness when
moving down a martensitic steel wall prepared
by LDMD due to the tempering of the structure
by the addition of subsequent layers (Ref 28).
Studies of LDMD using dissimilar materials
or elemental powder blends indicate that the
hardness is primarily determined by the dilution
ratio or feed proportions due to those factors
determining elemental composition and influen-
cing cooling rate.
A major application of LC is in the repair

and refurbishment of high-value components
such as tools, turbine blades, and military com-
ponents. Conventional methods use welding to
retrieve these damaged components; however,
these methods are usually destructive due to
the highly distributed temperature over the area
of repair. This thermal destruction causes a low
mechanical quality, cracks, porosity, and a very
short life of the component. Laser cladding can
provide a permanent structural repair and refur-
bishment on many alloys (e.g., aluminum
alloys) that are generally considered unweld-
able by conventional methods. The success of
laser cladding technology in this area is due to
the small heat zone, rapid solidification,
increased cleanliness, lower dilution, and
increased controllability over the depth of the
HAZ (Ref 18).
Titanium-base alloys, nickel-base superalloys,

and cobalt-base alloys are some of the important
alloys that are deposited on different substrates,
such as unalloyed steels, alloyed steels, hardened
steels, stainless steels, aluminum alloys, cast
irons, and nickel- or cobalt-base alloys (Ref 18).
The low-heat-input property of laser cladding
makes it highly attractive for jet engine compo-
nent repairs, in which metal depositions are
required to be applied to superalloys. These
superalloys are highly susceptible to strength loss
and physical distortion when exposed to exces-
sive temperature variations.
In recent years, researchers have been working

on enhancing laser cladding to construct proto-
types and production tooling, even for precision
metal parts made from different commercial

alloys, such as H13 tool steel, 306 and 304 stain-
less steels, nickel-base superalloys (e.g., Inconel
625, 690, 708, 2024), aluminum, composite, and
titanium-base material (e.g., Ti-6Al-4V). The
feature of the technology provides the function-
ally graded material-deposition capability, which
is applicable in many aerospace components in
which a lightweight but hard external surface is
requested.

Differences between Laser Cladding,
Alloying, and Glazing

Adding powder to the melt pool may create
three different products, depending on the type
and amount of material added. In laser alloy-
ing, a small amount of powder is fed into the
melt pool. As such, homogeneous mixing
throughout the melt region may be obtained.
Laser cladding resembles laser alloying except
that dilution by the substrate is kept to a min-
imum and more addition of material to the
surface is required. In laser glazing, a metallic
glass coating is deposited to provide an
environmentally effective surface in terms of
wear and corrosion. The principal advantage
of laser glazing is that it alters microstructures
without changing the composition. Using laser
cladding, the following advantages can be

obtained compared to other surface material
processing (Ref 18, 29):

� Low heat input and thus narrow HAZ and
reduced distortion, with minimal machining
required

� Reduced alloy material loss
� Minimal clad dilution of base metal (less

than 2%), enabling the special properties of
the clad material to be maintained

� Flexibility and ease of automation
� Complete metallurgical bonding to the sub-

strate, resulting in high-integrity coating

In general, laser cladding is an effective
means of changing the microstructure and thus
the mechanical properties of thin layers of a
substrate where the surface area to be processed
is large enough. In LC, four characteristic met-
allurgical regions are observed. The first region
represents the clad material. The second region
represents the dilution zone. The third region is
a HAZ, and the final region is the substrate.
Each region has a specific microstructure and
metallurgical properties that depend on the
materials and the deposition process parameters
used. Results from previous studies of laser
melting, laser cladding, alloying, and hardfa-
cing of various ferrous alloys are summarized
in Tables 4 to 7.

Table 4 Laser surface melting of ferrous alloys

Material system Outcome Reference

Inconel 600 Enhanced oxidation resistance through microstructural homogeneity Ref 30
Pearlitic steel Superior wear resistance via homogeneous microstructure and glazing layer formation Ref 31
S31603, S30400, S32760 Higher cavitation erosion and corrosion resistance Ref 32
AK 321 Microstructural homogeneity and high localized corrosion resistance Ref 33
UNS S42000 Excellent hardness, cavitation erosion, and pitting corrosion resistance by higher

retained austenite
Ref 34

X165CrMoV12-1 Increased hardness (retaining higher-temperature austenite phase) Ref 35
AISI 310, AISI 304,
AISI 420, AISI 430

Microstructural homogeneity (fine cellular dendritic structure) and enhanced corrosion
resistance

Ref 36

AISI 316 Enhanced resistance to stress-corrosion cracking Ref 37
AISI 304 Pitting corrosion protection due to dissolution of N2 and formation of nitrides Ref 38
CK60 Improved hardness, wear, and corrosion resistance due to higher martensite phase

transformation
Ref 39

P21, 440C Higher corrosion resistance through maximum Ni3Al dissolution and carbide
refinement

Ref 40

41Cr4 Improved wear resistance Ref 41
AISI 440C Corrosion-resistance enhancement due to higher dissolution of CrxCy and retained

austenite
Ref 40

ASP2060 Hardness improvement and better corrosion protection Ref 42
SKD6 Higher mechanical properties Ref 43
AISI 304L Improvement of pitting corrosion resistance Ref 44
2Cr13, 1Cr18Ni9T Increased cavitation resistance Ref 45
ASTM A516 Higher hardness by martensite phase transformation Ref 46
AISI 420 Higher wear resistance Ref 47
3CR12 Enhanced pitting corrosion resistance Ref 48
Alloy 800H Higher corrosion resistance due to microstructural homogeneity, CrxOy layer formation Ref 49
M2, AISI 316L Inhomogeneous absorptivity due to rapid melting and self-quenching Ref 50
M2, ASP23, ASP30 Higher corrosion protection due to microstructural refinement and higher carbide

dissolution
Ref 51

Waspaloy Increased mechanical properties Ref 52
DF2 Hardness improvement by martensite transformation Ref 53
M2 Improved hardness and wear resistance Ref 54
SAE 52100 Enhanced hardness, wear, and corrosion resistance due to microstructural refinement

and higher dissolution of carbides and nitrides
Ref 55, 56

42CrMo Hardness improvement Ref 57
UNS S30400, S31603,
S32100, S34700,
S31803, S32950

Enhanced corrosion resistance attributed to homogeneous microstructure and higher
dissolution of chromium carbides

Ref 58

18Ni-300 Enhanced mechanical properties (hardness, tensile strength, Young’s modulus) Ref 59
AISI 304 Improved corrosion resistance Ref 60
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Laser Shock Peening

In laser shock peening (LSP), high-energy-
density (�107 J/m2) laser plasma is used to
propagate compressive residual stresses into
the target material, which in turn further
impedes crack initiation and propagation, thus
extending the service life of metallic compo-
nents. In this process, a thermoprotective coat-
ing or absorbing layer (black paint or tape) is
applied on the metallic target surface. A layer
of dielectric material (glass/water/quartz) is
placed on top of the absorbing layer. The
applied higher-energy-density laser beam
instantly vaporizes the absorbing layer and pro-
duces plasma that expands rapidly, creating
very high pressures (GPa) at the interface as a
result of the recoil momentum of the ablated
material. The high pressure results in shock
waves that are transmitted throughout the mate-
rial and induce compressive stresses in the
material (Ref 128). This technology has been
used for more than three decades in the aero-
space industry to increase fatigue life and wear
resistance of jet engine turbine blades. Recently,
Zhang et al. (Ref 129) proposed microscale laser
shock peening (mLSP) as a promising process to
enhance the fatigue life of microcomponents
such as microelectromechanical systems actua-
tors, medical implants, microswitches, relays,
and blades of microimpellers. The mLSP does
not require high-energy laser systems; both con-
tinuous and pulsed modes with high repetition
rate are applied to induce high-level compressive
residual stresses (400 MPa, or 58 ksi) into the
microcomponents, which in turn reduce overall
production cost. A top-hat uniform energy-
distribution laser beam is said to be more suit-
able for LSP to obtain more uniform residual-
stress distribution and the resulting uniform
fatigue and wear properties.

Laser Heat Treatment

Steel is the most common and versatile mate-
rial used in many industrial applications (auto-
motive, aerospace, defense, nuclear). High-
value steel parts (gears, pistons, rings, wheels)
working in severe abrasive and loading condi-
tions often need to be changed due to loss of
their mechanical and surface properties. In view
of this, companies spend several billion dollars
each year to replace these parts. Therefore, they
are good candidates for case/surface hardening,
often only at selective regions where the part
highly interacts with severe abrasive conditions.
However, the remaining bulk material core
properties (more flexible and ductile and less
brittle) should be retained.
In general heat treating, the process to

enhance the wear, heat, and corrosion-resistant
properties of high-value parts involves either
diffusion or selective hardening. In conven-
tional diffusion-based techniques (carburizing,
nitriding, carbonitriding), a low-carbon steel is

Table 5 Laser cladding of ferrous alloys

Substrate (clad) Outcome Reference

Medium-carbon steel (Stellite 6) Improved wear resistance Ref 61
Mild steel (ASTM S31254) Enhanced pitting corrosion resistance Ref 62
Martensitic steel (Ni) Higher wear and fatigue resistance Ref 63
Inconel 600 (Inconel 600) Increased hardness by using controlled process parameters Ref 64
AISI 316L (Ni-Cr3C2) Higher wear resistance than Ni alloy coating Ref 65
AISI 316L (ZK60/SiC) Higher corrosion resistance Ref 66
E24 (Stellite 6 + WC) Enhanced mechanical properties through microstructural refinement Ref 67
Plain carbon steel (AISI 316L) Hardness improvement Ref 68
BS 970 080M40 steel (Cr + Ni) Increased surface hardness Ref 69
SAE 1045 (Cu + Al) Mechanical and electrical properties modification Ref 70
A36 mild steel (Fe + Al) Superior hardness Ref 71
IF steel (Co-Cr-W-Ni-Si + SiCp) Improved wear resistance attributed to microstructural refinement and

higher dissolution of Si2W, CoWSi, Cr3Si, CoSi2 phases
Ref 72

AISI 316L (NiTi) Higher hardness and cavitation erosion resistance Ref 73
Higher hardness and cavitation erosion resistance attributed to higher
dissolution of Fe, Cr, and N

Ref 74

AISI 316L (Ni, Cr3C2, WC) Enhanced hardness and erosive-corrosive wear performance result from
higher carbide dissolution

Ref 75

AISI 1010 (Fe-B-C, Fe-B-Si,
Fe-BC-Si-Al-C)

Improved hardness, wear, and corrosion resistance Ref 76

A36 (Co-Ti) Superior hardness due to larger TiCo3 formation Ref 77
Low-carbon steel (Fe + Si) Higher hardness attributed to microstructural refinement and higher Si dissolution Ref 78
Low-carbon steel (WC, Co) Improved adhesion strength and higher hardness Ref 79
Mild steel (Fe + SiC) Higher protection to load, wear, and corrosion Ref 80
AISI 304 steel (CoMoCrSi) Superior hardness and wear resistance through microstructural refinement Ref 81
AISI 1045 (Fe, Ni, Si, B, V) Amorphous structural attainment results in higher hardness and wear resistance Ref 82
AISI 316L (SiC) Hardness and wear-resistance enhancement Ref 83
AISI 316L (Ni, Co, Fe, Stellite) Improved load and wear resistance Ref 84
AISI 316L (Co) Hardness and mechanical properties enhancement Ref 85
AISI 304 (AISI 431) Microstructural-refinement-induced higher hardness and wear resistance Ref 86
Vanadis 4 (CPM 10V, Vanadis 4) Improved hardness through heterogeneous microstructures (carbides,

martensite, retained austenite)
Ref 87

ASTM A283Gr.D steel (Fe-Al-Si) Controlled process variables aid an enhanced hardness and wear resistance Ref 88
45 steel (NiCuMoW) Higher mixed dissolution of borides, nitrides, and carbides results in

increased hardness and wear resistance
Ref 89

Table 6 Laser surface alloying of ferrous alloys

Substrate (alloy) Outcome Reference

AISI 304 (Mo, Ta) Mo- and Ta-base intermetallic formation results in increased corrosion
and wear resistance

Ref 90

Mild steel (Fe, Cr, Si, N) Refined microstructure (Fe-Cr-Si-N) formation and increased corrosion resistance Ref 91
AISI A7 (Ti) Improved wear and tribological properties Ref 92
Inconel 800H (Al) Al-rich surface has improved oxidation and wear resistance Ref 93
Cr-Mo steel (Cr) Rich scale Cr2O3 formation and oxidation resistance at high temperature Ref 94
AISI 1040 (TiB2) Enrichment of boride phases and improved wear and tribological properties Ref 95
UNS-S31603 (Co, Ni, Mn, Cr, Mo) Ceramic/intermetallic formation and enhanced resistance to corrosion and erosion Ref 96
AISI 1040 (NiCoCrB) Improved corrosion and erosion resistance Ref 34
Carbon steel (TiB2) Enhanced oxidation and wear resistance attributed to higher boride dissolution Ref 97
H13 (TiC) Corrosion- and erosion-resistance protection Ref 98
S31603 (CrB2, Cr3C2, SiC, TiC,
WC, Cr2O3)

Superior wear resistance resulting from higher dissolution of carbides
and borides

Ref 99

SAE 1045 (Cu) Enhanced tribological property Ref 100
AISI 1040 (SiC) Increased hardness and wear resistance due to higher Fe2Si, Fe3Si, Fe7C3, and

Fe3C formation
Ref 101

AISI 316 (WC) Enrichment of higher W and carbide dissolution result in superior hardness
and cavitation erosion resistance

Ref 102

X40CrMoV5-1 (TiC) Hardness and tribological properties improvement Ref 103
Fine-grained dendritic microstructural refinement results in increased wear
resistance

Ref 104

Gray cast iron (NiCr) Corrosion- and wear-resistance improvement attributed to refinement of
composition and microstructure

Ref 105

32CrMoV12-28 (TiC, WC) Rapid melting and solidification-induced homogeneous microstructures and
higher hardness

Ref 106

AISI 1010 (Ni) Improved hardness Ref 107
17-4PH (C, Ni, Co, WC) Extreme refinement of microstructures and hard-phase (Fe6W6C, W2C) formation

result in high mechanical strength and excellent corrosion and fatigue resistance
Ref 108

Mild steel (Si) Hardness improvement and enhanced wear resistance attributed to iron silicide
and nitride formation

Ref 109

X40CrMoV5-1 (TaC-VC) Abrasion wear-resistance improvement attributed to higher carbide dissolution Ref 110
70MnV (NiCr-Cr3C2) Microstructural refinement and hard phase (Cr7C3, Fe3C, martensite) presence

result in enhanced hardness and wear resistance
Ref 111

40Cr (Mo + Y2O3) Improved hardness and wear resistance Ref 112
Steel (Al) Formation of aluminides results in enhanced oxidation resistance Ref 113
X2CrNiMo17-12-2, X6Cr13,
X2CrNiMo22-8-2 (SiC)

Enriched Si, C, and FexCry result in higher hardness and wear resistance Ref 114
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heated in bulk, and externally supplied carbon
and other alloying elements further diffuse into
the surface layer, followed by quenching rap-
idly in air or water or oil to obtain a specified
hardness. Selective hardening advantageously
traps the diffused free carbon in the steels via
both rapid heating and quenching that makes
it harder than normal phase transformations.
Induction, flame, and arc are normally used
for achieving selective hardening. In fact, each
one of them has severe drawbacks, such as poor
reproducibility, auxiliaryquenching, environmen-
tal issues, deeper thermal penetration, noncontrol-
lable distortion, and long process setup time
(Table 8). A high distortion and long process
setup time are also some of the disadvantages of
conventional heat treatment processes. Laser
heat treatment (LH) uses both intense heating
(105 W/cm2) and a rapid self-cooling cycle
(>103 �C/s), which in turn produces localized
superior surfaces resistant to heat, wear, fatigue,
fracture, erosion, and corrosion. In this route, LH
uses both material and energy effectively and also
extends the service longevity of high-value parts.
Over the last three decades, CO2 (10,600 nm)

and neodymium: yttrium-aluminum-garnet (Nd:
YAG) (1060 nm) laser-based heat treatments
have been quite well established; however,
recently, direct diode laser (808 to 940 nm)
has gained more attention by the industry to
perform localized hardening because it com-
bines higher wall-plug efficiency and better
absorption by metals due to operating in shorter
range of wavelengths with lower capital and
operating costs (Table 9).
In LH, as mentioned earlier, localized hard-

ening is achieved through phase transforma-
tions. The metallurgical phase transformations
taking place inside the material modify the sur-
face properties (wear, fatigue, erosion, corro-
sion). The metallurgical phase transformations
consist of a heating and cooling cycle. In heat-
ing, a narrow, thin layer of the metallic compo-
nent is rapidly and locally heated to a
temperature above the Ac1 temperature for trans-
forming the initial parental ferrite/pearlite (a +
FeC) phases to the austenite (g) phase, where

the carbon is dissolved in the steel. If the temper-
ature is above Ac3 and below melting tempera-
tures, the whole parental a + FeC phases are
transformed completely into g phase (Fig. 6a–c).
Subsequently, the efficient conduction of heat to
the surrounding bulk mass of material induces a
self-quenching effect. The self-quenching at
higher cooling rate would not allow any reverse
transformation and the secretion of carbon,
because it brings the heated surface temperature
below the martensite starting (Ms) temperature.
Instead of a mixed-phase structure, a very hard
metastable martensite (a0) structure is formed.
Below the Ms temperature, the austenite is
completely transformed into martensite (Fig. 6c,
d). This condition does not further allow the car-
bon to excrete to other phases but remains in the
metastable crystal structure (body-centered
tetragonal). The secretion of carbon from the
parental phases, a + FeC! g and g! a0 is sche-
matically shown in Fig. 7. Therefore, the heat
treated metallic component case depth hardness
depends on the temperature-time-dependent
phase changes and the changes in carbon solubil-
ity caused by solid-state phase transformations.
The metal components to be hardened by

induction, arc, or flame are heated to a temper-
ature above the Ac1 temperature for transform-
ing the initial parental ferrite/pearlite (a + FeC)
phases to the austenite (g) phase. In contrast to
LH, the heated component is cooled down sud-
denly in an auxiliary source such as water, oil,
or as-heated conditions to room temperature.
Due to the larger variation of cooling rate, the
outer layer cools faster than the deeper section,
which cools more slowly. This quenchant-used
inhomogeneous cooling rate allows time to
reverse the transformation, forming a mixed
phase (martensite, bainite, ferrite) at the end
of the process. The mixed phases generate non-
uniform case depth hardness.
The careful selection of processing para-

meters is a primary and major task to obtain
the desired surface and mechanical properties.
Either experimental investigations or numerical
optimization techniques can be used to obtain
the necessary processing parameters. The final

surface and mechanical properties are highly
influenced by a group of processing parameters.
For a single-pass heat treatment (SPHT), the
laser power, scanning speed, beam focal spot
size, and thermophysical properties of the mate-
rial are major concerns to achieve the desired
surface and mechanical properties. For multi-
pass laser heat treatment (MPLHT), the SPHT
processing parameters plus the size of overlap,
length of scan, and geometry of the component
play a major role in obtaining hardness unifor-
mity of the heat treated material.
Moreover, industry’s concerns are to achieve

uniform hardness of the heat treated material
and a small HAZ for treating a larger surface area
(Fig. 8). When a larger surface area is heat trea-
ted, multiple scans by laser beam with slight
overlaps are applied. Under this condition, the
new heating cycle during the successive scan dis-
turbs the normal cooling cycle of the heat treated
material, which may generate a tempered micro-
structure. This tempering effect, in addition to
hardening, will affect the homogeneity of phase
transformations, microstructures, and hardness
uniformity. The phase transformations, micro-
structure homogeneity, and uniform hardness
are highly influenced by heat management
defined by the length of scan and size of overlap.
Based on the austenitization starting (Ac1)

and ending (Ac3) temperatures, three different
conditions may occur during the heating cycle
of the MPLHT process:

� If the material is heated more than Ac3, the
material is fully austenitized, and in the
cooling cycle, it should be transformed into
martensite.

� For temperatures between Ac1 and Ac3, a
partial austenitization (bainite, ferrite, and
pearlite) is achieved.

� For a temperature less than Ac1, tempering
(carbides, ferrite, and pearlite) occurs.

Table 7 Laser hardfacing of ferrous alloys

Substrate (hard phase) Outcome Reference

AISI 1045 (TiC,
Ni-Cr-B-Si-C)

Rapid melting and solidification-induced hard phase (chromates, borides, carbides)
result in higher structural stability and mechanical properties

Ref 115

AISI 316L (Colmonoy 5) Ni-rich dendrites and eutectic borides exhibit higher mechanical properties Ref 116
ANSI C-5, C-2 (AlMgB14) Higher adhesion strength, hardness, and wear resistance Ref 117
Medium-carbon steel
(S42000 + Si3N4)

Silicon nitride addition results in enhanced surface hardness Ref 118

Low-carbon steel (Ni, Co) Improved mechanical properties Ref 119
AISI 1045 (TiC-VC) Microstructural refinement (graphite, FeTi, and FeV) provides superior hardness and

good wear resistance
Ref 120

AISI 316L (Si3N4, Ti) Retained austenite with Ti5Si3 results in enhanced wear and corrosion resistance Ref 121
Q235 (Ni, CeO2) Addition of Ni and CeO2 improves load and wear resistance Ref 122
AISI 316L (WC, Si, Ni) WC and Fe5Si3 formation increases hardness and wear resistance Ref 123
60CrMn4 (NiCrBSiCFe) Ni3(BC) formation and Ni-rich with Cr precipitates provide excellent resistance to

load, wear, and corrosion
Ref 124

AISI 316L (Ni-Mo-Cr-Si) Variation in solidification rate, cooling rate, and compositional variation results in
heterogeneous microstructure (Mo-rich intermetallic) and higher hardness

Ref 125

Ductile iron (E309L) Superior hardness and wear resistance attributed to Fe-Cr-C formation Ref 126
43C steel (Stellite-6) Excellent wear resistance Ref 127

Table 8 Comparison of heat treatment
techniques

Heat
sources Advantages Disadvantages

Induction Fast process
Deep case depth
obtainable

Lower capital cost
than laser

High coverage area

Downtime for coil
change

Quenchant required
Part distortion
Electromagnetic forces
may disturb surface
conditions

Flame Cheap, flexible, and
mobile

Poor reproducibility
Quenchant required
Part distortion
Environmental
problems

Arc Relatively cheap and
flexible

Limited hardening
Large thermal
penetration

Poor control to avoid
melting

Laser Minimal distortion
Selective localized
hardening

Quenchant-free
Case depth controllable
Limited postmachining

High capital cost
Multiple passes give
local tempering
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Thermokinetic Phase
Transformations

The thermokinetic (TK) process of LSH con-
sists of heating and cooling cycles (Fig. 9). The
final surface and mechanical properties pro-
duced in LSH are based on the TK metallurgical
phase transformations taking place inside the
treated material. The TK phase transformation
is a function of temperature, time, and the ther-
mophysical properties of the materials.
The diffusion of carbon to steels, forming a

metastable martensite, takes several stages in
conventional heat treatment (CHT) in contrast
to LH, which has two steps. At room tempera-
ture, the hypoeutectoid steel microstructure con-
sists of a mixture of ferrite and pearlite. When
the material is exposed to laser beam radiation,
the localized region of the metallic surface is
heated quickly above the austenitization (Ac3)
temperature. In contrast, in CHTs, to reach com-
plete austenitization (above Ac3), the material
must cross the Ac1, Ps, and Ac3 temperatures.
Here, Ac1, Ps, and Ac3 are the temperatures for
the beginning of austenitization, the start of
pearlite formation, and the completion of auste-
nitization, respectively. During heating, if the
heating temperature is enough to reach the Ac1
temperature, the initial phase (ferrite and pearl-
ite) starts to transform into austenite. Further heat-
ing of the material reaches the Ps temperature. At
this temperature, the pearlite is instantaneously
transformed into austenite. At temperatures above
Ac3, the ferrite is completely transformed into
austenite. A shorter time in this temperature range
(above Ac3) allows homogenization of austenite.
In CHTs, the heated material is immediately

quenched in oil or water and air that initiates
the cooling cycle. Depending on the rates of
cooling, the heat treated material goes through

Fig. 6 (a) Iron-carbon phase diagram. (b) Laser beam-material interaction. (c) Heating and cooling phases.
(d) Continuous cooling transformation (CCT) diagram. Source Ref 162

Fig. 7 (a) Austenitization and (b) homogenization of austenite during phase-transformation hardening process

Table 9 Comparison of high-power laser systems

Factors CO2 Nd:YAG Diode

Wavelength, mm 10.6 1.06 0.808
Metal absorption, % 5–10 25–35 30–40
Average wall-plug efficiency, % 10 10 30
Approximate electrical power consumption of the lasers, kW 50 30 10
Required laser power, kW 5 8 3
Maximum power density, W/cm2 108 109 106

Electrical power cost per hour (at 0.09 $/kWh), $/h 4.50 2.70 0.90
Capital cost, $/W 150–300 200–600 100–300

Nd:YAG, neodymium: yttrium-aluminum-garnet. Source: Ref 4
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different phase transformations. When the tem-
perature reaches the Ar3 (starting temperature
of transformation of austenite), the austenite
starts to revert back to ferrite. The austenite-
ferrite transformation continues until it reaches
the Ps temperature. After the cooling cycle
temperature reaches the Ps temperature, the

austenite rapidly transforms into pearlite. The
austenite-pearlite transformation continues
until it reaches the Bs (bainite starting) temper-
ature. Below the Bs temperature, austenite-
bainite transformation occurs. With continued
cooling to the Ms (martensite starting) temper-
ature, the austenite begins to transform into

hard, metastable martensite. With further cool-
ing below the Ms temperature, martensite
transformation proceeds and completes at the
Mf (martensite finish) temperature.
In LH, when the laser beam moves to the

next location, the efficient conduction by the
surrounding bulk mass of the material provides
a severe self-quenching effect (acts as a heat
sink). This self-quenching effect instantly
brings the heated surface temperature below
the Ms temperature, forming a hard, metastable
martensite microstructure.
The metallurgical phase transformations

occur at several critical transformation tempera-
tures (Ac1, Ps, Ac3, Ar3, Ar1, Bs, Ms, and Mf)
(Eq 4 to 12). These transformation temperatures
play a major role in generating a different
mixture of phases with various fractions. The
final surface and mechanical properties of
the heat treated parts are solely dependent
on the sum of fractional values of phases and
their hardnesses and the thermophysical
properties.
Kasatkin et al. (Ref 130) constructed the non-

additive elements empirical relationships for
steels to calculate the Ac1 and Ac3 tempera-
tures. Kirkaldy and Venugopalan (Ref 131)
developed the empirical relationships to calcu-
late the Ps, Bs, and Ms temperatures. These
transformation temperatures are used to predict
the microstructure and hardness for steels. Ste-
ven and Haynes (Ref 132) presented the empir-
ical relationships of steel compositions to
predict the Ar1 and Ar3 temperatures. Hojerslev
(Ref 133) designed the experimentally evalu-
ated empirical relationships for calculating the
Ms and Mf temperatures:

Ac1 ¼ 723� 7:08Mn� 37:7Si� 18:1Crþ 44:2Mo

þ 8:95Niþ 50:1Vþ 21:7Alþ 3:18Wþ 297S

� 830N� 11:5CSi� 14:0MnSi� 3:10SiCr
� 57:9CMo� 15:5MnMo� 5:28CNi
� 6:0MnNiþ 6:77SiNi� 0:80CrNi� 27:4CV

þ 30:8MoV� 0:84Cr2 � 3:46Mo2 � 0:46Ni2

� 28V2

(Eq 4)

Ac3 ¼ 910� 370C� 27:4Mnþ 27:3Si� 6:35Cr
� 32:7Niþ 95:2Vþ 190Tiþ 72:0Al
þ 64:5Nbþ 5:57Wþ 332Sþ 276Pþ 485N

� 900Bþ 16:2CMnþ 32:3CSiþ 15:4CCr
þ 48:0CNiþ 4:32SiCr� 17:3SiMo

� 18:6SiNiþ 4:80MnNiþ 40:5MoVþ 174C2

þ 2:46Mn2 þ 6:86Si2 þ 0:322Cr2 þ 9:90Mo2

þ 1:24Ni2 � 60:2V2

(Eq 5)

Acm ¼ 244:4þ 992:4C� 465:1C2 þ 46:7Cr

þ 19:0CCr� 6:1Cr2 þ 7:6Mnþ 10:0Mo

� 6:8CrMo� 6:9Niþ 3:7CrNi� 2:7CrNi

þ 0:8Ni2 þ 16:7Si

(Eq 6)

Ps ¼ Ac1 � 10:7Mnþ 29Siþ 16:9Cr (Eq 7)

Fig. 8 Localized laser surface hardening industrial components

Fig. 9 Thermokinetic phase transformations during the hardening process
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Ar3 ¼ 910� 310C� 80Mn� 20Cu� 15Cr� 55Ni

� 80Moþ 0:35 h� 8ð Þ
(Eq 8)

Ar1 ¼ Ps � 305:4C� 118:2Mn (Eq 9)

Bs ¼ Ps � 58C� 35Mn� 15Ni� 34Cr� 41Mo

(Eq 10)

Ms ¼ 561þ 474C� 33Mn� 17:7Ni� 12:1Cr
� 7:5Moþ 10Co� 705Si

(Eq 11)

Mf ¼ Ms � 215 (Eq 12)

where C, Mn, Cr, Mo, and so on are the steel
composition in weight percent, and h is the
thickness of the material in meters.
For larger surface area laser heat treatment,

multiple scanning should be applied that includes
repetitive cycles of heating and cooling, which in
turn leads to higher chances of producing mixed
phases of tempered martensite. Under equilib-
rium thermodynamic conditions, the proportion
of martensite can be determined using the Koisti-
nen and Marburger equation:

Xm ¼ 1� Xaexp �0:011 Ms � Tð Þð Þif Ms > T > Mf

(Eq 13)

where Xm and Xa are the fractions of martensite
and austenite, and Ms and Mf are martensite
starting and finishing temperatures, respec-
tively. A complete martensite transformation
can be achieved when the cooling cycle temper-
ature rapidly reaches the Mf temperature. In
continuous laser scanning, the normal cooling
cycle is affected by successive heating cycles,
which in turn affect the actual phase transfor-
mation. Such effects include tempering of the
martensite formed in the previous laser scan
by the subsequent laser scans.
The fraction of tempered martensite (Xtm)

can be calculated using the Johnson-Mehl-
Avrami equation:

Xtm ¼ 1� exp �bnð Þ (Eq 14)

where b and n are the transformation nature and
reaction constant. In LSH, the TK phase trans-
formation process is far away from the actual
equlibrium phase transformation. Hence, under
the nonisothermal condition prevailing during
LSH, the following equation can be used to cal-
culate the phase fraction:

b ¼
ð
k Tð Þdt ¼

ð
k0exp � Q

RT

� �n

dt (Eq 15)

where Q is the reheating activation energy, R is
the universal gas constant, and k0 is material
constant. Based on the reheating temperature,

the volume fraction of tempered martensite
can be calculated. The final hardness (Ref
134, 135) can be calculated using the additivity
rule of mixture of fractions of phases and hard-
ness (Eq 16 to 22):

HVfinal ¼ XmHVm þ XtmHVtm (Eq 16)

HVtm ¼ XeCHVeC þ XaHVa þ XFe3CHVFe3C (Eq 17)

XFe3C ¼ XXm

Cm � Ca

CFe3C � Ca
if 250�C < T < Ac1 (Eq 18)

Xa ¼ XXm � XFe3C if 250
�C < T < Ac1 (Eq 19)

XeC ¼ XXm

Cm � Ca

Ce � Ca
if 250�C > T (Eq 20)

Xa ¼ XXm � Xe if 250
�C > T (Eq 21)

Cm ¼ XtmCm þ XeCe þ XaCa þ XgCg (Eq 22)

A range of tempered microstructure is gener-
ated when the material is tempered between
100 �C (212 �F) and the Ac1 temperatures.
A precipitation of E-carbide (Fe2C) within the
martensite is formed between the tempering
temperatures of 100 to 200 �C (212 to 392 �F).
In this temperature range (100 to 200 �C), the
martensite is still supersaturated with carbon,
whereas martensite decomposition occurs at
higher temperatures (Ref 136). For a tempering
temperature between 200 and 350 �C (392 and
662 �F), the martensite decomposes into ferrite
and cementite. A cementite (Fe3C) precipita-
tion within the martensite occurs between the
tempering temperature of 350 and 500 �C
(662 and 932 �F). The tempering temperature
between 500 and 700 �C (932 and 1292 �F)
induces more precipitation of carbides within
the martensite. Further, if the tempering tem-
perature is above 700 �C (1292 �F), the
retained austenite is destabilized due to the
precipitation of carbides. During this destabili-
zation process, the austenite could release
internal stresses that transform the austenite
partially or totally into martensite. This new
structure is called tempered martensite (Ref
136). The aforementioned tempering effects
could produce nonuniform case depth hard-
ness. The tempering effect in the overlapped
region is highly influenced by the carbon dif-
fusion at various levels of activation energy
and the cooling rate generated in the LH pro-
cess. Moreover, the carbon atom diffusion in
carbon and alloyed steels is easier than for
other alloying elements due to its lower diffu-
sion activation energy. From this perspective,
the tempering is a process controlled by the
diffusion of carbon atoms. In light of this,
because LH is a time-temperature, material-
dependent process, the surface temperature

must be controlled to obtain a specified case
depth hardness. The numerical simulation
using experimental boundary conditions and
parameters is a well-established cost-effective
approach to investigate the effects of proces-
sing parameters on the variation of tempera-
ture, phase transformations, microstructures,
and case depth hardness. The numerical simu-
lations could intuitively reduce the number of
experimental trials that involve large amounts
of materials, money, and time.

Challenges in Obtaining the
Specified Hardness

Although laser hardening has numerous
advantages, including generating superior sur-
face (resistance to heat, wear, and corrosion)
and mechanical (hardness and fatigue stresses)
properties with higher processing speed, it has
some challenges in producing uniform hardness
in the heat treated material. The hardness (HV,
kgf/mm2) uniformity of the heat treated material
is controlled by the dual-cycle (rapid heating
and cooling) phase transformations throughout
the depth of the heat treated surface region
(D, mm). The metallurgical phase transforma-
tions are activated by a group of processing para-
meters. The major influential processing
parameters are:

� Laser process characteristics: wavelength,
beam focal spot diameter, power distribu-
tion, mode of operation (continuous wave
or pulsed), scanning speed, length of scan,
and size of overlap for larger-surface-area
treatment

� Thermophysical properties of the materials:
specific heat, thermal conductivity, density,
and cross-sectional thickness of the material

� Surface conditions: coarse or fine micro-
structure and surface absorptivity

� Boundary conditions: natural or forced
convections

Any misfit between the processing parameters
leads to a problem of nonuniformity in hardness
of the depth of heat treated material. The prob-
lem can be due to overheating, underheating,
and undercooling of the heat treated surface of
the material and can result in partial melting
and partial austenitization, which in turn can
lead to incomplete and/or undesired phase
transformation and unintended and inferior
material properties at the surface. The severe
effect of tempering and the resulting nonunifor-
mity in hardness of the heat treated material in
larger-surface-area heat treatment is one such
undesired effect.
The laser focal spot (d, mm) determines the

width of heat mark (w, mm). Multiple scanning
of a laser beam with minimum overlap is
desired to heat treat larger surface areas. In this
case, the active heating cycle during the succes-
sive scan over the overlap region disturbs the
cooling cycle in the previous scan; hence, the
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disturbed cooling cycle may generate a tem-
pered microstructure. This effect continues dur-
ing successive scans, and the magnitude of
this effect depends on the number of
subsequent scans and the process parameters
(energy density, beam diameter, scan speed).
This tempered microstructure, in addition to
the hardened microstructure, will affect the
level and uniformity of the hardness of heat
treated material.
The variation of hardness with respect to the

change of scan length, Ls (shorter, medium, lon-
ger) for varying austenitization starting (Ac1)
and ending (Ac3) temperatures may happen
under three different conditions:

� Overheating (Ttemp > Ac3) that results from
a shorter path with longer interaction time
(due to slow scanning speed) leads to reten-
tion of a fraction of austenite (Fig. 10a). The
mixture of retained austenite with trans-
formed martensite results in a hardness
reduction in the overlapped region that
affects the hardness uniformity of the
material.

� Optimal heating (Ac1 < Ttemp < Ac3), a
medium path, a balanced heat accumulation,
and cooling maintained in the overlapped
region produces a fairly uniform hardness
in the heat treated material (Fig. 10b).

� Underheating (Ttemp < Ac1) that results from
a longer scan path with shorter interaction
time (due to rapid scanning speed) leads to
generation of only a tempering effect (Fig.
10c). This tempering effect produces a non-
uniform hardness in the heat treated material
(Fig. 10d).

Influence of Cooling Rate

In LH, the cooling rate has a significant
effect on achieving the desired microstructure
and specified mechanical properties. The rates
of heating and cooling are mainly determined
by the laser energy density as the product of
laser power density and interaction time apart
from materials composition and boundary con-
ditions. In particular, the cooling rate (Eq 23)
has a more prominent effect on specified
hardness:

CR ¼ @T

dt
¼ �2pk

v

Peff

� �
T � T0ð Þ2 (Eq 23)

where CR is the cooling rate (�C/s), k is the ther-
mal conductivity (W/m � �C), v is the scanning
speed (m/s), Peff is the effective laser power
(W), T is the instantaneous temperature (�C),
and T0 is the room temperature (�C).
A case study is presented to explain the

effect of cooling rate on the variation of micro-
structure and case depth hardness. In this study,
a cold air jet was used to provide additional
cooling on the heat treated surface during the
process. Cold air pressure from 0 to 2 bar

(increments of 0.2 bar) was used to determine
the effect of cooling by cold air on the heat
treated surface. A laser power of 800 W, scan-
ning speed of 100 mm/s (4 in./s), overlap size
of 0.3 mm (0.012 in.), and scan length of
25 mm (1.0 in.) were used to heat treat the cou-
pon. After 1 bar of cold air pressure, the cooling
rate increased significantly, which in turn
increased the hardness (Fig. 11). Scanning elec-
tron micrographs clearly show that more
volume fraction of martensite phase (approxi-
mately 36%) evolves when cooling is used
(Fig. 12a) compared to without cooling
(Fig. 12b). Additional cooling by cold air could
effectively increase the cooling rate (18%)
that is inherently dominated by the convection
and conduction effects in the bulk mass of
the material. This further drastically reduces
the time to reach Ms from Ac3, which in turn

allows more austenite to transform into martens-
ite for increased hardness (�12%). Thus, the
final hardness of the heat treated coupon depends
on two important factors: the volume fraction
of each phase (ferrite, pearlite, bainite, and
martensite) with the material composition
(carbon, silicon, manganese, molybdenum,
chromium, nickel, and vanadium) and the cool-
ing rate (CR).

Effect of Processing Parameters on
Temperature, Microstructure, and
Case Depth Hardness

Laser hardening is a nonreversible isothermal
process, where the phase changes have under-
gone both the rapid heating and cooling cycle.

Fig. 10 Schematic presentation of influence of scan length effect. (a) Short path. (b) Medium path. (c) Long path.
(d) Variation of case depth hardness for continuous laser scanning

Fig. 11 Effect of additional cooling on increase of hardness for continuous laser scanning
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In the case of a single pass, due to rapid self-
quenching, the phase transformation is highly
likely to arbitrarily skip the nose of the isother-
mal transformation curve, thereby avoiding the
formation of bainite, ferrite, and pearlite
phases, and obtain a complete martensite trans-
formation. On the contrary, different phase
transformations can occur during continuous
laser scanning, depending on the variation of
cooling rates and associated tempering. The
mixture of phases affects the uniformity of
microstructures and hardness.
For any given application, the component is

required to be heat treated for uniform hard-
ness to a desired depth from the surface. The
uniformity of hardness distribution across the
depth of heat treatment depends on the temper-
ing temperature generated during successive
scans of the laser beam over the previously
heat treated area. The nonuniform hardness
distribution across the depth of heat treatment
can be the result of excessive heat generated
and a minimum/uneven cooling rate or a com-
bination of both and/or vice versa (Tables 10
to 12). The power density and transformation/
interaction time (scanning speed) play major
roles in determining the variation of surface
temperature, tempering temperature, phase
transformations, microstructure formation, and
hardness (Tables 10 to 12). Power density is
a function f _qð Þ ¼ f P;A; b;Zð Þ½ � of the laser
power (P), laser beam spot area (A), laser effi-
ciency (b), and absorption coefficient (Z) of
the laser beam with the material. The interac-
tion time:

ti ¼ d

v

� �

is defined as the ratio between laser beam diam-
eter and scanning speed (v, mm/s).
For continuous laser scanning, in addition to

power density and interaction time, one more
important factor, heat management, which is
defined as the ratio between the size of overlap
and length of scan, is a key for determining
tempering and the resultant phase transforma-
tions, microstructure, and hardness uniformity
(Table 10). The overlapped region temperature
and tempering temperature increase linearly
with the increase in size of overlap for fixed
laser power, scanning speed, and size of overlap
(Table 11). A similar trend can also be expected
when length of scan decreases; the tempering
temperature increases linearly for a fixed laser
power, scanning speed, and size of overlap
(Table 12).
At smaller length of scan and bigger size of

overlap, the transformation temperature reaches
far above the Ac3 temperature, and the time
required for diffusion of carbon in austenite is
not enough to fully transform it to martensite.
Therefore, a mixed-phase structure containing
retained austenite and martensite results in a
decrease in hardness. At longer length of scan
and smaller size of overlap, the tempering tem-
perature remains below the Ac1 temperature,

and the associated time for diffusion of carbon
in austenite steers the isothermal transformation
path through the nose, crossing bainite, ferrite,
and pearlite phase regions for formation of a

mixture of phases that contribute to a decrease
in hardness. Thus, it can be clearly realized that
the decrease in hardness during continuous
laser scanning is due to tempering attributed

Fig. 12 Scanning electron micrographs showing (a) with and (b) without additional cooling

Table 10 Effect of processing parameters on the variation of temperature and case depth
hardness

Example
No.

Laser
power, W

Scanning
speed, mm/s

Overlap,
mm

Length of
scan, mm

Laser energy
density, J/mm2

Temperature(a), �C Depth(b), mm
Hardness(c),
kgf/mm2

Ttr Tov Ttmp Dtr Dov HVtr HVov

1 700 50 0.1 25 0.119 917 882 552 125 90 616 590
2 700 100 0.1 25 0.059 869 837 543 110 75 580 561
3 700 150 0.1 25 0.039 824 785 491 105 60 543 497
4 700 50 0.2 25 0.237 928 908 568 135 120 632 603
5 700 100 0.2 25 0.119 912 864 549 125 110 607 576
6 700 150 0.2 25 0.079 831 808 511 115 105 551 509
7 700 50 0.3 25 0.356 984 953 618 155 145 661 638
8 700 100 0.3 25 0.178 948 914 571 140 120 649 608
9 700 150 0.3 25 0.119 910 813 504 130 110 605 536

10 800 50 0.1 25 0.136 1002 952 610 140 105 683 650
11 800 100 0.1 25 0.068 986 924 601 130 95 662 621
12 800 150 0.1 25 0.045 927 901 559 125 80 631 592
13 800 50 0.2 25 0.272 1013 998 734 160 135 696 679
14 800 100 0.2 25 0.136 1007 956 621 145 125 684 651
15 800 150 0.2 25 0.091 941 913 567 135 110 640 606
16 800 50 0.3 25 0.408 1093 1042 795 185 160 765 721
17 800 100 0.3 25 0.204 1029 1018 739 220 215 728 714
18 800 150 0.3 25 0.136 992 917 698 150 130 663 609
19 900 50 0.1 25 0.153 1020 963 628 155 115 709 656
20 900 100 0.1 25 0.076 1015 937 578 140 105 698 639
21 900 150 0.1 25 0.051 998 925 582 130 100 679 621
22 900 50 0.2 25 0.306 1033 1009 728 170 145 717 688
23 900 100 0.2 25 0.153 1016 994 713 155 135 703 663
24 900 150 0.2 25 0.102 1010 929 574 145 130 689 635
25 900 50 0.3 25 0.459 1136 1059 873 195 170 791 732
26 900 100 0.3 25 0.229 1090 1049 812 180 160 765 726
27 900 150 0.3 25 0.153 1024 999 756 160 150 712 699

(a) Ttr, average temperature at track; Tov, average temperature at overlap; Ttmp, tempering temperature. (b) Dtr, average depth of heat treatment at
track; Dov, average depth of heat treatment at overlap. (c) HVtr, average hardness at track; HVov, average hardness at overlap

Table 11 Effect of size of overlap on the variation of surface temperature, tempering
temperature, and hardness
Fixed laser power, 800 W; scanning speed, 100 mm/s; length of scan, 25 mm

Example No. Overlap, mm

Temperature(a), �C HV0.2(b), kgf/mm2

Ttr Tov Ttmp HVtr HVov DHV

1 0.1 995 936 617 704 541 163
2 0.2 1012 963 642 713 601 110
3 0.3 1025 1018 746 725 713 12
4 0.4 1022 1034 811 736 624 112
5 0.5 1026 1039 893 741 572 169
6 0.6 1031 1043 934 749 535 214

(a) Ttr, average temperature at track; Tov, average temperature at overlap; Ttmp, tempering temperature. (b) HVtr, average hardness at track; HVov,
average hardness at overlap; DHV, difference of average hardness between the track and overlap
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to heat management, which in turn affects
the homogeneity of phase transformations,
microstructure, and uniformity of hardness
(Tables 10 to 12).

Hardness uniformity is a function [ f (HV) =
f (Ttmp)] of tempering temperature. Temper-
ing temperature is a function [ f (Ttmp) =
f (Ov, Ls)] of size of overlap and length of scan.

Therefore, hardness uniformity in continuous
laser scanning is a function [ f (HVuniformity) =
f (Ov, Ls, P, v)] of size of overlap, length
of scan, laser power, and scanning speed.
Three important cases can be obtained by
the variation of size of overlap, length of
scan, laser power, and scanning speed. Scan-
ning electron micrographs for complete
martensite transformation at 0.204 J/mm2 for
MPLHT are shown in Fig. 13. A detailed
review of LH of various ferrous alloys is given
in Table 13.
Case 1: (Ttmp > Ac3). For a larger-

sized overlap and shorter scan length, the
tempering temperature is above the Ac3 temper-
ature. A higher temperature leads to reausteniti-
zation, followed by formation of a mixture
of retained austenite and martensite after self-
quenching.

Table 12 Effect of length of scan on the variation of surface temperature, tempering
temperature, and hardness
Fixed laser power, 800 W; scanning speed, 100 mm/s; overlap, 0.3 mm

Example No.
Length of
scan, mm

Temperature(a), �C HV0.2(b), kgf/mm2

Ttr Tov Ttmp HVtr HVov DHV

1 10 1018.25 1038.57 893 743 567 176
2 15 1014.79 1027.36 814 739 625 114
3 20 1016.16 1014.62 743 726 711 15
4 25 1024.52 1007.23 659 714 613 101
5 30 1019.61 1001.15 611 704 539 165
6 35 1020.85 998.35 574 687 476 211

(a) Ttr, average temperature at track; Tov, average temperature at overlap; Ttmp, tempering temperature. (b) HVtr, average hardness at track; HVov,
average hardness at overlap; DHV, difference of average hardness between the track and overlap

Fig. 13 Scanning electron micrographs for complete martensite transformation (0.204 J/mm2) during continuous laser scanning
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Case 2: (Ac1 > Ttmp < Ac3). For a medium-
sized overlap and scan length, the tempering
temperature falls between the Ac1 and Ac3 tem-
peratures. A full austenitization occurs in the
heat treated material; then, by rapid cooling, a
complete martensite transformation can be
obtained.
Case 3: (Ttmp < Ac1). For a smaller-sized

overlap and longer scan length, the tempering
temperature falls below the Ac1 temperature.
The time allowed for diffusion of carbon in
the austenite is not enough to pass through the
nose of isothermal transformation for bainite,
ferrite, and pearlite formation. At the end of
the cooling cycle, the metastable martensite
already formed in the overlapped region
decomposes into the phases of bainite and
E-carbide as the product of solid-phase transfor-
mation. Thus, a mixture of martensite, bainite,
and E-carbide phases can be obtained.

Laser Surface Hardening of
Nonferrous Alloys

In many industrial applications such as trans-
portation, construction equipment, defense,
nuclear, and so on, the strength-to-weight ratio
is a critical factor. For these applications, low-
density-based light metals, namely, aluminum,
magnesium, and titanium, are used (Tables 14
to 17). Apart from light weight and high spe-
cific strength, these metals, such as aluminum,
possess good electrical and thermal conductiv-
ities; magnesium has good formality, and tita-
nium can provide corrosion protection (Ref
164). The materials substitution from ferrous
alloys to nonferrous alloys (aluminum, magne-
sium, titanium) has led to a huge potential for
their use in many industrial applications. How-
ever, these nonferrous alloys are not hard
enough to use in wear- and corrosion-resistance
applications during severe loading conditions
(Ref 165). Hence, these alloys need surface
modification to enhance their resistance to
wear, heat, and corrosion. In light of this, over
the last several decades, LSH has been used to
tailor wear-, corrosion-, heat-, and abrasion-
resistance properties. A detailed survey of the
LSH of aluminum (Table 18), magnesium
(Table 19), and titanium (Table 20) alloys and
their outcomes is reported. These details can
be used as a reference for performing LSH on
the given nonferrous alloys.
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Table 16 Physical and mechanical properties of magnesium and its alloys

Material Nominal composition, %
Density,
g/cm�3

Thermal conductivity
at 100 �C, W/m�1 � K�1

Ultimate tensile
strength, MPa Hardness, VPN

Pure Mg Mg 99.97 1.74 167 185 30–35
Mg-Mn Mn 1.5 1.76 142 232 35–45
Mg-Al-Zn Al 3, Zn 1, Mn 0.3 1.78 84 232 50–60

Al 6, Zn 1, Mn 0.3 1.81 84 293 60–70
Al 8, Zn 1, Mn 0.3 1.81 84 293 65–75

Mg-Zn-Mn Zn 2, Mn 1 1.78 . . . 232 . . .
Mg-Zn-Zr Zn 1, Zr 0.6 1.8 134 263 55–70

Zn 3, Zr 0.6 1.8 125 270 60–70
Zn 5.5, Zr 0.6 1.83 117 270 60–80

Mg-Y-RE-Zr Y 4, RE 3.4, Zr 0.6 1.84 51 . . . . . .
Y 5.1, RE 3, Zr 0.6 1.85 52 . . . . . .

Mg-RE-Zn-Zr RE 2.7, Zn 2.2, Zr 0.7 1.8 100 . . . . . .
RE 1.2, Zn 4, Zr 0.7 1.84 113 . . . . . .
RE 2.5, Zn 6, Zr 0.7 1.87 109 . . . . . .

Mg-Th-Zn-Zr Th 0.8, Zn 0.5, Zr 0.6 1.76 121 . . . . . .
Th 3.0, Zn 2.2, Zr 0.7 1.83 105 . . . . . .
Th 5.5, Zn 1.8, Zr 0.6 1.87 113 . . . . . .

Mg-Ag-Re-Zr Ag 2.5, RE 2, Zr 0.6 1.82 113 . . . . . .
Ag 1.5, RE 2.2, Zr 0.7 1.81 113 . . . . . .

Mg-Zn-Cu-Mn Zn 6.5, Cu 1.3, Mn 0.8 1.87 122 340 60–80
Mg-Ag-RE-Th-Zr Ag 2.5, RE 1, Th 1, Zr 0.7 1.83 113 270 65–80

Table 17 Physical and mechanical properties of titanium and its alloys

Material Nominal composition, %
Density,
g/cm�3

Thermal conductivity at
20–100 �C, W/m�1 � K�1

Tensile strength,
MPa

Modulus of
elasticity, GPa

CP titanium Commercially pure 4.51 16 . . . . . .
IMI 230 Cu 2.5 4.56 13 620 125
IMI 260/261 Pd 0.2 4.52 16 . . . 125
IMI 315 Al 2, Mn 2 4.51 8.4 720 120
IMI 317 Al 5, Sn 2.5 4.46 6.3 860 120
IMI 318 Al 6, V 4 4.42 5.8 1160 106
IMI 550 Al 4, Mo 4, Sn 2, Si 0.5 4.60 . . . 1200 116
IMI 551 Al 4, Mo 4, Sn 4, Si 0.5 4.62 5.7 1300 113
IMI 679 Al 2.25, Sn 11, Zr 5, Mo 1, Si 0.2 4.84 7.1 1230 108
IMI 680 Al 2.25, Sn 11, Mo 4, Si 0.2 4.86 7.5 1350 115
IMI 685 Al 6, Zr 5, Mo 0.5, Si 0.25 4.45 4.8 1020 124
IMI 829 Al 5.5, Sn 3.5, Zr 3, Nb 1, Mo 0.3, Si 0.3 4.53 7.8 965 120
IMI 834 Al 5.8, Sn 4, Zr 3.5, Nb 0.7, Mo 0.5, Si

0.35, C 0.06
4.55 . . . 1067 120
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Table 19 Laser hardening of magnesium alloys

Material system Process type(a) Outcome Reference

Mg- ZK60 + SiC LSM Microstructural refinement and enhanced corrosion resistance Ref 206
AZ91 LSM Improved corrosion resistance Ref 207
Mg + SiC (Al-Si) LC Addition of Al and Si results in higher corrosion resistance Ref 208
AZ91D, AM60B LSM Homogeneous microstructural refinement produces enhanced corrosion resistance Ref 209
MEZ (SiC) LHF Hard-phase (SiC) inducement improves wear resistance Ref 210
WE43, ZE41 (Al) LC Enhanced hardness and corrosion resistance attributed to Al3Mg2 and Al12Mg17 intermetallic formation Ref 211
AZ31, AZ61, WE43 LSM b-phase refinement results in better corrosion resistance Ref 212
ZK60/SiC (Al + Zn) LC Increased corrosion resistance Ref 213
Mg-Al-Zn-Mn-Ce LSM Enrichment of Mg17Al12 finer dendrites provides good corrosion resistance Ref 214
Mg-Zn (Mg-Zn) LC Higher hardness attributed to homogeneous microstructures Ref 215
AZ31, AZ61 LSM Hardness and wear-resistance enhancement result from microstructural refinement Ref 216
AZ91D (Al + Si + Al2O3) LC Superior hardness attributed to higher dispersion of Si, Al2O3, and Mg17Al12 Ref 217
AZ91HP (Al-Si) LC Improved hardness, wear, and corrosion resistance result from multiple Mg intermetallics (Mg2Si, Mg17Al12, Mg2Al3)

formation
Ref 218

AZ91D (CeO2) LC Corrosion resistance increased Ref 219
ZM5 (Al + Ir) LC Better corrosion resistance attributed to combinatorial influence of grain refinement and dissolution of Al-rich intermetallics

(AlIr, Mgl7AlI2)
Ref 220

(a) LSM, laser surface melting; LC, laser cladding; LHF, laser hardfacing; LSA, laser surface alloying

(continued)

Table 18 Laser surface hardening of aluminum alloys

Material system Outcome Reference

Laser heat treatment

Al-Li-Cu Improved oxidation resistance Ref 166
Al 7075-T651 Better corrosion resistance due to microstructural refinement Ref 167
A356 Homogeneous microstructure results in increased hardness and tensile strength Ref 168
AW6016 Increased tensile shear strength Ref 169
AlSi6Cu4, EN-AW 6082 Improved hardness and wear resistance as a result of fine grain structures and dispersion hardening Ref 170
AA7449-T7651 Microstructural refinement and enhanced mechanical properties Ref 171

Laser surface melting

Al 2024-T351 Microstructural refinement and element redistribution result in better pitting corrosion resistance Ref 172
Al-Si alloy Enhanced corrosion resistance attributed to Al grain refinement and Si enrichment Ref 173
LM25 Improved wear resistance Ref 174
Al 2014-T6 Refinement of microstructures (columnar, cellular, dendrite) results in increased mechanical and corrosion properties Ref 175
Al-Cu Rapid microstructural confinement causes increased hardness Ref 176
Al 6013 Increased fatigue and corrosion resistance due to AlN and Al2O3 formation Ref 177
AA2050-T8 Enhanced corrosion resistance attributed to less galvanic coupling (Al-Cu-Fe-Mn, Al-Zr-Ti) Ref 178
Al-Fe Higher load and wear resistance result from heterogeneous microstructure (metastable and stable phases, intermetallics, oxides) formation Ref 179
AlSi7Mg0.3 Improved load and wear resistance due to AlN-phase formation Ref 180

Laser-aided carbon diffusion and AlC formation result in enhanced wear resistance Ref 181
Laser shock peening

Al 2024-T62 Elastic properties (Poisson’s ratio, Young’s modulus) modification Ref 182
Al 6061-T6 Enhanced wear and fatigue resistance Ref 183
Al-Si-Mg Fatigue strength increased Ref 184
AA 7075-T7351 Improved fatigue resistance attributed to deeper compressive residual stress formation Ref 185
LY2 Grain refinement and higher density dislocations cause increased hardness and elastic modulus Ref 186
Al 7050-T7451 Increased fatigue induced by deeper compressive residual stresses Ref 187
Al 2050-T8 Hardness and corrosion improvement due to high-order compressive stress inducement Ref 188
Al 2050-T8 Beneficial electrochemical resistance attributed to compressive stress stimulus Ref 189
Al 7050-T7451 Higher fatigue resistance exhibited by shock-induced compressive stresses and resultant high dislocation density within the grains Ref 190
Al 6061-T6 Increased hardness and surface roughness Ref 191
Al 6082-T651 Higher corrosion resistance due to Al2O3 enrichment Ref 192
Al 7075-T651 Enhanced fatigue resistance Ref 193
LY2 Increased surface roughness and hardness due to shock-induced compressive residual stress formation Ref 194
5A06 Surface strengthening through increased hardness and wear resistance Ref 195

Laser cladding

AA6061 (Mo-WC) Superior hardness and wear resistance attributed to WC, Al5Mo, Al22Mo5, Al17Mo4, (Al5W)12H, Mo2C, Al4C3,
and WAl12 hard-phase formation

Ref 196

AlSi10Mg (AlSi10Mg) Enhanced fatigue resistance Ref 197

Laser surface alloying

A359 (A359, SiC) Improved mechanical properties (flow stress) Ref 198
AA6061 (SiC, Si3N4) Superior hardness; cavitation erosion and pitting corrosion resistance result from Al4C3, Al4SiC4, and AlN formation Ref 199
A5083 (TiC, Cu) Improved hardness and wear resistance result from heterogeneous structural refinement (TiC, Al2Cu, Al4Cu9) Ref 200
Al 6061 (NiCrSiB) Superior hardness; cavitation erosion and corrosion resistance result from hard-phase (NiAl, Ni3Al, NiAl3, Ni2Al3) formation Ref 201
Al 1100 (Al-Cu) Microstructural homogeneity and porosity elimination result in increased elastic modulus and wear resistance Ref 202
A5052 (Fe-Al) Hardness and wear-resistance improvement due to FeAl3 and Fe2Al5 formation Ref 203
Al 1100 (WC + Co + NiCr) Hardness and wear-resistance improvement attributed to mixed carbide (WC, W2C, Al4C3, Al9Co2, Al3Ni, Cr23C6, and Co6W6C)

formation
Ref 204

Al 1100, AlMg1SiCu, AlSi10Mg
(Fe2O3)

Superior hardness attributed to Al2O3, Al13Fe4, Al3FeSi2 formation Ref 205
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Table 19 (Continued)

Material system Process type(a) Outcome Reference

Mg-Al (Ni, Cu, Al) LSA Enrichment of Ni solid phase results in superior corrosion and wear resistance Ref 221
ACM720 LSM Enhanced hardness, wear, and corrosion resistance due to grain refinement and solid-solution strengthening Ref 222
ZE41 (Al + Si) LC Increased corrosion resistance attributed to Mg17Al12 formation Ref 223
AZ91D LSM Homogeneous microstructural refinement provides wear resistance Ref 224
MRI 153M (Al +Al2O3) LC Superior hardness attributed to Al2O3 phase refinement Ref 225
AZ91D (Al + Si) LC Superior hardness and wear resistance strengthened by Mg2Si and Mg17Al12 phases Ref 226
AZ91 (Ni) LSA Higher Young’s modulus and wear resistance attributed to MgNi2 phase formation Ref 227
ZE41 LSM Homogeneous microstructural refinement results in enhanced hardness and wear resistance Ref 228
AZ31B LSM Improved mechanical properties (tensile strength) Ref 229
AZ91D (Al + SiC) LC Improved hardness and wear resistance attributed to composite mixture of SiC and b-Mg17Al12 phases Ref 230
ZE41 (Al + Si) LC Rapid microstructural refinement (Al-Mg, Mg2Si) results in higher load resistance Ref 231
AZ31B (Al) LSM/LC Higher Mg17Al12 intermetallic refinement results in enhanced corrosion and wear resistance Ref 232
AZ91D LSM Higher tribological properties due to Mg17Al12 formation Ref 233

(a) LSM, laser surface melting; LC, laser cladding; LHF, laser hardfacing; LSA, laser surface alloying

Table 20 Laser surface hardening of titanium alloys

Material system Outcome Reference

Laser heat treatment

Ti40, Ti-6Al-4V Surface texture and wear properties enhancement Ref 234
Ti-6Al-4V Improved pitting corrosion resistance due to solute-partitioning effect reduction and Al segregation Ref 235
CP-Ti alloy Wetting characteristics improvement Ref 236
ASTM grade 3 Ti Hardness improvement by phase transformation Ref 237
Ti-6Al-4V Enhanced hardness Ref 238

Laser surface melting

Ti-6AI-4V Wear resistance enhancement Ref 239
CP-Ti alloy Improved abrasive wear resistance Ref 240
a-Ti Microstructural refinement and martensite transformation result in improved mechanical properties Ref 241

Laser shock peening

Ti-15-3 Improved adhesive strength Ref 242
CP-Ti Improved mechanical properties (tensile, modulus of elasticity, hardness) Ref 243

Better hardness and tensile strength Ref 244
TC17 Greater load resistance attributed to compressive residual stress formation Ref 245
Ti-2.5Cu, Ti-54M, LCB Fatigue resistance improvement Ref 246

Laser cladding

CP-Ti (Ni + Cr) Higher wear resistance Ref 247
CP-Ti (Ti + C) Improved frictional resistance Ref 248
BT9 (Ti5Si3/NiTi2) Superior load and wear resistance attributed to composite intermetallic (Ti5Si3/NiTi2) formation Ref 249
BT20 (BT20) Microstructural homogeneity results in enhanced hardness and wear resistance Ref 250

Laser surface alloying

IMI 318 (SiC) Wear resistance and hardness improvement Ref 251
Ti-6Al-4V (SiC) Mechanical properties enhancement by microstructural refinement Ref 252
Ti-6Al-4V (NiAl + ZrO2) Greater hardness and tribological properties due to higher hard-phase (AlZr3, Ti3Al, Al2O3) formation Ref 253
BT9 (Cr-Ni-Si) Excellent wear resistance due to large Cr13Ni5Si2 enrichment Ref 254
CP-Ti (Ni + Pd) Corrosion-resistance improvement Ref 255
BT9 (TiCo/Ti2Co) Dominant wear resistance Ref 256
CP-Ti (TiN-B-Si-Ni) Higher hardness, oxidation and frictional resistance Ref 257, 258
Ti (TiB) Hardness improvement due to higher boride formation Ref 259
Ti-6Al-4V (TiB) Increased wear resistance Ref 260
Ti-6Al-4V (graphite) Microstructural refinement (TiC) results in improved wear and erosion resistance Ref 261
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Introduction to Carburizing and
Carbonitriding
Allen J. Fuller, Jr., Amsted Rail Company, Inc.

Introduction

There are many occasions when it is benefi-
cial for a component to have the strength and
wear resistance of a high-carbon steel on the
outside while simultaneously possessing the
toughness and ductility of a low-carbon steel
in its center. A heat treating solution to provide
such a composite was discovered centuries ago.
This process has been known by many names,
including cementation and later as case harden-
ing. Carburization is the modern term used to
describe the variety of processes that produce
this case/core composite.
Carburization is the process of intentionally

increasing the carbon content of a steel surface
so that a hardened case can be produced by
martensitic transformation during quenching.
The steel is heated above the upper critical tem-
perature (Ac1), and carbon is introduced into
the austenite phase as a solid solution. It is nec-
essary that the steel be austenitized, because the
solubility (and also, consequently, the diffusiv-
ity) of carbon in ferrite is very low compared
to that of austenite. The carbon at the surface
is then allowed to diffuse into the steel, so that
a sufficient carbon profile or gradient is
achieved below the surface. After a sufficient
carbon profile is achieved, the steel is then
quenched for transformation (martensitic) hard-
ening of the high-carbon case.
Carburization has the ability to produce

mechanical properties in steel that are markedly
superior to those obtained from other methods
of heat treatment, such as through hardening.
Carburizing is particularly competitive in situa-
tions where fatigue resistance (especially bend-
ing, torsion, and rolling contact) is important.
The primary characteristic that distinguishes
a carburized component from one that is
through hardened is the carbon profile or gradi-
ent. Through-hardened steels have uniform
carbon content throughout the cross section of
the component, whereas a carburized part has
a higher carbon concentration at the surface
that tapers down to the base carbon content
of the steel at its core. It is this gradient that

gives a carburized component its beneficial
properties.
The unique properties of a carburized compo-

nent are made possible by a combination of mate-
rial properties (strength and hardness) that vary as
a function of depth from the surface. These prop-
erties are the result of the complex interaction
between the carbon content and the cooling rate.
Because both the carbon content and the cooling
rate vary across the section of a carburized com-
ponent, different microstructures and properties
are produced at different depths. The result is a
component that delivers its greatest strength at
the surface, where it is most effective. This has
significant implications in terms of fatigue
strength, because fatigue cracks typically origi-
nate at or near the surface of stressed components.
A closely related process is carbonitriding. Like

carburizing, carbonitriding involves heating
above the upper critical temperature (Ac1) to aus-
tenitize the steel. In carbonitriding, however, both
nascent (atomic) nitrogen and atomic carbon are
added to the surface in solid solution with austen-
ite.Nitrogen is a powerful austenite stabilizer, thus
facilitating the formation of a solid solution with
carbon in austenite. Nitrogen also speeds the rate
of carbondiffusion.Like carburizing, caseharden-
ing is achieved by martensitic transformation dur-
ing quenching. Because nitrogen is a powerful
austenite stabilizer, the upper critical temperature
(Ac1) for any given steel is lower with nitrogen,
thus allowing for lower transformation tempera-
tures during carbonitriding as compared to carbur-
izing. Nitrogen also increases the hardenability of
the case so that many plain low-carbon steels
respond to carbonitriding and oil quenching that
would not ordinarily harden after being carburized
and oil quenched.
This article introduces the basic funda-

mentals of carburizing, its advantages and
limitations, and the methods of carburizing.
Carbonitriding, as a method similar to carburiz-
ing but with important distinctions, is briefly
compared to carburizing in the section “Meth-
ods of Carburizing and Carbonitriding” in this
article. More details are in the article “Carboni-
triding of Steels” in this Volume.

History

The origins of carburization have been lost to
history, but it is believed that the first carbur-
ized tools were produced unintentionally as a
result of making tools out of nonhomogeneous
bloom iron. Archaeologists have found carbur-
ized implements dating over 3000 years old in
western Turkey. It seems likely that early iron
workers discovered that when they heated iron
in hot coals for an extended period of time,
the iron would become stronger than usual,
even to the point of being competitive with
the then state-of-the-art bronze tools being
manufactured by their competitors. As iron
workers sought to soften iron in forges in prep-
aration for forming, they unknowingly heated
the iron above its critical temperature (Ac1).
This resulted in two important conditions being
satisfied simultaneously: 1) The iron was trans-
formed from ferrite (a-iron) to austenite
(g-iron); 2) the combustion gases of the char-
coal fuel in the forge shifted from CO2 to CO
as a result of the Boudouard reaction. The solu-
bility of carbon in austenite is much higher than
that of ferrite, and the carbon monoxide gas
provided plenty of carbon for diffusion by
means of the following reaction:

2CO $ CFe þ CO2

The elevated temperature necessary to trans-
form the ferritic iron into austenite also
increases the rate of diffusion, such that carbon
diffuses into the iron at a significant rate, creat-
ing a new and extremely important material—
steel. Under the proper conditions, the carbon
content can increase to the point that the steel
becomes hardenable. The discovery of cemen-
tation in the production of steel and tools is
credited by some historians for helping to
advance the Iron Age.
Carburization became an important process

and found widespread use throughout the
1800s. During this period, carburization was
performed by surrounding the part to be carbur-
ized with a carbonaceous material, such as
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charred leather, ground animal bones, or wood
charcoal. These materials were then sealed in
an iron box that was heated to a temperature
above the Ac1 temperature and held for suffi-
cient time to achieve the desired case, typically
2 to 6 h. The box would then be cooled and the
part removed and hardened in a separate heat
treatment. This technique became known as
pack carburization.
Scientists began to understand that it was the

decomposition of the carbonaceous materials
into carbon monoxide, and not direct contact
with the solid carbon, that made carburization
possible. This realization presented the possibil-
ity of developing gaseous carburizing atmo-
spheres that could replace solid carbon sources
altogether. In the early 1900s, experiments with
gaseous atmospheres for carburization were
being conducted. Gas carburizing was found
to show great promise, but the furnace technol-
ogy at that time was not yet sufficiently
advanced to permit the use of gas carburizing
on a commercial scale. Because of these limita-
tions, pack carburization would remain the
leading method of production until World War
II. During this period, the heat treater remained
limited to establishing the process by trial and
error at that time because there was little avail-
able in terms of predictive calculations.
During World War II—undoubtedly in

response to the increased demand for arma-
ments and bolstered by advancements in fur-
nace design and manufacture—gas carburizing
began to take over as the dominant method of
manufacture.
In 1943, F.E. Harris published equations that

revolutionized how the industry understood the
process of carburization. His approach provided
a powerful quantitative tool for predicting the
outcome when carburizing at saturation levels
in austenite. Harris demonstrated that the (total)
case depth could be calculated by the following
relationship:

D ¼ 802:6

ffiffi
t

p
10 3720=Tð Þ

where D is the total case depth (millimeters),
t is time at temperature (hours), and T is the
absolute temperature (Kelvin).
Harris’ work formed the foundation for

continued advances in quantitative carburizing
that has greatly improved the understanding of
this commercially important process. Although
the Harris equation applies to carburizing at sat-
uration levels in austenite (which applies in the
case of the pack carburizing), it also provides
an important conceptual foundation in under-
standing the control of carburization at condi-
tions below saturation (as in gas carburizing).

General Process Description

The primary object of carburizing is to pro-
vide a hard, wear-resistant surface with surface
residual compressive stresses that improve the

useful life of components. The steel is austeni-
tized and brought into contact with an environ-
ment of sufficient carbon potential to cause
absorption of carbon at the surface and, by dif-
fusion, to create a carbon concentration gradi-
ent between the surface and the interior of the
metal. The objective is to increase the carbon
content at the surface from that of the base
alloy (typically 0.2%) to between 0.8 and 1.1%.
Two factors may control the rate of carburiz-

ing: the carbon-absorption reaction at the sur-
face and the diffusion of carbon into the
metal. Carburizing generally is done at tem-
peratures in the range of 850 to 950 �C (1550
to 1750 �F). However, temperatures as low as
790 �C (1450 �F) and as high as 1100 �C
(2010 �F) have been used. Although the carbur-
izing rate can be greatly increased at tempera-
tures above approximately 950 �C (1750 �F),
the service life of most furnace equipment is
degraded by operation at higher temperatures.
This serves to limit the carburizing temperature
at which processes can be operated
economically.
Carbon Gradient. The gradient of carbon

content between the surface and the center is
the signature feature of a carburized compo-
nent. The high-carbon layer at the surface is
known as the case, and the low-carbon center
is known as the core. The methods for the mea-
surement of case depth are described later.
A representative carbon concentration gradient
for a carburized component appears in Fig. 1.
Note how the hardness profile follows the car-
bon profile. The profile for a particular compo-
nent will depend on the specific process
parameters, including the desired surface car-
bon and the desired case depth.
Martensite Start Temperature. Carbon con-

tent has a powerful effect on the martensite
start (Ms) temperature of steel, and this in turn

is a significant contributor to the unique proper-
ties of a carburized component. Figure 2 shows
the effect of carbon content on the Ms tempera-
ture as well as the corresponding microstructure
and retained austenite levels. The inverse rela-
tionship between carbon content and Ms tem-
perature results in suppression of the Ms

temperature at the surface of a carburized
component.
In components made from through-hardened

steels, the carbon content is uniform throughout
the cross section. During quenching, the mar-
tensitic transformation begins at the surface
and progresses inward as conduction reduces
the temperature of successive layers. The center
transforms last.
In a carburized component, the higher carbon

content at the surface decreases the Ms temper-
ature. During quenching, the surface begins
cooling, but because of the lower Ms tempera-
ture, the surface does not begin to transform
immediately. As heat flows out of the compo-
nent by conduction, the temperature profile
crosses the Ms temperature profile at a point
below the surface, and martensite begins to
form while the surface remains austenitic. The
result is that the martensitic transformation
does not begin at the surface, as one might
expect, but rather at a depth below the surface.
Soon thereafter, the surface drops below its Ms

temperature and transforms to martensite. This
“inside-out” hardening has a profound effect
on the residual-stress profile of a carburized
component.
Beneficial Residual-Stress Profile. The key

to the success of carburized components is the
suppression of Ms, as discussed in the previous
section. As the layer of steel beneath the
surface transforms into martensite, it expands
as a result of the crystallographic change
associated with the austenite-to-martensite

Fig. 1 Representative carbon profile on an AISI 8620 steel rod of approximately 25 mm (1 in.) diameter after carbur-
izing at 950 �C (1750 �F) for 12 h in an enriched endothermic atmosphere. The rod was subsequently auste-
nitized at 850 �C (1560 �F) and oil quenched, untempered. Courtesy of Amsted Rail Brenco
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transformation. Martensite formation results in
an increase of both hardness and strength.
Moments later, when the surface (with its lower
Ms) transforms, it similarly tries to expand.
However, because the surface is constrained by
the volume underneath that has already trans-
formed, expansion is inhibited. This causes the
surface to enter a state of residual compression.
Because all static components must be in bal-
ance, the surface compressive residual stress is
balanced by a tensile stress at the core of the
component (Fig. 3a). If a bending load is applied
to the component, the applied stresses will match
the profile given in Fig. 3(b). Note that the great-
est magnitude of applied stress is realized at the
surface of the component, while the stress drops
to zero at the center. If a component with a com-
pressive residual stress such as that in Fig. 3(a) is
loaded as in Fig. 3(b), then the resulting stress
profile will look like that in Fig. 3(c).
The resulting compressive residual stresses at

the surface serve to arithmetically reduce the
magnitude of an applied stress on the compo-
nent. A component with a compressive residual
stress at the surface can support a load higher
than its material properties would otherwise
allow. This phenomenon has the effect of
increasing the practical load-carrying capacity
of the component (Fig. 3c). The same principle
of overcoming applied tensile stress with resid-
ual compression is used in prestressed concrete
beams. Through-hardened steels do not readily
produce this type of residual-stress profile. If a
through-hardened component and a carburized
component are compared in the same applica-
tion and both have the same hardness, the car-
burized component will generally support a
greater load before yielding. Alternatively, the
use of carburization could allow a smaller, ligh-
ter component to replace a larger, heavier one
made of through-hardening steel while support-
ing an equivalent load.
The benefit of surface compressive residual

stresses applies not only to static loading but
to fatigue loading. As can be seen in Fig. 4,
the fatigue limit of rollers in pure rolling is
much higher for the carburized steel than for
the alternative processes. This is a direct result

Fig. 3 Illustration showing how residual stresses associated with a carburized surface reduce the effect of surface
stress due to an applied load. Source: Ref 1

Fig. 4 Rolling contact fatigue test results. Test material run against a case-hardened surface. Deep cases used on all
surface-hardened discs or rollers. Source: Ref 1

Fig. 2 Effect of carbon content in iron-carbon alloys
on the martensite start (Ms) temperature, the

relative proportions of lath and plate martensite, and the
volume percent retained austenite. Source: Ref 1
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of the compressive residual-stress profile that
carburizing produces.
Strength and Hardness. While the carbon

profile serves to create a beneficial residual-
stress profile, it also serves to produce substan-
tial changes in the mechanical properties.
Figure 5 shows the relationship between carbon
content and hardness for various microstruc-
tures. From this diagram, it can be seen that
the hardness of martensite increases dramati-
cally up to approximately 0.7% C, at which
point the hardness begins to plateau. In a car-
burized component, the surface carbon is typi-
cally greater than 0.7%, so the hardness will
be highest near the surface and then decrease
with depth. The gradient in hardness is due to
a combination of decreasing carbon content
and cooling rates from the quench. The effec-
tive cooling rate at each position is determined
by its distance from the surface, with positions
closer to the surface seeing a more rapid quench
and deeper positions seeing a progressively
slower effective quench rate. The achieved
strength and hardness at each point on the pro-
file is a function of both position and carbon
content.
It is worth noting that the highest hardness in

a carburized component is often just below the
surface (Fig. 1). This seemingly contradictory
behavior is typically due to the influence of
higher carbon and thus higher retained austenite
levels at the surface. Austenite is softer than
martensite, so when it is present in sufficient
proportions, it has the effect of reducing the
overall hardness. This effect tends to be rather
shallow.
The relationship between tensile strength

and bending fatigue is illustrated in Fig. 6.
Because of the relationship between hardness
and tensile strength, it can be seen that the
bending fatigue strength of a carburized com-
ponent will be highest at the surface, where
fatigue cracks usually initiate. Carburized
components match the strength and hardness
of through-hardened steels, so they would be
expected to exhibit similar fatigue life. However,
while both carburized and through-hardened
components benefit from the relationship
between hardness and tensile strength, carbur-
ized components are unique in that they
derive additional fatigue strength from the
presence of compressive residual stresses at
the surface.
Design Considerations. When designing a

carburized component, there are numerous vari-
ables that can be controlled to suit a particular
application. Such variables include surface car-
bon content, surface hardness, case microstruc-
ture, case depth (either effective or total), core
strength, and hardness. Some applications may
even specify the level of surface retained aus-
tenite and residual stress.
The most important consideration is what

case depth is required. The case depth has
implications both for the cost of the component
(due to energy consumption and processing
time) and the load-carrying capacity of the

finished part. The choice of what case depth to
use is often based on experience with similar
applications. However, such a method is subject
to error because it could either specify a deeper
case than necessary, wasting resources and
increasing cost, or it could fail to account for
differing operating conditions and loads, which

could result in a case too shallow to adequately
support the required loads. A thorough design
approach must consider the loads that are
anticipated in service and then match the case
depth to these loads. Table 1 provides a general
comparison of case depths for different applica-
tion conditions.

Fig. 6 Relationship between rotating-bending fatigue limit and tensile strength for through-hardened steels. Source:
Ref 1

Fig. 5 Effect of carbon on the hardness of various microstructures observed in plain carbon and low-alloy steels.
Source: Ref 1
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It is important to remember that the ultimate
tensile strength of the carburized case changes
with the hardness at each depth on the carbon
profile. This gives the designer a unique oppor-
tunity to customize the strength of the compo-
nent to the application.
As an example of how to design a component

for a specific application, consider a component
intended for a contact application such as a gear
or roller bearing. For contact applications, it has
been proposed that the principal failure mode
occurs where the shear stresses experienced by
a component exceed the shear fatigue limit at
any given depth below the surface of the com-
ponent (Fig. 7).
The first step is to determine the shear stress

profile that the component will experience
under the anticipated service loads. This can
be done with mathematical models such as
those proposed by Hertz and Stribeck. Com-
puter models such as finite-element analysis

have also been used to estimate the maximum
shear stresses for certain applications. Once
the shear stress profile is known, it is then pos-
sible to work backward to the desired hardness
profile by determining the shear fatigue strength
required to counter the applied shear stress at
each point along the stress profile. Then, by
using the relationship between shear fatigue
strength, ultimate tensile strength (shear fatigue
strength � 0.31 � Ultimate tensile strength),
and hardness, it is possible to translate the
applied shear stresses into a hardness value nec-
essary to match that stress. By employing an
appropriate factor of safety, the necessary hard-
ness profile (and therefore case depth) to ade-
quately support the applied shear stress can be
determined.

How to Carburize

It is possible to create the conditions neces-
sary for carburization through a wide variety
of methods and equipment types, but all carbur-
izing processes have the following characteris-
tics in common.
Low-Carbon Base Steel. Steels for carburi-

zation typically have a carbon content ranging
from 0.15 to 0.30%. The most common carbon
content is approximately 0.2%, although occa-
sionally steels with a carbon content as high
as 0.50% are used for special applications. Car-
burizing steels can be plain carbon or low-alloy
steels. They provide the substrate for the car-
burizing process as well as the material that
will provide the core properties.
Carbon-Rich Source. This will contribute

the carbon for diffusion into the surface of the
low-carbon base steel. A variety of carbon-con-
taining materials may be used. The carbon can
be delivered as a solid, liquid, or gas. Histori-
cally, everything from charred animal bones to
natural gas and methanol has been used.

Gaseous media are the most commercially via-
ble and constitute the bulk of the carburizing
capacity in the world, although solid and liquid
media are still used in special circumstances.
Heat. Carburization requires that the steel be

able to accept carbon into its crystallographic
structure. This is facilitated by the fact that
the interstitial spaces available in the austenite
unit cell are larger than those in the ferrite unit
cell. These larger interstitial spaces make car-
bon significantly more soluble in austenite than
in ferrite. To make carburization possible, the
process must take place at a temperature above
the Ac1 temperature. Conveniently, carburiza-
tion is a diffusion-based process, so the temper-
ature required to transform the component to an
austenitic structure also provides the necessary
driving force to facilitate the diffusion of
carbon from the medium into the steel in a
commercially viable timeframe. The speed at
which carbon diffuses into the surface is pro-
portional to the temperature, so it is possible
and often economically beneficial to operate
the carburization process at the highest possible
temperature in order to minimize processing
time by increasing the diffusion rate. It is
important to consider that the savings found in
higher processing temperatures must be
weighed against the increased cost of equip-
ment maintenance.
Container. In most cases, the container

will be a furnace with burners or elements to
introduce heat energy, and inlets for the carbo-
naceous medium to enter and blanket the work-
piece. The container (or vessel) must include
some method of placing the workpiece and
medium in intimate contact during the heating
process. This container serves several func-
tions: to prevent loss of the medium and to
insulate the process to prevent excessive loss
of energy. The container will also serve to iso-
late the surface of the workpiece from undesir-
able substances that can impede or reverse the
carburization reaction, such as oxygen. Any-
thing can serve the role of container if it per-
forms these functions. Examples of common
carburizing containers are provided in Table 2.
Time. Carburization is a diffusion-based pro-

cess, so time is required to effect the changes in
carbon concentration necessary to achieve the
desired properties. The length of time required
will depend on many factors, including the
desired depth of the high-carbon layer (known
as the case depth) and the maximum tempera-
ture available (based on limitations of the
container and energy source). For economic
reasons, it is usually desirable to have the

Table 1 Typical range of case depths for
carburized parts in general areas of
applications

Application

Case depth

mm in.

High wear resistance, low-to-
moderate loading. Small
and delicate machine parts
subject to wear

�500 �0.020

High wear resistance,
moderate-to-heavy
loading. Light industrial
gearing

500–1000 0.020–0.040

High wear resistance, heavy
loading, crushing loads, or
high-magnitude alternating
bending stresses. Heavy-
duty industrial gearing

1000–1500 0.040–0.060

Bearing surfaces, mill
gearing, and rollers

1500–6350 0.060–0.250

Source: Ref 2

Fig. 7 Strength versus stress considerations for the crushing of a carburized case. Based on Sharma et al.’s
explanation. Source: Ref 1

Table 2 Types of carburizing containers

Carburizing method Container

Pack Metal box
Liquid (molten salt) The liquid salt itself serves to deliver

the carbon and isolate the
component from oxygen.

Gas/atmosphere Furnace shell, positive pressure
Vacuum Furnace shell, low pressure
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processing time as short as possible. This can
be accomplished by increasing the process tem-
perature, but this approach requires consider-
ation of reduced equipment service life and
increased maintenance costs, as well as possible
undesirable effects on the component such as
increased surface oxidation and grain growth.
Usually, a compromise temperature is used that
provides a reasonable balance between proces-
sing time and other factors.

Basic Carburizing Reactions

There are certain chemical reactions that are
common to all carburizing methods. Carburiza-
tion is a complex process where multiple reac-
tions occur simultaneously. These reactions
control the delivery (carburization) or removal
(decarburization) of carbon from the surface
and the oxidation or reduction of steel. The suc-
cess or failure of the process depends on ensur-
ing that the reactions are driven in the intended
direction until the desired surface equilibrium
and case depth are reached. Reactions and mass
transfer take place in four distinct zones: the
medium, the boundary layer, the surface, and
within the steel. This is represented graphically
in Fig. 8.
When considering generic carburizing, the

following reactions are involved:

2CO $ CFe þ CO2

COþ H2O $ CO2 þ H2

COþ H2 $ CFe þ H2O

These reactions control the balance of carbon
monoxide, carbon dioxide, and water vapor.
The first equation is of particular utility in
controlling the carburization process. The sec-
ond equation, known as the water-gas reaction
and in combination with the first equation,
describes the relationship between carbon
potential and water content at the boundary
layer/iron interface.

Diffusion and the Effects of Time and
Temperature. Because carburization is a diffu-
sion-dependent process, it is worthwhile to look
at the basic concepts that describe the behavior
of carbon diffusion in steel. Quantitative work
in diffusion became possible in 1855 when
Adolf Fick introduced of a formula to describe
the “flux” of gases from a region of high con-
centration to one of low concentration. In a sin-
gle dimension, this equation, which became
known as Ficks’ First Law, is written as:

J ¼ �D
dc

dx

� �

where J is the diffusion flux or rate of diffusion
per unit area, D is the diffusion coefficient of
carbon in steel, and (dc/dx) is the concentration
gradient (carbon with respect to distance). This
equation assumes that the rate of transfer is
proportional to the concentration gradient as
measured perpendicular to the surface in question.
Basic diffusion takes place wherever there is

a concentration gradient. In the case of carbur-
ization, the concentration gradient of concern
is that of carbon. In carburization, the required
gradient is created through the use of a low-car-
bon steel and a high-carbon medium. By plac-
ing the two in intimate contact at a suitable
temperature, the conditions necessary to allow
transfer of carbon from the medium (liquid,
solid, or gas) into the workpiece are created.
The speed of carbon diffusion in steel is greatly
influenced both by temperature and the magni-
tude of the concentration gradient.
Given sufficient time, carbon will continue to

transfer from the medium into the steel until
equilibrium is achieved and the concentration
is equal throughout the steel and the medium.
Through carburization is not commonly prac-
ticed for commercial components, but this tech-
nique does have application in shim stock
analysis, which is discussed later.
Increasing the rate of diffusion by maximiz-

ing the carbon gradient is exploited in the

“boost-diffuse” technique, where a higher car-
bon potential is used early in the process (boost
phase) and reduced to a lower carbon potential
in the latter half of the process (diffuse phase).
Boost-diffuse has been shown to reduce the
overall time required to achieve a particular
case depth when compared to single-step car-
burization, where the carbon potential is held
constant throughout the process.
To predict the effects of carburization, one

must first determine the value for the diffusivity
of carbon in austenite. Numerous formulas for
this value have been proposed (Ref 3). The for-
mula for a particular process and material is
used from best fit with the empirical experi-
ence. There are two main approaches to calcu-
lating diffusivity of carbon in austenite. One
approach is to consider only the effect of tem-
perature; the other is to consider the combined
influences of temperature and carbon content.
First, a temperature-dependent diffusivity (DT)
is considered:

DT ¼ 0:162 exp
�137; 800

RT

� �
(Eq 1)

where DT is the diffusivity of carbon in austen-
ite (cm2/s), R is the ideal gas constant
(8.31 J/mol � K), and T is the absolute tempera-
ture (Kelvin).
Values for Eq 1 are plotted in Fig. 9. It is evi-

dent from Fig. 9 that the diffusivity of carbon in
austenite increases with temperature. It is this
relationship that is exploited during the carbur-
izing process and why it is beneficial to use the
highest possible carburizing temperature in
production.
DT is useful for estimations, but it is understood

that the diffusivity of carbon in austenite is also
highly affected by the carbon concentration of
the steel. This makes using a temperature- and
carbon-content-dependent diffusivity, D(C,T), a
more realistic approach.
Like DT, there are many D(C,T) formulas

available to choose from. A commonly used
formula for D(C,T) is:

Reactions at

the surface

Diffusion in the metal

Distance from surface

Core carbon

Ae

I–III (q) Effect of alloying

      elements

[C
]

Transport in

the boundary

layer

Reaction in the

furnace atmosphere

CO2 + H2 CO + H2O
CH4

CO2
H2O

H2

CO

CO + 3H2

CO2 + CH4 2CO + 2H2

H2O + CH4

CH4 [C]  + 2H2

[C] + H2O

2CO [C] + CO2

CO + H2

Fig. 8 Schematic representation of the various steps in the gas carburizing process.
This diagram is specific for gas carburizing. Source: Ref 1
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D C;Tð Þ ¼ 0:47

� exp �1:6� C� 37; 000� 6; 600C

RT

� �
(Eq 2)

where D(C,T) is the carbon- and temperature-
dependent diffusivity of carbon in austenite
(cm2/s), C is the carbon content (weight percent),
R is the ideal gas constant (1.99 cal/mol � K), and
T is the absolute temperature (Kelvin).
Because the values of Eq 2 are a function

of both temperature and carbon content, a
comparison between DT and D(C,T) at two dif-
ferent carbon levels (0.2 and 0.8%) is shown
graphically in Fig. 9. Note that D(T) is greater
than D(C,T) at lower carbon concentrations,
but that as the carbon content increases, this
relationship is reversed and the D(C,T) diffusiv-
ity of carbon in austenite is higher. It is this
behavior that is exploited during boost-diffuse
carburization.
Once a method of calculating diffusivity has

been chosen, a useful formula for estimating
the carbon profile resulting from the carburiza-
tion process can be derived from Fick’s Second
Law and appears as:

C x;tð Þ ¼ Cs 1� 1� Ci

Cs

� �
erf

x

2
ffiffiffiffiffi
Dt

p
� �� �

where C(x,t) is the carbon content in weight per-
cent at a depth x and time, t; Cs is the carbon
content in weight percent at the surface; Ci is
the carbon content in weight percent of the base
material; x is the depth (centimeters); t is the
time (seconds); D is the diffusivity of carbon
in austenite (cm2/s); and erf is the error function
of the argument.
This formula can be used to predict the

effects of several key process variables, includ-
ing temperature, time, and surface carbon level,
and is valid for what is known as single-stage
carburization. Single-stage carburization takes
place at a constant temperature and surface car-
bon content. Some production processes use a

technique known as boost-diffuse carburization.
This is done to take advantage of the increased
diffusivity that occurs at higher carbon levels
during the early stages, with the goal of reduc-
ing overall process time.
Predicted carbon profiles using D(C,T) at var-

ious processing times are plotted in Fig. 10.
Plots such as this are easily accomplished
using common spreadsheet applications. The
practicality of such an estimate can be seen
in Fig. 11, where 8620-grade steel was carbur-
ized in a single-stage process at a temperature
of 963 �C (1765 �F) and a surface carbon
potential of 1.30%. Neither prediction matches
the experimental data exactly, but the profile
calculated using D(C,T) is a better fit for the
actual carbon profile than is the profile calcu-
lated using DT, especially at greater values of
x, which are the most important for determin-
ing case depth.
Many controls companies now offer instru-

mentation and computer simulation software
that use proprietary diffusion equations based
on variations of the concepts presented here.
Oxidation. The reactions that occur at the sur-

face of steel during carburization are complex
and numerous. In addition to the carbon monox-
ide and carbon dioxide reactions described previ-
ously, many carburizing processes also must
contend with oxidation. Oxidation can be
described by the following reactions:

2Feþ O2 ! 2FeO

4Feþ 3O2 ! 2Fe2O3

3Feþ 2O2 ! Fe3O4

The oxygen for these reactions is provided by
the CO/CO2 reaction:

2COþ O2 $ 2CO2

This reaction is important in describing the for-
mation of intergranular oxidation and also in
helping control carburizing processes through

the use of zirconia oxygen probes. The princi-
ple of operation for zirconia oxygen probes is
described in the next section.
Atmosphere Measurement and Control.

For a carburizing process to deliver the
desired results, the heat treater must be able
to produce the required carbon potential in
the carburizing medium. Fortunately, the
numerous simultaneously occurring reactions
can be exploited for this purpose. One reac-
tion in particular has been found to be of
primary importance in the control of gas car-
burizing atmospheres. It is known as the
water-gas reaction:

COþ H2O $ CO2 þ H2

This reaction can be used to show that there is a
relationship between the carbon potential of an
atmosphere and its water content. The relation-
ship between water and carbon dioxide has
proven to be particularly useful for this pur-
pose. This relationship is displayed graphically
for manufactured endothermic gas carburizing
atmosphere produced from propane and natural
gas (methane) in Fig. 12 and 13.
This relationship has been used for many

years as the principal method to measure car-
bon potential. For many years, instruments that
measured the dewpoint of carburizing atmo-
spheres by means of adiabatic expansion were
the primary means of determining the quality
of carburizing atmospheres.
Dewpoint measurement was a tremendous

advancement in the technology of carburizing,
but it was limited by the fact that adiabatic
expansion instruments cannot be used for con-
tinuous monitoring.
In the 1980s, the zirconia oxygen probe

began to supplant dewpoint measurement as
the primary measurement method for carburiz-
ing atmospheres. An advantage of the zirconia
oxygen probe over dewpoint measurement is
that zirconia probes are well suited to continu-
ous monitoring of the carburizing atmosphere
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and are continually calibrated by the oxygen in
the air outside the furnace. This has opened the
door for tremendous advances in instrumenta-
tion to control carburizing processes.
Oxygen probes work on the assumption that

the following reaction is in equilibrium:

2COþ O2 $ 2CO2

From this equation, it can be seen that there is a
relationship between the oxygen content of the
atmosphere and the CO:CO2 ratio.
Certain materials have been found to exhibit

measurable changes in electrical conductivity
due almost exclusively to the transfer of oxygen
ions through the material matrix. One such
material, zirconia, when stabilized by small
additions of other oxides such as Y2O3, has
been found to be particularly useful in this
regard. The added oxides serve to create oxy-
gen vacancies in the zirconia matrix, which
greatly facilitate the mobility of oxygen ions
through the substrate. Placing platinum electro-
des on either side of the zirconia substrate per-
mits the measurement of conductivity across
the material (Fig. 14).
This property is extremely useful because it

is relatively simple to precisely measure
the change in conductivity of the zirconia mate-
rial. The following relationship describes the
change of zirconia probe potential with oxygen
content:

v millivoltsð Þ ¼ 0:0496T log10
P0

P1

where T is the absolute temperature (Kelvin),
P0 is the oxygen partial pressure at the
inner electrode (reference), and P1 is the oxy-
gen partial pressure at the outer electrode
(atmosphere).
The oxygen content of the carburizing atmo-

sphere can be easily determined by measuring
the voltage of the sensor and knowing the oxy-
gen content of a reference gas (typically room
air). The oxygen content of the reference air is
used to calculate the dewpoint of the atmo-
sphere by using the relationship between

oxygen and water content. The specific formu-
las used to produce these values are typically
proprietary to each manufacturer. To allow for
small “fine-tuning” adjustments, these algo-
rithms typically include an adjustment factor
that is intended to be used by the heat treater
to improve measurement accuracy by bringing
the probe output into line with actual furnace
conditions. A typical oxygen probe installation
is represented in Fig. 15.
How can a heat treater know the actual

atmosphere conditions inside the furnace?
A simple technique known as the shim stock
test is often used for this purpose (see the arti-
cle “Evaluation of Carbon Control in Carbur-
ized Parts” in this Volume). The shim stock
test involves inserting a thin foil of low-carbon
steel into the furnace atmosphere through a spe-
cial port in the furnace wall (Fig. 16). The shim
itself is usually made of AISI grade 1010 steel
at a thickness of between 0.025 and 0.075 mm
(0.001 and 0.003 in). A special fixture is typi-
cally fabricated to hold the specimen. Due to
its thin cross section, the shim rapidly reaches
the carburizing temperature and assumes equi-
librium with the carbon potential of the furnace
atmosphere. The actual time required will depend
on the furnace temperature, carbon potential,
and shim thickness, but it is typically less
than 1 h.
Historically, the carbon content of the shim

was determined by precisely weighing the shim
before and after carburization and calculating
the carbon pickup by the weight difference.
However, with today’s (2013) prevalence of
combustion-type carbon analyzers, it is simpler
to analyze the strip to determine the actual car-
bon content.
If the shim test is performed properly, the

result will provide the heat treater with the
carbon potential in the furnace atmosphere
at the time of the test. This information can
be used to select the appropriate adjustment
factor to adjust the oxygen probe so that
it reads the actual carbon potential of the
furnace.
There are some precautions to consider when

performing shim stock analysis:

	 The shim should be cleaned both before and
after exposure with a solvent such as alcohol
to remove any residues or contamination.

	 The shim test result will only be meaningful
if the furnace atmosphere is stable.

	 Oxidation of the test strip must be prevented
because it will affect the results. It is good
practice to withdraw the strip into the sam-
ple port and allow it to cool before unsealing
the port and exposing the shim to air.

	 The shim will only represent the particular
zone or location in which it is tested. For
best results, the shim port should be close
to the oxygen probe. Fortunately, it is com-
mon practice for most furnace manufacturers
to include a port in close proximity to the
probe.

	 Depending on the carbon content of the
furnace, a properly prepared shim should
appear either bright and clean or matte gray.
Discoloration (blue or brown) indicates that
the shim has oxidized. Interaction of oxygen
with a hot shim will lead to decarburization
of the shim and skewed carbon values.

Advantages and Limitations

When deciding if carburization is the best
process for producing a component, it is helpful
to consider its advantages and disadvantages
when compared to competing methods.

Advantages

Lower Material Costs. Carburizing steels
are characterized by low carbon content. The
low carbon content offers some benefits to the
steelmaker, which can be passed on to the com-
ponent manufacturer. The hardenability of most
carburizing steels is low enough to avoid hard-
ening during the rolling and finishing opera-
tions at the steel mill. This means that the
steel can often be introduced into the
manufacturing process in the as-rolled or hot-
rolled condition without the need for annealing.
This can save a significant cost by avoiding the
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necessity for annealing at the steel mill. By
comparison, through-hardening uses medium-
to-high-carbon steels. Steel grades with carbon
contents greater than 0.30% can be too hard
to be easily machined. These grades usually
require some sort of anneal before leaving the
steel mill, which adds significant cost. The use
of low-carbon carburizing steels can avoid
these additional costs.
Greater Ease of Machining. Compared to

higher-carbon through-hardening grades, car-
burizing steels are typically easier to machine.
This is because carbon content directly affects
mechanical properties, such as strength and
hardness.
As previously discussed, steels with a carbon

range of 0.15 to 0.30% can often be machined
directly after hot forming operations without the
need for an intermediate annealing step, such as
is usually required with high-carbon steels. This
flexibility can be of significant financial benefit
to the component manufacturer both in terms of
energy consumption and cycle time.
The lower energy input required to machine

low-carbon steels permits greater productivity
and lower costs for consumables (such asmachin-
ing inserts). Capital equipment costs can be
reduced by the fact that lower machining effort
permits the use of less rigid machine tools.

Greater Freedom during Forming. Carbur-
izing steels tend to have lower yield strengths
and rates of work hardening than medium- and
high-carbon steels, which facilitates cold form-
ing, and permits transfer directly to machining
without subsequent annealing operations.
Tailored Mechanical Properties. The use

of carburization gives the designer great flexi-
bility. By controlling the carburizing process
parameters, the engineer can choose the surface
hardness, load-carrying capacity, and surface
microstructure to suit various requirements.
Development of Compressive Residual

Surface Stresses. The natural tendency of car-
burization to produce compressive residual
stresses at the surface of components is a signif-
icant advantage that is often overlooked. Com-
pressive residual stresses contribute to higher
load-carrying capacity and greater resistance
to damage. Compressive residual stresses can
also provide greater fatigue life.
Widespread Use. Because carburization is

such a commercially successful process, there
are many commercial and captive heat treating
facilities available that can provide heat treating
services. Those wanting to bring carburizing in-
house will find that the necessary equipment is
widely available.

Limitations

Capital Cost. Heat treating equipment is
costly, regardless of the method chosen. Procur-
ing the equipment to carburize components will
often require significant expenditures. Initial
costs include furnaces and atmosphere genera-
tors. A small batch-type carburizing furnace
can cost several hundred thousand dollars or
more. A large continuous furnace line may cost
well over a million dollars. The following addi-
tional expenses should be considered:

	 With new installations, additional expenses
should be anticipated for utility connections.

	 Furnace racks or trays to hold the work-
pieces during heat treatment must also be
purchased. Carburizing atmospheres will
gradually degrade alloy fixtures and furnace
hardware over time, so replacement will be
an ongoing cost.

Energy Consumption. Carburization requires
substantial time at temperature to achieve the
required surface carbon content and case depth.
This requires energy to heat and maintain
equipment and components at the designated
carburizing temperature. Competing processes
do not require this step.
Distortion. The very nature of the carburiza-

tion process creates the potential for changes in
the geometry of the component. There are
chemical, thermal, and microstructural effects
that the designer must consider. To compensate
for distortion, the designer may have to heat
treat the component with additional stock that
will allow the component to be finish-ground
to the final size. This adds cost through the
additional material that must be purchased and
processed, as well as the cost of the final grind-
ing operation.
Depending on the complexity and geometry

of the component, some amount of fallout for
dimensional nonconformance may need to be
planned for. Some components may have a
geometry that allows them to be hardened in
what is known as a quench press. A quench
press uses special tooling to hold and constrain
the component while simultaneously flooding it
with quenchant. The use of a quench press can
greatly improve the dimensional stability of
carburized components.
Time-delayed dimensional change can be

caused by the transformation of retained austen-
ite in a component. Retained austenite is meta-
stable at temperatures below the lower critical
temperature, so it is thermodynamically avail-
able to transform if sufficient energy is
provided in the form of heat or shear stress.

Fig. 14 Schematic of a zirconia oxygen probe. Source:
Ref 4
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Fig. 15 Typical oxygen probe installation in a carburizing furnace. Source: Ref 4
Fig. 16 Schematic of the hardware required to perform a shim stock test in an

atmosphere furnace. Source: Ref 5
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When transformation does occur, a portion
of the austenite grains will transform into
fresh martensite, causing the characteristic
volume change that takes place when face-
centered cubic transforms into body-centered
tetragonal. This volume change can dramati-
cally affect the residual-stress level of a
component, which in turn can cause measur-
able changes in part geometry. This can be
avoided by ensuring that the retained austen-
ite content of the component is no higher
than necessary.

Carburizing Steels

The distinguishing characteristic of carbur-
izing steels is a low carbon content. Carburiz-
ing steels typically have a carbon content of
between 0.10 and 0.30%, although steels
with higher carbon contents are sometimes
used in special applications. Carburizing
steels can be plain carbon or alloy steels con-
taining small amounts of alloying elements,
typically manganese, chromium, nickel, and
molybdenum. There are many grades avail-
able. Some popular carburizing steel grades
are described in Table 3. These alloying addi-
tions are intended to either increase harden-
ability or enhance other properties, such as
impact strength.
The steels listed in Table 3 are a sampling of

grades commonly used in North America.
There are various steel chemistries in use in dif-
ferent regions around the world, many of which
are analogous to certain AISI or SAE grades.
Grade selection should be based on local avail-
ability and the ability to satisfy the case and
core requirements. There is usually a standard
grade available to meet most applications, but
in rare cases, the application may have special
requirements that dictate the extra cost of using
a custom grade.
Carburizing steels should be treated for grain

refinement, because the elevated temperatures
and extended times of commercial carburizing
processes can create the potential for undesir-
able grain growth in the finished part.
With the rise in popularity of vacuum carbur-

izing, there has been a greater interest in carbur-
izing at temperatures above 980 �C (1800 �F).

When carburizing above 995 �C (1825 �F),
consideration must be given to factors such as
furnace construction, process used (vacuum
and/or atmosphere furnace), alloy fixture life,
and workpiece material. Grain growth and
intergranular oxidation at the surface are unde-
sirable effects that can occur more rapidly at
high temperatures. Various combinations of
alloying elements are being used by steel man-
ufacturers to resist these deleterious effects. It is
important to recognize that steel grades used to
make components that will be carburized at
high temperatures may need to compensate for
loss of elements in vacuum high-temperature
carburizing. Certain alloying elements such as
niobium may be added to help prevent grain
growth.

Quality Assurance

Because of the many variables that must be
controlled during carburization, managing pro-
cess variation is a constant challenge. Modern
instrumentation and equipment makes it possi-
ble to produce repeatable results. However,
proper operation and maintenance of carburiz-
ing equipment is essential to success. Due to
the high temperatures employed and the chemi-
cal activity of carburizing gases, the equipment
used to perform carburizing will deteriorate
over time, so constant attention is necessary.
Numerous test methods have been developed

to verify that the desired outcome has been
obtained after carburization. Because the
distinguishing characteristic of carburization
is the high-carbon martensitic case, most speci-
fications involve tests to verify the surface
hardness, carbon and hardness profile, and
microstructure.
The use of statistical process control (SPC)

to monitor and control critical process variables
has also been shown to be of great value in the
successful operation of a carburizing process.
An effective process control program using
SPC can detect furnace maintenance and opera-
tional issues before they adversely affect prod-
uct quality.
Surface hardness is the most basic and

easiest test that can be performed to verify that
carburization has occurred. Test methods such
as the Rockwell, Vickers, and Knoop hardness

tests have been in use since the early 1900s,
and they are still relevant today (2013).
The hardness range for a carburized and

hardened case will vary depending on the inten-
ded application, but it will generally range from
approximately 55 to 65 HRC.
Core hardness is the hardness in the center of

the component, usually in a noncarburized
region. Core hardness is measured by the same
methods as surface hardness. Core hardness is
determined by the size and heat treatment
method of the part and can range anywhere
from 25 to 45 HRC. Unlike surface hardness,
the testing of core hardness is a destructive test,
because it usually involves cutting a component
to gain access to the core. Core hardness
will vary in a component as a function of
section thickness. Depending on the geometry
of the component, it may be necessary to define
exactly where the core hardness will be
evaluated.
The carbon gradient is the defining charac-

teristic of a carburized component. While
the surface carbon can be estimated by its
effect on surface hardness and microstructure,
this does not reveal anything about the depth
and slope of the carbon gradient between
the surface and the core. One method that can
be used to confirm that the process has pro-
duced the intended result is to measure the
actual carbon content at a defined depth from
the surface.
The technique required to perform this test

will depend very much on part geometry. One
method that has been used on axially symmetri-
cal parts is to chuck the component in a lathe
and turn the surface down to the depth of inter-
est, then turn down a bit further and collect the
turnings for analysis. If this is done with the
necessary precision, it is possible to collect
the turnings at various depths of cut and ana-
lyze them using a combustion analyzer.
Case Depth. The designer is expecting the

carburized case to extend to a certain depth into
the component in order to provide the mechan-
ical properties and load-carrying capacity that
the component requires. This necessitates the
determination of the carbon gradient. There
are several ways to define this depth.
Total case depth is defined as the perpendic-

ular distance from the surface of a carburized
component to the point at which differences in

Table 3 Common carburizing steels

AISI grade Relative cost

Nominal composition, wt%

CommentsC Mn Ni Cr Mo

1020 Very Low 0.2 0.45 . . . . . . . . . Plain carbon steel. Low core hardenability
4023 Low 0.23 0.80 . . . . . . 0.25 Low-hardenability grade commonly used in automotive applications
4320 Moderate/high 0.2 0.55 1.82 0.50 0.25 Higher hardenability for improved core response in thicker cross sections. Somewhat longer processing times than 8620
4620 Moderate 0.2 0.55 1.85 . . . 0.25 Nickel/molybdenum steel. Used only where nominal hardenability and core response are required
4820 High 0.2 0.60 3.5 . . . 0.25 Increased nickel content for improved core toughness. Slower response results in longer processing times
5120 Low 0.2 0.80 . . . 0.80 . . . Commonly used in automotive applications. Propensity to form carbides if carburized too close to saturation
8620 Low/moderate 0.2 0.85 0.55 0.50 0.20 Most commonly specified steel for carburizing. Excellent carburizing response, with good hardenability for most section sizes
8720 Moderate 0.2 0.85 0.55 0.5 0.25 Similar to 8620 but with additional molybdenum for increased core hardenability
9310 Very high 0.1 0.50 3.25 1.2 0.12 Increased nickel content for maximum core toughness. Slower response results in longer processing times
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chemical or physical properties of the case and
core can no longer be distinguished. Total case
depth is sometimes practically defined to be the
distance from the surface to the deepest point at
which the carbon content is 0.04% higher than
the carbon content of the core. Generally, the
term total case depth is considered too vague
for use in carburizing specifications because of
the practical difficulty in determining the exact
point where the carbon profile transitions
between the case and the core.
Effective case depth or hardened depth is

defined as the perpendicular distance from the
surface of a hardened case to the depth at which
a specified level of hardness is obtained. This
method is the most practical and most widely
used for determining case depth. The industry
standard hardness criterion is HRC 50. Defining
case depth to other hardness values is occasion-
ally used for special applications but is not
common. When other criteria are used, they
should be properly defined.
Carburized case depth is defined as the per-

pendicular distance from the surface of a car-
burized case to the depth at which a specified
level of carbon is obtained. It is a hybrid of
the total case and effective case methods. The
specified carbon level is selected to approxi-
mately correlate to a particular depth of inter-
est, such as the near-surface or the effective
case depth. For medium-to-low-alloy carburiz-
ing steels, the depth to HRC 50 will correlate
to a carbon level of 0.3 to 0.4 wt% C. Often,
0.35 wt% C is used as the specified carbon level
for carburized case depth.
The depth of carbon is most easily measured

indirectly by measuring the effect that the car-
bon has on the hardenability and hardness of
the steel. Because it is the easiest method to
perform and quantify, effective case depth is
the predominant measurement method. A micro-
hardness tester is useful for this purpose. To
measure effective case depth, a specimen is
cut with its face perpendicular to the compo-
nent surface. A microhardness tester equipped
with a Vickers, Knoop, or similar indenter is
then used to place small indentations into the
specimen at defined distances from the surface,
continuing until the hardness drops below the
hardness of interest. By determining the inter-
cept of the defined hardness of interest (say,
50 HRC) with the hardness gradient, the effec-
tive case depth is easily determined (Fig. 17).
Instruments for checking microhardness are
available from a variety of manufacturers.
Case Microstructure. To achieve the

mechanical properties necessary to take advan-
tage of the carburizing process, a carburized
component must be quenched to form martens-
ite. Martensite exists in two major forms: lath
and plate. These two forms, while identical in
crystallographic structure, differ in morphology
and mechanical properties.
Low-Carbon (Lath) Martensite. Lath mar-

tensite is the predominant form of martensite
at carbon levels below approximately 0.6%,
and it disappears altogether at carbon levels

above 1.0%. As such, lath martensite is the
form of martensite that is typically encountered
in the core of a carburized component. Lath
martensite is less strong than plate martensite,
but has greater impact resistance (Fig. 18).
High-Carbon (Plate) Martensite. Plate mar-

tensite begins to form when the carbon content
is greater than approximately 0.6%. As the car-
bon content increases above 0.6%, the propor-
tion of plate martensite increases until, at
approximately 1.0%, lath martensite disappears

completely and plate martensite becomes the
dominant microstructure. Plate martensite is
characteristically identified by the presence of
large “needles,” often accompanied by varying
amounts of retained austenite. Plate martensite
is stronger than lath martensite but also less
impact resistant.
Retained Austenite. Depending on the case

carbon content and the specific heat treatment
process used, the component may contain a sig-
nificant amount of retained austenite. Retained
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Fig. 17 Method of determining effective case depth at 50 HRC by means of microhardness profile (converted to
HRC). In this example, the effective case depth is 1.75 mm (0.069 in.).

Fig. 18 Typical low-carbon (lath) martensite microstructure with some acicular ferrite. 8620-grade steel. Nital etch.
Original magnification: 500�
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austenite is so named because it is a high-
temperature phase that is retained at room
temperature after quenching and tempering.
Normally, austenite is not stable below the
lower critical temperature (Ac3) and is not nor-
mally present in ordinary alloy steels at room
temperature. However, in many case-carburized
applications, retained austenite is present due
to suppression of the Ms temperature, non-
equilibrium cooling, and the Mf being below
the quench temperature. Retained austenite is
metastable at temperatures below the lower
critical temperature, so it is thermodynamically
available to transform if sufficient provocation
is offered by the environment. The driving
force for the transformation of austenite to
“fresh,” untempered martensite can come from
the application of shear stresses in service or
from post-heat-treatment exposure to elevated
temperatures.
Retained austenite can either be detrimental

or beneficial, depending on the application.
For instance, many gears and roller bearings
are intentionally designed with certain levels
of retained austenite in the case, because it
has been shown to prolong service life in situa-
tions where rolling or sliding contact fatigue are
a primary concern.
Retained austenite is almost exclusively a

case microstructural feature and presents itself
as indistinct, light-colored areas in the spaces
between plate martensite plates (which appear
as needles). Figures 19 and 20 show micro-
structures with two different levels of retained
austenite.

Possible Complications

Despite its many benefits, carburization is
very process-sensitive. With so many variables
to control, it is common to encounter certain
types of conditions that may be detrimental to
some degree, depending on the application.
Decarburization. The intent of the carburiz-

ing process is to create a carbon gradient into
the surface of a steel component in order to
achieve certain mechanical properties. How-
ever, process interruptions and equipment pro-
blems can lead to a reversal of the carbon
gradient. By diffusion, carbon migrates from a
region of high concentration to a region of
low concentration. If, during heat treatment,
the carbon potential of the atmosphere drops
below that of the steel surface, the carbon flow
will reverse, and decarburization of the compo-
nent will occur. This is obviously undesirable
because if it progresses too far, decarburization
will compromise the beneficial properties that
the heat treater and designer intended.
Common causes of decarburization in gas

carburizing are outright furnace failures, that
is, leaks, blown radiant tubes, open doors, and
atmosphere generator problems. If the degree
of decarburization is slight, it presents itself
as a martensitic microstructure with a lower

retained austenite content. This may not be a
problem, but slight decarburization reduces the
level of compressive residual stress near the
surface. If decarburization is enough for the

surface to revert back to ferrite, corrective
action is required. Excessive surface decarburi-
zation can lead to low surface hardness and
poor fatigue strength.

Fig. 19 Case microstructure of plate martensite and 
30% retained austenite (by x-ray diffraction). Nital etch.
Original magnification: 500�

Fig. 20 Case microstructure of plate martensite and 
15% retained austenite (by x-ray diffraction). Grade 8620.
Nital etch. Original magnification: 500�
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If the depth of decarburization is very shal-
low or less than the depth of metal removal
from post-heat-treatment finishing operations,
its impact may be negligible. Surface decarburi-
zation can be present even if the required case
depth is achieved. This can make rework opera-
tions difficult because, in most cases, the pro-
cessing required to recarburize the surface will
drive the case depth even deeper, sometimes
with undesirable consequences.
Carbides are relatively hard and brittle com-

pared to carburized steel, so they are generally
considered undesirable in a carburized compo-
nent. Carbides are especially troublesome in roll-
ing or sliding contact application, because they
can act as fatigue crack initiation sites. Carbides
tend to precipitate at grain boundaries, which
can decrease the impact toughness of thematerial.
Regardless of the cause, carbides are typi-

cally seen near the surface of the carburized
component, where the carbon content is at its
highest. Carbides are typically caused by one
of two conditions:

	 Excessive carbon content: If the surface car-
bon of the carburizing medium is higher
than the saturation carbon level of the steel
(Fig. 21), it will begin to form iron carbide.
There is no known benefit to carburizing at
carbon levels higher than saturation. It is
generally considered good practice to carbu-
rize at a carbon concentration just below the
saturation carbon level, to maximize the
increased diffusion rate achieved at higher
carbon levels. The appropriate carbon poten-
tial can be easily controlled through the use
of modern atmosphere-monitoring equip-
ment and instrumentation. Maximum solu-
bility limits of carbon in austenite are listed
in Table 4 at typical carburizing and quench
temperatures for some common carburizing
steels.

	 Slow cooling from the carburizing tempera-
ture: When carburizing, it is normal for the
carbon content at the surface to exceed the
eutectoid composition of the steel. While
the steel remains at carburizing tempera-
tures, the carbon remains in solution, but as
the component cools, it must pass through
the austenite-Fe3C field of the phase dia-
gram. If the cooling rate is sufficiently fast,
the carbon cannot precipitate out of solution.
However, if the cooling rate is too slow, car-
bide will begin to precipitate as an equilib-
rium structure at the austenitic grain
boundaries. This tendency can be minimized
by cooling rapidly through the austenite-
Fe3C field to limit the time that the compo-
nent spends in the austenite-carbide field.

Carbides present in an etched microstructure
as distinct, light-colored, round-cornered fea-
tures that can be present in a variety of mor-
phologies ranging from discrete, individual
carbides to a network around the prior-austenite
grain boundaries (Fig. 22), also known as a
continuous carbide network.

Masking is the prevention of carburization
on a portion of the surface by means of a bar-
rier. Masking can be either intentional or
accidental.
Intentional masking may be employed when

it is desirable to leave a specified area of the
component soft for future processing (machin-
ing, drilling, etc.) or when having a hardened
surface at some portion of the component is

objectionable. This can be accomplished by
plating with a barrier metal such as copper or
by using commercially available stopoff coat-
ings, which are formulated to act as a barrier
to the transfer of carbon (see the article “Stop-
off Technologies for Heat Treatment” in this
Volume).
Unintentional masking results when carbon

diffusion into the steel surface is accidentally
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Fig. 21 Carbon saturation limit in austenite for common AISI steel grades, calculated using Thermo-Calc.
Source: Ref 6

Table 4 Carbon solubility limits in austenite at some typical temperatures for carburizing
and hardening

Steel

Maximum solubility of carbon (wt%) in austenite (from Fig. 21) at:

925 �C (1700 �F) 845 �C (1550 �F) 800 �C (1475 �F)(a)

1018 1.3 1.07 . . .

4820 1.27 1.03 . . .

5120 1.17 0.91 . . .

8620 1.21 0.96 . . .

9310 1.06 0.79 0.64

(a) Quench from 800 �C (1475 �F) applicable for 9310
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inhibited, resulting in less surface carbon or
case depth than intended. This can affect large
or small regions of a component. Unintentional
masking can be caused by chemical contamina-
tion of the surface or by physical obstruction of
the surface by incidental contact between the
component and other parts or fixtures during
processing. This is often caused by residual
fluids from previous operations that have dried
on the surface or by surface corrosion. Uninten-
tional masking is typically combated by select-
ing metalworking fluids that are compatible
with carburizing or by washing parts prior to
carburizing to remove residues. This condition
is difficult to identify, but it can usually be
detected by low surface hardness. Low case
depth is only detectable by metallographic sec-
tioning of components.
Masking directly affects the carbon composi-

tion at the surface (and therefore the microstruc-
ture), so it can be detected on finish-ground
surfaces by inspecting after the application of a
suitable etchant. Unintentional masking will
appear as a mottled or splotchy surface.
Intergranular Oxidation. The presence of

internal oxidation at the surfaces of parts that
are case hardened by pack or gas carburizing
has been known for 50 years or more. The
high-temperature transformation products,
which can form as a direct consequence of
internal oxidation, have subsequently been
found to have adverse influences on certain
strength properties of affected parts; therefore,
these products are of some concern to metallur-
gists and engineers.
The use of oxygen-free gas carburizing atmo-

spheres or vacuum carburizing processes is
known to eliminate the oxidation process, and
nitrogen-base atmospheres are said to reduce it.
However, conventional gas carburizing using
the endothermic carrier gas is still the most pop-
ular method of case hardening, and its use will
continue for many years. Thus, the problems
related to internal oxidation will persist as long
as the conventional process lives (Ref 7).
Intergranular oxidation (Fig. 23) is unavoid-

able in gas-carburized steels, but it is pre-
dictable. In a normally operating furnace,
intergranular oxidation typically develops at a
rate of 0.0025 mm (0.0001 in.) per 0.25 mm
(0.010 in.) of case depth, maxing out at a depth
of approximately 0.013 mm (0.0005 in.). Inter-
granular oxidation penetration much greater
than 0.013 mm (0.0005 in.) usually indicates
that there is a significant atmosphere leak in
the furnace.

Methods of Carburizing and
Carbonitriding

Table 5 summarizes the advantages and dis-
advantages of different carburizing methods.
Each method is described in more detail in sep-
arate articles of this Volume. The related

process of carbonitriding is also briefly
compared in this section with more details
in the article “Carbonitriding of Steels” in this
Volume.

Pack carburizing is the original carburizing
technique, and therefore, it dates back several
thousand years. It has been replaced by gas
and vacuum carburizing and is no longer a

Fig. 22 Network carbides in a carburized case. Note how carbides outline the prior-austenite grain boundaries.
8620-grade steel. Nital etch. Original magnification: 500�

Fig. 23 Intergranular oxidation at the surface of a carburized component. Unetched. Original magnification: 500�
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commercially significant process. Although
essentially obsolete, pack carburizing is still
practiced by educational institutions and small
tool shops that lack modern carburizing
facilities.
Pack carburizing involves placing a compo-

nent in a metal container, surrounding it with
a suitable powdered carbonaceous material,
sealing the container, heating it to the carburiz-
ing temperature range, and holding it there for a
suitable period of time.
During pack carburizing, the carbonaceous

material in the box decomposes, filling the
box with carbon monoxide. At this point, pack
carburizing actually behaves much like gas car-
burizing. Over the years, various carbon
sources have been used. Biological sources
have been used from the beginning and remain
in use to some extent today (2013). Examples
of materials used for pack carburizing are
crushed animal bones, charred leather, char-
coal, or coke. Modern pack carburizing com-
pounds are typically based on charcoal or
coke with the addition of various alkaline metal
carbonates that serve as activators or catalysts.
The box is a crucial piece of equipment. It

serves as the container or furnace that holds
the atmosphere created by the reactions of the
compound. Ideally, a box should be as small
and light as possible to minimize the amount
of time and energy required to heat the entire
assembly. The box may be fabricated out of a
variety of materials ranging from plain carbon
steel to stainless steel or high-temperature
alloys. Materials selection will be driven by
the size of the box and if it is intended to be
reused.
The mass and cross section of a pack car-

burizing box make quenching directly from
carburizing impractical, so pack-carburized

components must be hardened and quenched
in a separate operation.
Liquid Carburizing or Salt Bath Carburiz-

ing. Traditional liquid carburizing, also known
as salt bath carburizing, involves the carburiza-
tion of a component by immersion into a mol-
ten salt bath containing cyanides. This should
not be confused with a relatively new process
known as liquid induction carburizing, which
is discussed later in this section.
Liquid carburizing is a process that has been

largely replaced by gas and vacuum carburiz-
ing. Although it is still used by some shops that
have access to legacy equipment, it is commer-
cially obsolete.
Traditional liquid carburizing involves heat-

ing of the component in a bath of liquid salts
containing cyanide. The liquid salt provides an
efficient medium for heat conduction into the
component, and the cyanide provides the car-
bon for diffusion.
In traditional liquid carburizing, components

are carburized in a salt bath by lowering them
into the molten salt by means of a hoist or other
lifting device. This method of charging parts
provides a unique opportunity: Parts can be
preferentially carburized by selecting how
much of the component is immersed into the
salt. Other masking or stopoff methods may
be used, but compatibility of the stopoff with
the salt must be determined before use.
Liquid induction carburizing is a relatively

new, nontraditional carburizing method. Unlike
the molten salt bath used in traditional liquid
carburizing, liquid induction carburizing uses
a room-temperature liquid hydrocarbon bath.
The component is heated to carburizing tem-
peratures by an induction coil while immersed
in the liquid hydrocarbon. Carburization occurs
as the liquid hydrocarbon dissociates on the

surface of the heated component. In addition
to acting as a carbon source, the liquid hydro-
carbon bath also serves as a quenchant and pro-
tects the component from oxidation. The
configuration of the liquid induction carburiz-
ing process permits the component to be car-
burized, hardened, and tempered in the same
fixture. Because part heating is not constrained
by the limitations of a traditional furnace,
liquid induction carburizing can make use of
high carburizing temperatures (approximately
1200 to 1250 �C, or 2190 to 2280 �F), resulting
in relatively short processing times. This ability
also presents the intriguing possibility of
expanding the scope of carburization to materi-
als other than steel. Liquid induction carburiz-
ing has been used to develop carbide cases
with significant thickness on various refractory
metals, such as titanium, vanadium, chromium,
zirconium, niobium, molybdenum, tantalum,
and tungsten. While still experimental in
nature, liquid induction carburizing has found
limited use in medical and aerospace
applications.
Gas carburizing is the most commercially

significant carburizing technique. The distin-
guishing characteristic of gas carburizing is
the technique of enveloping the workpiece in
a gaseous atmosphere that is generated from
hydrocarbons such as methane, propane,
butane, or methanol.
In considering the case of natural gas (meth-

ane), the key reactions would be:

CH4 þ CO2 ! 2COþ 2H2

COþ H2 ! COþ 3H2

The atmosphere is typically delivered by a car-
rier gas into which a sufficient amount of the

Table 5 Advantages and disadvantages of carburizing methods

Advantages Disadvantages

Pack carburizing

Low capital requirements Labor-intensive
No atmosphere generation required Control of case depth and carbon is difficult.

Direct quenching is impractical.
Energy- and time-intensive due to the necessity of heating the additional mass of the container
Some pack compounds (such as barium carbonate) are hazardous.
Process is very dirty and requires that parts been cleaned before hardening.

Liquid carburizing

Rapid heatup can produce case equivalent to other methods in less time. Molten salts present safety and environmental challenges.
Selective carburization is possible by immersing only a portion of the component in
the salt.

Salt residue can contaminate downstream processes.
Not easily adapted to high-volume or continuous operation

Gas carburizing

Easily scaled to large-volume production and continuous operation Significant capital equipment costs
Atmosphere is easily instrumented and controlled. Safety and environmental issues surrounding the use and exhaust of atmosphere gases and products of

combustion
Parts can either be direct-quenched or rehardened in a separate operation. Surface intergranular oxidation can be controlled but is unavoidable.

Low-pressure (vacuum) carburizing

Intergranular oxidation eliminated Capital equipment costs typically highest of all methods
Reduced energy consumption when compared to gas carburizing. No generators
required; power used only when running a load

Not easily adapted to high-volume or continuous operation

Low environmental impact Difficult to exactly duplicate microstructure from conventional liquid quench processes with high-
pressure gas quench due to limited cooling rates availableParts are very clean after processing.
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hydrocarbon gas is added to produce the
desired carbon potential. The most common
carrier gas is known an endothermic gas. It is
produced by passing the hydrocarbon over a
nickel catalyst at temperatures of 980 to 1000 �C
(1800 to 1830 �F). The most common hydrocar-
bon used to produce endothermic gas is natural
gas or methane (CH4). The composition of a typ-
ical methane-based endothermic gas is approxi-
mately 40% H2, 40% N2, and 20% CO, with
small amounts of water vapor, CO2, and un-
reacted CH4. Endothermic gas must be handled
with caution because it is both flammable, due
to its H2 content, and an inhalation hazard,
due to its carbon monoxide (CO) content.
Endothermic gas serves as a protective atmo-

sphere at elevated temperatures. Its H2 and CO
content will protect parts from scale and oxida-
tion. However, its carbon potential is too low to
carburize on its own. To create the required car-
bon potential, straight hydrocarbon is added to
the endothermic atmosphere in the proper pro-
portion to produce the desired result. This is
known as enrichment.
Gas carburization usually takes place by

first heating the load under cover of straight
endothermic gas. The load is allowed to heat
through and stabilize at the carburizing tem-
perature while the endothermic gas protects
it from oxidation (although some degree of
intergranular oxidation is inevitable). Once
the load has equalized at the desired temper-
ature, carbon-potential control is activated
and the enriching hydrocarbon is added to
achieve the desired carbon potential. The
load is held at temperature for a time suffi-
cient to achieve the required case depth, at
which point the enriching gas addition is
stopped and the load is either cooled to an
appropriate hardening temperature and quenched
(direct quench) or allowed to cool to room temper-
ature and then hardened in a separate operation
(rehardening). Rehardening is sometimes used
where a finer grain size is required after heat
treatment.
There are two main approaches to the carbur-

ization step. One is known as single-stage car-
burization and the other is known as boost-
diffuse. In single-stage carburization, the
carbon content is held constant throughout the
carburization step.
In boost-diffuse carburizing, the time for the

carburizing step is divided into two phases. In
the first stage, known as the boost phase, the
carbon potential of the atmosphere is set nearly
to saturation and held for a time sufficient to
diffuse maximum carbon into the surface. In
the second, or diffuse stage, the carbon poten-
tial is lowered to that of the desired final sur-
face carbon, and the high carbon content at
the surface is allowed to diffuse into the steel
to produce the desired carbon and hardness
profile. Boost-diffuse carburization has been
demonstrated to produce an effective case
depth equivalent to that of single-stage carburi-
zation in less time. The boost-diffuse process is
best suited to batch furnaces, where the entire

carburization step takes place in the same fur-
nace chamber or zone.
Gas carburizing is used in both batch and

continuous processes. A wide variety of fur-
naces types, configurations, and sizes are in
use around the world.
Low-Pressure (Vacuum) Carburizing.

Vacuum carburizing, or more properly, low-
pressure carburizing, is a far second to gas
carburizing in terms of worldwide carburizing
capacity, but it is growing in popularity and
has some distinct advantages over gas carburiz-
ing that make it the preferred process for cer-
tain applications.
In vacuum carburizing, the vacuum is actually

a very low-pressure atmosphere created by a vac-
uum pump. Carburizing is made possible by
breaking the vacuum at the appropriate time in
the cycle with a partial pressure of a hydrocarbon
gas such as propane, acetylene, or some other
suitable hydrocarbon blend. A carrier gas such
as nitrogen is sometimes used to provide a neutral
partial pressure in the chamber and to dilute the
hydrocarbon. Carburization occurs in the vac-
uum furnace as the hydrocarbon gas comes into
contact with the surface of the steel. Unlike gas
carburizing, methane is rarely used in vacuum
carburizing because it does not dissociate well
at the ordinary carburization temperatures. Pro-
pane and acetylene are better choices for vacuum
carburizing.
For carburization to take place, the surface of

the component must be free of oxides. For this
reason, it is important that the vacuum be estab-
lished in the vessel before the temperature gets
high enough to form oxides on the workpiece
(approximately 550 �C, or 1020 �F). Maintain-
ing a sufficient vacuum reduces the oxygen
available to produce intergranular oxidation on
the component, so intergranular oxidation can
essentially be eliminated.
Many vacuum furnaces are designed to per-

mit quenching of the load by the introduction
of inert gas at relatively high pressures once

carburization is complete. This makes it possi-
ble to carburize, harden, and even temper a
load in the same chamber. This technique
works best with lighter loads, thinner-section
parts, and high-hardenability steels. There are
applications where high-pressure gas quench-
ing is unable to reproduce the exact microstruc-
ture obtained in a traditional liquid quench. If a
particular microstructure is necessary that can
only be produced with a faster quench rate, it
may be necessary to harden the components
in a separate operation or use a multichamber
vacuum furnace, where it is possible to have a
separate chamber dedicated to a liquid quench
(Fig. 24).
Carbonitriding. As noted in the introduction

of this article, carbonitriding is a modified form
of carburizing rather than a form of nitriding.
The modification consists of introducing
ammonia into the gas carburizing atmosphere
in order to add nitrogen to the carburized case.
The ammonia in the atmosphere dissociates on
the surface of the component, generating
nascent nitrogen. The nitrogen then diffuses
into the steel simultaneously with the carbon.
Steels with carbon contents up to 0.2 wt% are
commonly carbonitrided. Typically, carboni-
triding takes place at lower temperatures and
shorter times than gas carburizing, producing a
shallower case—typically from 0.075 to
0.75 mm (0.003 to 0.030 in.) deep.
Carbonitriding differs from carburizing and

nitriding in that carburized cases normally do
not contain significant nitrogen, and nitrided
cases consist primarily of nitrogen, whereas
carbonitrided cases contain both. One major
advantage of carbonitriding is that the nitrogen
absorbed during processing lowers the critical
cooling rate of the steel. Thus, the hardenability
of the case is significantly greater when nitro-
gen is added by carbonitriding than when the
same steel is carburized. Carbonitriding also
increases the case hardness (Fig. 25). Full hard-
ness with less distortion can be achieved with

Fig. 24 Three-chamber vacuum furnace with an oil quench chamber
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oil quenching, or, in some instances, gas
quenching is possible by using a protective
atmosphere as the quenching medium.
Often, carburizing and carbonitriding are used

together to achieve much deeper case depths and
better engineering performance than could be
obtained by using only the carbonitriding pro-
cess. The process generally consists of carburiz-
ing at 900 to 955 �C (1650 to 1750 �F) to give
the desired total case depth (up to 2.5 mm, or
0.10 in.), followed by carbonitriding for 2 to 6
h in the temperature range of 815 to 900 �C
(1500 to 1650 �F) to add the additional carboni-
trided case. The parts can then be oil quenched
to obtain a deeper effective case depth and thus
a harder case than would have resulted from the
carburizing process alone. The addition of the
carbonitrided surface increases the case residual
compressive stress level and thus improves con-
tact fatigue resistance, as well as increases the
case strength gradient. When the carburizing/

carbonitriding processes are used together, the
effective case depth at 50 HRC to total case
depth ratio may vary from approximately 9 to
19 mm (0.35 to 0.75 in.), depending on the case
hardenability, core hardenability, section size,
and quenchant used.
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Evaluation of Carbon Control in
Carburized Parts
Gary D. Keil and Olga K. Rowan, Caterpillar Inc.

WHEN STEEL PARTS are heated in an
atmosphere that can either carburize or decar-
burize the surface, it is desirable to have a
method of evaluating the accuracy of atmo-
sphere control systems and the effect of the
atmosphere on the surface carbon concentration
and subsurface carbon profile in parts. Some of
the methods discussed in this article are similar
to the methods for measuring case depth pro-
duced by carburizing or carbonitriding
described in the article “Methods of Measuring
Case Depth in Steels” in this Volume.

Hardness Testing

The following are examples of different
hardness test methods used to measure the
effectiveness of surface carbon control. All pos-
sible sources of error should be considered
before adopting a particular method, including
evaluation of the depth of the hardness indenter
penetration in relation to the desired depth of
carbon evaluation:

� Surface hardness measurements taken under at
least two conditions of loading (for example,
Rockwell C and superficial Rockwell 15N)

� Superficial Rockwell 15N tests on steps
ground below the surface to significant
depths

� Microhardness measurements on a cross sec-
tion through the carbon control zone

� Superficial hardness or microhardness taken
on an oblique cut surface. This method is
standardized in SAE J423 and SAE ARP
1820 and would be an alternative to the
step-grind method.

Detection of partial or complete decarburiza-
tion with a combination of Rockwell testing
loads requires development of hardness-checking
procedures and hardness limits established with
samples having known levels of decarburiza-
tion. If maximum hardness is required at the
surface, as in wear applications or applications
requiring high contact fatigue resistance, decar-
burization less than 0.08 mm (0.003 in.) deep

may not be readily revealed by surface Rock-
well hardness measurements. Very shallow
levels of decarburization require microhardness
testing, metallographic evaluation, or a proper
file hardness check.
Superficial Rockwell 15N testing on steps

ground below the surface to significant depths
provides an indication of carbon profile and
the effectiveness of carbon-control systems.
For example, if a carbon restoration operation
were being performed and the original decarbu-
rization were deeper than anticipated, the low
carbon in the incompletely restored zone
between the carbon-restored zone and the core
could be detected by the step-grind and hard-
ness test method, whereas it may not be detect-
able by a surface hardness reading.
Microhardness testing on a cross section

through the carbon-control zone is one method
of evaluating carbon control. With this method,
each hardness impression is supported by metal
of like composition. Variations in carbon content
that affect hardness can be detected at any depth.
This method has the disadvantage of requiring a
metallographically prepared cross section and
special hardness-testing equipment that may not
be readily available in all laboratories.
When hardness testing is used to evaluate

carbon control, it should be remembered that
the maximum as-quenched hardness is attained
at approximately 0.80% C in plain carbon steels
and at lower carbon contents in alloy steels,
depending on the types and percentages of
alloying elements present. If variations in car-
bon content above the level required to produce
maximum hardness are significant, hardness
measurements are not capable of evaluating
carbon control. Low hardness in quenched parts
or test specimens can be caused by many differ-
ent process problems, such as insufficient
quenching, excessive retained austenite, or low
carbon content. Therefore, hardness measure-
ments should be supplemented by metallo-
graphic evaluation or other test methods
outlined subsequently to determine the proper
root cause of low hardness and enable proper
process corrective actions.

Microscopic Examination

Microscopic examination reveals surface car-
bon variations that are manifested by variation
in microstructure. The effect of carbon content
on microstructure varies from steel to steel. It
also varies for a given steel, depending on the
thermal treatment of the sample. When using
either the pearlite/ferrite ratio or the carbide/
pearlite ratio to estimate carbon content in non-
martensitic microstructures, it should be noted
that cooling rates strongly affect these ratios.
Rapid cooling rates suppress formation of
proeutectoid phases, resulting in higher pearlite
ratios. The microscopic method of estimating
carbon content is best used on steels with which
experience has been gained in correlating
microstructures on samples subjected to similar
cooling rates with carbon gradients determined
by quantitative carbon measurements.
If annealed samples are used, annealing must

be carried out in the proper atmosphere, or
errors may result from carburization or decar-
burization during the annealing cycle. The use
of an inert atmosphere or a copper-plated sam-
ple is best. The microscopic method can detect
smaller variations in carbon content than hard-
ness testing, but does not yield quantitative data
for very slight variations in carbon content.
Because metallographic evaluation requires
destructive sample preparation, appropriate
testpieces are used when expensive parts are
involved. Microscopic examination can be used
to determine the microstructural constituents
discussed as follows.
Ferrite. The presence of ferrite on the sur-

face usually indicates partial or total decarburi-
zation. Total decarburization at the steel surface
is typically accompanied by partial decarburiza-
tion below the surface.
Pearlite. When the steel is annealed, a

microstructure consisting of 100% pearlite indi-
cates eutectoid carbon content. The ratio of
pearlite to free ferrite for hypoeutectoid steels
or the ratio of pearlite to proeutectoid carbide
for hypereutectoid steels can be used to esti-
mate carbon content.

ASM Handbook, Volume 4A, Steel Heat Treating Fundamentals and Processes
J. Dossett and G.E. Totten, editors

Copyright # 2013 ASM InternationalW

All rights reserved
www.asminternational.org



Austenite. Carburization may cause some
steels to retain excessive amounts of austenite
in the near-surface region after hardening.
Because both austenite and ferrite are soft,
microscopic examination should be used to
distinguish a sample with excessive retai-
ned austenite from one that has become
decarburized.
Martensite. Variations in response to etch-

ing can indicate variations in carbon content.
Familiarity with the microstructure of a particu-
lar steel and the etching response versus known
carbon variation is important for the correct
interpretation of etching variations.

Analysis of Consecutive Cuts

The analysis of consecutive cuts can be used
to accurately evaluate the carbon concentration
profile of carburized parts. This method
requires very accurate machining of samples
to obtain reliable information. This type of
evaluation is usually performed on cylindrical
test bars (often called carbon step bars) heat
treated together with the work load. In the bear-
ing industry, turnings are often obtained
directly from as-carburized bearing rings, and
the samples are referred to as cut rings.
The consecutive-cuts method is used most

frequently on carburizing parts to quantita-
tively measure the carbon gradient and
evaluate the case depth to a specific carbon
level (i.e., the carburized case depth). This
method is particularly useful in understanding
the shape of a carbon gradient as it relates to
carburizing process parameters, such as selec-
tion of boost-diffuse time ratios and carbon
potentials at various stages of the carburizing
cycle.
Carbon step bars should be made of the same

grade of steel as that of the workpieces and
should be accurately machined on centers to true
cylindrical shape with minimum taper. Dimen-
sions of a typical carbon step bar are shown in
Fig. 1, although the diameter of the bar can be
adjusted to represent critical regions of the work-
pieces to be evaluated. The length of the test bar
need only be sufficient to allow enough turnings
for a carbon analysis using the combustion
method in accordance with ASTM E1019-11
and a check analysis.

Before machining, the canbon step bar
should be thoroughly cleaned with degreasing
cleaner to remove any remnants of soot or
quench oil. Bars should not be handled with
bare hands after cleaning and prior to machin-
ing. Lathes used to cut sample chips must be
capable of cutting less than 0.015 mm (0.0006
in.) taper over the test length. Carbon step bars
are cut dry at very slow speeds to avoid burn-
ing, which would lower the carbon level and
invalidate the sample. Chips should be col-
lected on clean paper or in a clean chip tray
and must be completely free of contamination
by oil or grease. The lathe should be cleaned
well to remove residual chips and oil from the
tool holder before chucking a new sample and
between cuts, to prevent mixing of chips from
previous cuts. Often, ceramic inserts are used
to avoid contamination of sample chips caused
by tool breakdown when using carbide inserts.
It is recommended that chip breakers be used
to keep chips small.
Before making sample cuts, machine off the

end material to remove all carburized material,
and index the start of each cut from the previ-
ous cut, as shown in Fig. 2. To detect the effect
of the final atmosphere exposure on the near-
surface carbon gradient, three to four initial
cuts of 0.025 mm (0.001 in.) thickness should
be made. Thereafter, greater-depth cuts can be
made through the case. Table 1 shows a typical
series of recommended cuts for a 45 mm (1.8 in.)
carbon step bar. Carbon step bars should be
carefully measured before and after each cut,
and the actual diameters recorded on the sample
chip envelope. The carbon content is correlated
to the average depth of the cut and is calculated
as follows:

Depth ¼ 0:5 � Di � 0:25 � Db � 0:25 � Dað Þ

where Di is the initial diameter of the bar, Db is
the diameter before the cut, and Da is the diam-
eter after the cut.
Evaluation of Surface Carbon using Data

from the Consecutive-Cuts Method. Gener-
ally, carbon step bars are not used to measure
surface carbon content. However, the data
can be used to estimate the surface carbon con-
centration quite accurately after certain carbur-
izing cycles. Specifically, carburizing cycles
conducted at a single temperature setpoint and

an atmosphere carbon potential below the carbon
saturation limit in austenite (i.e., steady-state car-
burizing), followed by rapid cooling or quench-
ing, create carbon profiles that are linear in the
region extending from the surface to approxi-
mately ½ of the total affected depth. The surface
carbon concentration on steady-state carburized
bars can be estimated by extrapolating the
straight-line portion of the carbon profile to the
vertical axis on a plot of carbon versus depth,
as shown in Fig. 3. However, on boost-
diffuse cycles, the surface carbon concentration
on the step bar can be either higher, lower, or
equal to the atmosphere carbon potential of the
diffuse stage, depending on the boost-diffuse
time ratio and the duration of the diffuse
stage. In addition, the carbon profile after a
boost-diffuse cycle is generally not linear;
therefore, linear extrapolation will not be accu-
rate. Even though the trend of the near-surface
measurements can be used to estimate the sur-
face carbon, one must understand that this is
not exact.
The method of cooling carbon step bars can

alter the carbon gradient near the surface. Car-
bon profiles obtained on carbon step bars are
most representative of the actual carburized
parts when the step bars are cooled with parts
under the same cooling conditions. Carbon step
bars that are hardened with parts are generally
too hard for accurate machining of test chips,
particularly for very shallow cuts at the surface.
Annealing at 600 �C (1110 �F) in an inert atmo-
sphere can soften the bars sufficiently to machine
chips, but the annealing process can often distort
the test bars into an out-of-round condition,
making analysis of the first shallow cuts inaccu-
rate. To keep step bars round and minimize
machining problems, it is best to cool carbon step
bars in air or the furnace atmosphere of a cooling
chamber. Cooling in air may cause some decar-
burization up to a depth of 0.15 mm (0.006 in.).
For example, to evaluate the carbon gradient
on parts subjected to press quenching, a test
bar is loaded onto the tray and subjected to the
carburize cycle with the piece parts. When the
parts are removed from the press quench
chambers for quenching, the carbon step bar is
also withdrawn and allowed to air cool. The
step bar will be soft enough to machine
accurately but will exhibit some carbon loss
at the surface. Although the surface carbon

Fig. 1 Typical carbon step bar used for analysis of consecutive cuts Fig. 2 Machining cuts on a carbon step bar
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measurement is not representative of the piece
part, the carbon gradient for depths greater than
0.15 mm (0.006 in.) accurately represents the
carbon profile of the piece parts.
Carbon step bars cooledwith parts under atmo-

sphere may experience carbon loss or carbon
pickup from the atmosphere during cooling.
Some furnaces are designed to move the load
from the carburizing chamber to a separate cool-
ing chamber filled with nitrogen atmosphere and
equipped with circulating fans. Nitrogen is nor-
mally considered to be an inert gas that does not
react with the surface to remove carbon. How-
ever, when steel part surfaces are exposed to an
atmosphere changing from approximately 20 to
23% CO to 0% CO, the rapid drop in CO content
causes a rapid drop in the carbon potential and
subsequent carbon loss at the steel surface.
Because most cooling chambers have relatively
high cooling rates, exposure time to low-carbon

atmosphere is short, and decarburization will be
minimal depending on themass of the part. Large
parts that cool slower will experience greater car-
bon loss than smaller parts. However, in virtually
all cases, this carbon loss is easily restored by
reheat hardening in a proper atmosphere. Carbon
step bars cooled with the parts will be soft enough
to accurately machine test chips, and the resulting
carbon profile is representative of the part carbon
profile, including the loss of carbon at the surface
if the mass of the test bar is approximately the
same as the piece part. To accuratelymeasure sur-
face carbon loss from cooling chamber atmo-
spheres on large parts, special large carbon step
bars of similar size are required to ensure similar
cooling rates and carbon loss.
Parts that are carburized above the satura-

tion limit or near the saturation limit of carbon
in austenite and cooled slowly (for example,
large loads in pit-type carburizing furnaces)

may nucleate and grow carbides in the near-
surface region. Carbon step bars run with these
types of loads are soft enough to accurately
machine test chips. If the step bar is made of
the same alloy as the piece part, the measured
carbon profile in the step bar will be represen-
tative of piece parts, including the surface
region. If substantial levels of carbides are
present at the surface, there will be two dis-
tinct gradients in the overall carbon profile,
as shown in Fig. 4. One carbon gradient repre-
sents the normal carbon diffusion profile from
the surface to the core, and the other repre-
sents the carbon gradient of the carbide region
near the surface.

Analysis of Shim Stock

Measurement of atmosphere carbon potential
is most accurately done with shim stock, either
by weight gain or by combustion analysis for
carbon content, in accordance with ASTM
E1019-11.
A 0.1 to 0.15 mm (0.004 to 0.006 in.) thick

piece of SAE 1010 plain carbon shim (approxi-
mately 25 by 100 mm, or 1.0 by 4.0 in.) is
attached to an alloy rod that is inserted into
the furnace through a port on the furnace wall.
The shim stock is exposed to the carburizing
atmosphere for a period of time sufficient to
through carburize the shim and reach equilib-
rium with the carbon level in the gas atmo-
sphere. The minimum required exposure time
depends on the carburizing temperature and
the thickness of the shim. Table 2 gives the
minimum exposure time necessary to through
carburize a 0.13 mm (0.005 in.) thick shim at
various carburizing temperatures. Exposure for
too little time may not permit carbon levels in
the shim to equilibrate with the carbon in the
gas atmosphere and will yield low readings
not representative of the actual carbon potential
in the furnace. As long as the furnace atmo-
sphere composition is stabilized and controlled
below the carbon saturation limit, shim expo-
sure time in excess of the minimum required
time to through carburize will not adversely
affect the accuracy of the shim stock test.
If the weight-gain method is used, the shim is

weighed before and after exposure to the fur-
nace atmosphere. The gain in weight, as deter-
mined on an analytical balance scale with at
least four decimal points accuracy, is used to
calculate the carbon potential in the furnace
atmosphere as:

CP ¼ Weight gain � 100
Final weight

� �
þ C0

where CP is the atmosphere carbon potential
(wt%), and C0 is the base carbon concentration
in the steel part (wt%).
Figures 5(a) to (c) show the arrangement for

exposing shim stock to the furnace atmosphere.
The following procedures should be followed to
ensure accurate shim test results:

Fig. 3 Method of extrapolating carbon gradient on step bar to determine the corresponding carbon profile in parts
after steady-state carburizing

Table 1 Typical recommended cuts for 45 mm (1.8 in.) carbon step bar

Stock removal on radius Stock removal on diameter Diameter after cut Nominal depth of cut

Cut mm in. mm in. mm in. mm in.

1 0.025 0.001 0.05 0.002 44.95 1.771 0.012 0.0005
2 0.025 0.001 0.05 0.002 44.90 1.769 0.037 0.0015
3 0.025 0.001 0.05 0.002 44.85 1.767 0.062 0.0024
4 0.025 0.001 0.05 0.002 44.80 1.765 0.087 0.0034
5 0.050 0.002 0.10 0.004 44.70 1.761 0.125 0.005
6 0.050 0.002 0.10 0.004 44.60 1.757 0.175 0.007
7 0.125 0.050 0.25 0.01 44.35 1.747 0.262 0.010
8 0.125 0.050 0.25 0.01 44.10 1.738 0.387 0.015
9 0.125 0.050 0.25 0.01 43.85 1.728 0.512 0.020

10 0.125 0.050 0.25 0.01 43.60 1.718 0.637 0.025
11 0.125 0.050 0.25 0.01 43.35 1.708 0.762 0.030
12 0.125 0.050 0.25 0.01 43.10 1.698 0.887 0.035
13 0.250 0.010 0.50 0.02 42.60 1.678 1.075 0.042
14 0.250 0.010 0.50 0.02 42.10 1.659 1.325 0.052
15 0.250 0.010 0.50 0.02 41.60 1.639 1.575 0.062
16 0.500 0.020 1.00 0.04 40.60 1.600 1.950 0.077
17 0.500 0.020 1.00 0.04 39.60 1.560 2.450 0.097
18 0.500 0.020 1.00 0.04 38.60 1.521 2.950 0.116
19 0.500 0.020 1.00 0.04 37.60 1.481 3.450 0.136
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1. Assemble alloy rod and shim as shown in
Fig. 5(a). Shim should be cleaned well prior
to insertion and must be free of oil and
fingerprints.

2. Ensuring first that the shim port valve is
closed, insert the rod into the outer shim port
section as shown in Fig. 5(b).

3. Open the shim port valve and insert the shim
stock into the furnace atmosphere above the

work height to a point at least 150mm (6.0 in.)
from the wall. Testing should be performed
when the furnace atmosphere is under stable
conditions and not subject to atmosphere com-
position spikes caused by door openings or
other events.

4. At the end of the recommended exposure
time, shims should be withdrawn quickly
into the outer pipe section and allowed to

cool, as shown in Fig. 5(c). Thin shims
cooled quickly (less than 5 s) in either endo-
thermic atmosphere or air will yield the
same result if analyzed by the combustion
method.

5. The shim should be cleaned and accurately
weighed or submitted for combustion analy-
sis. Shims should not be handled barehanded
prior to analysis, because this may leave fin-
gerprints that can affect the accuracy of the
carbon reading.

Special precautions include the following:

� The shim should not be rolled or wrapped
tightly around the carbon potential rod. This
permits only partial exposure of the shim to
the atmosphere, causing a low carbon
reading, and complicates removal of the
shim for reweighing. Proper anchoring of
the shim on the rod is accomplished by sim-
ply crimping the corners of the shim over the
rod or wiring the shim to the rod at the ends
of the shim, leaving the center area open to
the atmosphere.

� The rod should not be withdrawn slowly or
stepwise, because the composition of the
shim can be altered by exposure to interme-
diate-temperature atmosphere in the wall
section that does not have the same carbon
potential as the furnace atmosphere.

� Slight oxide discoloration is typically not a
problem on shims analyzed by the combustion
method. If the weight-gain method of analysis
is used, the oxide may cause slightly higher
carbon readings to be obtained due to the
weight of the oxide.

� If soot is present on the surface of the shim,
it should be cleaned off prior to analyzing
the shim.

The carbon analysis of a shim stock is repre-
sentative of the carbon potential only if the fur-
nace atmosphere is below the carbon saturation
limit in austenite. While it is possible to calcu-
late numerical values for atmosphere carbon
potentials greater than saturation, they do not
represent the actual carbon potential of the atmo-
sphere, and the shim stock will not level off and
equilibrate at the calculated supersaturated
value. This phenomenon is demonstrated in
Fig. 6, which shows the effect of exposure time

Fig. 4 Carbon concentration profile with carbide region in near-surface region

Fig. 5 Arrangement for exposing shim stock to furnace atmosphere for evaluation of carbon potential. (a) Assembly
of shim stock on rod. (b) Assembly ready for insertion into furnace (same position used for cooling of shim).
(c) Shim inserted into furnace atmosphere above work height

Table 2 Minimum carburizing time
required to through carburize 0.13 mm
(0.005 in.) thick shim stock at various
carburizing temperatures

Temperature

Shim exposure time, min�C �F

840 1545 45
860 1580 38
880 1620 32
900 1650 27
920 1690 22
940 1725 18
960 1760 16
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on the experimentally measured carbon values of
shims exposed to furnace atmospheres with cal-
culated carbon potentials 0.15% below and
0.15% above the saturation limit (1.25% C) at
925 �C (1700 �F). When using shim stock in a
controlled atmosphere with carbon potential
below the carbon saturation limit in austenite,
carbon concentration in the shim increases rap-
idly until it equilibrates with the carbon potential
in the gas phase. Shim exposure in excess of the
minimum time required to through carburize will
not affect the carbon level attained in the shim,
as shown in Fig. 6(a). If, however, shim stock
is exposed to an atmosphere with carbon poten-
tial exceeding the carbon saturation limit in aus-
tenite, iron carbides will precipitate and grow
within the shim. In this case, the overall carbon
level in the shim will continue to increase with
time (and not equilibrate with the calculated car-
bon potential) as the amount of carbide volume
fraction increases, as shown in Fig. 6(b).
The validity of shim stock results can be deter-

mined by comparison of analysis values to the
saturation carbon limit in austenite at a given car-
burizing temperature, as shown in Table 3. Shim
stock analysis values greater than the carbon sat-
uration only serve to inform that the atmosphere

is above saturation. The absolute carbon value
in a supersaturated shim is not representative of
the actual carbon potential in the furnace atmo-
sphere and should not be used to adjust correction
factors in atmosphere control systems.
Shim stock gives an accurate measure of the

gas atmosphere carbon potential at the point of
insertion. The carbon level attained in the shim
is determined by the temperature of the shim
and the exact composition of gas phase sur-
rounding it. Therefore, carbon levels measured
by shim stock are representative of the carbon
potential of the atmosphere exposed to produc-
tion parts only if the shim and the carburized
parts are at the same temperature and exposed
to the same gas composition.
It is important to realize that shim stock anal-

ysis is intended to provide a measurement of
the atmosphere carbon potential, not the surface
carbon level of the carburized part. Unless the
part is thin enough to through carburize, the
carbon level at the steel part surface does not
reach thermodynamic equilibrium with the car-
bon in the atmosphere. For parts that are direct
quenched from the carburize cycle, the surface
carbon will normally be lower than the shim
carbon reading. For parts that are reheat

hardened after carburizing, the part surface car-
bon can be either lower, higher, or equal to the
shim reading, depending on whether carbides
have precipitated in the part during the cooling
or reheating process steps. The measurement of
actual part surface carbon should be performed
directly on parts by using a method of spectro-
graphic analysis described subsequently.

Analysis of Rolled Wire

Rolled iron wire that is flattened into strip
less than 0.13 mm (0.005 in.) thick may also
be used for measuring carbon potential in the
furnace atmosphere in much the same manner
as shim stock is used, except that there are
small differences in the design of the fixture
on which the rolled wire is placed.

Spectrographic Analysis

The surface carbon concentration profile
of a part can be accurately determined by spec-
trographic analysis. This method makes use of
an arc spark source vacuum spectrometer,
which permits the measurement of spectral
lines in the ultraviolet region where air would
ordinarily absorb much of the emitted radiation.
Spectrographic analysis is normally performed
on flat test specimens that can be taper ground,
step ground, or reground incrementally after
each carbon determination. Special care must
be taken to ensure that the depth corresponding
to each carbon determination is measured accu-
rately. Typically, the depth of cut is smaller
than the depth of burn from the spectrographic
analysis. For best accuracy, the sample should
have a sufficiently large flat surface area to
allow multiple burns at each depth increment.
Measuring surface carbon content and the

near-surface carbon gradient to a depth of
100 mm (4000 min.) can be performed with

Fig. 6 Comparison of shim carbon readings analyzed by the combustion method with the atmosphere carbon
potential at 925 �C (1700 �F). (a) 1.1 and (b) 1.4 wt% C atmosphere carbon potential

Table 3 Carbon saturation limit in
austenite of plain carbon steel at various
carburizing temperatures

Temperature

Carbon potential, wt% C�C �F

810 1490 0.88
820 1510 0.91
830 1525 0.94
840 1545 0.97
850 1560 1.01
860 1580 1.04
870 1600 1.07
880 1620 1.10
890 1635 1.13
900 1650 1.17
910 1670 1.20
920 1690 1.23
930 1705 1.27
940 1725 1.30
950 1740 1.33
960 1760 1.37
970 1780 1.40
980 1800 1.44
990 1815 1.47
1000 1830 1.50
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instruments that use glow-discharge optical
emission spectroscopy (GDOES) coupled with
continuous quantitative depth profiling. This
method allows the continuous measurement of
chemical constituent gradients (including nitro-
gen and other elements) with nanometer resolu-
tion, whereas traditional arc spectroscopy
operates by averaging material on the microme-
ter scale. The analysis can only be performed
on a flat surface; thus, flat testpieces should be
included in loads of gears, bearings, or other
round parts to provide an acceptable test
surface.

Electromagnetic Testing

Two types of electromagnetic nondestruc-
tive tests have been used to evaluate the
case depth of case-hardened parts. One com-
pares the magnetic properties of a part
with those of a test standard, and the other
measures coercive force, which is then con-
verted to case depth through use of a calibra-
tion chart.
Magnetic-Comparator Testing. The electro-

magnetic test is performed by placing the part to
be tested in an induction coil. A reference part
of known electromagnetic response is placed in
a second coil. Both parts are simultaneously sub-
jected to identical electromagnetic fields, and
their responses to these fields are compared by
an electronic balancing circuit. Any imbalance
between responses (indicated by a meter) is a
function of the following properties of the test
object: chemical composition, microstructure,

case depth, surface flaws, residual stress, and
work hardening.
Many electromagnetic instruments are capable

of breaking down an electromagnetic response
into inductive components, resistive compon-
ents, third-harmonic amplitude, and phase differ-
ences. The user must correlate these variables
with the property or properties to be evaluated.
Standards and Test Procedures. The elec-

tromagnetic (eddy-current) test for case depth
measurement can be used only as a comparison
test. Thus, the accuracy and usefulness of this
test depend on the proper development of stan-
dards and test procedures. Acceptance and
rejection standards are required for each part
design to be evaluated. Once standards are
developed and instrument settings are selected,
production parts can be tested by comparison
with the standards. Sufficient destructive testing
must be carried out to produce the data required
for the construction of a chart or graph by
which meter readings can be converted to case
depths with reasonable confidence. Periodic
destructive testing should be carried out to
reconfirm this correlation.
In a production situation involving many

parts and wide differences in specified case
depth, it is difficult and expensive to establish
standards for all parts. To overcome this prob-
lem, a procedure has been developed in which
a standard test specimen is processed with each
heat. Case depth of the test specimen is deter-
mined by magnetic comparison. The standards
for carburizing a testpiece are developed using
the procedure described previously, and these
standards are correlated with actual parts by
periodic destructive testing. One example of

a standard test specimen is 11 mm square by
75 mm long (0.4 by 3.0 in.) and made from a
cold-finished bar of coarse-grained, silicon-
killed SAE 1018 modified steel with residual
elements held to low levels. Testing of the stan-
dard specimen may yield results that are differ-
ent from those obtained with actual parts, but
once a correlation is established with the stan-
dard testpiece rather than actual parts, the test-
piece may be used with sufficient reliability.
Effectiveness and Limitations. Table 4

shows electromagnetic test reliability for the
determination of case depth.
The magnetic-comparator test will indicate

whether a production lot is acceptable or of ques-
tionable quality. Destructive tests must then be
conducted on questionable lots to determine
which variables are out of specification and to
assist in devising corrective measures. Case
depths of up to 5 mm (0.2 in.) may be measured.
This method has been found to be more reliable
for induction-hardened cases than for carburized
cases. The chief variable that can adversely
affect measurements is the case-to-core transi-
tion zone, which is much wider in carburized
cases than in induction-hardened cases.

Table 4 Reliability of electromagnetic test
for case depth determination

Case depth reading error

Error mm in.

Average error 0.1 0.004

Maximum error (3% of the time) 0.44 0.017
Minimum error (18% of the time) 0 0
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Gas Carburizing
Olga K. Rowan and Gary D. Keil, Caterpillar Inc.

CARBURIZING is a case-hardening process
in which steel parts (usually low-carbon steel)
are heated to an austenitizing temperature and
exposed to a carbon-rich atmosphere. Carbon
is absorbed at the surface and diffuses down
the chemical potential gradient to create a car-
bon-rich surface and a decreasing carbon con-
centration profile with a low-carbon steel core.
Subsequent hardening of the carburized parts
produces a hardness profile that is dependent
on the carbon gradient, steel hardenability, and
quench severity of the hardening operation.
The carburized and hardened case enhances
wear and fatigue resistance and produces
surface residual compressive stresses. Gas car-
burizing is the most common and commercially
the most important variant of carburizing. Gas-
eous hydrocarbons, such as methane (CH4),
propane (C3H3), and butane (C4H10), or vapor-
ized hydrocarbon liquids, are normal sources
of carbon in the gas atmosphere.

Thermodynamics and Kinetics

Gas Carburizing Reactions. From a ther-
modynamic standpoint, generation of the car-
burizing atmosphere is a rather complex
process involving the interaction of numerous
gas species and their simultaneous reactions
with each other and the steel surface. Of the
various chemical reactions occurring in the car-
burizing atmosphere, only the following three
reactions are important and determine the rate
of carbon transfer from the gas carburizing
atmosphere to the steel surface (Ref 1):

2CO $ C ��Feð Þ þ CO2 (Eq 1)

CH4 $ C ��Feð Þ þ 2H2 (Eq 2)

COþ H2 $ C ��Feð Þ þ H2O (Eq 3)

Although the reaction inEq 1 is commonly used to
calculate the carburizing potential of an atmo-
sphere, the reaction in Eq 3 dominates the rate of
carburizing (Ref 2). The reaction in Eq 2 contri-
butes to a lesser extent in gas-based carburizing
than the reactions in Eq 1 and 3. The by-products

of the carburizing reactions, CO2 and H2O, act as
decarburizing agents. The fact that these reactions
are reversible enables the carbon potential of the
atmosphere to be controlled to a specific level by
maintaining a careful balance between the amount
of CO-CO2 and H2O-H2 present in the gas atmo-
sphere. The implication of the thermodynamics
is that the levels of CO and H2 must be constantly
replenished to sustain a carburizing atmosphere
that proceeds in the forward direction. (Ref 3).
Gas carburizing atmospheres are often gener-

ated by enriching an endothermic carrier gas
with methane. The carburizing potential of
endothermic gas without hydrocarbon enrich-
ment is not sufficient to produce significant
carburization solely by CO decomposition at
typical carburizing temperatures. Enriching
with a hydrocarbon gas boosts the carbon
potential of the endothermic carrier gas and
provides a means of controlling the carburizing
atmosphere. The primary purpose of the enrich-
ing gas is to regenerate CO and H2 gas constitu-
ents by reducing decarburizing CO2 and H2O
agents and thus directing carburizing gas reac-
tions (Eq 1 and 3) to the right:

CH4 þ CO2 $ 2COþ 2H2 (Eq 4)

CH4 þ H2O $ COþ 3H2 (Eq 5)

The net result of the chemical reactions in Eq
1 and 4 or the reactions in Eq 3 and 5 indicates
that for every atom of carbon absorbed by the
steel surface, one molecule of methane is con-
sumed to maintain the CO concentration, and
two additional molecules of hydrogen are intro-
duced to the atmosphere. A sufficient carrier
gas flow must be established in the gas carbur-
izing furnace to mitigate H2 dilution and to
maintain the desired CO level. In continuous
furnaces, carrier gas flows that typically pro-
duce atmosphere with H2 levels �2 to 3%
higher than the nominal H2 level of the carrier
gas are deemed sufficient and enable good
CO-level retention and overall control of the
process. H2 levels higher than 3% above nomi-
nal carrier gas composition indicate insufficient
carrier gas flow. Hydrogen-diluted atmospheres
are characterized by CO levels below nominal
carrier gas levels and contain higher free-

methane levels. In batch furnaces, carburizing
atmospheres after load introduction and during
heatup often exhibit high H2 and CH4 levels
for a relatively short period of time, then decay
to levels similar to those described for continu-
ous carburizers. Although the intended role of
adding methane is to regenerate the carburizing
CO species, it can also do one of the following:
1) exist in the atmosphere as unreacted free
methane, 2) react directly at the steel surface
according to the reaction in Eq 2, or 3) decom-
pose to form soot.
Carburizing atmospheres formed by hydro-

carbon enrichment do not reach true thermody-
namic equilibrium—thus resulting in residual
methane in the carburizing chamber (Ref 4).
Residual methane is observed in all types of
carburizing atmospheres, and therefore, a lim-
ited amount (up to 1.5%) is considered normal.
Larger concentrations of residual methane
(>1.5%) have a stronger driving force for soot
formation (Ref 5, 6). Gas atmospheres with
more than 2% residual methane are often
regarded as “out of control” because further
enriching gas additions do not increase the
effectiveness of the reduction reactions in
Eq 4 and 5, but rather promote soot formation
and higher levels of unreacted free methane in
the gas atmosphere.
Calculation of Equilibrium Gas Composi-

tion. Thermodynamic data for gas equilibrium
are useful in determining the carburizing poten-
tial of a furnace atmosphere despite the non-
equilibrium conditions encountered in a typical
industrial process. The gas chemical reaction
(Eq 3) approaches equilibrium fast enough to
permit calculations of the equilibrium atmo-
sphere composition. The same carburizing
response can be expected from different furnaces
with different atmosphere gas flow rates when
the following factors are held constant:

� Steel chemical composition
� Carbon potential, as calculated from CO/CO2,

or CO/O2 partial pressure measurements
� Carburizing time
� Carburizing temperature

The following approach can be used to calcu-
late the equilibrium gas composition in the fur-
nace after hydrocarbon gas enriching (Ref 7):
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� Mixing air and natural gas in a fixed ratio at a
constant temperature produces an atmosphere
consisting of seven gaseous species: CO,
CO2, H2, H2O, CxHy, O2, and N2. Summation
of partial pressures of all gas constituents at
ambient atmospheric pressure is 1. Therefore,
if the partial pressures of six gas components
are known, the partial pressure of the seventh
component can be determined.

� The ratio of C/H atoms is fixed by the stoi-
chiometry of the hydrocarbon gas and can
be used to relate the partial pressures of
CO, CO2, CxHy, H2, and H2O.� The ratio of O/N atoms is fixed by the stoi-
chiometry of air composition and relates
the partial pressure of N2 to CO, CO2,
H2O, and O2.� The ratio of C/O atoms is fixed by the air-to-
fuel gas ratio and relates the partial pressure
of CxHy to CO, CO2, H2O, and O2.� Further, considering H2O/H2, CO/CO2, and
CH4/CO2 equilibrium gas reactions and their
Gibbs free energies provides three additional
equations relating the unknown partial
pressures.

� Further mathematical simplifications reduce
the seven equations described earlier to a
system of four equations with four
unknowns (partial pressure of CO, CO2,
H2, and H2O) that can be solved simulta-
neously using a nonlinear least-square opti-
mization routine.

Kinetics of Gas Carburizing Reactions.
Kinetics of various gas-steel interactions and
the mechanism of their reactions in the CO-
H2-CO2-H2O system have been studied by
Fruehan (Ref 8, 9) and Grabke (Ref 10) using
gravimetric, resistometric-relaxation methods
and isotope exchange reactions. More specific
to the industrial gas carburizing application,
Kaspersma and Shay (Ref 11, 12) experimen-
tally determined rate constants for the main car-
burizing and decarburizing chemical reactions
in N2-base carburizing atmospheres using low-
carbon shim stock. Combining the effect of
the individual reaction rate constants and typi-
cal partial pressures of the furnace atmosphere
constituents, the overall reaction rates were
calculated, as shown in Table 1 (Ref 13).

Carburization by CO + H2, carburizing reaction
in Eq 3, was determined to proceed approxi-
mately 31 times faster than carburization by
direct CO decomposition and 59 times faster
than carburizing by direct CH4 decomposition
at the steel surface. Decarburization by H2O is
approximately 16 times faster than it is by
CO2. The data also showed that CH4 is much
less effective as a carburizing agent than any
of the higher-molecular-weight hydrocarbons
(Ref 12).
Grabke (Ref 10) and Collin et al. (Ref 1)

developed expressions to describe the reaction
rate coefficients for CO and CH4 decomposition
reactions (Eq 1 and 2) and CO + H2 reaction
(Eq 3), respectively:

k1 ¼ 184 � PCO2

PCO

� ��0:3

�PCO2
� exp �22; 400

T

� �
(Eq 6)

k2 ¼ 1:96 � 10�2 � P1:5
H2

� exp �17; 600

T

� �
(Eq 7)

k3 ¼
4:75 � 105 � exp �27;150

T

� � � PH2Offiffiffiffiffiffi
PH2

p

1þ 5:6 � 106 � exp �12;900
T

� � � PH2Offiffiffiffiffiffi
PH2

p (Eq 8)

where ki is the reaction rate coefficient for i-th
chemical reaction (centimeter/second), Pi is
the partial pressure of the i-th gas constituent
in the furnace, and T is the absolute temperature
(Kelvin).
Calculation and Measurement of Carbon

Potential. The atmosphere carbon potential
at a given temperature is calculated from the
equilibrium gas composition and the cor-
responding carbon activity. From thermody-
namics of gas chemical reactions, the carbon
activity in the gas atmosphere can be calculated

from any of the three carburizing reactions as
follows:

agasC1
¼ P2

CO

PCO2

� K1; whereK1

¼ exp
20; 530:65

T
� 20:98

� �
(Eq 9)

agasC2
¼ PCH4

P2
H2

� K2; whereK2

¼ exp
10; 949:68

T
� 13:31

� �
(Eq 10)

agasC3
¼ PCO � PH2

PH2O

� K3;whereK3

¼ exp
16; 333:11

T
� 17:26

� �
(Eq 11)

where agasC is the carbon activity in the gas
phase, Pi is the partial pressures of i-th gas
constituent in the gas atmosphere, and K1, K2,
and K3 are the equilibrium constants calculated
from the Gibbs free energy of the correspond-
ing gas chemical reactions.
The carbon activity is related to the carbon

content of austenite by the expression (Ref 14):

ln agasC ¼ ln yC þ 9167 � yC þ 5093

T
� 1:867 (Eq 12)

with

yC ¼ 4:65 � w
100� w

(Eq 13)

where T is the absolute temperature (Kelvin),
yC is the atom ratio of carbon to iron, and
w is the weight percent carbon in austenite.
Figure 1 and Table 2 show the calculated car-
bon potential in the gas atmosphere as a func-
tion of carbon activity at various temperatures.

Table 1 Rate constants (k) for carburizing
(+) and decarburizing (�) chemical
reactions

Chemical reaction for rate constant Reaction rate, mol/cm2 min

2CO �!k1 C(g � Fe) + CO2
+5.6 � 10�7

CO2 + C(g � Fe) �!k2 2CO �1.3 � 10�6

H2 + CO �!k3 C(g � Fe) + H2O
+1.8 � 10�5

H2O + C(g � Fe) �!k4 H2 + CO
�1.5 � 10�5

CH4 �!k5 C(g � Fe) + 2H2
+3 � 10�7

2H2 + C(g � Fe) �!k6 CH4
�2.7 � 10�8

Note: Temperature = 927 �C (1701 �F); calculations assumed the fol-
lowing furnace atmosphere using endothermic gas composition of
20 vol% CO, 40 vol% H2, 3 vol% CH4, 1800 ppm H2O, and 1800
ppm CO2. Source: Ref 13

Fig. 1 Correlation of carbon potential and carbon activity at various carburizing temperatures
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In carburizing atmospheres controlled to car-
bon potentials below saturation, the carbon
potential calculated from carbon activity
defined by Eq 9 and 11 will typically yield the
same value and will match the carbon value
measured by accurate shim stock analysis of
the atmosphere. However, when the actual
measured partial pressures of CH4 and H2 of
the same atmosphere are used to calculate the
carbon activity defined by Eq 10, the calculated
carbon potential is usually much higher (well
above the carbon saturation limit) and does
not match the value of atmosphere shim stock
analysis. This observation is normal in indus-
trial carburizing furnaces where thermody-
namic equilibrium is not achieved and the
residual methane concentration exceeds the
equilibrium CH4 level. For example, a gas car-
burizing furnace using a combination of natural
gas and endothermic gas with 20% CO, con-
trolled to 1.1 wt% C at 925 �C (1700 �F),
should have a calculated CH4 content of
0.22 vol% at equilibrium. Typical measured
CH4 levels are in the 1.0 vol% range. The
kinetic rate of the carburizing reaction (Eq 3)
is approximately 2 orders of magnitude higher
than the rate of carburizing by CH4 (Eq 2) and
therefore it dominates the overall carbon flux
into the steel surface. Accordingly, experimen-
tally measured shim stock readings are typi-
cally found to agree with the carbon potential
calculated from Eq 9 and 11 according to the
reactions in Eq 1 and 3.
Calculation of the atmosphere carbon potential

by the reaction in Eq 3 requires input of the
measured CO, H2, and H2O vapor concentration.
In practice, high-accuracy continuous measure-
ment of water vapor in carburizing atmospheres
is difficult. However, the water-gas reaction:

COþ H2O $ CO2 þ H2 (Eq 14)

has a relatively high reaction rate and serves to
effectively establish an equilibrium between the
CO, CO2, H2, and H2O, ensuring that the car-
bon potentials calculated according to Eq 1
and 3 are equal. High-accuracy measurement
of CO and CO2 with nondispersive infrared
(NDIR) analyzers is well established; thus, cal-
culation of the atmosphere carbon potential
from the ratio of CO/CO2 according to the

reactions in Eq 1 and 9 is an effective way of
characterizing the carbon potential of the domi-
nant reaction in Eq 3 without the need to mea-
sure water vapor directly.
Zirconia oxygen probes are significantly

lower in cost than NDIR analyzers and are
more commonly applied in industrial gas car-
burizing applications. The calculation and con-
trol of carbon potential by oxygen probe is
based on the following equilibrium reaction:

CO $ C ��Feð Þ þ 1=2O2 (Eq 15)

The voltage output of a zirconia oxygen sen-
sor in millivolts, with air as a reference gas, is a
function of the absolute temperature (T) in Kel-
vin and the oxygen partial pressure (PO2

)
according to the expression:

emf ¼ 0:04953 � T � log10
PO2

0:2095

� �
(Eq 16)

Carbon activity can be calculated from the
partial pressure of CO and O2 at a given carbur-
izing temperature (Kelvin):

agasC ¼ PCOð Þffiffiffiffiffiffiffiffi
PO2

p � K; whereK

¼ exp � 13; 434:52

T
� 10:54

� �
(Eq 17)

For furnace atmospheres with stable CO
levels, such as those using carrier gases pro-
duced in separate endogas generators, many
control systems provide reasonable accuracy
when the CO level is constant over time and
is equal to the carrier gas nominal value. Atmo-
spheres with unstable CO levels, such as those
generated in-situ with hydrocarbon gas-air
mixes or vaporized hydrocarbon liquid-nitrogen
mixes, require measurement of actual CO levels
with NDIR systems to obtain the best furnace
control accuracy.
When atmospheres are subjected to sudden

equilibrium upsets by large air introduction
during door openings, introduction of combus-
tion products by leaking burner tubes, or water
leaks, the carbon potential is usually more
accurately determined by CO2 measurement
rather than O2 measurement. The CO2 is held
in equilibrium with the CO, H2, and H2O
by the water-gas reaction (Eq 14), whereas the
partial pressure of O2 reaches equilibrium
slower and may not accurately indicate carbon
potential.
Validation of Carbon Potential via Shim

Stock. Measurement of atmosphere carbon
potential and validation of the calculated car-
bon potential from the gas atmosphere analysis
is most accurately done with shim stock using
combustion analysis for carbon content in
accordance with ASTM E1019-11. A 0.1 to
0.15 mm (0.004 to 0.006 in.) thick piece of
plain carbon shim stock (approximately 25 by
100 mm, or 1.0 by 4.0 in.) is attached to an
alloy rod that is then inserted into the furnace
through a port in the furnace wall. The shim

stock is exposed to the carburizing atmosphere
for a period of time sufficient to reach equilib-
rium with the carbon level in the gas atmo-
sphere (i.e., through carburize the shim). The
minimum required exposure time depends on
the carburizing temperature and thickness of
the shim. Table 3 shows the minimum exposure
time necessary to through carburize a 0.13 mm
(0.005 in.) thick shim at various carburizing
temperatures. Exposure for too little time may
be insufficient to equilibrate carbon levels in
the shim with carbon in the gas atmosphere
and may yield low-carbon readings not repre-
sentative of the actual carbon potential in the
furnace. As long as the furnace atmosphere
composition is stabilized and controlled below
the carbon saturation limit, shim exposure time
in excess of the minimum required time to
through carburize will not adversely affect the
accuracy of the shim stock test.
It is important to realize that shim stock anal-

ysis is intended to provide a measurement of
atmosphere carbon potential, not the surface
carbon level of the carburized part. Unless the
part is thin enough to through carburize, carbon
level at the steel part surface does not reach
thermodynamic equilibrium with the carbon in
the atmosphere and will always be lower than
the shim carbon reading. The measurement of
actual part surface carbon should be performed
directly on parts by using one of the methods
described in the article “Evaluation of Carbon
Control in Carburized Parts” in this Volume.
Shim stock gives an accurate measure of the

gas atmosphere carbon potential at the point of
insertion. The carbon level attained in the shim
is determined by the temperature of the shim
and the exact composition of gas phase sur-
rounding it. Therefore, carbon levels measured
in shim stock are representative of the carbon
potential of the atmosphere exposed to produc-
tion parts only if the shim and the carburized
parts are at the same temperature and exposed
to the same gas composition.
Placement of the shim stock should be at

least 150 mm (6.0 in.) into the working zone
of the furnace to avoid the cool wall effect.
Care must be taken that the holder rod does
not interfere with parts that may move (e.g.,
in pusher-type furnaces) during the period that
the shim is inserted. Shims should be cleaned
well prior to insertion and must be free of oil

Table 2 Correlation of carbon potential
and carbon activity at various carburizing
temperatures

Carbon
activity

Carbon potential, wt% C

850 �C
(1560 �F)

900 �C
(1650 �F)

925 �C
(1700 �F)

950 �C
(1740 �F)

975 �C
(1790 �F)

0.3 0.39 0.46 0.50 0.54 0.58
0.4 0.49 0.58 0.63 0.68 0.73
0.5 0.59 0.70 0.75 0.81 0.87
0.6 0.68 0.80 0.86 0.93 0.99
0.7 0.77 0.90 0.97 1.04 1.11
0.8 0.85 1.00 1.07 1.14 1.22
0.9 0.93 1.08 1.16 1.24 1.32
1 1.01 1.17 1.25 1.33 1.42

Table 3 Minimum carburizing time
required to through carburize 0.13 mm
(0.005 in.) thick shim stock at various
carburizing temperatures

Temperature

Shim exposure time, min�C �F

840 1545 45
860 1580 38
880 1620 32
900 1650 27
920 1690 22
940 1725 18
960 1760 16
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and fingerprints. After insertion for the recom-
mended time at a given carburizing tempera-
ture, shims should be withdrawn quickly into
the cool part of the shim port (filled with fur-
nace atmosphere) or withdrawn to rapidly air
cool. Thin shims cooled quickly (less than 5 s)
in either endothermic atmosphere or air will
yield the same result if analyzed by the com-
bustion method. Thin shims react quickly to
changing atmosphere conditions or upsets
caused by furnace cycling and/or door open-
ings. For this reason, shim stock tests should
be conducted during periods of atmosphere sta-
bility for the minimum exposure time sufficient
to through carburize the shim.
Characterizing an atmosphere by calculation

of the carbon potential is only valid for atmo-
spheres with carbon potentials below saturation.
While it is possible to calculate numerical
values for atmosphere carbon potentials greater
than saturation, they do not represent the actual
carbon potential of the atmosphere, and shim
stock readings will not level off and equilibrate
at the calculated supersaturated value. This con-
cept is demonstrated in Fig. 2 and Fig. 3, which
show the effect of exposure time on the
measured shim readings in atmospheres with
calculated carbon potentials 0.15% below and
0.15% above the saturation limit (1.25% C) at
925 �C (1700 �F). When using shim stock in a
controlled atmosphere with carbon potential
below the carbon saturation limit in austenite,
carbon concentration in the shim increases rap-
idly until it equilibrates with the carbon poten-
tial in the gas phase. Shim exposure in excess
of the minimum time required to through carbu-
rize will not affect the carbon level attained in
the shim, as shown in Fig. 2(a). If, however,
shim stock is exposed to an atmosphere with
carbon potential exceeding the carbon satura-
tion limit in austenite, iron carbides will precip-
itate and grow within the shim, as seen in
Fig. 3. In this case, the overall carbon level in

the shim will continue increasing with time
(and not equilibrate with the calculated carbon
potential) as the amount of carbide volume
fraction increases, as shown in Fig. 2(b).
It is important that the validity of shim stock

readings be confirmed by comparison to the
carbon saturation limit in austenite at a given
carburizing temperature, as shown in Table 4.
Shim stock analysis values greater than the car-
bon saturation serve only to inform the heat
treating engineer that the atmosphere is above
saturation. The absolute carbon value in a
supersaturated shim is not representative of
the actual carbon potential in the furnace atmo-
sphere and should not be used to adjust “correc-
tion” factors in atmosphere control systems.
Effect of Steel Alloy Composition. Alloy

composition of the steel has an influence on
the carbon activity and carbon diffusivity in
austenite. Alloying elements affect the charac-
teristic distribution of carbon atoms in the
alloyed austenite matrix and the localized
forces of their interactions (Ref 15, 16). Figures
4(a) to (c) schematically show the effect of var-
ious alloying elements on the distribution of
interstitial carbon atoms and carbon activity in
the austenite (Ref 17). In general, carbide-form-
ing elements (molybdenum, chromium, vana-
dium, tungsten, etc.) induce positive atomic
interaction and tend to attract interstitially dif-
fusing carbon atoms (Fig. 4c). Such deviations
from randomness impede carbon long-range
diffusion in the matrix and decrease the overall
rate of carbon diffusion. Austenite-stabilizing
elements (nickel, copper, etc.) exhibit negative
atomic interactions and tend to repel carbon
atoms (Fig. 4b). As their binding energy
decreases, there will be localized volumes with
increased carbon diffusivity. For low-alloyed
steels this influence may be negligible, while
for medium- and high-alloyed steels the effect
of alloying may be significant and should be
taken into consideration.

Carbon activity in austenite asteelC

� �
is defined

as:

asteelC

� � ¼ � � wt%Cð Þ (Eq 18)

where g is the activity coefficient of carbon in
austenite. The activity coefficient of carbon in
alloyed austenite is corrected with a multiplying
factor q according to Eq 19 and 20 derived by
Collin et al. (Ref 1) based on work by Ellis et
al. (Ref 18) and Newmann and Person (Ref 19):

�C ¼ q � 1:07

1� 19:6 � C%

� exp 4798:6

T

� �
(Eq 19)

where

q ¼ 1þ %Si½ � � 0:15þ 0:033 %Si½ �ð Þ � %Mn½ �
� 0:0365ð Þ � %Cr½ � � 0:13� 0:0055 %Cr½ �ð Þ
þ %Ni½ � � 0:03þ 0:00365 %Ni½ �ð Þ � %Mo½ �
� 0:025þ 0:01 %Mo½ �ð Þ � %Al½ �
� 0:03þ 0:002 %Al½ �ð Þ � %Cu½ �
� 0:016þ 0:0014 %Cu½ �ð Þ � %V½ �
� 0:22� 0:01 %V½ �ð Þ (Eq 20)

Although the presence of silicon and nickel
in steel increases the carbon activity and the
coefficient of carbon diffusion in austenite,
their presence in steel impedes the carburizing
process (Ref 17). This phenomenon can be
explained by significant reduction in the mass
transfer coefficient from the gas atmosphere
to the steel surface and lower total carbon
flux entering the steel surface (Ref 20). Simi-
larly, while the presence of carbide-forming
elements, such as chromium, manganese, and
vanadium, in steel lowers the carbon diffusivity
in austenite, it increases the rate of carbon
transfer from the atmosphere to the steel
surface and accelerates the overall rate of car-
burizing. These phenomena become more con-
voluted as the composition of alloy steels
grows increasingly complex.

Fig. 2 Comparison of shim carbon readings, analyzed by LECO combustion method, with the atmosphere carbon potential at 925 �C (1700 �F). (a) 1.1 and (b) 1.4 wt% C
atmosphere carbon potential

Gas Carburizing / 531



Figure 5 shows experimentally measured car-
bon concentration profiles in different steel
grades subjected to the same carburizing cycle
for 1 and 2 h (Ref 20). The primary differences
in the carbon profiles after 1 h are observed at
the near-surface layer, which is explained by
the effect of the alloy elements on the carbon
activity and the instantaneous carbon flux into
the steel surface. As carburizing time proceeds,
the differences in the carbon profiles are more
distinct all along the gradient as a result of the
combined effect of the alloy composition on
the carbon activity and carbon diffusivity in
austenite.

The presence of carbide-forming elements
reduces the maximum solubility limit in austen-
ite, moving the Acm line toward a lower carbon
level; therefore, surface carbides may form dur-
ing carburizing of medium-to-high-alloy steels
even when the shim stock carbon reading is
below the carbon saturation limit in plain car-
bon austenite (Table 4). Therefore, carbon
potential process setpoints should account for
the alloy effect of the actual parts being carbur-
ized. When setting up a new process or periodic
audits of the existing carburizing process per-
formance, carburized part quality should be
verified with a microstructural analysis on a
sample of similar alloy composition.
The part alloy composition also influences

the relationship between surface carbon content
and surface hardness. Because carbon is an aus-
tenite stabilizer, when using alloys containing
other austenite-stabilizing alloys the surface
carbon content must be tailored to limit retained
austenite levels and to optimize surface hard-
ness. For example, with nonalloyed steel, max-
imum surface hardness can be achieved with
surface carbon controlled to a range of 0.6 to
1.0 wt% C, whereas alloys containing 2 wt%
Ni-Cr require control limits of 0.55 to 0.7 wt
% C (Ref 21).

Carbon Sources and Atmosphere
Types

Atmospheres can be created by several meth-
ods, and each method provides a different
inherent level of controllability. The choice of
atmosphere type usually is governed by cost,
availability of carbon sources, and required
accuracy of the carbon control.
In the early generations of gas carburizing,

parts were carburized directly in hydrocarbon

gases such as straight natural gas, natural gas/
nitrogen mixes, or uncontrolled vaporized
hydrocarbon liquids. Such atmosphere carbon
sources are so rich that the solubility of austen-
ite limit is reached at the surface of the steel,
and some carbides may form if proper diffusion
techniques are not used. (In earlier editions of
the Metals Handbook, the carbon gradient pro-
duced by maintaining saturated austenite at the
surface of the steel is referred to as the normal
carbon gradient.) This mode of gas carburizing
is still practiced in certain applications involv-
ing very dense loads (such as small parts in
rotary retort carburizers) at higher carburizing
temperatures, and process controls are carefully
monitored with piece part evaluations. The
more prevalent practice in modern heat treating
facilities is to use atmospheres containing
greater than 15% CO and controlling residual
species such as CO2, H2O, or O2 to adjust the
furnace atmosphere carbon level so that:

50 mm

50 mm

50 mm

Fig. 3 Microstructure of the cross section of SAE 1020
shim stock carburized at 925 �C (1700 �F) in

1.4 wt% C (supersaturated) atmosphere carbon potential
for different exposure times. (a) 30 min. (b) 2 h. (c) 4 h

Table 4 Carbon saturation limit in
austenite (i.e., aC = 1) at various carburizing
temperatures, calculated according to Eq 12
and 13

Temperature

Carbon potential, wt% C�C �F

810 1490 0.88
820 1510 0.91
830 1530 0.94
840 1545 0.97
850 1560 1.01
860 1580 1.04
870 1600 1.07
880 1620 1.10
890 1635 1.13
900 1650 1.17
910 1670 1.20
920 1690 1.23
930 1710 1.27
940 1725 1.30
950 1740 1.33
960 1760 1.37
970 1780 1.40
980 1800 1.44
990 1815 1.47

1000 1830 1.50

Fig. 4 Effect of alloying element on carbon activity:
distribution of carbon atoms in lattice of iron.

(a) Unalloyed Fe-C. (b) Fe-C-X (X increases activity of
carbon). (c) Fe-C-Y (Y decreases activity of carbon).
Source: Ref 17
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� Final carbon concentration at the surface of
the parts is below the solubility limit in aus-
tenite and within a specified range to meet
hardness and hardened depth requirements.

� Sooting of the furnace atmosphere is
minimized.

Controllability of the furnace atmosphere is
established by several factors:

� Inherent stability of the CO level in the
atmosphere

� Slope of the correlation curves of the
controlling residual species (CO2, H2O, O2)
relative to the carbon potential in the
atmosphere

� Effectiveness of enriching gas in reducing
CO2 and H2O to CO and H2

Selection of CO Level

Most gas carburizing atmospheres are oper-
ated in the 15 to 30% CO range to provide the
optimum carburizing rate with minimum soot
and IGO formation. The typical CO levels for
the atmospheres produced by reacting air with

different hydrocarbon gases, such as natural
gas, pure methane, propane, and butane, are
shown in Table 5.
In general, gas atmospheres with higher CO

levels provide higher surface reaction rates,
with a theoretical maximum occurring with a
50/50 mixture of CO/H2 (Ref 8, 22). Higher
CO levels can provide some advantage in shal-
low case carburizing, where the kinetics of car-
burizing are predominantly controlled by the
surface chemical reactions. For case depths
deeper than 1.0 mm (0.04 in.), this advantage
is diminished because the total carbon flux is
dominated by the diffusion rate of carbon.

Higher CO atmospheres also require a higher
corresponding CO2/H2O/O2 equilibrium level
to achieve the same carbon potential. As shown
in Fig. 6, the slope of carbon potential versus
CO2 decreases at higher CO contents. This
decreases sensitivity of carbon potential to
small changes in CO2 concentration and
improves atmosphere controllability. However,
for any given carbon potential, higher CO
atmospheres exhibit higher overall oxygen con-
tent that increase the rate of intergranular oxide
(IGO) formation. Higher CO atmospheres are
also more prone to soot formation, particularly
when CO levels exceed 30%.

Table 5 Nominal CO concentration and
air/hydrocarbon gas ratio of endothermic
carburizing atmospheres generated from air
and various hydrocarbon gases

Type of hydrocarbon gas Air/hydrocarbon ratio CO, vol%

Methane 2.47 20.3
Natural gas 2.47 20.3
Propane 7.74 23.4
Butane 9.55 23.9

Fig. 5 Carbon concentration profiles in various steel grades after carburizing at 925 �C (1700 �F) and 1.1 wt% C for (a) 1 and (b) 2 h. Source: Ref 20

Fig. 6 Relationship between CO2 concentration and carbon potential for gas carburizing atmospheres at 925 �C
(1700 �F) with various CO concentration levels
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Since the carbon potential of an atmosphere
is proportional to the (CO)2/(CO2) ratio, atmo-
spheres with inherently stable CO levels are
easier to control than those with dynamic
levels. The stability of CO in a particular atmo-
sphere is governed largely by the method or
system used to create the carrier gas. Some car-
rier gases are created by the reaction of a fuel
(typically a hydrocarbon gas or vaporized liquid
with a carbon/oxygen ratio equal to or greater
than the desired atmosphere) with air in an
endothermic gas-type generator. The desired
composition of the output gas is achieved by
the adjustment of a single variable: the input
fuel/air ratio to maintain a specific output CO2

or dew point level. The CO levels of atmo-
spheres created in this manner are inherently
stable and are fixed by the ratio of oxygen/
nitrogen in the air and the carbon/hydrogen
ratio of the hydrocarbon gas used. Other carrier
gases can be created by the direct injection
of multiple gases or mixtures of gases and
hydrocarbon liquids into the furnace chamber
(Ref 23, 24). These systems have the advantage
of allowing the user to create different CO
levels, but the greater number of input variables
drives the need for more sophisticated control
systems.
The selection of atmosphere system type and

CO operating level should involve consider-
ation of the partial pressure of CO inherently
produced as a result of gas chemical reactions
of the intended enriching gas and air. Air com-
monly is carried into carburizers via door open-
ings, part transfer, or trim air introduced for
control of carbon potential. For endothermic
carrier gas produced from natural gas or in-situ
carrier gas generated by nitrogen-methanol
adjusted to a 20% CO level, and enriched with
natural gas the enriching gas reaction with
introduced air produces the same 20% CO level
as the carrier gas. If the same nitrogen-metha-
nol atmosphere operated at 20% CO is enriched
with propane, the propane-air reaction produces
23% CO and tends to increase the overall CO
content when added. The shift in CO level is
relatively small and usually within the capabil-
ity and response time of control systems using
CO analyzers. Alternatively, this problem can
be avoided by adjusting the nitrogen/methanol
ratio of the carrier gas to 23% CO when using
propane as an enriching gas. Larger, more rapid
upsets of CO are possible with atmospheres
such as 50/50 CO-H2 when air or products of
combustion from flame screens are carried into
the furnace by door openings, introducing N2

into the atmosphere.

Endothermic Carburizing Atmospheres

Endothermic carrier gas (endogas) is a blend
of carbon monoxide (CO), hydrogen (H2), and
nitrogen (N2) with small amounts of carbon
dioxide (CO2), methane (CH4), water vapor
(H2O), and oxygen (O2) produced by reacting
a hydrocarbon gas such as natural gas

(primarily methane), propane, or butane with
air. Endogas is usually produced in a separately
fired retort furnace (endogas generator) using
an air-to-hydrocarbon gas feed ratio to produce
an oxygen/carbon ratio slightly greater than
1.0. The gas mixture then is passed through a
heated catalyst that accelerates the rate of chem-
ical reactions. Typically, endothermic gas gen-
erators are operated at temperatures of 1050 to
1070 �C (1920 to 1960 �F) to maximize reaction
efficiency. In a well-designed generator operated
within the flow capability of the catalyst and
heating system, the endothermic gas will reach
a composition consistent with true equilibrium
calculated at the highest temperature reached in
the catalyst bed, which typically is approxi-
mately 50 �C (90 �F) lower than nominal gener-
ator operating temperature. Gas generators are
equipped with heat exchangers to rapidly cool
the gas and “freeze” the composition prior to
transporting to furnaces via pipe systems.
Since carbon potential is defined by the tem-

perature of a part surface in a furnace and the
composition of the gas exposed to the part sur-
face, the term carbon potential should not be
used to describe the composition of generated
endothermic carrier gas. A single gas generator
can supply gas to multiple furnaces operating at
a variety of temperatures, yielding a different
furnace atmosphere carbon potential in each
case. When the endothermic carrier gas is
reheated in the furnace, the composition of the
carrier gas will shift from the generator output
composition to a composition established by
the furnace temperature. Table 6 shows the
maximum carbon potential that can be achieved
at a given furnace temperature with an endo-
thermic carrier gas produced by the reaction
of natural gas and air in a generator operated
at 1050 �C (1920 �F) and controlled to a CO2

level of 0.2%. The data presented in the table
assume no significant presence of soot that
would increase carbon potential, or air leakage
or other sources of oxygen that would reduce
the carbon potential of a reheated carrier gas
in the furnace. Note that a natural gas-air endo-
thermic gas controlled to 0.2% CO2 at the gen-
erator will produce only a maximum of 0.53%
carbon potential in a furnace operated at
925 �C (1700 �F); thus, enriching gas is
required to raise the carbon potential to levels
typically used in gas carburizing. Richer carrier
gases require less enrichment at the furnace;
however, endothermic generators controlled to
produce gases with less than 0.15% CO2 reduce
generator output capability and increase soot
formation within the catalyst bed.
In-Situ-Generated Nitrogen-Methanol

Atmospheres. Nitrogen-methanol has become
the most commonly used in-situ-generated car-
rier gas in recent years. When using in-situ
atmospheres, separately fired endothermic gas
generators are no longer required, and the atmo-
sphere can be turned on / off with relative ease.
Nitrogen-methanol systems also can be
adjusted to provide various CO levels, ranging
from zero (pure nitrogen) to 33% CO (straight

methanol) (Ref 24). Upon entering the furnace,
methanol cracks to form CO and H2. The nitro-
gen-to-methanol ratio usually is chosen to cre-
ate an atmosphere with a specific CO content.
For a nominal 20 vol% CO, nitrogen is blended
with methanol in a 2:1 molar ratio:

CH3OHþ 2N2 ! COþ 2H2 þ 2N2 (Eq 21)

Pure methanol has a carbon/oxygen ratio of
1.0 and requires a source of oxygen addition
to form an atmosphere with a carbon/oxygen
ratio slightly less than 1.0, which is typical of
controlled carburizing atmospheres. Sooting
may occur in an idling, nonloaded furnace if
normal infiltration of air into the furnace and/
or trace water content in the methanol (metha-
nol is hygroscopic) is too small. Introduction
of controlled amounts of air can be used to
reduce sooting. Heat is required to vaporize
methanol, and the cracking of methanol to CO
and H2 is endothermic. Methanol cracking effi-
ciency decreases with decreasing temperature.
Therefore, successful cracking is favored by
higher furnace temperatures and lower rates of
carrier gas usage. A target or sparging plate
usually is incorporated at the point of methanol
injection to break up the alcohol stream and to
disperse it into the atmosphere for complete
cracking. Damaged or missing sparging plates
can result in the direct impingement of metha-
nol on parts and formation of cold spots. The
presence of lower-than-expected CO levels in
furnace atmospheres is symptomatic of incom-
plete cracking, although variations in CO levels
are more commonly caused by fluctuations in
the input ratio of nitrogen to methanol.
Accurate carbon potential control requires

that both the CO and CO2 (or O2 from oxygen
probe) levels be known and that the atmosphere
CO level must be controlled to a stable value.
Control systems usually are programmed to
use a fixed CO level input into the controller.
Maintaining stable CO levels can be challeng-
ing because liquid methanol is difficult to meter
and control accurately by input flow control
alone, particularly at carrier gas flow rates
<3000 l/h. Carbon control systems using fixed
CO values generally allow manual input of a
correction factor based on shim stock analysis

Table 6 Maximum carbon potential
attainable in a furnace atmosphere at
various temperatures using 20 vol% CO
endothermic carrier gas controlled to
0.2 vol% CO2 without further hydrocarbon
enrichment at the furnace

Furnace temperature

Carbon potential, wt% C�C �F

850 1560 0.75
875 1610 0.68
900 1650 0.6
925 1700 0.53
950 1740 0.46
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but often do not provide sufficient accuracy
over time, because CO fluctuations typically
occur at frequencies higher than shim stock
checks. High-accuracy carbon potential control
systems measure CO content with NDIR analy-
zers and control methanol flow to maintain a
preset CO value.
Nitrogen of high purity (approximately

10 ppm residual CO2 and H2O vapor) is pro-
duced by liquifying air and then using the dif-
ferences in boiling points of the various
constituents to effect the separation of nitrogen.
In most instances, liquid nitrogen is shipped
from an air-separation plant to the heat treating
plant and stored in vacuum-insulated vessels.
Nitrogen of lesser purity can be produced on
site by a variety of means:

� Combustion processes: Air is burned with
natural gas, and the CO2 and H2O are
stripped from the gas by absorption and
condensation.

� Pressure swing absorption or vacuum swing
absorption: Air is separated by using zeolite
molecular sieves.

� Membrane air separation: Differences in
molecular permeation rates through thin-
walled fibrous tubes are used to separate
oxygen and nitrogen.

Low-purity, less expensive nitrogen also can
be used with methanol to form satisfactory fur-
nace atmospheres. However, because the oxygen
content of the nitrogen should be kept relatively
constant, the nitrogen-generation process must
be designed with this requirement in mind.
Nitrogen-methanol atmosphere systems

require special equipment and operating proce-
dures for safety. These requirements are
detailed in the NFPA 86 Standard for Ovens
and Furnaces.
Other In-Situ Atmospheres. Some furnaces

use in-situ atmospheres created by the direct
reaction of a hydrocarbon gas and air within
the furnace (Ref 25–27). As with nitrogen-
methanol, atmospheres of this type have the
benefit of not requiring separate endothermic
gas generators and can be relatively easy to
turn-on/turn-off. However, carburizing furnaces
typically operate at lower temperatures than
endothermic gas generators and have limited
catalytic surfaces to help drive gas reactions to
completion. Furnaces must be designed to oper-
ate safely at very low positive pressures with
tight-fitting doors and low-effluent flow rates
to create the high residence times needed for
complete gas reaction. These systems have not
gained wide popularity due to inherent pro-
blems with low CO levels, high residual meth-
ane levels, and sooting.

Carbon-Transfer Mechanism

The mass transfer mechanism during gas car-
burizing is a complex phenomenon that
involves several distinct stages (Ref 28, 29):

1. Chemical reactions take place in the gas
phase.

2. The carburizing species diffuse through a
boundary layer toward steel surface.

3. Absorption of the reacting species occurs on
the steel surface, and chemical reactions take
place at the gas-steel interface.

4. Diffusion of the absorbed carbon atoms in
the steel occurs down the chemical potential
gradient.

According to the thermodynamics of irre-
versible processes (Ref 17), the driving force
for mass transfer during carburizing is the gra-
dient in the carbon chemical potential. The
chemical potential is determined by the carbur-
izing temperature and the thermodynamic car-
bon activity:

mC ¼ m0C þ RT ln aC (Eq 22)

where mC is the chemical potential of carbon in
austenite, R is the universal gas constant, T is
the absolute temperature (Kelvin), and aC is
the carbon activity in austenite.
Total carbon transfer from the atmosphere

to the steel is determined by the rate-limiting
process and controls the rate of carburization.
Figure 7 schematically shows the carbon trans-
port mechanism and the primary control para-
meters: the mass transfer coefficient (b)
defining the flux of carbon atoms from the
atmosphere to the steel surface (Jatm), and the
coefficient of carbon diffusion in steel (DC),
which, in conjunction with Fick’s first law,
defines the flux of carbon atoms in steel (Jsteel).
In theory, the maximum carburizing rate is

obtained when the rate of carbon transfer from
the atmosphere to the steel surface is equal to
or greater than the rate of carbon diffusion in
steel. Such a diffusion-controlled process would

have no deficiency of carbon supplied to
the steel surface for its further absorption and
diffusion in the steel. In practice, however, the
nonequilibrium carbon transfer from the atmo-
sphere to the steel surface, including the surface
reactions, is often reported to be the rate-
limiting factor, especially at the beginning of
the carburizing process (Ref 5, 28, 29). Later
in the process, the overall carburizing rate
becomes diffusion controlled (Ref 30). There-
fore, when modeling gas carburizing, the pro-
cess can be considered mixed-controlled and
defined by the carbon flux balance at the gas-
steel interface (Ref 31, 32).
The mass-transfer coefficient (b) encom-

passes the effect of all gas phenomena at the
gas boundary between the atmosphere and steel
surface, including diffusion of the reacting
gases through the boundary layer and absorp-
tion of the carburizing species on the steel sur-
face (Ref 28). As shown in Fig. 7, the mass
transfer coefficient characterizes the thickness
of the boundary gas layer at the gas-steel inter-
face and determines the maximum flux of car-
bon atoms through the steel surface, available
for further carbon diffusion in steel (Ref 33).
If the value of b is increased, the resulting car-
burized depth would increase.
While it is commonly agreed that b is a func-

tion of the gas atmosphere composition (Ref 1,
5, 32), there is some discrepancy in the reported
effect of carburizing temperature on b. Wün-
ning (Ref 3) and Rimmer et al. (Ref 34)
reported b on the order of 10�5 and indepen-
dent of the carburizing temperature. A number
of studies (Ref 28, 35, 36) found b to be
directly proportional to the carburizing temper-
ature. Munts et al. (Ref 37) measured b ranging
from 2 � 10�5 to 2 � 10�4 cm/s at 800, 900,
and 1000 �C (1470, 1650, and 1830 �F) using
the wire resistance method. In a more recent

Fig. 7 Schematic representation of carbon transport in carburizing
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work (Ref 38), the authors calculated b directly
from the carbon concentration profiles based on
direct flux integration and reported b ranging
from 1.2 to 2 � 10�5 cm/s for the typical range
of industrial carburizing conditions (0.9 and
1.1 wt% carbon potential and 900 to 950 �C,
or 1650 to 1740 �F, temperatures). The mass
transfer coefficient also has been reported to
vary with the alloy composition of the steel
(Ref 20, 35).
Carbon Diffusion in Austenite. Once CO

molecules reach the steel surface and dissociate
into absorbed carbon atoms and CO2, the rate of
further carbon transport becomes limited by the
rate of carbon diffusion in steel. The combined
effects of time, temperature, and carbon con-
centration on the diffusion of carbon in austen-
ite can be expressed by Fick’s laws of diffusion.
Fick’s first law states that the flux of the diffus-
ing carbon atoms (J) perpendicular to a plane
surface of unit cross-sectional area is propor-
tional to the local carbon gradient perpendicular
to the plane and can be expressed as:

J ¼ �DC

@C

@x
(Eq 23)

where DC is the coefficient of carbon diffusion
in austenite, C is the carbon concentration in
steel, and x is the distance from the surface.
Fick’s second law establishes the mass balance
within an elemental volume of steel and states
that the rate of carbon accumulation is the dif-
ference between the flux of carbon atoms into
the elemental volume and the flux of carbon
atoms out of the elemental volume. Combining
the two laws leads to a second-order parabolic
partial differential equation that describes the
carbon diffusion process in austenite:

@C

@t
¼ @

@x
DC

@C

@x

� �
(Eq 24)

whereDC is the coefficient of carbon diffusion in
austenite, C is the carbon concentration in steel,
t is time, and x is the distance from the surface.
The coefficient of carbon diffusion in austen-

ite is a function of carburizing temperature, car-
bon concentration, and alloy composition.
Carbon diffusion is thermally activated and
increases exponentially with increasing carbur-
izing temperature. Carbon diffusivity also
increases with increasing carbon concentration
due to distortion of the austenite lattice and
increase in thermodynamic carbon activity.
Several carbon diffusivity models have been
published (Ref 1, 32, 39,40–41) that agree well
within the range of carburizing temperatures.
According to one of them, carbon diffusivity
[cm2/s] can be calculated as (Ref 39):

DC¼0:47� exp �1:6�C� 37; 000�6; 600�C
RT

� �
(Eq 25)

where C is weight percent carbon, T is absolute
temperature (Kelvin), and R is the gas constant
(1.99 cal/mol K).

Effect of Surface Finish. Carburizing is typ-
ically applied to steel parts that are machined to
final or near-final shape prior to carburizing.
Depending on the part surface finish require-
ment, the type of machining operation, and the
selection of machining process parameters,
steel parts may exhibit a wide range in the sur-
face finish that may affect the kinetics of gas
carburizing.
Figure 8 shows schematically the chemical

reactions that occur simultaneously during the
process near the steel surface (Ref 42). Gas car-
burizing most rapidly proceeds by CO molecule
decomposition, that has an estimated size range
of 1.58 - 2.8 nm depending on the orientation of
the molecule. Therefore, the interfacial surface
area (i.e., surface of the part at microscopic
level) defines the intensity of their interactions
and the magnitude of total carbon flux across
the gas-steel interface.
The effect of surface roughness on the kinet-

ics of mass transfer in gas carburizing has been
investigated in Ref 42. Rougher surface finishes
provide a greater number of available sites for
CO molecule decomposition, which results in
a higher density of absorbed carbon atoms and
overall greater carbon pickup. Figure 9 shows
the total carbon flux and the mass transfer coef-
ficient (b) as a function of the peak-to-valley
roughness and the relative surface area of the
parts. Parts with larger interfacial surface area
(i.e., surface roughness) were found to enhance
the instantaneous carbon flux through the gas-
steel interface. From a kinetic standpoint, the
greater rates of mass transfer establish a steeper
carbon gradient at the near-surface area, pro-
moting a greater rate of carbon diffusion in
steel. As a result, parts with larger surface area
attained higher carbon concentration profile, as
shown in Fig. 10.
Effect of Preoxidation. Preoxidation prior to

carburizing of high-alloy steel with alloy con-
tent >2 wt% Cr, commonly used in the aircraft
industry, may help alleviate the problem of
nonuniform carburizing (Ref 2, 43). Alloy
steels with elevated levels of chromium and/or
silicon form passive oxide surface layers under
normal carburizing conditions. This layer inhi-
bits absorption of carbon at the gas-steel inter-
face and may result in a nonuniform
carburized case depth. These high alloy steels
benefit from preoxidation in air or other strong
oxidizing environment prior to carburizing.
Oxidation in air produces a porous iron-base

oxide rather than the dense, passive Cr2O3 or
SiO2 oxides and thus permits a more uniform
ingress of carbon at the surface. As a result, a
more uniform and deeper carburized depth is
attained (Ref 2).
Preoxidation of low-to-medium-alloy steel

grades with total alloy content below 2 wt%
does not seem to provide any advantages
in accelerating gas carburizing. Figure 11
shows the carbon concentration profiles of
SAE 4122 samples carburized for 2 and
15 h at 930 �C (1710 �F) with prior preoxida-
tion for 30 min at 425 �C (800 �F) and without
preoxidation. No differences were observed in
either case microstructure or carbon profile
attained.

Carburizing Modeling and Case
Depth Prediction

Process modeling and simulation are cost-
effective tools to evaluate the effect of various
material and process factors important for car-
burizing process design and optimization. In
the 1940s, F.E. Harris developed an empirical
technique for determining total case depth
based on total carburizing time and temperature
(Ref 44). Historically, this technique has been
applied in industry with adequate results to sin-
gle-stage carburizing (or boost-diffuse at con-
stant process temperature) in plain carbon
steels. Harris’ equation assumes saturated aus-
tenite at the steel surface. In practice, however,
the surface carbon concentration in steel varies
with carburizing time and is typically lower
than the carbon potential in the gas atmosphere.
The resulting case depth will be shallower
than that predicted by Harris’ equation in indus-
trial carburizing processes when the atmosphere
carbon potential controlled below the carbon
saturation limit in austenite. Most importantly,
it should be recognized that Harris’ depth
prediction is used to estimate the total case
depth, not the effective case depth, which rarely
is used for industrial process design and
specification.
Diffusion Modeling. The gas carburizing

process is modeled using a parabolic, second-
order, partial differential equation for carbon
diffusion in steel and a set of boundary condi-
tions accounting for the mass transfer coeffi-
cient at the steel surface and kinetics of the
gas carburizing reactions:

Steel surface at high magnification

Primary gas constituents
CO, H2, H2O, CO2, CH4,

Chemical surface reaction
CO + H2 ↔ C[γ] + H2O

Hydrocarbon enriching
CH4 + CO2 ↔ 2CO + 2H2
CH4 + H2O ↔ CO + 3H2

Fig. 8 Schematic of the gas atmosphere – steel interaction in gas carburizing. Source: Ref 42
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(Eq 26)

where u = �1 is used for a convex surface, u =
0 for a plane surface, and u = 1 for a concave
surface; DC is the coefficient of carbon diffu-
sion in steel; C or C(x,t) is the position- and
time-dependent carbon concentration in steel;
r is the radius of the curvature; x is the distance
from the surface; and t is time.
In a controlled process without soot accumu-

lation, the carbon flux produced by the surface

chemical reactions (Eq 1,2–3) is equal to the
flux of carbon atoms in steel, yielding a flux
balance condition at the gas-steel interface:

Xn
i

ki
asurfi

agasC � asurfC

� � ¼ �DC

dasurfC

dx
(Eq 27)

where ki is the rate coefficient of the atmosphere
chemical reactions (cm/s); agasC and asurfC are
the carbon activity in the gas atmosphere and
at the steel surface, respectively; DC is the

coefficient of carbon diffusion in steel (cm2/s);
and x is the distance from the surface (cm).
For carbon concentration profiles below
1 wt% C, the mass transfer coefficient (b) can
be expressed as the ratio between the rate coef-
ficient for the chemical reactions and the
corresponding carbon activity at the steel
surface (Ref 28, 45):

b ¼
Xn
i

ki
asurfi

The rate of exchange at the surface is directly
proportional to the difference between the sur-
face carbon concentration and the carburizing
potential of the atmosphere. Thus, the flux bal-
ance boundary condition at the surface can be
expressed as:

b Cp � Cs

� � ¼ �DC

@C

@x
(Eq 28)

where b is the mass transfer coefficient
(cm/s), Cp is the carbon potential in the gas
atmosphere (wt% C), Cs is the carbon concen-
tration at the steel surface (wt% C), DC is
the coefficient of carbon diffusion (cm2/s),
C (wt% C) is the carbon concentration in
steel, and x is the distance from the surface
(cm).
Analytical Solutions. Crank (Ref 46)

provided mathematical solutions to the diffu-
sion equation for a variety of boundary condi-
tions and part configurations. These analytical
solutions can be used to predict the carbon gra-
dient and carburized depth for any combination
of time, temperature, and surface carbon con-
centration. When chemical reactions at the steel

Fig. 11 Carbon concentration profiles in SAE 4122 after 2 and 15 h carburizing at 930 �C (1710 �F) and 1.2 wt%
carbon potential with and without preoxidation for 30 min at 425 �C (800 �F)
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Fig. 10 Carbon concentration profiles in parts with different surface finishes carbur-
ized at 925 �C (1700 �F) and 0.95 wt% C for 3 h. Source: Ref 42
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surface are taken into account, the differential
equation for diffusion has no simple analytical
solution (Ref 47). Analytical solutions for tran-
sient diffusion are limited to models with car-
bon diffusivity independent of local carbon
concentration that is not representative of the
industrial carburizing process. While analytical
solutions to the diffusion equation with concen-
tration-dependent carbon diffusivity are avail-
able for steady-state diffusion, numerical
methods must be used for time-dependent (tran-
sient) diffusion.
Numerical Approach. The numerical

approach is based on transformation of the con-
tinuum governing partial differential equation
(Eq 26) with the corresponding boundary
conditions into a set of finite-difference equa-
tions. The Dusinberre numerical method
(Ref 46) provides solution to the diffusion
equation with the boundary conditions formu-
lated by Eq 28 for a semi-infinite part geometry
initially at uniform carbon concentration. The
method is accurate to a second order and pro-
vides a stable convergent solution. Solution to
a one-dimensional diffusion problem is
obtained by:

Ctþ�t
i ¼ �t

�xð Þ2
�
Dt

i

�
Ct
i�1 � 2Ct

i

�
�xð Þ2
Dt

i�t
� 2

�
þ Ct

iþ1

�

þ Dt
iþ1 � Dt

i�1

� �
Ct
iþ1 � Ct

i�1

� �
4

�
(Eq 29)

where C is the carbon concentration, D is the
coefficient of carbon diffusion corresponding
to a particular location (node i) and time, Dx
is the node spacing, and Dt is the time incre-
ment. Given the mass transfer coefficient at
the steel surface, carbon concentration at the
boundary nodes can be calculated as:

Ctþ1
surf ¼

1

M
� 2N � Cp þ M � 2N þ 2ð Þ½ �Ct

surf þ 2Ct
x1

h i
(Eq 30)

where

M ¼ DC ��t

�xð Þ2 andN ¼ b
DC

��x (Eq 31)

Two stability criteria must be satisfied simulta-
neously: M > 2 and M > 2N + 2. The maxi-
mum stable time increment is determined from
the following expression, based on the selected
node spacing (△x), D and b coefficients:

�t <
�xð Þ2

2b ��xþ 2D
(Eq 32)

The numerical approach to modeling carbon
diffusion in austenite during gas carburizing
has been well validated and documented in
numerous publications (Ref 1, 40, 48, 49). It
should be noted, however, that these models
do not account for formation of secondary
phase(s) and may not yield accurate results

when modeling carburizing response in stain-
less steel or other alloys with high concentra-
tions of carbide-forming elements. Modeling
gas carburizing response in multicomponent
systems requires input of thermodynamic and
kinetic data and can be modeled numerically
with the use of computer code (Ref 50, 51)
or using available commercial software
(Ref 52–54).

Carburizing Equipment

Gas carburizing furnaces vary widely in
physical construction, but they can be divided
into two major categories of furnaces: batch
and continuous. In a batch-type furnace, the
work load is charged and discharged as a single
unit or batch. In a continuous furnace, the work
enters and leaves the furnace in a continuous
stream. Continuous furnaces are favored for
the high-volume production of similar parts
with total case depth requirements of less than
2 mm (0.08 in.).
Batch Furnaces. The most common types of

batch furnaces are pit furnaces and horizontal
batch furnaces. Pit furnaces are usually placed
in a pit with the cover or lid located just above
floor level (Fig. 12). Pit furnaces are typically
used for large parts requiring long processing
times. If the work is to be direct quenched,
the load must be moved through air before
quenching. As a result, parts will be covered
by an adherent black scale that may require
shot blasting or acid pickling.
Horizontal batch furnaces are frequently used

for carburizing and direct quenching. Many of
these furnaces are called sealed-quench, or inte-
gral quench, furnaces, where carburized parts
are discharged from the furnace into a vestibule
that covers an oil quench tank (Fig. 13). Parts
can be kept free of oxidation prior to quench-
ing, because the furnace atmosphere also flows
through the vestibule. Sealed-quench batch fur-
naces are capable of processing many different
types of loads with widely varying case depth
requirements. Like pit furnaces, sealed-quench
furnaces can be made gastight, with the result
that positive furnace pressures are easily
achieved.
Continuous Furnaces. Types of continuous

furnaces used for carburizing include mesh
belt, shaker hearth, rotary retort, rotary hearth,
roller hearth, and pusher designs. Many of
these furnaces can be built with sealed oil
quenching so that oxide-free parts can be pro-
duced. Some of these furnaces can be sealed
well enough that positive furnace pressures
can be maintained, but mesh belt furnaces, on
the other hand, are open to the air at either
end. Because air cannot be positively
excluded, carburizing in these furnaces is often
difficult to control.
The carbon-rich atmospheres used in gas

carburizing rapidly degrade most common
Fe-Ni-Cr alloys used for internal furnace parts.
Internal furnace structures made from highly

alloyed steel, such as retorts, roller rails, roller
hearth rollers, and mesh belts, require periodic
replacement and add to the cost and downtime
of operating the furnace. The most commonly
applied continuous furnace design is the pusher
furnace (Fig. 14). Pusher furnaces have the
advantage of being inherently gastight designs,
use fewer internal alloy parts, and generally
support trays of parts with ceramic refractory
piers and rails. Pusher furnaces can be designed
to incorporate multiple carburizing and/or dif-
fusion chambers operating at independent tem-
peratures and carbon potentials. Designs can
also include an atmosphere and temperature-
controlled cooling chamber, sealed dunk
quench chamber and/or press-quench chamber.
Pusher furnaces can also be designed with pre-
heat chamber to enable heating of parts to the
carburizing temperature in an atmosphere con-
trolled to low carbon levels (near part base car-
bon content). This prevents uneven carburizing
of parts (outside versus center of loads) when
introduced into the first carburizing zone and
reduces sooting in the first zone by preventing
contact of the carburizing atmosphere with cold
parts. Parts can also be preheated in air, but this
practice is limited to approximately 420 �C
(790 �F) maximum to avoid loose scale forma-
tion on parts. Pusher furnaces also enable the
use of sidewall fans for better atmosphere cir-
culation. With sidewall fans, the atmosphere
wind flow can be well directed beneath the
hearth and up through the load with greater
velocity and uniformity than can be achieved
with radial roof fan designs. This is particularly
important when carburizing densely loaded
parts that require accurate case depth control
on both outside and inside surfaces, such as
bearing races, bushings, and piston pins.
Furnace Internal Pressure. Furnaces should

be operated at a positive pressure so that if the
furnace has small leaks, air does not enter into
the furnace. Pressures of 12 to 37 Pa (0.09 to
0.28 torr, or 0.05 to 0.15 in. of water column)

Fig. 12 Pit batch carburizing furnace. Dashed lines
indicate location of workload.
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are usually satisfactory for carburizing fur-
naces. The furnace pressure can be controlled
by adjusting either the orifice size in the atmo-
sphere vent lines or the carrier gas flow rate.
The pressure differential (furnace pressure

minus ambient pressure, measured at the
same height) will have its smallest value at
the lowest point in the furnace, because the
hot gases inside a furnace are low in density.
The minimum furnace pressure needed (at
any height) to maintain a positive differential
at all heights (Pmin) can be calculated from
the relation:

Pmin ¼ H DA � DFð Þ (Eq 33)

where H is the internal height of the furnace
chamber, DA is the density of ambient air out-
side the furnace, and DF is the density of the
atmosphere inside the furnace. In general,
DA 	 DF, and a suitable minimum value for
the furnace pressure in pascals is:

Pmin ¼ H 0:117ð Þ (Eq 34)

where H is in cm, and it is assumed that the
ambient air is at 1 kPa (1 atm) pressure and

20 �C (70 �F). Even though the furnace pres-
sure is nominally positive, air can still enter
the furnace through small openings if there are
local fluctuations in the ambient pressure. It
should be noted that a large cooling fan blow-
ing at the furnace may raise the ambient pres-
sure locally by as much as 25 Pa (0.19 torr, or
0.1 in. water column).
Finally, the rate at which the furnace atmo-

sphere responds to changes in inlet gas compo-
sition depends on the mean residence time of
the atmosphere gases in the furnace. The mean
residence time (tres) is approximately:

tres ¼ V � TAð Þ
F � TFð Þ (Eq 35)

where V is the furnace volume; F is the carrier
gas flow rate measured at TA, the absolute
ambient temperature; and TF is the absolute fur-
nace temperature. Residence times in carburiz-
ing furnaces vary from approximately 2 to
15 min. If the inlet gas flows are changed, it
takes approximately three residence times to
effect 95% of atmosphere change. Therefore,
batch furnaces, in which the atmosphere com-
position must be changed during the course of
a processing cycle, are usually operated with
shorter residence times than those used in con-
tinuous furnaces. It is often considered an
advantage to use high flow rates of carrier gas
to achieve faster recovery of the atmosphere
when parts are charged. However, the same
result can be achieved more economically by
using an automatic control system to regulate
the flow of the hydrocarbon enriching gas.
Sooting and Burnout. During normal opera-

tion of a gas carburizing furnace, soot will form
over time in various regions of the furnace, par-
ticularly in areas where the atmosphere is
allowed to cool or come in contact with cold
parts. As the furnace becomes sooted, the car-
bon potential of the furnace atmosphere
becomes difficult to control or uncontrollable.
Enriching gas additions no longer react to
reduce CO2 and H2O efficiently, and free meth-
ane levels will increase and result in additional
soot. The higher the operating carbon potential
of a furnace, the faster soot formation occurs.
If the point is reached where the carbon poten-
tial cannot be effectively controlled, the only
practical solution is to empty the furnace, intro-
duce air, and burn out the soot. Some care is
necessary in burning out accumulated soot to
prevent local overheating in the furnace. Typi-
cally, the furnace temperature is set at approxi-
mately 815 �C (1500 �F) for burnout, and air is
admitted to the furnace, either by opening doors
or introducing a flow of air. The rise in temper-
ature due to the combustion of soot should be
monitored, and the air supply should be reduced
if the temperature rise is more than 5 �C. A
properly controlled furnace will require burnout
only once every three to four weeks. Furnaces
operating at higher carbon potentials or with
very high surface area loads may require burn-
out on a more frequent basis.
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Fig. 14 Typical multichamber continuous pusher-type furnace

Fig. 13 Typical gas-fired integral quench furnace
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Modern automatic atmosphere-control sys-
tems minimize soot formation by maintaining
a constant atmosphere composition below the
carbon saturation limit in austenite and by
matching carbon supply in the atmosphere to
carbon demand at the steel surface. However,
some soot formation is inevitable, particularly
in the first zone of continuous furnaces where
atmosphere comes in contact with cold parts.
There are also some locations, such as sight
ports and gas sample lines, where soot will con-
tinue accumulating as the furnace is used. Soot
also may form in unheated furnace vestibules as
the furnace atmosphere gas cools upon entering
the vestibule.
Carburizing atmospheres can penetrate sur-

face regions of refractory fiber insulation, open
firebrick joints, crevices between refractory
brick, and alloy components that extend from
the hot face of the chamber to the furnace shell.
As the atmosphere is cooled in these crevice
regions, solid soot will precipitate and expand,
causing heaving of brick and delamination of
refractory fiber. Damage of this type can be
reduced with good furnace construction using
tight refractory joints and minimizing the paths
for atmosphere penetration into cooler regions.
Furnace Conditioning. It is necessary to dry

out and condition a furnace before it is used for
carburizing production when it is first put into
operation after a long shutdown or after it has
been overhauled and relined with new firebrick.
Drying out after bricking involves heating the
furnace at 100 to 150 �C (210 to 300 �F) for a
period of time (often many hours or up to a
few days) until there is no longer visible steam-
ing. The furnace is then brought to operating
temperature very slowly (typically 10 C�/hour
maximum) to avoid damage to brick and alloy
due to expansion. Drying can be accelerated
by introducing dry nitrogen during the furnace
conditioning. Conditioning the refractory for
carburizing consists of admitting a carburizing
carrier gas and allowing the atmosphere to react
with the internal components of the furnace for
at least several hours to as long as several days
before enriching gas is added. Conditioning
ensures that the internal components of the fur-
nace equilibrate with the carburizing atmo-
sphere, so that chemical reactions between the
atmosphere and the workpieces will not be slo-
wed by reactions between the atmosphere and
the furnace lining. When a carburizing atmo-
sphere is introduced into an empty furnace that
has been idle for some time or that has just been
burned out to remove soot, it is found that the
amount of enriching gas needed to maintain a
given carbon potential is much higher than
would be expected after the furnace is
conditioned. Once a furnace is conditioned,
the levels of enriching gas needed to sustain a
given carbon potential remain fairly constant
but then begin to increase as soot forms, which
signals the need for burnout.
Metal Dusting in Furnace Alloy. A major

cause for gas carburizing furnace maintenance
downtime occurs on alloy components that

extend from the hot face of the chamber
through the refractory to the shell or other cold
regions. Affected components include chain
guides, pusher head and chain assemblies (por-
tions that rest in the furnace wall), fan shafts,
burner tube support rods, and alloy stools. Fail-
ure occurs as a general type of corrosion or
deep pitting in areas of the alloy surface
exposed to carbon-rich atmosphere in the
temperature range of 430 to 650 �C (810 to
1200 �F) (Ref 55), similar to that shown for a
pusher head axle pin in Fig. 15. Corrosion dam-
age can result in metal thickness loss of 12 mm
(0.5 in.) per year. Metal dusting (carbon rot)
can be virtually eliminated by use of high-
nickel alloys that contain several percent of
cobalt, tungsten, and molybdenum, such as
those listed in Table 7.

Furnace Temperature and
Atmosphere Control

Control of a gas carburizing process involves
accurate measurement and adjustment of tem-
perature, time, and atmosphere carbon poten-
tial. Historically, numerous publications and
experimental data relative to gas carburizing
were presented from a cycle time, temperature,
and gas input point of view. While this type of
information is valuable, the actual carbon
potential achieved in a carburizing furnace is
governed by the atmosphere flow rates, air infil-
tration, level of furnace conditioning, and
amount of soot present. It can also be impacted
by catastrophic maintenance events, such as
burner tube failures that allow the introduction
of combustion products (i.e., a large amount
of CO2 and H2O vapor) into the furnace atmo-
sphere. For these reasons and the prevalence
of good atmosphere-measurement systems, the
furnace atmosphere-control approach presented
in this article is based on measurements of the
actual atmosphere parameters rather than gas
input flows.
Temperature Control and Uniformity.

Temperature uniformity in carburizing furnaces
is important for achieving good carbon profile
and hardened depth uniformity. In well-con-
structed carburizing furnaces, good wind circu-
lation ensures uniform atmosphere composition
throughout the furnace. Since carbon potential
at the steel surface is determined by the compo-
sition of the atmosphere exposed to the part

surface and the part temperature, uniform gas
composition coupled with nonuniform tempera-
tures results in variation in the carbon potential
within the part workspace. Areas of the load
exposed to higher temperatures have higher dif-
fusion rates that increase the rate of case depth
formation but lower effective carbon potential.
This results in lower instantaneous carbon flux
into the steel surface and lower surface carbon
concentration. The opposite occurs for areas of
the load exposed to lower temperatures. In both
cases, the combined effect of the changes in
carbon diffusivity and carbon potential on the
overall rate of case depth formation is nearly
offsetting. As shown in Fig. 16, temperature
variation has a large effect on surface carbon
concentration but a relatively small effect on
the carburized case depth. For an atmosphere
controlled to a constant CO2 or O2 level, a tem-
perature variation of 
10 �C (18 �F) at 930 �C
(1706 �F) will produce a change of �0.08 wt.
% in carbon potential. Therefore, accurate con-
trol of carbon potential can be achieved only
when there is good temperature uniformity
and thermocouples are correctly positioned to
detect part temperature. Limits of allowable
temperature variation for a carburizing furnace
can be calculated from product specification
limits for case depth and surface carbon varia-
tion. Some users utilize AMS 2750 to define
furnace classes, required temperature unifor-
mity, and other aspects of temperature measure-
ment, control, and related thermocouple
maintenance. Most users in the United States
specify carburizing furnaces capable of 
5 �C
(9 �F) temperature uniformity.
The effects of temperature variation within

the load caused by variations in heating rate
can be reduced by heating parts in carrier gas
(or near-neutral atmosphere) and not adding
enriching gas until the parts have reached car-
burizing temperature. A well-designed pusher-
type furnace with radiant tubes arranged both
below the hearth and above the load is capable
of 
3 �C (5.4 �F) temperature uniformity. Car-
burizing furnaces should be equipped with two
thermocouples in each furnace zone located as
close as possible to the workpieces. One ther-
mocouple is intended for the temperature con-
troller, while the second thermocouple is used
as the over-temperature controller. If a hole or
crack develops in a thermocouple-protection
tube, the thermocouple will come in contact
with the furnace atmosphere, become partially
carburized, and yield incorrect readings. In this
event, both the protection tube and thermocouples

Table 7 Furnace alloys resistant to metal
dusting (carbon rot) corrosion

Alloy name

Alloy chemical composition, wt%

Cr Ni Si Mn Mo W Co

RA 333 28 36 1.5 . . . 3 3 3
Supertherm 22 48 1 1 . . . 5 15
Super 22H 28 48 1 1 . . . 5 3

Fig. 15 Example of metal dusting in a 25 mm (1.0 in.)
diameter RA 330 alloy pusher head axle pin

exposed to rich carburizing atmosphere at approximately
550 �C (1020 �F) for 1 year
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must be replaced. Thermocouple failure due to
exposure to carburizing atmosphere is normally
characterized by a loss of signal output that will
cause the temperature-control system to call
for heat, leading the chamber toward an over-
temperature condition. If the over-temperature
thermocouple has experienced the same dam-
age and loss of output, it cannot properly sense
the actual rise in temperature, resulting in a
major over-temperature condition and potential
furnace damage. For this reason, temperature-
control and over-temperature thermocouples
should never be placed in the same protection
tube.
Atmosphere Introduction and Uniformity.

Atmosphere carrier gas and enriching gas are
typically manifolded together and introduced
through inlet pipes in each zone near the
circulating fans. Enriching gas is usually not
introduced in the first zone of a continuous
carburizing furnace to minimize soot format-
ion. Air added for controlling carbon potential
should be introduced via a separate inlet to
avoid burnback of atmosphere into the inlet
pipe. Atmosphere inlet pipes should be located
so that incoming atmosphere does not directly
impinge on thermocouples or piece parts. In
continuous furnaces, carrier gas is usually split
between zones in equal amounts. Carrier gas
flows are normally held constant (with timed
high flows often implemented with door open-
ings or events that cause negative pressure)
and enriching gas (trim gas) and trim air addi-
tions that are made by the atmosphere control-
ler for each zone as needed. Enriching gas
flow should be sufficient to satisfy the need of
the atmosphere controller in each zone and
should not exceed 10 to 15% of the carrier

gas flow. The bulk flow and direction of the
atmosphere through a furnace is mainly estab-
lished by the size and position of the effluent
ports. Flappers or bushings installed on the
end of the effluents can be adjusted to vary
the flow out of a particular effluent pipe. If
infrared CH4 analyzers are installed, the flow
pattern of enriching gas throughout the furnace
can easily be detected and be adjusted using the
free-methane levels as a tracer.
Given a good temperature uniformity in the

furnace, the single largest factor relative to
achieving good carburized depth uniformity is
having an atmosphere wind velocity of 1 to
2 m/s (3.3 to 6.6 ft/s) throughout the load. Fur-
naces must be equipped with internal fans and
associated refractory construction to ensure that
the atmosphere is well circulated through the
workload. For dense part loads, sidewall fans
and wind-turning refractory brick in the hearth
bottom provide the best possible movement of
atmosphere throughout the load. Individual
parts within the workload should be well
spaced to allow the atmosphere to penetrate
the load. Care should be taken, when loading
parts on screens in baskets, that only the mini-
mum number of screens are used and the open-
ings are not plugged with soot that could
interfere with wind flow.
Quenching Uniformity. When direct

quenching full loads of parts, critical parts such
as gears are usually placed on fixtures to control
their spacing and orientation entering the
quenchant. When commissioning a new furnace
and quench system, it is a good practice to
measure the quenchant velocity with a propel-
ler-type flow-measurement device attached to
various locations and heights on the tray. This

information can be used to optimize design of
the quenchant-delivery system for maximum
uniformity. Good quality can normally be
obtained when flow rates are a minimum of
0.6 m/s (2.0 ft/s) throughout the workload area.
Using an excessive number of screens at the
bottom of baskets or using screens plugged with
soot can dramatically reduce the quenchant
flow through the load, resulting in high levels
of nonmartensitic transformation products at
the part surface.
Control-System Features. Regardless of the

variable being controlled or the instrumentation
being used, a major feature of every control
system should be a set of signal devices that
warns operating personnel of major malfunc-
tions. Virtually all new furnaces are controlled
with programmable logic controllers (PLCs)
and human-machine interfaces that provide a
cost-effective means of collecting and display-
ing alarm condition information. For instance,
a power failure normally renders the atmo-
sphere-control system inoperative. It also shuts
down the furnace heating system. If the furnace
temperature drops below 760 �C (1400 �F),
there is an increased danger of an explosion.
A temperature-activated, battery-powered audi-
ble or visible alarm warns of a decrease in tem-
perature in time to allow the furnace doors to be
opened and the combustible mixture to be
burned out or purged with an inert gas before
the temperature drops below the danger point.
If the furnace pressure drops below a predeter-
mined minimum because of loss in the gas flow
supply, there is a danger of explosion due to air
infiltration. Such a condition should activate an
alarm system to enable immediate operator
response to initiate a furnace burnout or to trig-
ger an inert gas purge system. Operators should
be well trained on emergency procedures and
understand how to respond to furnace problems,
particularly those involving loss of atmosphere.
If inert gas purging is used, the reserve supply
of inert gas should be monitored and an alarm
system installed that will signal if the gas sup-
ply drops below a predetermined dangerous
level. Many modern inert gas storage systems
include automatic communication of tank levels
to the inert gas supplier. There should always
be enough inert gas in reserve to purge the
combustibles out of all connected furnaces.
The furnace design, control system, and
operating practice should comply with National
Fire Protection Association 86 recommenda-
tions and other statutory requirements.
Major changes in the furnace pressure occur

when furnace doors open and close, particularly
with inner doors between hot chambers and
cold vestibules. When an inner door opens, it
normally rises into a cold space, heating and
expanding the atmosphere in that area. This
gas expansion causes a pressure rise in the fur-
nace, which is typically relieved by flappers
that open on effluents. When inner doors are
closed, the door is lowered out of the cold
region, causing the atmosphere to cool rapidly
and shrink in volume. This can create a strong
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negative pressure that can draw air into cold
vestibules and cause a pop or explosion. To
prevent this, many furnaces incorporate a high
flow of carrier or inert gas during times of neg-
ative pressure to mitigate the risk of air infiltra-
tion into chambers operating below 760 �C
(1400 �F). The magnitude and duration of such
pressure changes is strongly governed by the
speed of door opening and closing, with higher
speeds causing larger fluctuations. Because
many doors are operated with air cylinders that
tend to increase in speed as internal seals wear,
the PLC is often used to monitor door opening
and closing times and provide alarms when
times become too short.
Selection of Atmosphere-Control System

Type. Atmosphere-control systems for gas car-
burizing furnaces generally use oxygen probes,
NDIR analyzers, or combinations of both.
High-accuracy systems may also incorporate
thermal conductivity analyzers for H2 and para-
magnetic O2 analyzers to detect sample system
air leaks. If CO levels are known and stable,
oxygen probe systems provide reasonable accu-
racy at relatively low cost. The voltage output
of a zirconia oxygen sensor, with air as a refer-
ence gas, is a function of the absolute tempera-
ture (T) and the oxygen partial pressure (PO2

)
according to Eq 16. The oxygen partial pressure
is used to calculate the carbon potential using
Eq 12, 13, and 17. Oxygen probes have the
advantage of not requiring a gas sample system
and provide a continuous direct current milli-
volt output that is a convenient input for digital
atmosphere controllers. Many commercial oxy-
gen probe controllers incorporate a thermocou-
ple input and will display and control to a
setpoint that directly reads in carbon potential.
Care should be taken to ensure that the oxygen
probe is located so that the internal thermocou-
ple reading matches the temperature of the zone
and part temperature. Oxygen probes cannot be
calibrated, and the output can vary over time
due to soot accumulation and/or deterioration
of the electrodes. Soot accumulation within
oxygen probe sensors used in carburizing fur-
naces is a common problem. Many oxygen
probe systems incorporate a burnout system
that interrupts the control action to introduce a
small flow of air to the probe tip for burnout.
Then the probe re-equilibrates with the atmo-
sphere and resumes operation. On batch fur-
naces, these burnouts are often performed at
noncritical times of the cycle, such as transfer
of the load out of the heating chamber. Oxygen
probe control systems do not provide good
accuracy on systems with unstable CO levels.
If not coupled with an NDIR analyzer system
to measure CO, the drift in the oxygen probe
signal over time due to electrode deterioration
can be detected only by a secondary check,
such as shim stock.
Atmosphere-control systems that incorporate

NDIR analyzers, particularly those that measure
CO, CO2, and CH4, provide the best accuracy
(Ref 6). Although NDIR analyzers are more
costly than oxygen probe systems and require

gas sampling systems and associated mainte-
nance, high-accuracy NDIR analyzers are avail-
able that can be calibrated to certified gas
standards. The CO2 analyzers should be
selected based on their ability to accurately
and repeatably detect CO2 levels in the
intended operating range. The relationship of
carbon potential to CO2 level at various carbur-
izing temperatures is shown for natural gas-air
endo (nominal 20% CO) in Table 8. As the
operating temperature and carbon potential
increase, the sensitivity of carbon potential to
small changes in CO2 increases.
From a practical point of view, analyzers

selected for high-accuracy measurement of car-
bon potential should be capable of measuring
CO2 levels as low as 30 ppm with 5 ppm accu-
racy. Low-level resolution is diminished by
higher detection ranges, but typically a CO2

analyzer optimized for a 6000 ppm (0.6 vol%)
full-scale range and capable of 2% of reading
(relative) accuracy will provide good results.
Absolute accuracy of readings is dependent on
the accuracy of gas standards and software
interference correction factors for other gas spe-
cies present in the atmosphere. Hydrogen does
not have an infrared absorption band but can
influence the infrared absorption band of CO2

at 4.4 mm (173 min.) (Ref 56). This effect,
known as spectral broadening or background
broadening, can cause a 10% increase in the
measured CO2 reading in endothermic gas at a
nominal 0.1 vol% CO2 level. This effect can
be reduced by using calibration gases contain-
ing hydrogen concentrations similar to those
of the furnace carrier gas. Variations in hydro-
gen concentration around a calibration gas level
still could produce some error, but often this is
negligible. In situations where the hydrogen
variations are large (such as 
20%), the effect
can be totally eliminated by measuring H2

concentration with thermal conductivity and
applying cross compensation to the CO2 mea-
surements. Pursuit of the correct absolute value
is not essential for good carbon potential con-
trol, as long as the atmosphere-control system
is capable of controlling to a value determined
by shim analysis to provide the desired carbon
level on a consistent basis. However, the
correct absolute value of CO2 in the atmosphere
is necessary when correlating shim stock

readings to the carbon potential in the furnace
determined from the thermodynamic equilib-
rium calculations.
The carbon potential of an atmosphere can be

determined using the CO + H2 reaction (Eq 3)
by measurement of the water vapor content. It
is typically done by determining the dew point-
dew point, which is defined as the temperature
below which the water vapor in a volume of
atmosphere at a constant barometric pressure
will condense into liquid water. The relation-
ship between dew point and the partial pressure
of water in the atmosphere is given by:

Dewpoint ¼ 5422:18

14:7316� lnPH2O

� 273:16 (Eq 36)

The speed, accuracy, cost, and limitations of
dew point measurement is dependent on the
type of dew point-measurement instrument
used, as described in greater detail in the article
“Furnace Atmosphere Control in Heat Treat-
ing” in Heat Treating, Volume 4 of ASM Hand-
book, 1991. The speed and accuracy of dew
point measurement declines at very low water
vapor levels. In industrial gas carburizing, the
equilibrium water vapor contents are very low
(�5 to �20 �C, or 23 to �4 �F, dew points)
at higher temperatures and high carbon poten-
tials, where the process normally demands
higher levels of accuracy. Most dew point ana-
lyzers depend on some type of threshold vapor
condensation to measure the water vapor. Sam-
ple gas streams of carburizing atmospheres,
even though highly filtered, will precipitate
small amounts of soot when chilled, forming
deposits on sensor surfaces. Dew point analy-
zers are also sensitive to errors arising from
condensed water in the sample system that con-
taminates the sample stream. Equipment to cal-
ibrate dew point analyzers with precisely
known water content sample gas is complex
and not suitable for most carburizing shop
environments. Therefore, dew point measure-
ment is not commonly used in industrial carbur-
izing applications that require high accuracy
and rapid controller response time.
Implementing Atmosphere Carbon Poten-

tial Control. Most modern gas carburizing fur-
naces incorporate some means of automatic
atmosphere control. There are various types of
systems, ranging from those that control carbon
potential using measurement of a single atmo-
sphere species to those that measure all of the
major atmosphere components and control car-
bon potential and CO levels in the furnace,
including cross-check calculations for accuracy
(Ref 57). Figure 17 gives a schematic represen-
tation of a simple control system using a single
residual species as the primary input to the atmo-
sphere controller. These systems are most effec-
tive when used with stable CO atmospheres.
The most commonly employed system of this
type uses an oxygen probe; however, the control
scheme shown in Fig. 17 can be usedwith a single
CO2 analyzer or dew point analyzer. The control-
ler compares the input value to the desired

Table 8 Relationship between carbon
potential and CO2 level at various
carburizing temperatures for endothermic
gas generated from natural gas (nominal
20% CO)

Carbon potential, wt% C

CO2, vol%

980 �C
(1800 �F)

960 �C
(1760 �F)

930 �C
(1710 �F)

1.25 0.0495 0.0597 0.0796
1.2 0.0525 0.0631 0.0845
1.1 0.0592 0.0714 0.0955
1 0.0673 0.0811 0.1087
0.9 0.0775 0.0934 0.1244
0.8 0.0901 0.1082 0.1451
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setpoint and provides output signals to enriching
gas or air trim valves. Although solenoids can be
used, a system incorporating position propor-
tional actuators connected to adjustable port
valves provides smooth control and the ability
to adjust the maximum trim gas flow to the needs
of a particular furnace zone.
It is an advantage to establish a convention

regarding atmosphere-controller output, such
that increasing percent output is intended to
increase the richness of the atmosphere; that
is, increasing the flow of enriching gas and/or
decreasing the flow of control air. Both propor-
tional valves can be connected to the same
atmosphere controller 4 to 20 mA output loop
and adjusted so that lower output ranges of
the controller modulate air flow and upper
ranges modulate enriching gas. Figure 18 shows
a sample atmosphere-controller output diagram

for a gas carburizing furnace (zone) that nor-
mally needs enriching gas additions to maintain
a carbon potential setpoint but occasionally
requires small amounts of air for optimum
control. In this case, 0% output delivers the
maximum flow of air to the zone. Air flow
decreases as the percent output signal from the
controller increases, until there is no flow of
air at 20% output. As the signal increases from
20 to 100% output, the enriching gas propor-
tional valve opens toward maximum enriching
gas flow. Depending on the needs of the zone,
the zero point of no trim gas flow can be set
at any percent output value, or the entire pro-
portional output range can be used to control a
single enriching gas or trim air valve. The
advantage of this system is that a single 0 to
100% output scale can move the atmosphere
with maximum air flow at 0% output to

maximum enriching gas flow at 100% output.
When coupled to proportional actuators on
adjustable port valves, the system can be
adjusted to optimize trim gas flows for virtually
any furnace zone requirement.
Furnaces with atmospheres that have unsta-

ble CO levels, such as those using nitrogen-
methanol or the atmospheres with high levels
of residual methane or hydrogen, can be con-
trolled accurately with systems that employ
multispecies measurement. These systems use
NDIR analyzers or can couple NDIR analyzers,
thermal conductivity analyzers (for hydrogen
measurement), and O2 probe systems together,
as shown in Fig. 19.
Although these systems are more expensive,

the ability to measure CO, CH4, and H2 concen-
tration enables better understanding of the con-
dition of the gas carburizing furnace. The CO
measurement can be used to control the CO
concentration to a constant level in nitrogen-
methanol or similar systems. The actual CO
level can be used to calculate the atmosphere
carbon potential using either the CO-O2 rela-
tionship or the CO-CO2 relationship. Users
can select one method for primary control and
use the other one as a cross-check or system
alarm. Measurement of the H2 level allows the
user to evaluate if the proper carrier gas flow
is being used in a particular zone by ensuring
that the increase in H2 concentration during car-
burizing is limited to 2 to 3 vol% above the nor-
mal H2 level in the carrier gas. Residual
methane levels are also an indication of proper
carrier gas flow during the initial setup but are
more valuable in the long run as an indicator
of the need for furnace burnout. Some systems
incorporate a paramagnetic-type O2 analyzer
calibrated for O2 levels in the low percent range
to detect air leakage into the sample gas.
Because furnace atmospheres typically have
O2 levels in the 10�18 partial pressure range,
any oxygen detected in the sample analyzed
on an external gas analyzer system in the per-
cent range is caused by leakage into the sample
stream. This is important, because a 1 vol% O2

level in the sample means the sample has been
diluted with 5 vol% air, thus causing a 5% rel-
ative error in the measured CO2 value and cal-
culated carbon potential.
Gas Sampling. Gas samples for the analysis

of atmosphere composition should be taken
from a point in the furnace chamber as close
as possible to the work being treated. This will
lower the likelihood of obtaining a sample of
stagnant gas that may be present near the fur-
nace wall. The sampling point should also be
as far as possible from the atmosphere inlet
ports and from burner tubes.
Velocity of Sample Gas Flow. Empirical data

indicate that when CO2 or H2O vapor is to be
measured, the velocity of gas flow through
the sampling tube should be at least 1.2 m/s
(3.9 ft/s). This velocity almost completely
prevents reactions between the gas constituents
by reducing the time in the intermediate-
temperature range, which exists mainly in the

Fig. 17 Example of atmosphere-control system with single residual species sensor

Fig. 18 Example of dual-proportional trim gas/trim air flow-control system
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portion of the tube that passes through the fur-
nace wall. At lower velocities, the water-gas
reaction will take place at lower temperatures,
resulting in higher CO2 concentration and lower
concentration of H2O vapor. If the carbon
potential of the furnace atmosphere is high,
CO may decompose into CO2 and soot. This
will further increase CO2 concentration and will
affect the H2O vapor content through the water-
gas reaction. When sooting occurs in the sam-
pling tube, the gas sample delivered to the ana-
lyzer has a higher CO2 content than actually
exists in the furnace. Based on analysis of the
sample, the controller would increase the flow
of enriching gas, which would put the furnace
out of control and compound the sooting prob-
lem in the probe. Because the minimum gas
sample velocity required for the sample tube
is higher than that velocity required at the ana-
lyzer, bypass systems are used to keep the sam-
ple flow rate high and fresh at the analyzer.
The minimum flow rate can be investigated

by lowering the flow of sample gas while ensur-
ing that the atmosphere carbon potential is held
constant for a period of time. The CO2 level
will remain constant until a minimum flow is
reached, at which point the measured CO2 level
will increase rapidly upon decreasing further
the flow rate. Gas sample systems should not
be operated with a dew point of the atmosphere
that is at or near room temperature, to avoid
water condensation in the sample system that
may damage analyzers. If gas-analyzer systems
are coupled with an O2 probe control, the sam-
ple system can be shut off if the O2 probe is
operated below a certain millivolt level, to

prevent introduction of a wet atmosphere into
the sample system.
Some furnace-control systems incorporate an

automatic N2 blowout that momentarily dis-
ables gas flow to the NDIR system and pulses
N2 through the sample tube into the furnace to
keep the tube clear of soot. If used, N2 blowout
valves should incorporate a block-and-bleed
system to prevent leakage of N2 into the gas
sample, because N2 would not be detectable in
the NDIR system. Sample tubes should be lined
with a high-purity quartz glass liner to reduce
catalytic effects that the probe body alloy mate-
rial may have on the sample gas, thus altering
the measured composition.
Procedures and Precautions. It is important

that sufficient time be allowed for purging the
furnace chamber and porous refractory prior to
taking a gas sample from a batch-type furnace
without a charging vestibule or from a continu-
ous furnace during startup. Otherwise, high-
atmosphere dew points that may occur at the
beginning of a cycle will cause condensation
in the sample line that will affect subsequent
measurements. For batch-type furnaces, this
delay can be accomplished automatically with
an electrical limit switch operated when the fur-
nace door or cover seal is broken and a time-
delay relay set up for the proper purging time.
In continuous furnaces, the sample pump
should be turned off, or the sample line should
be blocked with a manual valve.
In pusher-type continuous furnaces, the peri-

odic opening of the furnace doors may cause
large changes in atmosphere composition. When
manual instruments are used, samples should

be taken at the same time in each push cycle
(preferably just before a push), in order to
compare the results. Use of an automatic ana-
lyzer that continuously monitors the atmosphere
will permit observation of the effects of venting,
resealing doors, and changing the purge flows to
the vestibules.

Carburizing Cycle Development

Carburizing Process Parameters (Tempera-
ture, Carbon Potential, and Time). Successful
operation of the gas carburizing process depends
on the control of three principal variables:

� Temperature
� Atmosphere composition or carbon potential
� Time

Other variables that affect the amount of car-
bon transferred to parts include the degree of
atmosphere circulation, steel alloy composition,
and surface preparation of the parts.
Temperature. Carburizing temperatures must

be uniform throughout the workload to produce
uniform case depth and surface carbon concen-
tration. The maximum rate at which carbon
can be added to steel is limited by the rate of
carbon diffusion in austenite. Higher tempera-
tures allow the use of higher carbon potential
atmospheres and promote a faster rate of car-
burized case depth evolution. Carburizing most
commonly is performed at 925 to 930 �C (1700
to 1710 �F). This temperature permits a reason-
ably rapid carburizing rate without excessive
austenite grain growth or deterioration of fur-
nace equipment, particularly alloy trays and
fixtures. For case depths greater than 2 mm
(0.08 in.), the carburizing temperature is often
raised to a temperature range of 955 to 980 �C
(1750 to 1800 �F) to shorten the carburizing
time and limit the depth of IGO formation.
Although higher temperatures produce shorter
carburizing times, the relative sensitivity and
accuracy of the carbon potential control system
is reduced at higher operating temperatures.
Shallow case carburizing frequently is done

at lower temperatures to take advantage of
the better case depth control permitted by a
slower rate of carburizing. When parts are
direct hardened from the gas carburizing pro-
cess, the temperature is typically lowered and
equalized at the hardening temperature prior
to quenching.
Carbon potential is defined as the amount of

carbon in the furnace atmosphere at a given
temperature that is in thermodynamic equilib-
rium with the weight percent carbon dissolved
in unalloyed austenitic steel, such as plain car-
bon shim stock. The rate of carbon transfer
from the gas atmosphere to the steel part is pro-
portional to the difference between the carbon
potential in the furnace atmosphere and the
actual, instantaneous carbon concentration at
the part surface. Higher carbon potentials pro-
vide higher carburizing rates and must be

Fig. 19 Example of atmosphere-control system with multispecies control sensors. PLC, programmable logic
controller
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controlled carefully when operating near the
saturation limit to avoid carbide formation at
the surface of the part and excessive soot for-
mation in the furnace. In all endothermic-type
atmospheres, where CO is the principal carburiz-
ing species, lower carbon potential atmospheres
have higher CO2 contents that raise the overall
equilibrium partial pressure of oxygen and in-
crease the rate of IGO formation in alloys con-
taining chromium, manganese, and silicon.
The effect of time on case depth is interde-

pendent with the carburizing temperature and
atmosphere carbon potential. High carburizing
temperatures and high-atmosphere carbon
potential promote greater carbon flux from the
gas phase to the part surface and greater carbon
diffusion rate and therefore will require shorter
times to achieve a target case depth. The effect
of time and temperature on total case depth is
shown in Fig. 20. The data given, originally
published by Harris (Ref 44) in 1944, are com-
puted assuming saturated austenite at the sur-
face of the workpieces. In industrial practice,
where the atmosphere carbon potential and the
corresponding surface carbon content are con-
trolled below the carbon saturation limit in aus-
tenite, the total carbon penetration depth will be
less than the depth predicted by the Harris
equation. Thus, the actual case depth achieved
may differ significantly from the values given
in Fig. 20. More complex mathematical models
that allow for variations in temperature and
atmosphere carbon potential with time can be
constructed to allow a better prediction of case
depth, as discussed in the previous sections.
In addition to the time at the carburizing tem-

perature, several hours may be required to bring
large workpieces or heavy loads of smaller
parts to the operating temperature. For work
quenched directly from the carburizing furnace,
the cycle may be lengthened further by allow-
ing time for the work to cool from the carburiz-
ing temperature to approximately 840 to 850 �C
(1540 to 1560 �F) prior to quenching. If the
workload is exposed to the carburizing atmo-
sphere during heating, some carburizing will
occur before the nominal start of carburizing.
Similarly, additional diffusion and interchange
of carbon with the atmosphere will occur dur-
ing cooling prior to quenching. This must be
accounted for in cycle design, particularly in
pit and pusher carburizing furnaces.
Design of Carburizing Cycle. Carburizing

cycles are normally developed to produce a
given carbon profile (i.e., surface carbon and
carburized depth) such that when imparted to
a particular alloy, the final required hardness
profile is established by the hardening process.
Setpoints for temperature, time, and carbon
potential can be determined by process model-
ing using various carbon gradient prediction
programs or from experience and empirical data
derived from test cycles. Inherently, carburiza-
tion is a slow, forgiving process. Parts usually
are at elevated temperature for several hours,
and periodic fluctuations in temperature or car-
bon potential usually are of little consequence.

As long as average conditions are maintained,
without large or prolonged excursions from set-
point conditions, it is unlikely that carburized
depth will be adversely affected. Likewise, a
few minutes difference from programmed time
in the furnace usually will be of little conse-
quence for carburized parts. Only carburizing
and diffusion times, not total furnace time,
should be counted toward the time required to
develop a given depth of case. Preheating time
is usually disregarded because little carburizing
takes place in this part of the cycle.
Gas carburizing can be performed in a

steady-state or boost-diffuse mode. Steady-state
carburizing is conducted at a constant tempera-
ture with a constant carbon potential setpoint
throughout the whole cycle. In steady-state car-
burizing, the surface carbon level increases
continuously toward the gas atmosphere carbon
potential but never reaches it. The forward
movement of carbon atoms into the surface is
characterized by the instantaneous carbon flux

defined as the product of the coefficient of mass
transfer, b, through the near-surface boundary
layer and the difference between the atmo-
sphere carbon potential and the instantaneous
carbon concentration at the steel surface.
Figure 21 illustrates the effect of carburizing
time on carbon concentration profile in steel
with 0.2 wt% base carbon during steady-state
carburizing at 925 �C (1700 �F) and 1 wt%
carbon potential. While in some practices a
saturation carbon potential is used to enable
maximum carburizing rate, most often steady-
state carbon potential is constrained by the
maximum allowable part surface carbon con-
tent for acceptable carburizing performance.
Carburizing rates can be accelerated signifi-

cantly by using boost-diffuse-type cycles.
For case depths greater than 0.6 to 0.8 mm
(0.02 to 0.03 in.), boost-diffuse-type cycles
maximize the carburizing rate and, with the
proper boost-diffuse time ratio, produce a car-
bon gradient with a distinct plateau near the
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Fig. 21 Carbon concentration profile evolution during steady-state carburizing at 925 �C (1700 �F) and 1 wt%
carbon potential
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surface. For any given carburizing temperature,
there is an optimum boost-diffuse time ratio for
each carburizing depth, with the ratio of diffuse
time becoming longer for deeper case depths.
Carbon gradient modeling programs can be
used to simulate the carbon profile that will be
created by any set of time, temperature, and
carbon potential conditions and allow the user
to determine the optimum boost-diffuse carbon
potential setpoints and time ratio. While these
simulation programs provide the user with a
relatively quick and easy way to evaluate the
effect of operating parameters, simulation pro-
gram output must be balanced with the actual
operating limits of the furnace and control
system.
The boost step is conducted at a relatively

high temperature and a high carbon potential
to enable greater carbon flux from the gas atmo-
sphere to the steel surface and a greater rate of
carbon diffusion into the steel. During the dif-
fuse cycle, the gas atmosphere carbon potential
is lowered to a level slightly greater than the
desirable carbon level in the final part.
Although called a diffuse cycle, the surface car-
bon is reduced both by diffusion of carbon into
the core and loss of carbon back to the atmo-
sphere via reversal of the surface carburizing
reaction. It is important to establish the correct
ratio between boost and diffuse duration to
obtain a carbon concentration profile with a
characteristic flat plateau near the surface and
to produce desirable compressive residual stres-
ses for better fatigue performance.
Figure 22 shows the effect of diffuse time on

the carbon concentration profile. Insufficient
diffuse times may result in failure to achieve a
plateau surface carbon gradient or may nega-
tively impact the magnitude of surface com-
pressive residual stresses. Excessive diffuse
times reduce the carburizing time advantage of
boost-diffuse carburizing and will result in a
carbon profile monotonously decreasing from
the steel surface toward the core that may lower
near-surface compressive residual stresses. Car-
bon profiles with a subsurface peak should be
avoided, because they can produce a residual
tensile surface stress. Mathematical models for
carbon diffusion in steel, described in the previ-
ous section, can be very helpful in determining
an optimal combination of temperature, carbon
potential, and time required to produce a
desired carbon profile with minimum cycle
time and minimum operating cost.
The diffusion portion of the cycle may be

conducted at the same temperature as the boost
cycle segment (more common with deep case
cycles) or combined with lowering of the tem-
perature to the hardening temperature prior to
quenching (more common with shallow case
cycles) if parts are direct hardened. In addition
to minimizing processing time, several other
factors affect the choice of processing para-
meters. In continuous furnaces that may not
always be separated into distinct boost-diffuse
zones by means of internal doors, there is a
limit to the magnitude of the differences in

temperature and carbon potential that can be
sustained over the length of the furnace. Simi-
larly, in batch furnaces, the rate at which the
temperature can be lowered depends on the
thermal inertia of the furnace, the carburizing
load characteristics, and the magnitude of the
heat losses. In the absence of a detailed mathe-
matical model incorporating furnace operating
characteristics, some trial-and-error experimen-
tation may be required to find the operating set-
points that produce the desired results.
Selection of Atmosphere-Control Set-

points. Once the process temperature and car-
bon potential have been determined,
appropriate control levels of the residual spe-
cies (CO2, O2, or dew point) can be selected
from Fig. 23 to 25. If using batch furnaces,
most boost-diffuse ratios can be implemented
easily by programming the cycle segment
timers. For continuous furnaces, the boost and
diffuse conditions are implemented in separate
zones of the furnace, and the boost-diffuse ratio
is fixed by the furnace design and the relative
number of trays in the boost and diffuse zones.
The boost and diffuse zones of continuous
furnaces are typically operated at fixed

temperatures and atmosphere levels, and varia-
tion in case depth is achieved by changes to
the overall cycle time. Depending on the allow-
able case depth range and overlap of different
part case depths, it may be necessary to push
empty trays between lots of parts when imple-
menting a case depth change. Continuous
pusher-type furnaces are most efficiently oper-
ated on large lots of similar case depth parts
with minimum case depth changeover. Continu-
ous furnaces typically produce high quality and
uniformity, because the critical process condi-
tions are relatively easy to hold constant over
time. Batch furnaces provide the flexibility of
running each cycle under different time, tem-
perature, and atmosphere conditions. Case depth
uniformity from batch to batch is affected by
the ability of the furnace to respond to input
conditions as programmed. Depending on the
conditioning level and amount of soot present
in a batch furnace, the actual atmosphere levels
achieved may not reach setpoint or may lag
substantially the temperature in a given cycle
segment. If cycle segment timers are designed
to begin timing when both temperature and
atmosphere setpoints are achieved, the overall

Fig. 22 Effect of diffuse time on carbon concentration profile. Boost at 925 �C (1700 �F), 1.15 wt% C, 4 h with
various diffuse times at 925 �C (1700 �F), 0.8 wt% C
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cycle times and case depth may vary from one
batch to another one.
In most gas carburizing furnaces, whether

batch or continuous type, carbon potential of a
particular zone is calculated using zone temper-
ature. If, during the cycle, the load is cooled
from the carburizing temperature to a lower
temperature for direct quench hardening, batch
furnaces and continuous furnaces differ in
terms of how the carbon potential at the part
surface (governed by part temperature)
responds during cooling. In batch furnaces,
when the furnace temperature is lowered, the
furnace and load cool at approximately the
same rate; thus, the furnace thermocouple
reading is a relatively good indicator of part
temperature, and the carbon potential calculated
using the zone temperature is a good indicator
of the carbon potential at the part surface. How-
ever, cooling of loads to the hardening temper-
ature in continuous furnaces is usually
accomplished by moving the load from a zone
of higher temperature into a zone at lower tem-
perature. The furnace zone carbon potentials
are calculated using the zone temperature, but
the carbon potential at the surface of a part is
governed by part temperature. When the
higher-temperature load first enters the lower-
temperature zone, the temperature of the parts
is significantly higher than the zone tempera-
ture, causing the carbon potential at the surface
of the parts to be lower than the zone carbon
potential. The drop in carbon potential at the
surface of the part causes a rapid drop in sur-
face carbon to a level significantly below the
zone carbon potential. As the load travels
through the zone of lower temperature, the parts
begin to cool and equilibrate with the zone tem-
perature, and the carbon potential at the surface
of the part begins to rise toward the zone car-
bon level. The relationship between zone car-
bon potential and surface carbon concentration
on the part in a tunnel-type carburizer is shown
in Fig. 26.
The final surface carbon in a continuous fur-

nace where parts are cooled before quenching
can be modeled by software simulation and ver-
ified in practice. Normally, the carbon potential
of the latter zones is adjusted to produce the
correct final surface carbon for a given overall
push rate. For shallower case parts with short
cycle times, the carbon level in final zones must
be set higher than desired part surface carbon
compared to deeper case parts with longer cycle
times and more residence time in the final
zones. Once the cycle time/zone carbon poten-
tial relationships are established, continuous
gas carburizing furnaces will produce very con-
sistent surface carbon and carburized case
depths. To obtain consistent surface carbon
when cooling loads in tunnel-type continuous
furnaces, case depth cycle changes must
involve a change to both the cycle push time
and the latter zone carbon potential setpoints.
If only the cycle time is changed, then shal-
lower case depth parts will typically exhibit
lower surface carbon than deeper case parts.

Process Planning

Designers usually specify surface hardness,
core hardness, effective case depth and/or car-
burized depth, and sometimes microstructure
requirements required for a part to withstand
service load and stresses for a given applica-
tion. It is the task of the process engineer to
develop the carburizing treatment that will pro-
duce the desired properties. Some of the consid-
erations involved in setting up the processes
include:

� Preparation of parts for carburizing
� Available carburizing equipment
� Case microstructure (in terms of retained

austenite, IGO, nonmartensitic transforma-
tion products, and decarburization)

� Residual stress
� Alloy selection
� Operating schedules
� Direct hardening versus reheat hardening
� Quenchants
� Tempering
� Selective carburizing

1.6

1000 °C

950 °C

900 °C

850 °C

800 °C

1.2

0.8

C
a

rb
o

n
 i
n

 i
ro

n
, 
w

t%

0.4

0
–1.00 –1.04 –1.08

Oxygen sensor emf, V

–1.12 –1.16 –1.20 –1.24

(a)

–1.00 –1.04 –1.08

Oxygen sensor emf, V

–1.12 –1.16 –1.20

(b)

1.6

1000 °C

950 °C

900 °C

850 °C
800 °C

1.2

0.8

C
a

rb
o

n
 i
n

 i
ro

n
, 
w

t%

0.4

0

Fig. 24 Relationship between O2 probe electromotive force (emf) measurement and carbon potential for
endothermic gas generated from (a) methane and air or (b) propane and air

0
1.6

1.2

0.8

0.4C
a
rb

o
n
 i
n
 i
ro

n
, 

w
t%

0
–10 0 10 20 30–20

10 20 30 40

Dewpoint, °F

Dewpoint, °C

(a)

50 60 70 80 0
1.6

1.2

0.8

0.4C
a
rb

o
n
 i
n
 i
ro

n
, 

w
t%

0
–10 0 10 20 30–20

10 20 30 40

Dewpoint, °F

Dewpoint, °C

(b)

50 60 70 80

1000 °C

950 °C

900 °C

850 °C

800 °C

1000 °C

950 °C

900 °C

850 °C

800 °C

Fig. 25 Relationship between dew point and carbon potential for endothermic gas generated from (a) methane and
air or (b) propane and air

Furnace zones

Zone 1 Zone 2

Part

temperature

T = 925 °C

Cp=1.2 wt% C
Cp=1 wt% C

Cp=0.9 wt% C

T = 870 °C
T = 840 °C

Surface carbon

Zone 3 Zone 4 Zone 5

Fig. 26 Surface carbon and part temperature as load moves from a zone of higher temperature and carbon potential
to a zone of lower temperature and carbon potential in a continuous tunnel type furnace

Gas Carburizing / 547



Understanding the Case Depth/Hardened
Depth Relationship. Most part drawings spec-
ify a depth to a specific hardness level, often
called the effective case depth or hardened
depth. Achieving a desired hardness level (typ-
ically 50 HRC) at a specified depth requires that
a proper carbon profile, and hence carbon con-
tent at the specified depth, be achieved. While
various modeling tools can be used to accu-
rately predict steel carburizing response to gas
atmosphere composition, carburizing tempera-
ture, and time, it is imperative that the process
designer understands how various carbon pro-
files are manifested as hardness profiles in vari-
ous alloys and part section sizes subjected to a
particular quench severity during hardening.
For heavier part section sizes or lower quench

severities coupled with lower-alloy base materi-
als, carbon content near 0.4 wt% may be re-
quired at the specified effective case depth to
achieve 50 HRC. Smaller section sizes, higher-
hardenability steel grades, and/or the use of
higher quench severities can reduce the carbon
content needed at the specified effective case
depth closer to 0.30 to 0.32% to achieve the
same 50 HRC hardness. Many companies select
steel alloys that enable an effective case depth to
50 HRC to be achieved at 0.35% C (or slightly
lower carbon level) with a particular quench.
Carburizing cycles for various depths are then
designed around carburized depths to 0.35% C.
When selecting the steel grade for a particular
part application, design engineers should con-
sider the cost tradeoff of steel alloy cost for
hardenability versus carburized depth and asso-
ciated carburizing time and heat treatment cost.
Preparation of Parts for Carburizing. Parts,

trays, and fixtures should be thoroughly cleaned
before they are charged into a carburizing fur-
nace. Often, they are washed in a hot alkaline
solution. Some users preoxidize washed parts,
trays, and fixtures by heating in an oxidizing
atmosphere at 400 �C (750 �F) before carburiz-
ing, to remove traces of organic contaminants.
During preoxidizing at temperatures below
500 �C (930 �F), a very thin oxide layer forms
on parts, which is subsequently reduced by the
carburizing atmosphere. Preoxidizing parts at
temperatures above 500 �C (930 �F) promotes
formation of a heavy oxide layer that may
become flaky and loose. When parts are heated
in the carburizing atmosphere, the heavy oxides
are reduced to form a layer of iron on the sur-
face of the part. This thin layer of iron or por-
tions of the layer may survive shot cleaning
after hardening and flake off in service.
Parts may have various layers of contami-

nants present at the steel surface prior to carbur-
izing that could impact their response to gas
carburizing. For controlled and predictable car-
burizing response, parts should be free of rust,
scale, oil, or cutting fluid contaminations prior
to carburizing. Table 9 summarizes commonly
used cleaning methods for various types of steel
surface contamination.
Over the past 20 years, there have been both

mechanical and chemical processing changes

that have impacted the metal-cleaning industry.
Most notably, these have involved the minimi-
zation of chromic acids and vapor degreasing.
Today (2013), metal cleaning is generally done
by using a combination of chemical and mechani-
cal methods. This can be accomplished by chang-
ing one or more of the following components:
time, temperature, pressure, and chemical con-
centration. When pressure, temperature, time, or
chemical concentration is increased, cleaning
effectiveness is improved. Often, an increase in
one of these components decreases the effective-
ness of one or more of the other components. In
most cases, selection of the cleaning process set-
tings is done such that it optimizes total cost or
addresses other facility-specific issues that relate
to such matters as health and safety, environment,
energy, and so on.
Alkaline cleaners are generally known to

remove oils, whereas acids are known to
remove rust. However, both types of cleaners
can be effective with oil removal as well as rust
removal. Beyond adjusting the cleaning para-
meters, many of the cleaning chemical manu-
facturers can provide cleaning solutions with
surfactants and other additives that have been
demonstrated to improve oil removal with
acidic products and rust with alkaline products.
(Acid cleaning of high-strength steels may
cause hydrogen embrittlement. To reduce the
possibility of hydrogen embrittlement, the time
of exposure of the steel to the acid should be
minimized.)
Residues from alkaline washer solutions

deposited on parts, particularly those with sili-
cates, can cause spotty carburizing as well as
give the parts a blotchy appearance. The use
of silicone-based defoaming agents in washer
solutions may cause spotty carburizing. In addi-
tion, alkaline residues can adversely affect the
life of heat-resistant furnace alloys. Quenching
salts remaining on trays and fixtures can also
damage furnace hardware (for example, silicon
carbide rails in pusher furnaces). Chlorine- or
sulfur-containing residues on parts will release
gases that can react with brickwork, the protec-
tive oxide films on heat-resistant alloy fixtures,
or the workload. Parts should be cleaned in a
timely manner, because residues left to sit on
the metal surface may become increasingly dif-
ficult to remove.

Spray and immersion cleaning are the most
commonly used metal-cleaning processes today
(2013), because many companies have moved
away from the traditional vapor degreasing pro-
cesses. It is quite possible that new cleaning
processes that incorporate both CO2 and nitro-
gen may become more popular. These types of
materials, which are generally used in precision
cleaning processes, may find additional applica-
tions in the general metal-cleaning industry
because they leave very little residue. Addition-
ally, most of these operations are generally
more environmentally friendly.
Retained Austenite. A hardened carburized

case usually consists of a mixture of martensite
and retained austenite for parts that are direct
quenched from carburizing. For parts that are
reheat hardened, the case microstructure con-
sists of a mixture of martensite, retained austen-
ite, and potentially (depending on the total case
carbon content and the hardening temperature)
finely distributed carbides. In conventional gas
carburizing where carbon potential is controlled
below the carbon saturation limit in austenite,
microstructural constituents, such as proeutec-
toid carbides, bainite, and pearlite are generally
avoided. The amount of retained austenite is
related to the (Ms-Mf) transformation tempera-
ture range of the surface, which is governed
strongly by the quench cooling rate, surface
carbon content and other austenite stabilizers
in solution prior to quenching. For reheat-
hardened parts, the surface carbon content in
solution is dependent on the hardening temper-
ature when total surface carbon content of the
as-carburized part is greater than the eutectoid
composition. In virtually all cases, the martens-
ite finish (Mf) temperature is below the quench-
ant temperature, and some amount of austenite
will be retained after quenching. The micro-
structures shown in Fig. 27 demonstrate the
strong effect of carbon content in solution prior
to direct quenching. Retained austenite mea-
surements via x-ray diffraction (XRD) revealed
65, 50, and 30% corresponding to 1.2, 1, and
0.75 wt% C at the steel surface, respectively.
When near-surface carbon levels are equal,
there is little to no effect of part temperature
prior to quenching during the direct-hardening
operation. Figure 28 shows case microstruc-
tures of three parts carburized to produce the
same carbon profile with 0.85 to 0.9 wt% sur-
face carbon and a carburized depth (to 0.35 wt
% C) of 1 mm (0.04 in.), quenched in oil
directly from 900, 925, and 950 �C (1650,
1700, and 1740 �F). The XRD measurements
revealed 43 to 46% retained austenite measure-
ments on all parts.
Nickel is used in many of the common car-

burizing alloys to increase toughness. However,
since nickel is a strong austenite-stabilizer, it
also tends to increase the amount of retained
austenite. Higher-nickel-containing alloys such
as SAE 9310 and SAE 3311 are often run at
carbon potentials less than 0.9 wt% to limit
retained austenite. Nitrogen also affects austenite
stability. Care must be used to limit the amount

Table 9 Cleaning methods for various
types of steel surface contamination

Type of
contamination Cleaning method

Heavy oil Alkaline cleaning, acid cleaning, emulsion
cleaning, vapor degreasing

Light oil Alkaline cleaning, acid cleaning, emulsion
cleaning, solvent cleaning, vapor
degreasing

Cutting fluid Alkaline cleaning, acid cleaning, emulsion
cleaning, vapor degreasing

Rust and scale Acid cleaning, abrasive blast cleaning,
alkaline cleaning, salt bath descaling,
general mechanical blast cleaning,
tumbling, pickling

548 / Carburizing and Carbonitriding of Steels



of nitrogen introduced into the surface when
ammonia is added to the atmosphere near the
end of the gas carburizing cycle to enhance sur-
face hardenability. Excessive nitrogen levels
may cause high levels of retained austenite and
low surface hardness.
The quench cooling rate also affects the level of

retained austenite. Figure 29 shows case micro-
structures of SAE 4122 with 0.85 wt% surface
carbon level quenched in oil and water from
850 �C (1560 �F). The corresponding XRD mea-
surements revealed 35% retained austenite in the
oil-quenched part and 29% retained austenite in

the water-quenched part. Slower cooling rates,
although continuous, result in incremental stabili-
zation, wherein the longer incremental time at
temperatures below the MS allow the austenite to
stabilize. As a result, the slower cooling rate of
the oil-quenched sample results in a higher level
of retained austenite in the final structure.
Effect of Retained Austenite on Residual
Stress. The amount of austenite that remains

untransformed in the microstructure of carbur-
ized and hardened parts upon quenching influ-
ences the residual-stress pattern. In general,
retained austenite due to high carbon content
reduces compressive residual stresses. The dis-
tribution and the magnitude of the residual

stresses are determined by the extent and
sequence of the austenite-to-martensite trans-
formation, as shown in Fig. 30. An increase in
retained austenite decreases hardness and resid-
ual stresses by reduction of the degree of trans-
formation to martensite (and its accompanying
expansion that leads to formation of compres-
sive residual stresses). Maximum compressive
residual stresses occur at some distance from
the surface, where the ratio of martensite to
austenite is very high. Lower values of com-
pressive residual stress occur at the carburized
surface, where the proportion of martensite to
austenite is lower.
Retained Austenite and Dimensional Stabil-
ity. Retained austenite is unstable and has

the ability to transform to martensite during ser-
vice of the component. This may occur because
of a drop in temperature to levels much lower
than the quench temperature but most often
occurs when the retained austenite becomes
deformed and transforms due to stress-induced
transformation. The change in crystal structure
causes volume expansion and may result in per-
formance problems for parts that must maintain
a specific fit or tolerance. Issues with dimen-
sional stability of the part can lead to failure
by wear, loss of lubrication, or galling when
running clearances and fits are lost.
Often, carburized parts intended for higher tem-

perature applications, such as high-temperature

Fig. 27 Effect of carbon concentration in solution on
retained austenite in SAE 4122 steel directly

quenched in oil. (a) 1.2 wt% surface carbon (65%
retained austenite). (b) 1 wt% surface carbon (50%
retained austenite). (c) 0.75 wt% surface carbon (30%
retained austenite)

Fig. 28 Effect of part temperature prior to direct
quenching on retained austenite in SAE

4122 steel. (a) 950 �C (1740 �F). (b) 925 �C (1700 �F).
(c) 900 �C (1650�F). All samples contain no. 9 wt% C
and 43 to 46% retained austenite.

Fig. 29 Effect of cooling rate on retained austenite in
SAE 4122 after carburizing and quenching in

(a) water (29% retained austenite) and (b) oil (35%
retained austenite)
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bearings, are tempered at higher tempering tem-
peratures to ensure dimensional stability during
service. Tempering above 260 �C (500 �F) helps
to reduce the amount of retained austenite, but it
also results in lower case hardness. Post-case-
hardening refrigeration is an effective means
for reducing retained austenite. The amount of
retained austenite can be reduced significantly
by cooling the quenched parts to �40 to �100 �C
(�40 to �148 �F). Normally, processes are
designed to transfer parts to the subzero treat-
ment process within a few hours after hard-
ening, because the austenite stabilizes with
time and will become more resistant to trans-
formation to martensite. When close-tolerance-
ground parts are involved, this treatment should
precede finish grinding, because the subzero trans-
formation results in a positive volume change. Sub-
zero treatment of parts that are to be tempered
should precede final tempering.
Effect of Retained Austenite on Performance.

Retained austenite has a strong effect on

surface hardness. A decrease in case hardness
usually is found when the amount of retained
austenite exceeds approximately 25%. There-
fore, for abrasive wear applications, where a
high surface hardness is the main performance
requirement, the amount of retained austenite
should be minimized to maximize hardness
and wear life.
High surface compressive residual stresses

are favored to negate applied tensile stresses
and improve resistance to fatigue crack initia-
tion and propagation. The presence of retained
austenite reduces both strength and compres-
sive residual stresses, resulting in lower fatigue
resistance. The degree of the fatigue limit
reduction depends on the relative proportions
of martensite and retained austenite and aus-
tenite grain size, as shown in Fig. 31 (Ref 59).
Likewise, retained austenite decreases the limit
where the first detectible plastic strain is
observed, as shown in Fig. 32 (Ref 60).

On the other hand, austenite-containing case-
hardened surfaces deform more readily than a
wholly martensitic surface or a martensite/
bainite surface, contributing more toward
improved durability at high stress levels. Con-
tact fatigue life can be improved when austenite
content is quite high, for example, in the range of
30 to 40%, or when strengthened by increased
levels of nitrogen.
Intergranular Oxidation. In gas carburizing

where the primary carburizing agent is CO and
the furnace is operated at normal carbon poten-
tials in the 900 to 1000 �C (1650 to 1830 �F)
range, the partial pressure of oxygen always is
high enough to readily oxidize chromium, sili-
con, and manganese. Oxygen diffuses into the
surface of the steel, forming a thin surface layer
of fine IGO particles and a deeper zone of par-
ticles distributed along prior-austenite grain
boundaries. Thickness of the oxidized layer
depends on time, temperature, and the partial
pressure of oxygen in the furnace atmosphere.
Intergranular oxidation may result in the forma-
tion of nonmartensitic transformation products
(Ref 61, 62) and has been reported to lower
bending fatigue resistance (Ref 63, 64).
Although product specifications can vary
widely, IGO depths in the 10 to 20 mm (400
to 790 min.) depth range are typically accept-
able, depths in the 20 to 25 mm (790 to
985 min.) range are considered borderline, and
depths greater than 30 mm (1180 min.) usually
are deemed excessive.
For deep case parts with IGO limits, higher

carburizing temperatures must be used to meet
oxide depth specification limits. At higher tem-
peratures, both the rate of IGO formation and
carburized depth formation are increased. How-
ever, the increase in case depth formation
occurs faster than the increase in IGO forma-
tion, with the net effect that a shallower depth
of oxides always is obtained at higher carburiz-
ing temperatures for the same carburized case
depth. Depth of IGO is also influenced by the
atmosphere CO content and carbon potential.
The driving force for IGO formation increases
with increasing partial pressure of oxygen in
the furnace atmosphere. For any given carbon
potential, a carrier gas with higher CO content
will have a higher corresponding equilibrium
O2 level than a lower-CO atmosphere. At a
given temperature and CO level, lower carbon
potential atmospheres have higher equilibrium
O2 levels than high carbon potential atmo-
spheres. Therefore, parts form IGO at a slower
rate in the higher carbon potential boost portion
of a cycle than in the lower carbon diffuse
portion. Overall, IGO depths are minimized by
using higher carburizing temperatures, lower
CO-content carrier gases, and the highest possi-
ble boost/diffuse time ratio (the highest carbon
potential not exceeding the carbon saturation
limit in austenite).
Intergranular oxides are best observed metal-

lographically in the unetched or very lightly
etched condition. Figure 33 shows the effect
of gas carburizing parameters on the depth of
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IGO in SAE 4122 steel carburized to a depth of
2.0 mm (0.08 in.) with different temperatures
and atmosphere carbon potential. Parts carbur-
ized at the higher temperature and higher car-
bon potential (Fig. 33a) reveal the shallowest
depth of IGO, and parts carburized at a
steady-state low temperature and lower carbon
potential revealed the greatest depth of IGO
(Fig. 33c). As seen in Fig. 33 and reported in
Ref 64, low-temperature grain-boundary oxides
have a characteristic globular appearance, while
elongated and thicker grain-boundary oxides
dominate at higher carburizing temperatures.
Surface Nonmartensitic Transformation

Products (NMTP). Other nonmartensitic con-
stituents are often associated with oxides that
locally deplete the matrix of chromium, manga-
nese, and silicon and thus reduce the local steel
hardenability. Oxides also provide a free sur-
face that serves to heterogeneously nucleate
nonmartensitic transformation products.
Depending on quench severity and hardenabil-
ity of the matrix surrounding the oxide, levels
of nonmartensitic formation may range from a
barely visible thickening of the oxide to a full
layer of pearlite in the IGO region. Surface

NMTP is also a good indicator of quench sever-
ity and failure to adequately break down the
vapor blanket during the initial stages of
quenching. In some shops, the NMTP layer is
prevented by spiking the atmosphere with a
small percentage of ammonia (approximately
1 to 3% of carrier gas flow) for a short period
of time to introduce nitrogen into the surface
prior to quenching. The duration and flow of
ammonia additions must be well controlled,
because nitrogen is a potent austenite stabilizer,
and excessive flow will result in high retained
austenite levels and low surface hardness.
Ammonia spiking does not address the root
cause of low quench severity that can also
cause high levels of subsurface nonmartensitic
transformation products and low core hardness.
If properly applied, ammonia spiking can effec-
tively make up for the loss of matrix harden-
ability associated with the IGO region.
Decarburization. Although proper carburiz-

ing temperature, time, and carbon potential pro-
duce the desired case depth and near-surface
carbon content, exposure to a low-carbon atmo-
sphere at the end of a gas carburizing cycle
(even for very short times) can result in a sur-
face layer of low-carbon martensite, bainite,
pearlite, or ferrite. Some continuous-type fur-
naces have press quench chambers equipped
with slot doors that can be opened multiple
times to withdraw single parts for press quench-
ing. As parts are transferred through air to
quench presses, the surface undergoes cooling
and carbon loss, both of which move the sur-
face toward ferrite formation. Although depen-
dent on part section size, transfer times
through air should be limited to 45 s to avoid
formation of free ferrite at the surface. Press
quenching chambers can be contaminated by
air infiltration during multiple door openings,
which rapidly lowers the carbon potential of
the press quench atmosphere. The rate of sur-
face carbon loss in low-carbon endothermic
gas is faster than air. Exposure to very low car-
bon potential endothermic atmosphere for as
little as 15 s can result in a surface layer of
pearlite, bainite, or free ferrite. An example of
partial surface decarburization that resulted
from exposure to low-carbon-potential endo-
thermic atmosphere for 60 s is shown in
Fig. 34. Thin layers of decarburization can be
difficult to detect with direct surface hardness
indentations but can be effectively detected by
file hardness checks. This type of decarburiza-
tion can be reduced or eliminated with good
flame screen coverage of press quench open-
ings, coupled with timed high flows of carrier
gas and/or enriching gas.
Decarburization can also occur when parts

are carburized and then cooled under nitrogen
for subsequent reheat hardening. In batch inte-
gral quench furnaces equipped with top cooling
chambers, endothermic gas moves with the load
as it is transferred from the hot chamber into
the slow-cool chamber. As nitrogen flows into
the slow-cool chamber, the CO level is reduced
from a nominal 20 to 23% level to 0% as

cooling proceeds. Because the carbon potential
is proportional to the (PCO)

2/(PCO2
), the carbon

potential drops rapidly at the beginning of the
cooling cycle while the part surfaces are still
hot, causing a thin layer of decarburization.
Decarburization of as-carburized parts may be
a problem for parts that are reheat hardened in
air atmosphere (such as induction hardening).
However, but the surface carbon is easily
restored by hardening in a furnace with atmo-
sphere controlled to the proper carbon potential.
Residual Stress. Carburized parts typically

exhibit high surface compressive residual stres-
ses after hardening. The elevated carbon con-
tent of the case lowers the Ms temperature of
the surface below the Ms temperature of the
core. Therefore, the carburized surface trans-
forms to martensite later in time than the core
material below the carburized case. The trans-
formation timing difference between the car-
burized case and core after quenching
promotes formation of compressive residual
stresses in the case, balanced by tensile residual
stresses in the core.
The presence of such residual-stress distribu-

tion provides a significant advantage for appli-
cations that involve high surface tensile
stresses, such as those created by bending or
torsional loading. The magnitude of the com-
pressive residual stresses at the surface depends
on the ratio of the case-to-core thicknesses and
the carburized depth. Surface compressive
residual stresses are high for parts with a large
core-to-case ratio. When the ratio of core to
case is low, the residual-stress distribution pat-
tern will have low surface compressive residual
stresses and high tensile stresses in the core.
Figure 35 shows the effect of the effective case
depth on the compressive residual stresses (Ref
65). Given the same part geometry and similar
process parameters, the near-surface compres-
sive residual stresses decrease with increasing
carburized depth.
Alloy Selection. Frequently used carburizing

steels are listed in Table 10. Carburizing steels
usually are selected on the basis of case and
core hardenability. Comparative hardenability

Fig. 33 Intergranular oxides in SAE 4122 after various
carburizing and direct-hardening cycles to

produce 2 mm (0.08 in.) hardened case depth.
(a) Carburizing at 980 �C (1800 �F), boost carbon
potential = 1.3 wt% C, 6.25 h; diffuse carbon potential =
0.9 wt% C, 45 min; equalize at 850 �C (1560 �F), carbon
potential = 0.9 wt% C, 1 h. (b) Carburizing at 925 �C
(1700 �F), boost carbon potential = 1.2 wt% C, 12 h;
diffuse carbon potential = 0.9 wt% C, 45 min; equalize at
850 �C (1560 �F), carbon potential = 0.9 wt% C, 1 h. (c)
Steady-state carburizing at 925 �C (1700 �F), carbon
potential = 0.95 wt% C, 17 h; equalize at 850 �C
(1560 �F), carbon potential = 0.9 wt% C, 1 h

Fig. 34 Decarburization on surface of SAE 4122
gear exposed to low-carbon-potential

endothermic atmosphere for approximately 1 min at end
of carburizing cycle
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data for these alloys can be found in SAE spe-
cifications J1268 and J1868 (Ref 66, 67). In
general, carburized plain carbon steels with less
than 1% Mn should be water quenched to form
a martensitic case. Plain carbon steels with
0.6 to 1% Mn can be oil quenched if case

hardenability is enhanced with the addition of
nitrogen by carbonitriding.
Alloy steels are used for most heavily loaded

parts. The choice of alloy system and hard-
enability level depends on several factors,
including microstructure and core property

requirements, part section size, and available
quench severity. The choice of alloy system is
affected by core toughness requirements and
allowable levels of grain-boundary IGO as well
as alloy cost and regional availability of alloying
elements. Alloys that use low-cost hardenability
elements such as manganese and chromium will
form higher levels of IGO (and loss of surface
hardenability) than alloys that use the higher-cost
elements such as nickel and molybdenum.
Chromium-nickel-molybdenum steels such

as SAE 8620 and SAE 4320, manganese-
chromium-molybdenum steels such as SAE
4120, and manganese-chromium grades such
as SAE 5120 provide a balance between cost,
hardenability, and ease of processing that leads
to their use for many parts. More expensive
steels, such as SAE 9310 and 3310, are used
for critical gearing and bearing applications.
Some special carburizing alloys, CBS 1000M,
for example, have secondary hardening charac-
teristics that provide resistance to softening
for temperatures up to approximately 550 �C
(1020 �F).
Direct Hardening versus Reheat Harden-

ing. Hardening of carburized components is
achieved by cooling at a rate sufficient to pro-
duce desired metallurgical characteristics.
Direct hardening at the end of the carburizing
process is the most economical way of harden-
ing carburized components. Alternatively, car-
burized parts may be slow cooled and then
reheated to above the Ac3 temperature and sub-
sequently quenched. This hardening method
may be preferred or required in the following
situations:

� For grain size and retained austenite control
� When the material grade does not allow

microstructure requirements to be met with
direct quenching

� When an intermediate subcritical heat treat-
ment or machining operations for dimen-
sional control or selective carburizing are
required

� When direct hardening is not possible due to
production scheduling or equipment limitation

The type of furnace used for gas carburizing
often has a bearing on whether the parts should
be directly hardened or slow cooled and reheat
hardened. Pusher-type continuous furnaces, for
example, are well suited to direct hardening
and quenching, because they can be controlled
to obtain virtually any desired cycle of temper-
ature changes and can be coupled with various
types of quenches.
Since reheat hardening involves additional

thermal cycling, it is typically more expensive
and results in higher distortion unless die or plug
quenches are incorporated. As better controls
have become available for regulating furnace
atmospheres and as the use of fine-grain steels
has become the norm, the need for reheat hard-
ening has diminished within some industries.
Direct hardening and reheat hardening may

produce significantly different microstructures
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Fig. 35 Residual-stress distribution for gears with different case depth. Eht defined case depth at Vickers hardness
550 HV1. Source: Ref 65

Table 10 Chemical composition of common carburizing steel grades

Steel

Composition, %

C Mn Ni Cr Mo Other

Carbon steels

1010 0.08–0.13 0.30–0.60 . . . . . . . . . (a)(b)
1018 0.15–0.20 0.60–0.90 . . . . . . . . . (a)(b)
1019 0.15–0.20 0.70–1.00 . . . . . . . . . (a)(b)
1020 0.18–0.23 0.30–0.60 . . . . . . . . . (a)(b)
1021 0.18–0.23 0.60–0.90 . . . . . . . . . (a)(b)
1022 0.18–0.23 0.70–1.00 . . . . . . . . . (a)(b)
1524 0.19–0.25 1.35–1.65 . . . . . . . . . (a)(b)
1527 0.22–0.29 1.20–1.50 . . . . . . . . . (a)(b)

Resulfurized steels

1117 0.14–0.20 1.00–1.30 . . . . . . . . . 0.08–0.13 S

Alloy steels

3310 0.08–0.13 0.45–0.60 3.25–3.75 1.40–1.75 . . . (b)(c)
4023 0.20–0.25 0.70–0.90 . . . . . . 0.20–0.30 (b)(c)
4027 0.25–0.30 0.70–0.90 . . . . . . 0.20–0.30 (b)(c)
4118 0.18–0.23 0.70–0.90 . . . 0.40–0.60 0.08–0.15 (b)(c)
4320 0.17–0.22 0.45–0.65 1.65–2.00 0.40–0.60 0.20–0.30 (b)(c)
4620 0.17–0.22 0.45–0.65 1.65–2.00 . . . 0.20–0.30 (b)(c)
4815 0.13–0.18 0.40–0.60 3.25–3.75 . . . 0.20–0.30 (b)(c)
4820 0.18–0.23 0.50–0.70 3.25–3.75 . . . 0.20–0.30 (b)(c)
5120 0.17–0.22 0.70–0.90 . . . 0.70–0.90 . . . (b)(c)
5130 0.28–0.33 0.70–0.90 . . . 0.80–1.10 . . . (b)(c)
8617 0.15–0.20 0.70–0.90 0.40–0.70 0.40–0.60 0.15–0.25 (b)(c)
8620 0.18–0.23 0.70–0.90 0.40–0.70 0.40–0.60 0.15–0.25 (b)(c)
8720 0.18–0.23 0.70–0.90 0.40–0.70 0.40–0.60 0.20–0.30 (b)(c)
8822 0.20–0.25 0.75–1.00 0.40–0.70 0.40–0.60 0.30–0.40 (b)(c)
9310 0.08–0.13 0.45–0.65 3.00–3.50 1.00–1.40 0.08–0.15 (b)(c)

Special alloys

CBS-600 0.16–0.22 0.40–0.70 . . . 1.25–1.65 0.90–1.10 0.90–1.25 Si
CBS-1000M 0.10–0.16 0.40–0.60 2.75–3.25 0.90–1.20 4.00–5.00 0.40–0.60 Si

0.15–0.25 V
Alloy 53 0.1 0.35 2 1 3.25 1.00 Si, 2.00 Cu, 0.10 V

(a) 0.04 P max. 0.05 S max. (b) 0.15–0.35 Si. 0.035 P max. (c) 0.04 S max
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(particularly retained austenite levels), depend-
ing on the surface carbon content and hardening
temperature. When surface carbon contents are
at or below eutectoid composition, the surface
microstructures of direct-hardened and reheat-
hardened parts are generally indistinguishable,
as shown for two samples with 0.75% C in
Fig. 36(a) and (b). When the surface carbon
content is higher than eutectoid composition,
the microstructure is governed by the amount
of carbon in solution in the austenitic phase
prior to hardening. For reheat-hardened parts,
carbon in excess of the eutectoid composition
will precipitate as fine carbides when the part
is reheated to the lower critical temperature
(A1). As the parts are heated above the A1, the
carbon in the austenite at the surface is
increased by both carburizing from the atmo-
sphere and dissolution of the fine carbides. Typ-
ically, the parts are not reheated to a sufficient
temperature to completely dissolve the fine car-
bides. The carbon content at the surface is par-
titioned between the austenite and carbide
phases and is often higher in total carbon con-
tent than the carbon potential of thehardening
furnace atmosphere. This higher-carbon content
is a result of austenite absorbing the required
carbon from the furnace atmosphere during
heating, rather than the dissolution of carbide
to obtain the required austenite-carbide equilib-
rium. Thus, for parts with the same hypereutec-
toid surface carbon levels, direct-hardened parts
will have a microstructure of martensite and
retained austenite, and reheat-hardened parts will
have a microstructure consisting of martensite,
retained austenite, and fine carbides, as shown
in Fig. 36(c) and (d). The lighter-etching surface
regions of the microstructure in Fig. 36(d) are
the result of slight carbon loss at the surface dur-
ing slow cooling. When reheated, the slightly
depleted surface region does not nucleate the
fine carbides.
Quenchants. Carburized parts can be

quenched in brine or caustic solutions, water,
water-based polymer quenchants, oils, or molten
salt. The more rapid the quench, the lower the
requirements for steel hardenability, but the
greater the likelihood of distortion. If a part is used
in the as-heat-treated condition (i.e., no post-heat-
treatment finishing operations to control dimen-
sions), marquenching into molten salt or hot oil
may be used. Rings and shafts are often press
quenched by clamping in a fixture while hot and
sprayed with oil to reduce distortion. The choice
of alloy and quenchant and the manufacturing
process design are interrelated and must be
compatible.
Tempering. For good wear resistance in ser-

vice, carburized and hardened components are
typically quenched to produce a martensitic
case with an insignificant amount of retained
austenite. The high-carbon martensite has a
body-centered tetragonal crystal lattice and is
metastable and relatively brittle in the as-
quenched condition. Untempered martensite
continues changing with time to some degree
even at room temperature. Tempering after

carburizing and hardening helps to transform
unstable as-quenched martensite to tempered
martensite, resulting in greater dimensional sta-
bility and a marked decrease in brittleness of
the component.
As high-carbon martensite is tempered, car-

bides precipitate, increasing the density (vol-
ume contraction), reducing the hardness the
residual stress. Thus, the response of case hard-
ness to tempering can be complex and is
affected by the fraction of retained austenite
present initially. Density changes during tem-
pering affect the relief of residual stresses pro-
duced by quench hardening. Figure 37 (Ref
68) shows the effect on stress relief of temper-
ing for 1 h at various temperatures. Stress relief
occurs at lower tempering temperatures, as the
amount of carbon dissolved in austenite
increases. The dependence of stress relief on
tempering temperature in carburized parts is
qualitatively similar to these results, although
more complex behavior can be expected in
steels with high levels of retained austenite.
The decrease in hardness with tempering is

shown in Fig. 38. The data are given for four
steel-grade samples carburized and quenched
directly from 925 �C (1700 �F). The Rockwell
C hardness values shown were converted from
Rockwell A for surface hardness and from
Vickers microindentation hardness for the sub-
surface values. It should be noted that the

hardness changes very little for tempering tem-
peratures up to 205 �C (400 �F). However, a
substantial degree of stress relief will occur, as
indicated in Fig. 37.
Selection of tempering temperature should be

based on the desired mechanical properties and
specifics of the service application. Generally,

Fig. 36 Effect of direct quenching and reheat hardening in SAE 4122 after gas carburizing at various surface carbon
contents. (a) Direct quenched with 0.75 wt% surface carbon. (b) Reheat hardened with 0.75 wt% surface
carbon. (c) Direct quenched with 1 wt% surface carbon. (d) Reheat hardened with 1 wt% surface carbon
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Fig. 37 Plot of stress relief versus tempering tempera-
tures held for 1 h for two surface carbon con-
centration levels in austenite. Source: Ref 68
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higher tempering temperatures result in greater
ductility but lower hardness and strength, and
vice versa. The selected tempering temperature
should satisfy both of the following criteria:

� It should be as high as can be tolerated, con-
sidering the resulting hardness and toughness.

� It should be at least as high as the maximum
service temperature to which the parts will
be exposed in service.

Typically, tempering of carburized and hard-
ened components in the range of 150 to 205 �C
(300 to 400 �F) improves subsequent dimen-
sional stability. If the best possible stability is
required, as in some instrument bearings, a sub-
zero treatment may be included prior to temper-
ing to reduce retained austenite.
Carburized pinions and gears are invariably

tempered for critical applications. For example,
carburized parts for aircraft applications invari-
ably are tempered. Gears that are shot peened
after carburizing and hardening to improve

surface compressive stress always are tempered
at 150 �C (300 �F) minimum to prevent chip-
ping of the teeth during the peening operation.
Depending on as-quenched hardness, parts
may be tempered after carburizing and harden-
ing to adjust surface hardness to a level that
optimizes hardenability.
It is important to remember that tempering

reduces compressive residual stresses within
the case and balancing tensile stresses within
the adjacent core. It also tends to shift the loca-
tion of the peak compression closer to the case-
core interface. Therefore, resistance to bending
and torsional fatigue may be best if the parts
are not tempered at all. Tempering is omitted
on many thin-cased parts (0.5 mm, or 0.02 in.,
case depth or less) that are not finished after
heat treatment.
Selective Carburizing. To function prop-

erly, some parts must be selectively carburized,
that is, carburized only on certain surfaces.
Some gears are carburized only on teeth,
splines, and bearing surfaces. In addition to

satisfying the performance requirements of a
part, selective carburizing may facilitate the
machining or welding of noncarburized sur-
faces in the hardened condition.
Surfaces that are not to be carburized must be

protected by a coating or shield that is impervi-
ous to the carburizing atmosphere. Various
means are employed to protect or stop off
selected surfaces from the atmosphere.
Copper plating to a minimum thickness of

13 mm (515 min.) is widely used for this
purpose because it is relatively easy to apply,
is machinable and does not contaminate furnace
atmospheres. Prior to carburizing a large,
915 mm (36 in.) diameter 4620 steel ring gear,
for example, the gear is copper plated on the
inside-diameter flange area only to permit finish
machining, after hardening, of the bore and bolt
holes located in the flange. Surfaces that are not
to be copper plated can be coated with a chem-
ical-resistant lacquer, which is removed prior to
carburizing. After carburizing, the copper can
be chemically stripped from the part or
removed in subsequent machining operations.
Ceramic coatings in the form of paint can

also protect selected surfaces from carburizing.
Surfaces must be thoroughly cleaned before
ceramic paint is applied, and the first coat must
be allowed to dry before a second coat is
applied. Ceramic paint coatings must adhere
tightly in order to be impervious to the carburiz-
ing atmosphere. The application of ceramic paint
to the bushing and button recesses of a rock bit
cutter, for example, has been used in production.
Stopoffs. Blind holes can be stopped off by

inserting copper plugs or by filling them with
clay. If air is entrapped by the plug, a means
of venting must be provided to relieve the pres-
sure buildup during heating. Through holes
may be plugged at either end to limit access
by the atmosphere, thereby minimizing carburi-
zation. Internal threads can be protected by the
insertion of a copper screw, and external
threads by capping with a copper nut. If a steel
screw or nut is used, the threads should be
coated with a stopoff material to facilitate
removal. The success of all stopoff methods
depends largely on the care used in their appli-
cations. Seldom are mechanical stopoffs
completely effective in production.
If parts are cooled slowly after carburizing,

they will be soft enough to permit the removal
of the case in selected areas by machining.
After subsequent reheating and quenching,
these areas will remain lower in carbon and rel-
atively soft. Operations can also be planned so
that the case on a hardened part can be removed
selectively by grinding. This practice usually is
confined to small areas and generally to cases
less than 1.3 mm (0.05 in.) in depth.
A part that has been carburized may be

locally softened by induction heating. The heat
may just temper the part or, for steels with low
hardenability, may actually normalize the area
to be softened. This practice is used to soften
threads on carburized shafts in the automotive
industry.
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Fig. 38 Effect of tempering on hardness in carburized cases for selected steels. Samples were carburized at 925 �C
(1700 �F) for 4.5 h, then oil quenched and tempered.
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Dimensional Control

Good distortion-control practices during gas
carburizing and subsequent hardening operations
ensure that the as-hardened part dimensions
meet print requirements or that subsequent final
machining operations and total manufacturing
cost are minimized. Nevertheless, some growth
and distortion will be encountered in all carbur-
ized parts. Distortion occurs when localized
stresses in the component exceed the yield
strength of the material during various stages
of thermal processing.
Distortion in the carburized components is

typically revealed in two forms: size change
that is manifested through the net volumetric
changes of the component without changes in
its geometrical form, and shape distortion,
revealed through nonsymmetrical dimensional
changes. In general, distortion is managed by
adjusting dimensions of the green-machined
parts to compensate for heat treatment size
change and shape distortion. Although green
dimensional adjustment is generally effective,
there are many factors that affect distortion.
Some of these factors may not be sufficiently
predictable to provide consistent expected
dimensional change.

Factors Affecting Distortion

Factors affecting distortion after carburizing
include:

� Part size, shape, and section size changes
� Residual stresses existing in parts prior to

heat treatment
� Shape changes induced by heating too

rapidly
� Multiple thermal cycles
� Lack of temperature uniformity within indi-

vidual parts and throughout the load during
heating and cooling

� Method of stacking or fixturing parts during
carburizing and quenching

� Influence of increasing case depth on part
growth

� Quench severity and uniformity
� Quenchant medium and temperature
� Material hardenability

Residual Stress. There are many potential
sources of residual stress that may exist in parts
prior to carburizing that, when subsequently
relieved during carburizing, may result in dis-
tortion. Although it creates additional heat
treatment cost, distortion-sensitive parts are
often isothermally annealed prior to machining.
However, additional residual stress may be
induced by the machining operations, which
may require subsequent stress-relief operations.
Parts Loading and Furnace Alloy Tooling.

Inadequate part support during gas carburizing
and poorly designed or warped furnace alloy
tooling may cause sagging or creep of the parts

between supports, resulting in shape distortion
prior to quenching. Plain carbon and low-alloy
steels have very low yield strength at typical
carburizing temperature and are capable of dis-
torting under their own weight. Thus, special
care should be taken to ensure that the carbur-
ized parts are adequately supported in the fur-
nace during carburizing. For example, large or
long and complex-shaped parts should be sup-
ported at critical positions or suspended verti-
cally in some cases.
Heating Rate. Distortion can be caused by

high heating rates that induce thermal gradients
and stresses. Often, this can be minimized by
using lower heating rates or programmed
stepped heating with holds in the 400 to
750 �C (750 to 1380 �F) temperature range.
Hardening. Reheat hardening may be

required after gas carburizing due to carburiz-
ing equipment limitations, the need for grain
size refinement, or the need for intermediate
machining operations. Typically, carburizing
coupled with direct quenching results in less
distortion. Carburizing and direct quenching
minimizes distortion by bringing about phase
transformations with only one thermal cycle.
Every additional heating-cooling cycle pro-
duces additional volume changes and internal
stresses that may result in more part distortion.
Quenching. The choice of quenching

medium depends on hardenability, size, and
shape of the carburized component. Quench
rate should be fast enough to produce required
case and core hardness and microstructure.
The quench flow in many types of batch- or
dunker-type quenches may be very nonuniform.
Therefore, the quench velocity uniformity
should be specified when purchasing new equip-
ment and measured when equipment is commis-
sioned. Typically, a well-designed quench will
exhibit velocity uniformity throughout the work
space of 
0.15 m/s (0.5 ft/s).

Methods for Distortion Control

A variety of methods, to be described, are
used to minimize distortion. All of them add
to heat treating cost, but they may be cost-
effective when total production costs are
considered. In the high-volume production of
precision components, such as automotive
transmission gears, a general objective is to
hold constant all of the processing variables
affecting growth and distortion and to compen-
sate for heat treatment dimensional change in
the green machined (unhardened) part. For
example, the lead angle of a helical gear may
change after carburizing and hardening if the
gear undergoes a change in length. A well-dis-
ciplined test lot process should be implemented
that includes before and after heat treatment
dimensional assessment using the intended heat
treatment production process. It is important
that test lots for distortion assessment be per-
formed with production tooling and the intended

production loading pattern. The number of parts
in a test lot should be sufficient to establish
sound dimensional data results. Once parts are
placed in production, they should be checked
periodically to ensure that processing conditions
that affect distortion have not changed.
Fixturing can be used to separate parts and

allow more uniform heating to carburizing tem-
perature, better gas atmosphere uniformity dur-
ing carburizing, and better quenchant flow
through the load. Fixturing adds labor cost (fix-
tures are often loaded and unloaded manually)
as well as operating cost because the fixtures
may weigh as much as, or more than, the work-
load. However, proper fixturing is usually
effective in reducing variations in growth and
distortion, thereby allowing compensation for
the changes in the shape of the green part.
Marquenching, or martempering, involves

quenching in molten salt or hot oil, where the
quenchant temperature is above the Ms temper-
ature (the temperature at which martensite
starts to form from austenite upon cooling) of
the case but below the Ms temperature of the
core. Consequently, the core transforms to a
mixed microstructure of martensite, bainite,
and ferrite while the parts are in the quenchant.
The case transforms to martensite when the
parts are cooling in air after leaving the quench-
ant. Distortion is reduced due to lower thermal
gradient between the case and core during
phase transformation.
Press quenching and other means of

quenching in fixtures, such as plug or cold die,
are effective in reducing distortion. Press
quench distortion control can be accomplished
by two methodologies: plastic deformation of
the part by the dies prior to initiation of the
quenchant flow and/or various levels of die con-
tact or pressure with the part after quenching
flow has been initiated but before martensitic
transformation begins. Often when die quench-
ing large parts, the die pressure may be pulsed
to a low level to allow part thermal shrinkage
and avoid die mark damage or die-caused dis-
tortion. While quench presses may have auto-
mated loading systems, they are often loaded
manually, one part at a time. Quenching in fix-
tures adds significantly to the cost of heat treat-
ing, but there may be no practical alternative for
limiting distortion of certain parts, for example,
thin-walled rings and slender shafts.
Straightening is often employed to reduce

the distortion of heat treated shafts. There
always is a risk of cracking the case when
straightening carburized parts, so it is the usual
practice to straighten after tempering. Some
manufacturers find it best to straighten while
parts are still hot from the tempering furnace.
In one instance, shafts that cracked upon
straightening after tempering could be straight-
ened without cracking immediately after
quenching. Many straighteners are equipped
with acoustic emission sensors to detect crack-
ing. Selective peening also has been used as a
method for straightening parts.
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Case Depth Evaluation

In a well-controlled carburizing process,
parts may be exposed up to 
0.05 wt% varia-
tion in carbon potential and 
8 �C (14 �F) tem-
perature variation, comprised of 
3 �C (5 �F)
accuracy of thermocouple reading and 
5 �C
(9 �F) typical temperature variation in the car-
burizing chamber. In addition, most steel-grade
specifications allow for 0.05 wt% C total varia-
tion in the base steel composition. Figures 39(a)
and (b) show the corresponding variation in the
carburized depths, assuming the worst-case sce-
nario of the process parameters and base carbon
material variation.
For boost-diffuse carburizing at 925 �C

(1700 �F) and carbon potential setpoints of 1.1
and 0.9 wt% C for boost and diffuse segments,
respectively, a total case depth variation (at
0.35 wt% C) of 0.24 mm (0.010 in.) may be
observed in the parts carburized to 1 mm
(0.04 in.) target case depth (Fig. 39a). Because
the slope of the carbon profile decreases for
deeper depths, case depth variation due to heat
treatment process and base carbon content
increases with increasing depth magnitude and
may reach up to 0.5 mm (0.02 in.) variation at a
2 mm (0.08 in.) depth (Fig. 39b). Note that
although the difference in surface carbon concen-
tration due to base carbon concentration is negli-
gible variations in base carbon content have a
significant effect on the total variation of the
case depth, particularly at deeper case depths.

Case Depth Measurement

Carburized case depth usually is specified as
the perpendicular distance from the surface of
a carburized case to the depth at which a speci-
fied level of carbon is obtained. Typically, the
specified carbon level is selected to approxi-
mately correlate to the effective case depth
(or hardened depth) and depends on the steel
hardenability, quench severity, and section size.
For medium-to-low-alloy steel carburizing
grades, the depth to 50 HRC will correlate to
a carbon level of 0.3 to 0.4 wt% C. Often,
0.35 wt% C is used as the specified carbon level
for carburized case depth. Also used is the term
total case depth, which is defined as the depth
from the surface to the point where differences
in chemical or physical properties of the case
and core no longer can be distinguished. Total
case depth sometimes is considered to be the
distance from the surface to the deepest point
at which the carbon content is 0.04% higher
than the carbon content of the core. Generally,
the term total case depth is considered too
vague for use in carburizing specifications
because of the gradual carbon profile transition
between the case and core. However, some car-
bonitrided parts and induction case-hardened
parts will have a sharp transition in microstruc-
ture clearly separating case and core. Only in
these instances is total case depth defined well
enough to be useful as a specification. Methods

of measuring case depth are described in detail
in SAE Recommended Practice J423.
Many parts, such as gears, consist of some

surfaces that are convex, some that are rela-
tively flat, and some that are concave. It usually
is found that the carburized case depth will be
lower at the concave surface (the root) and
greater at the convex surface (the tooth tip).
The effect of surface curvature on effective
case depth is shown in Fig. 40. These data are
computed for a particular case:

� Surface carbon, 1 wt%
� Core carbon, 0.2 wt%
� Diffusion time/temperature sufficient to pro-

duce a carburized case depth (to 0.4 wt% C)
of 1 mm (0.04 in.) beneath the flat surface of
a slab of infinite thickness

As follows from Fig. 40, the same treatment
that will produce an effective case depth of
1 mm (0.04 in.) in a plane slab of 3 mm
(0.12 in.) in half-thickness will produce a case
depth of 1.13 mm (0.045 in.) in a rod of 3 mm
(0.12 in.) radius, a case depth of 1.28 mm
(0.05 in.) in a sphere of 3 mm (0.12 in.) radius,
and a case depth of 0.93 mm (0.037 in.) in a cir-
cular hole of 3 mm (0.12 in.) radius. The effect
of surface curvature is quite pronounced if the
radius of curvature of the surface is less than
approximately five times the effective case
depth beneath a flat surface. The effect of cur-
vature is small when the radius of curvature of
the surface is more than 10 times the effective
case depth. Surface curvature also affects cool-
ing. The parts with marginal hardenability may
exhibit a greater difference between convex and
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concave surfaces when the case depth is defined
in terms of depth to a specified hardness rather
than depth to a specified carbon content. These
facts must be kept in mind when comparing
case depth at various locations on a part and
when comparing case depths measured on parts
and on testpieces.
Effective Case Depth (Hardened Depth).

Effective case depth to a specified hardness
value is best measured by means of a microin-
dentation hardness traverse on a polished metal-
lographic section cut normal to the surface in
accordance with ASTM E384-11. Vickers (dia-
mond pyramid hardness) and Knoop indenters
may be used with loads of 1 to 1000 gram-
force. Specifications can be written in terms of
a microindentation hardness value or in terms
of HRC hardness, where it is understood that
microindentation hardness (HV, HK) is con-
verted to HRC in accordance with ASTM
E140-07. Surface hardness, which is often a
part of carburizing specifications, is normally
required to be taken directly on the surface,
with the hardness scale indicated on the part
print. For many parts, the geometry does not
permit this, and surface hardness is obtained
by extrapolating subsurface microindentation
hardness values to the surface. Alternatively,
the microindentation hardness at a depth of
0.1 mm (0.004 in.) beneath the surface can be
defined as the surface hardness. It is difficult
to obtain reliable microindentation hardness
readings closer than 0.1 mm (0.004 in.) to the
edge of a polished section because of failure
of the edge to adequately support the hardness
indenter or edge rounding that may occur dur-
ing polishing.
The accuracy limitations of any microinden-

tation hardness measurement equipment should
be well understood before measured hardened
depth is used to evaluate statistical process
capability or process performance parameters.
Figure 41 gives the results of a gage repeatabil-
ity and reproducibility study showing typical
variation in the hardened depth measurements
obtained from 1.3 and 3.2 mm (0.05 and
0.13 in.) nominal case depth parts (Ref 69).
The same set of two samples was measured in
three independent laboratories using different
microindentation hardness traverse testers and
loads. In each lab, three microindentation hard-
ness traverse profiles were measured daily by
each of the three participating trained opera-
tors for five consecutive days. The observed
measurement variation was consistent at each
laboratory. Microindentation hardness mea-
surement variation at each depth was observed
to be approximately 4 HRC points regardless
of the depth magnitude, creating a characteris-
tic band of microindentation hardness profile
uncertainty in any given carburized part. Fur-
ther linear interpolation to a depth of 50
HRC yields hardened depth values with char-
acteristic hardened depth uncertainty. As the
slope of the microindentation hardness profile
decreases with increasing case depth, the
hardened depth measurement error increases.

Thus, if enough measurement repetitions are
performed, a 0.2 mm (0.008 in.) range depth
variation may be expected on a carburized
part with a nominal 1.3 mm (0.05 in.) hard-
ened depth, and a 0.8 mm (0.03 in.) range var-
iation in a 3.2 mm (0.13 in.) nominal hardened
depth.
Figure 42 shows a chart of typical allowable

hardened depth variation for various target

depths. As the hardened depth measurement
error increases with increasing case depth, it
may completely consume the allowable hard-
ened depth variation tolerance band. In addi-
tion, some heat treatment process variation
(i.e., temperature, carbon potential, or time
variation from the predetermined setpoint para-
meters or within any given load) is inevitable
and will result in even greater likelihood of
exceeding the allowable depth tolerance. There-
fore, before hardened depth measurements are
used for statistical process control, the measure-
ment system accuracy must be validated as
acceptable in accordance with ASTM F1503
for any given specification range. If greater than
normal process control is required, it is best
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accomplished by continuous measurement and
control of the key heat treatment process para-
meters, such as time, temperature, carbon
potential, and quench severity.
Carburized case depth is most frequently

measured on testpieces of the same alloy com-
position processed simultaneously with the
workload. Carburized case depth can be mea-
sured by using the spectrographic method on a
small flat sample or by using a carbon step
bar. The analysis of carbon step bars by the
consecutive cuts procedure, as described in the
article “Evaluation of Carbon Control in Car-
burized Parts” in this Volume.
Another test for case depth makes use of

the principle that the Ms temperature depends
primarily on the dissolved carbon content of
austenite. A carburized sample or part is auste-
nitized, quenched in a bath at a precisely con-
trolled temperature, held for a few minutes
to allow tempering of the martensite formed,
and then quenched to room temperature. A
polished, etched section will reveal a line of
demarcation between the martensite tempered
in the salt bath (dark) and the untempered
martensite formed during the final quench
(white). The location of the line of demarcation
corresponds to a specific carbon content. The
appropriate quenching bath temperature can be
found from a correlation between Ms tempera-
ture (in degrees Fahrenheit) and steel alloy
composition (Ref 70):

Ms ¼ 930� 600 � %Cð Þ � 60 � %Mnð Þ � 50 � %Crð Þ
� 30 � %Nið Þ � 20

� %Siþ%Moþ%Wð Þ (Eq 37)

If the quenching bath temperature is chosen to
be the Ms temperature for 0.4 wt% C in a given
alloy, then the austenitizing temperature must
be high enough to dissolve at least this much
carbon in austenite, typically 830 �C (1530 �F).
Surface hardness is often measured on the

plant floor on workpieces using a superficial
hardness test, Rockwell 15N, for example.
Because of the rather light load, the necessity
for supporting pieces well, and the importance
of a smooth surface, values tend to be unreliable.
However, such checks of surface hardness are
often necessary to detect the presence of a shal-
low, decarburized layer such as may occur if
parts experience a delay when transferred from
the carburizing furnace to the quench bath.
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Gas Carburizing, Härt.-Tech. Mitt., Vol 63
(No. 5), 2008, p 257–264

43. C.A. Stickels, Gas Carburizing of Highly
Alloyed Steels, International Automotive
Heat Treating Conference, 1998, p 32–36

44. F.E. Harris, Case Depth—An Attempt at a
Practical Definition, Met. Prog., Vol 44,
1943, p 265–272

45. R. Collin, S. Gunnarson, and D. Thulin,
Influence of Reaction Rate on Gas Carbur-
izing of Steel in a CO-H2-CO2-H2O-CH4-
N2 Atmosphere, J. Iron Steel Inst., Oct
1972, p 777–784

46. J. Crank, The Mathematics of Diffusion,
Oxford University Press, Oxford, U.K.,
1975, p 8–9, 42–62

47. R. Collin, M. Brachaczek, and D. Thulin,
Influence of Reaction Rate on Gas Carbur-
izing of Steel in a CH4- H2-N2 Atmo-
sphere, J. Iron Steel Inst., Vol 207 (No.
8), 1969, p 1122–1128

48. J. Agren, Numerical Calculations of Diffu-
sion in Single-Phase Alloys, Scand. J.
Metall., Vol 11 (No. 1), 1982, p 3–8

49. O. Karabelchtchikova and R.D. Sisson, Jr.,
Carburizing Process Modeling and Sensi-
tivity Analysis Using Numerical Simula-
tion, Proc. MS&T 2006 (Cincinnati, OH),
p 375–386

50. J. Agren, Numerical Treatment of Diffu-
sional Reactions in Multicomponent
Alloys, J. Phys. Chem. Solids, Vol 43
(No. 4), 1982, p 385–391

51. K. Bongartz, D.F. Lupton, and H. Schuster,
Model to Predict Carburization Profiles in
High Temperature Alloys, Metall. Trans.
A, Vol 11 (No. 11), 1980, p 1883–1893

52. A. Borgenstam, A. Engstrom, L. Hoglund,
and J. Agren, Dictra, A Tool for Simulation
of Diffusional Transformations in Alloys,
J. Phase Equilibria, Vol 21 (No. 3), 2000,
p 269–280

53. E. Kozeschnik, Multicomponent Diffusion
Simulation Based on Finite Elements,
Metall. Trans. A, Vol 30 (No. 10), 1999,
p 2575–2582

54. A. Engstrom, L. Hoglund, and J. Agren,
Computer Simulation of Carburization in
Multiphase Systems, Mater. Sci. Forum,
Vol 163–166 (No. 2), 1994, p 725–730

55. J. Kelley, “Rolled Alloys Bulletin 401,”
Sept 2002, p 26

56. W.P. Houben, Background Broadening
Effects in Nondispersive Infrared Gas Analy-
sis,Analysis Instrumentation: Proceedings of
the Annual ISA Analysis Instrumentation
Symposium, Vol 19, 1981, p 51–61

57. M. Okumiya, Y. Tsunekawa, K. Kurahashi,
J. Takebe, and A. Maeda, Hybrid Carbon
Potential Control in Gas Carburizing Using
Natural Gas as the Enriched Gas, Interna-
tional Surface Engineering Congress—
Proceedings of the First Congress, 2003,
p 63–67

58. D.P. Koistinen, The Distribution of
Residual Stresses in Carburised Cases and
Their Origin, Trans. ASM, Vol 50, 1958,
p 227–241

59. J.L. Pacheco and G. Krauss, Microstructure
and High Bending Fatigue Strength of Car-
burized Steel, J. Heat Treat., Vol 7 (No. 2),
1989, p 77–86

60. R.H. Richman and R.W. Landgraf,
Some Effects of Retained Austenite on
the Fatigue Resistance of Carburized
Steel, Metall. Trans. A, Vol 6, 1975,
p 955–964

61. R. Chatterjee-Fischer, Internal Oxidation
during Carburizing and Heat Treatment,
Metall. Trans. A, Vol 9, 1978, p 1553–1560

62. W.E. Dowling, W.T. Donlon, W.B. Cop-
ple, and C.V. Darragh Fatigue Behavior
of Two Carburized Low Alloy Steels, Car-
burizing and Nitriding with Atmospheres,
Proceedings of the Second Conference,
Dec 1995, p 55–60

63. K.C. Evanson, G. Krauss, and D.K. Mat-
lock, Surface Oxides and Bending Fatigue
in Gas Carburized SAE 4320 Steels, Heat
Treating, Proceedings of the 20th Confer-
ence, Oct 2000, p 9–12

64. M. Bykowski, G. Krauss, and J.G. Speer,
Effect of Carburizing Temperature on
Near-Surface Characteristics That Influ-
ence Rolling Contact Fatigue Performance,
Fourth VHCF-4 Conference, TMS, 2007,
p 195–201

65. T. Tobie, P. Oster, and B.R. Hohn,
Systematic Investigations on the Influence
of Case Depth on the Pitting and Bending
Strength of Case Carburized Gears,
Gear Technol., Vol 22 (No. 4), 2005,
p 40–48

66. SAE Handbook, Vol 1, Society of Automo-
tive Engineers

67. Hardenability Curves, Properties and
Selection: Irons, Steels, andHigh-Performance
Alloys, Vol 1, ASM Handbook, ASM Inter-
national, 1990

68. R.L. Brown, H.J. Rack, and M. Cohen,
Stress Relaxation during the Tempering of
Hardened Steel, Mater. Sci. Eng., Vol 21
(No. 1), Oct 1975, p 25–34

69. O.K. Rowan, G.D. Keil, T.E. Clements,
Analysis of Hardened Depth Variability
Process Potential and Measurement Error
in Case Carburized Components, JMEP
(to be published 2014)

70. E.S. Rowland and S.R. Lyle, Trans. ASM,
Vol 37, 1946, p 27–47

Gas Carburizing / 559



Pack Carburizing*

Introduction

Pack carburizing is a process in which carbon
monoxide derived from a solid compound
decomposes at themetal surface into nascent car-
bon and carbon dioxide. The basic reactions are:

2C þ O2 ! 2CO (Eq 1)

2CO þ Fe ! Cactive þ CO2 (Eq 2)

CO2 þ C ! 2CO (Eq 3)

The nascent carbon is absorbed into the metal,
and the carbon dioxide immediately reacts with
carbonaceous material present in the solid car-
burizing compound to produce fresh carbon
monoxide.
Energizers or catalyst compounds are very

often added with carbon to force the reaction in
the direction favoring the formation of carbon
monoxide (Ref 1). The energizing compounds
include barium carbonate (BaCO3), calcium car-
bonate (CaCO3), potassium carbonate (K2CO3),
and sodium carbonate (Na2CO3). The energizers
facilitate the reduction of carbon dioxide with
carbon to form carbonmonoxide, and the amount
of energizer does not change in a closed system.
Carburizing continues as long as enough carbon
is present to react with the excess carbon
dioxide. Pack carburizing is typically conducted
at approximately 920 to 940 �C (1690 to 1720 �F)
for 2 to 36 h (Ref 2), but higher process tempera-
tures are used (see the section “Process Control”
in this article).
In pack carburizing, as in other carburization

processes, the carbon-concentration gradient
obtained is a function of carbon potential, carbur-
izing temperature and time, and the chemical
composition of the steel. Two process-control
attributes peculiar to pack carburizing are:

� There may be a variation in case depth
within a given furnace load due to dissimilar
thermal histories within the carburizing
containers.

� Distortion of parts during carburizing may
be reduced because the compound can be
used to support the parts.

Steel Composition. Any carburizing grade of
carbon or alloy steel is suitable for pack carburiz-
ing. It is generally agreed that the diffusion rate of
carbon in steel is not markedly influenced by
the chemical composition of the steel. Chemical
composition does have an effect on the activity
of carbon and can affect the carbon level at satu-
ration for a particular temperature.
Depth of Case. Even with good process con-

trol, it is difficult to obtain parts with total case-
depth variation of less than 0.25 mm (0.010 in.)
from maximum to minimum in a given furnace
load, assuming a carburizing temperature of
925 �C (1700 �F). Commercial tolerances for
case depths obtained in pack carburizing begin
at �0.25 mm (0.010 in.), and, for deeper case
depths, increase to �0.8 mm (0.03 in.). Lower
carburizing temperatures provide some reduc-
tion in case-depth variation because variation
in the time required for all parts of the load to
reach carburizing temperature becomes a smal-
ler percentage of total furnace time. Because of
the inherent variation in case depth and the cost
of packing materials, pack carburizing normally
is not used on work requiring a case depth of
less than 0.8 mm (0.03 in.). Typical pack-
carburizing temperatures selected to produce
different case depths on a variety of production
parts are given in Table 1.

Distortion normally becomes more pro-
nounced as processing temperature is increased.
In some instances, carburizing temperature is
selected on the basis of the maximum amount
of distortion that can be tolerated. In any case,
following proper container packing procedures
will help minimize distortion.
Selective Carburizing. Stopoff techniques

described in the article on gas carburizing in
this Volume apply to selective carburization
by pack carburizing. In addition, it may be pos-
sible to permit any portion of a part that is not
to be carburized to protrude from the carburiz-
ing container. Alternatively, an inert or lightly
oxidizing material may be packed around those
areas of a part that are not to be carburized.

Advantages and Disadvantages

Pack carburizing is no longer a major com-
mercial process. This has been mainly due to
replacement by more controllable and less
labor-intensive gas and liquid carburizing pro-
cesses. However, any labor cost advantage that
gas carburizing or liquid carburizing may have
over pack carburizing can be negated should
workpieces require additional steps such
as cleaning and the application of protective
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Table 1 Typical applications of pack carburizing

Part

Dimensions(a)

Weight

Steel

Carburizing

OD OA Case depth to 50 HRC Temperature

mm in. mm in. kg lb mm in. �C �F

Mine-loader bevel gear 102 4.0 76 3.0 1.4 3.1 2317 0.6 0.024 925 1700
Flying-shear timing gear 216 8.5 92 3.6 23.6 52.0 2317 0.9 0.036 900 1650
Crane-cable drum 603 23.7 2565 101.0 1792 3950 1020 1.2 0.048 955 1750
High-misalignment coupling
gear

305 12.0 152 6.0 38.5 84.9 4617 1.2 0.048 925 1700

Continuous-miner drive
pinion

127 5.0 127 5.0 5.4 11.9 2317 1.8 0.072 925 1700

Heavy-duty industrial gear 618 24.3 102 4.0 150 331 1022 1.8 0.072 940 1725
Motor-brake wheel 457 18.0 225 8.9 104 229 1020 3.0 0.120 925 1700
High-performance crane
wheel

660 26.0 152 6.0 335 739 1035 3.8 0.150 940 1725

Calender bull gear 2159 85.0 610 24.0 5885 12,975 1025 4.0 0.160 955 1750
Kiln-trunnion roller 762 30.0 406 16.0 1035 2280 1030 4.0 0.160 940 1725
Leveler roll 95 3.7 794 31.3 36.7 80.9 3115 4.0 0.160 925 1700
Blooming-mill screw 381 15.0 3327 131.0 2950 6505 3115 5.0 0.200 925 1700
Heavy-duty rolling-mill gear 914 36.0 4038 159.0 11,800 26,015 2325 5.6 0.220 955 1750
Processor pinch roll 229 9.0 5385 212.0 1700 3750 8620 6.9 0.270 1050 1925

(a) OD, outside diameter; OA, overall (axial) dimension



coatings in carburizing stopoff operations.
Environmental concerns have also led to
reduced use of pack carburizing. It still has
application to some specialized uses, however.
Advantages. Among the principal advan-

tages of pack carburizing are:

� It has low equipment and operating costs.
� It can make use of a wide variety of furnaces

because it produces its own contained
environment.

� It is ideally suited for slow cooling of work
from the carburizing temperature, a proce-
dure that may be advantageous for parts that
are to be finish machined after carburizing
and before hardening.

� Compared to gas carburizing, it offers a
wider selection of stopoff techniques for
selective carburizing.

Disadvantages. By its nature, pack carburiz-
ing is less clean and less convenient than other
carburizing processes. Other disadvantages gen-
erally associated with pack carburizing include:

� It is not well suited to production of shallow
case depths where strict case-depth toler-
ances are required.

� It cannot provide the degree of flexibility
and accuracy of control over surface carbon
content and carbon gradient that can be
obtained in gas carburizing.

� Long heatup time is required to reach pro-
cess temperatures. More processing time is
required for pack carburizing than for gas
or liquid carburizing because of the neces-
sity of heating and cooling the extra thermal
mass associated with the compound and the
container.

� It is not well suited for direct quenching or
quenching in dies; it is difficult (but possi-
ble) to harden directly from the carburizing
box. Extra handling and processing are
required to cool down and reheat to austeni-
tizing temperatures.

� Decarburization can occur if components are
allowed to air cool without protection.

� Grinding is necessary to remove surface
porosity.

� It is labor intensive.

Carburizing Medium and
Compounds

The basic component of the carburizing
medium is ground wood charcoal (approxi-
mately 3 to 5 mm, or 0.12 to 0.20 in., granules)
or coke, which is mixed with carbonates of bar-
ium, sodium, calcium, lithium, or potassium.
The common commercial carburizing com-
pounds are reusable and contain 10 to 20%
alkali or alkaline earth metal carbonates bound
to hardwood charcoal or to coke by oil, tar, or
molasses. Barium carbonate is the principal
energizer, usually comprising approximately

50 to 70% of the total carbonate content. The
remainder of the energizer usually is made up
of calcium carbonate, although sodium carbon-
ate and potassium carbonate also may be used.
It should be noted that barium carbonate, now
designated by government regulations as a
health hazard due to its toxicity and the dis-
posal problems it presents, is gradually being
phased out by U.S. manufacturers as a catalyst
in pack-carburizing operations.
Hardwood charcoal is more reactive

than coke as a source of carbon for pack carbur-
izing. Nevertheless, coke offers certain advan-
tages, such as minimum shrinkage, good
hot strength, and good thermal conductivity.
More-active carburizing compounds therefore
contain both charcoal and coke, with typical
compounds containing a greater percentage of
coke.
Addition Rate. Because of losses associated

with the use of pack-carburizing compounds,
new compound usually is added to the used
compound before it is returned to service. The
loss in energizer normally is somewhat higher
than loss of the rest of the compound. There-
fore, somewhat larger percentages of new com-
pound are used to ensure that the energizer
level does not drop below approximately 5 to
8%. When direct quenching or severe mechani-
cal handling methods are used, the addition rate
may be as high as one part new compound to
two parts used compound. When furnace cool-
ing and careful handling methods are used, the
addition rate may be one part new compound
to three to five parts used compound.
Used compound often is screened to remove

fines. The compound is then thoroughly mixed
with the make-up material. Because many com-
pounds, particularly those of the coated-charcoal
type, are extremely friable, they require careful

handling to minimize losses due to formation
of dust or fines.
Evaluation of Carburizing Compounds.

Evaluation of compounds can be done by sub-
jecting a specified weight of compound to a
series of standardized carburizing cycles, treat-
ing a new steel sample in each sample until
the carburizing potential of the compound is
depleted (indicated by shallow case depths).
Four batches of unused carburizing compound
(Table 2) received over a period of six months
from various manufacturers were evaluated to
determine whether they would be suitable for
addition to the hoppers that supplied boxes
used in pack carburizing gears, pins, shafts,
and special washers to a case depth of 1.5 mm
(0.060 in.), in continuous furnaces. Weight,
screen analyses, and chemical analyses of the
as-received compounds are shown in Table 2.
Carburizing tests were conducted on the four

compounds as follows. A sample of 1020 steel,
50 mm (2 in.) long and 16 mm (⅝ in.) in diam-
eter, was packed with approximately 600 g
(21 oz) of unused compound in a laboratory
carburizing box, subjected to a standard cycle
of 9 h at 925 �C (1700 �F), and furnace cooled.
The test was repeated 19 times with a new steel
sample for each cycle, without adding fresh
compound.
Case depth was determined microscopically

after each of the 20 cycles. Variation in
case depth and the cycles producing rich
cases, acceptable cases, and erratic cases are
shown in Fig. 1. In addition, shrinkage was
determined by weight loss after each cycle
and after blowing out dust after the 20th cycle.
Cumulative shrinkage of two batches of pack-
carburizing compounds during 20 consecutive
9 h carburizing cycles at 925 �C (1700 �F) is
plotted in Fig. 2.

Table 2 Evaluation of pack-carburizing compound

Item

Batch number

1 2 3 4

Physical data

Weight, lb/ft3 28.0 32.6 38.6 41.0

Fineness, percentage through:

0.371 in. screen 99.9 99.9 99.3 99.4
0.131 in. screen 0.1 1.0 1.0 0.4
0.100 in. screen 0.03 0.5 0.2 0.2

Chemical analysis, %

Moisture 0.2 0.2 0.2 0.2
Sulfur 1.05 0.4 0.6 0.7
Sodium carbonate Nil Nil Nil Nil
Barium carbonate 12.2 9.2 11.5 11.1
Calcium carbonate Nil Nil Nil Nil
Charcoal Nil Nil 0.2 Nil
Coke 87.8 90.8 88.3 88.9
Ash 9.0 7.4 8.1 8.2

Total weight loss during 20 carburizing runs, % (See Fig. 2 for cumulative record for batches 1 and 3)

By shrinkage 47.2 38.5 34.2 35.8
By blowing out dust 10.9 8.3 12.7 14.2
Total weight loss 58.1 46.8 46.9 50.0
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Process Control

In pack carburizing, as in other carburization
processes, the carbon-concentration gradient
obtained is a function of carbon potential, car-
burizing temperature and time, and the chemi-
cal composition of the steel. Pack carburizing
normally is performed at temperatures ranging
from 815 to 955 �C (1500 to 1750 �F). In recent
years, the upper limits have been steadily
raised, and carburizing temperatures as high as
1095 �C (2000 �F) have been used.
Because most pack-carburized parts are

reheated and quenched from a lower tempera-
ture after being carburized and slow cooled,
grain growth is not a concern when high carbur-
izing temperatures are used. The larger concern
would be the presence of surface carbides due
to the higher surface carbon levels at saturation
from the higher carburizing temperature.
Surface Carbon Content. Under equilib-

rium conditions, carbon content obtained at
the surface of the work increases directly with
an increase in the ratio of carbon monoxide to
carbon dioxide. For given gas mixtures, the
available carbon is higher at the lower tempera-
tures (Fig. 3, 4). Although values from these
two experimentally derived charts in Fig. 3
and 4 are not exactly the same, they show the
basic trend of the equilibrium isotherms of CO
and CO2 mixtures with carbon concentration
in iron. Thus, more carbon is made available
at the work surface by the use of energizers
and carburizing materials that promote forma-
tion of carbon monoxide.
In pack carburizing, the rate of evolution of

carbonaceous gas is fixed and is almost always
in excess of the rate required to supply the nec-
essary carbon for a saturated surface layer. The
surface carbon content is approximately that
of the saturation limit for carbon in austenite
(Fig. 3). At operating temperature, the desired
average carbon level throughout the case is
directly dependent on the carburizing tempera-
ture. When eutectoid (0.8 wt% C) cases are
desired, the carburizing temperature is normally
approximately 815 �C (1500 �F). As more car-
bon is required in the case, the temperature is

increased. Although the carbon potential of
the compound can be varied to limit the surface
content, control of temperature serves the same
purpose and is easier to achieve. Carbon poten-
tial (for a given gas mixture) is higher at low
temperatures, but cementite (rather than
saturated carbon in austenite) forms at the sur-
face with higher CO levels and low tempera-
tures (Fig. 3).
Carburizing Rates and Case Depth. Car-

bon potential refers only to available carbon at
the surface and not the rate of carburization
and the depth of carbon diffusion into the case.
The rate at which the carburized case is formed
increases rapidly with temperature. If a factor
of 1.0 is representative of 815 �C (1500 �F),
the factor increases to 1.5 at 870 �C (1600 �F)
and to more than 2.0 at 925 �C (1700 �F).
Improved containers, fine-grained steels, and
other improvements now permit the use of a
wide variety of temperatures.
The rate of change in case depth at a particu-

lar carburizing temperature is proportional to
the square root of time. The rate of carburiza-
tion is thus highest at the beginning of the cycle
and gradually diminishes as the cycle is

extended (Fig. 5). Higher temperatures also
promote carbon diffusion and increase the case
depth (Fig. 6).
Example. A rock bit section made of 4815

steel was pack carburized with a compound of
charcoal (16 to 30 mesh or finer) with approxi-
mately 8 to 15% potassium carbonate energizer.
Carburizing at 925 �C (1700 �F) for approxi-
mately 9 h produced a case depth of about
1.65 mm (0.065 in.) with approximately 1.0% C
at the surface.

Furnaces for Pack Carburizing

The suitability of a furnace for pack carburiz-
ing depends on its ability, at reasonable cost, to
provide adequate thermal capacity and tempera-
ture uniformity (furnaces must be controllable
to within �5 �C, or �9 �F, and must be capa-
ble of uniform through heating to within
�8 to �14 �C, or �14 to �25 �F) and provide
adequate support for containers and workpieces
at the required temperatures.
Modern heating systems and furnace con-

struction provide ample heating capacity and
temperature uniformity over a wide range of
temperatures. A variation of �8 �C (�14 �F)
throughout the entire working section of a large

Fig. 1 Variation in case depth produced from 20 consecutive cycles of four different batches of compounds for pack
carburizing (Table 2)

Fig. 2 Cumulative shrinkage of two batches of pack-
carburizing compound during 20 consecutive

9 h carburizing cycles at 925 �C (1700 �F). Dust was
blown out after the 20th cycle. Shrinkage for batches
2 and 4 (Table 2) was intermediate to the data shown
for batches 1 and 3.

Fig. 3 Isotherms of carbon in austenite at high levels of
carbon monoxide. Source: Ref 3

Fig. 4 Isotherms showing equilibria between various
CO-CO

2
mixtures and iron with various

carbon contents at a series of temperatures. Source: Ref 3
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furnace can be easily maintained. Many fur-
naces incorporate automatic compensation for
heat losses at doors or other connection points.
Combustion systems that maintain constant
pressure or constant flow permit close tempera-
ture control on variable loads. Zoning is also a
major contributor to control. To maintain good
uniformity, it is necessary to load the furnace
as uniformly as possible and to allow adequate
space between containers—50 to 100 mm
(2 to 4 in.) or more—to permit circulation of
the heating gases.
The three types of furnaces most commonly

used for pack carburizing are the box, car-
bottom, and pit types. Box furnaces are loaded
by mechanical devices or by in-plant transpor-
tation equipment. Car-bottom furnaces provide
for convenient loading of heavy units. A car-
bottom furnace with a car at each end allows
a second car to be loaded while the furnace is
in use, which minimizes the heat loss and
downtime between batches. Pit furnaces are
general-purpose furnaces that may be used for
carburizing and other heat treating operations
that require minimum floor space.
Adequate support of containers and work-

pieces does much to minimize distortion. It also
helps maintain the shape and extend the life of
carburizing containers. Three or more points
of support should be used in car-bottom fur-
naces. The container should be blocked above
the hearth to allow circulation around, and
proper shimming of, the container. In box-type
furnaces, silicon carbide and certain other
hearth materials provide excellent wear

resistance to maintain the shape of the hearth.
Their high thermal conductivity helps promote
temperature uniformity.
Furnaces for pack carburizing have a mini-

mum number of parts that are subject to high
wear or that require frequent maintenance. Very
few alloy parts inside the furnace are subjected
to thermal fatigue, and a minimum of auxiliary
equipment is needed. The personnel who oper-
ate these furnaces do not need extensive techni-
cal training.

Carburizing Containers

Materials. Carburizing containers are made
of carbon steel, of aluminum-coated carbon
steel, or of iron-nickel-chromium heat-resisting
alloys. Although uncoated carbon steel boxes
scale severely during carburizing and have
short lives (Fig. 7), they often are the most eco-
nomical for processing odd lots and unusual
shapes.
Aluminum coating can significantly extend

the life of a carbon steel container, making this
material potentially the lowest in cost per hour
per unit weight carburized.
In the long run, heat-resisting alloys are the

most economical container materials for carbur-
izing large numbers of moderate-sized parts.
However, because heat-resisting alloys are con-
siderably higher in initial cost than plain or
aluminum-coated carbon steel, they must be
used continuously if they are to approach the
lowest possible prorated cost.

Design and Construction. For containers of
all three materials, the trend has been toward
lighter construction from sheet or plate, rather
than the heavier cast construction. These lighter
containers require ribbing, corrugating, or other
bracing methods to make them rigid enough to
withstand long periods at high temperature.
Containers often are equipped with braced lift-
ing eyes or hooks, special lid-receiving sec-
tions, and test-pin openings.
A carburizing container should be no larger

than necessary. If possible, it should be narrow
in at least one dimension to promote uniform
heating of the contents. A properly designed
box will provide a cooling rate high enough to
minimize formation of a carbide network in
the case but low enough to avoid distortion or
excessive hardening.
Lid Construction. Lids for carburizing con-

tainers vary from simple sheet-metal plates to
built-up lids of metal and refractory material.
The lid may add rigidity to the container. It
must be tight enough to prevent air from enter-
ing and burning the compound, yet not so tight

Fig. 6 Case depth-carbon content curve. Shows the effect of carburizing temperature on carbon concentration after
pack carburizing at temperature given. Source: Ref 3Fig. 5 Effect of duration of pack carburizing on case

depth and carbon gradient in 3115 steel
carburized in a compound containing hardwood
charcoal, coke, and sodium carbonate

Fig. 7 Service life comparison of three materials for
containers for pack carburizing
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as to prevent easy expulsion of excess gas gen-
erated within the container. Lids must be capa-
ble of venting the container, and the venting
means must be able to withstand the intense
heat liberated by combustion of flammable
gas. Lids that fit too loosely can be partly sealed
with clay-based cements.
Conditioning. Before new alloy carburizing

containers are placed in service, they may be
conditioned by “precarburizing” without a work
load. This pretreatment eliminates the possibil-
ity of the container, rather than the work load,
being carburized during the first production car-
burizing cycle.

Packing

Components are placed in a steel box with a
spacing of approximately 25 mm (1.0 in.)
between the components. The box can be sealed
with clay to contain the liberated gas. Intimate
contact between compound and workpiece is
not necessary; however, when properly packed,
the compound will provide good support for the
workpiece. The layer of compound surrounding
the work must be heavy enough to allow for
shrinkage and to maintain a high carbon poten-
tial during the entire cycle, but not so heavy as
to unduly retard heating of the workpiece to
carburizing temperature. If the container can
be designed to conform to the shape of the
workpiece, the compound will be of both
uniform and minimum thickness.
Work-load density—that is, net weight

(piece weight) divided by gross weight (weight
of the carburizing container, compound, and
workpieces)—is an important factor in the effi-
ciency of pack carburizing, because it affects
heating and cooling time. The smaller this per-
centage, the lower the relative efficiency of the
process. Table 3 shows work-load densities for
three different carburized parts.
Procedure. Packing of the workpieces in a

compound is a dusty and disagreeable operation

(one of the reasons this process is losing favor
in industry). For this reason, grouping of boxes,
workpieces, and compound should be carefully
planned so as to minimize handling of the com-
pound. If possible, workpieces should come to
the packer already stacked and sorted, prefera-
bly on open trays or in pans.
First, a layer of compound from 13 to 50 mm

(½ to 2 in.) deep is placed in the empty box.
The part or parts are then stacked in the con-
tainer, and, if necessary, metal or ceramic sup-
ports or spacers are applied and internal
container supports are inserted.
Whenever possible, workpieces should be

packed with the longest dimension vertical to
the base of the container. This is extremely
important in processing long parts such as
shafts and rolls because it minimizes the ten-
dency of these parts to sag. Suspension of the
work within the container or within the furnace
is useful in minimizing distortion in relatively
thin or delicate parts. For applications where
small teeth or small holes are to be uniformly
carburized, a 6- or 8-mesh material should be
used to ensure good filling.
After the compound is sufficiently tamped, a

final layer is placed on top of the parts. The
thickness of the top layer varies according to
the type of work, depth of case, type of con-
tainer, and shrinkage rate of the compound,
but it should be adequate to ensure that the
work will be covered after shrinkage and other

movements have occurred. A minimum depth
of 50 mm (2 in.) is recommended. In the final
step, the lid is put in place.
Process-Control Specimens. To control and

evaluate the carburizing process, test pins or
shims normally are included in the charge. To
provide valid results, section sizes and locations
of test specimens must closely approximate
those of the workpieces. Placing a test pin close
to a workpiece often will produce a thermal his-
tory identical to that of the workpiece.
For control purposes, many containers are

equipped with a test-pin section that can be
removed from the load during the carburizing
cycle. After the pins have been quenched and
fractured, case-depth readings made on them
aid in evaluating whether satisfactory carburizing
results are being obtained and in determining
when the prescribed case depth has been attained.
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Table 3 Work-load densities in pack carburizing

Part

Dimensions(a) Weight per piece

Net weight, % of
gross weight

OD OA Net Total(b)

mm in. mm in. kg lb kg lb

Roll 75 3 1220 48 37 82 72 159 51
Crane wheel 560 22 125 5 130 287 150 331 87
Gear 660 26 205 8 285 628 440 970 65

(a) OD, outside diameter; OA, overall (axial) dimension. (b) Total weight of work plus packing material plus container, divided by number of pieces
in pack
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Liquid Carburizing and
Cyaniding of Steels*
Revised by Jon Dossett, Consultant

LIQUID CARBURIZING is a process used
for case hardening steel or iron parts. The parts
are held at a temperature above Ac1 in a molten
salt that introduces carbon and nitrogen, or car-
bon alone, into the metal. Most liquid carburiz-
ing baths contain cyanide, which introduces
both carbon and nitrogen into the case. Salt
bath processes containing cyanide such as those
described in this article were previously used
for carburizing and carbonitriding and also for
nitriding and ferritic nitrocarburizing. Starting
in the 1970s, use of cyanide baths diminished
due to operator and environmental concerns.
Another type of liquid carburizing bath, how-
ever, uses a special grade of carbon, rather than
cyanide, as the source of carbon. This bath pro-
duces a case that contains only carbon as the
hardening agent.
Liquid carburizing may be distinguished

from cyaniding (which is performed in a bath
containing a higher percentage of cyanide) by
the character and composition of the case pro-
duced. Cases produced by liquid carburizing
are lower in nitrogen and higher in carbon than
cases produced by cyaniding. Cyanide cases are
seldom applied to depths greater than 0.25 mm
(0.010 in.); liquid carburizing can produce
cases as deep as 6.35 mm (0.250 in.). For
very thin cases, liquid carburizing in low-
temperature baths may be employed in place
of cyaniding.
Diffusion of the carbon from the surface

toward the interior produces a case that can
be hardened, usually by fast quenching from
the bath. Carbon diffuses from the bath into
the metal and produces a case comparable with
one resulting from gas carburizing in an atmo-
sphere containing some ammonia. The main
process difference is that liquid carburizing
involves faster heatup (due to the superior
heat-transfer characteristics of salt bath solu-
tions). Therefore, cycle times for liquid carbur-
izing are shorter than those for gas carburizing.

However, salt bath processes containing cya-
nide can cause violently poisonous reactions if
allowed to come into contact with scratches or
wounds (on the hands, for example) or fatal if
fumes are inhaled or taken internally. Use has
diminished with increased national, state, and
local restrictions on disposal and effluent dis-
charges. Of major concern has been the cyanide
content from the processes and processed parts
cleaning fluids. Although much was done in
the area of waste treatment and waste disposal,
in many instances these added costs caused the
cyanide-bearing processes to no longer be eco-
nomically viable. There was a switch to the gas-
eous versions of each of these processes, which
were much more environmentally friendly. Cya-
nide wastes, whether dissolved in quench water
or in the form of solid salt from pots, pose a
serious disposal problem (see the section “Dis-
posal of Cyanide Wastes” in this article).
Liquid carburizing and cyaniding are done in

salt bath furnaces that may be heated either
externally or internally. In an externally heated
furnace, heat is introduced into an annular
space between the salt pot and the surrounding
insulation, which usually is made of firebrick.
In an internally heated furnace, heat is intro-
duced directly into the salt. Both internally
and externally heated furnaces generally have
insulated lids that slide to open the bath and
allow workpieces and fixtures to be positioned,
usually with an overhead crane or with similar
mechanized lifting equipment. Additional infor-
mation on equipment is available in the article
“Salt Bath Heat Treatment and Equipment” in
this Volume.

Cyanide-Containing Liquid
Carburizing Baths

Light case and deep case are arbitrary terms
that have been associated with liquid carburizing

in baths containing cyanide. There is necessar-
ily some overlapping of bath compositions for
the two types of case. In general, the two types
are distinguished more by operating tempera-
ture or by cycle times than by bath composi-
tion. Therefore, the terms low temperature and
high temperature are preferred.
Both low-temperature and high-temperature

baths are supplied in different cyanide contents
to satisfy individual requirements of carburiz-
ing activity (carbon potential) within the limita-
tions of normal dragout and replenishment. In
many instances, compatible companion compo-
sitions are available for starting the bath or for
bath makeup, and for regeneration or mainte-
nance of carburizing potential.
Low-temperature cyanide-type baths

(light-case baths) are those usually operated in
the temperature range from 845 to 900 �C
(1550 to 1650 �F), although for certain specific
effects this range is sometimes extended to 790
to 925 �C (1450 to 1700 �F). Low-temperature
baths are best suited to formation of shallower
cases. Low-temperature baths are generally of
the accelerated cyanogen type containing vari-
ous combinations and amounts of the constitu-
ents listed in Table 1 and differ from
cyaniding baths in that the case produced by a
low-temperature bath consists predominantly
of carbon. Low-temperature baths are usually
operated with a protective carbon cover; how-
ever, when the carbon cover on a low-tempera-
ture bath is thin, the nitrogen content of the
carburized case will be relatively high. Cyanid-
ing baths produce cases that are approximately
0.13 to 0.25 mm (0.005 to 0.010 in.) deep and
that contain appreciable amounts of nitrogen.
In a low-temperature cyanide-type bath,

several reactions occur simultaneously, depend-
ing on bath composition, to produce various
end products and intermediates. These reaction
products include the following: carbon (C),
alkali carbonate (Na2CO3 or K2CO3), nitrogen
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(N2 or 2N), carbon monoxide (CO), carbon
dioxide (CO2), cyanamide (Na2CN2 or BaCN2),
and cyanate (NaNCO).
Two of the major reactions believed to occur

in the operating bath are the cyanamide shift
and the formation of cyanate:

2NaCN $ Na2CN2 þ C (Eq 1)

and either

2NaCNþ O2 ! 2NaNCO (Eq 2)

or

NaCNþ CO2 $ NaNCOþ CO (Eq 3)

Reactions that influence cyanate content pro-
ceed as follows:

NaNCOþ C ! NaCNþ CO (Eq 4)

and either

4NaNCOþ 2O2 ! 2Na2CO3 þ 2COþ 4N (Eq 5)

or

4NaNCOþ 4CO2 ! 2Na2CO3 þ 6COþ 4N (Eq 6)

Equations 5 and 6 deplete the activity of the
bath and lead to an eventual loss of carburizing
effectiveness unless suitable replenishment
practice is followed. Equations 1 and 3 are at
least partly reversible. Reactions that produce
either carbon monoxide or carbon are beneficial
in producing the desired carburized case, as for
example:

Feþ 2CO ! Fe C½ � þ CO2 (Eq 7)

and

Feþ C ! Fe C½ � (Eq 8)

Low-temperature (light-case) baths are usu-
ally operated at higher cyanide contents than
high-temperature (deep-case baths). The pre-
ferred operating cyanide contents shown in
Table 2 provide a case that is essentially

eutectoidal (>0.80% C). If a hypoeutectoid
(<0.80% C) case is desired, the bath is operated
at the lower end of the temperature/cyanide
range. Conversely, operation at the higher end
of the suggested range favors formation of a
hypereutectoid surface carbon content.
High-temperature cyanide-type baths

(deep-case baths) are usually operated in the
temperature range from 900 to 955 �C (1650
to 1750 �F). This range may be extended some-
what, but at lower temperatures the rate of car-
bon penetration decreases, and at temperatures
higher than approximately 955 �C (1750 �F),
deterioration of the bath and equipment is
markedly accelerated. However, rapid carbon
penetration can be obtained by operating at
temperatures between 980 and 1040 �C (1800
and 1900 �F).
High-temperature baths are used for produc-

ing cases 0.5 to 3.0 mm (0.020 to 0.120 in.)
deep. In some instances, even deeper cases are
produced (up to approximately 6.35 mm, or
0.250 in.), but the most important use of these
baths is for the rapid development of cases
1 to 2 mm (0.040 to 0.080 in.) deep. These
baths consist of cyanide and a major proportion
of barium chloride (Table 1), with or without
supplemental acceleration from other salts of
alkaline earth metals. Although the reactions
shown for low-temperature liquid carburizing
salts apply in some degree, the principal reac-
tion is the so-called cyanamide shift. This reac-
tion is reversible:

Ba CNð Þ2$ BaCN2 þ C (Eq 9)

In the presence of iron, the reaction is:

Ba CNð Þ2þ Fe ! BaCN2 þ Fe C½ � (Eq 10)

Cases produced in high-temperature liquid
carburizing baths consist essentially of carbon
dissolved in iron. However, sufficient nascent
nitrogen is available to produce a superficial
nitride-containing skin, which aids in resisting
wear and which also resists softening during
tempering and other heat treatments requiring
higher-than-normal operating temperatures.

Combination Treatment. It is not uncom-
mon for the carburizing cycle to be initiated in
a high-temperature bath and then for the work
load to be transferred to a low-temperature car-
burizing bath. Not only does this practice pro-
vide a maximum rate of carburizing, but
quenching the work from the low-temperature
bath reduces distortion and minimizes retained
austenite.

Cyaniding (Liquid Carbonitriding)

Cyaniding, or salt bath carbonitriding, is a
heat treating process that produces a file-hard,
wear-resistant surface on ferrous parts. When
steel is heated above Ac1 in a suitable bath con-
taining alkali cyanides and cyanates, the surface
of the steel absorbs both carbon and nitrogen
from the molten bath. When quenched in min-
eral oil, paraffin-based oil, water, or brine, the
steel develops a hard surface layer, or case, that
contains less carbon and more nitrogen than
the case developed in activated liquid carburiz-
ing baths.
Because of greater efficiency and lower cost,

sodium cyanide is used instead of the more
expensive potassium cyanide. The active hard-
ening agents of cyaniding baths—carbon mon-
oxide and nitrogen—are not produced directly
from sodium cyanide. Molten cyanide decom-
poses in the presence of air at the surface of
the bath to produce sodium cyanate, which in
turn decomposes in accordance with the follow-
ing chemical reactions:

2NaCNþ O2 ! 2NaNCO (Eq 11)

4NaNCO ! Na2CO3 þ 2NaCNþ COþ 2N (Eq 12)

2CO ! CO2 þ C (Eq 13)

NaCNþ CO2 ! NaNCOþ CO (Eq 14)

The rate at which cyanate is formed and
decomposes, liberating carbon and nitrogen at

Table 1 Operating compositions of liquid carburizing baths

Constituent

Composition of bath, %

Light case, low temperature
845–900 �C (1550–1650 �F)

Deep case, high temperature
900–955 �C (1650–1750 �F)

Sodium cyanide 10–23 6–16
Barium chloride . . . 30–55(a)
Salts of other alkaline earth metals(b) 0–10 0–10
Potassium chloride 0–25 0–20
Sodium chloride 20–40 0–20
Sodium carbonate 30 max 30 max
Accelerators other than those involving compounds
of alkaline earth metals(c)

0–5 0–2

Sodium cyanate 1.0 max 0.5 max
Density of molten salt 1.76 g/cm3 at 900 �C

(0.0636 lb/in.3 at 1650 �F)
2.00 g/cm3 at 925 �C

(0.0723 lb/in.3 at 1700 �F)

(a) Proprietary barium chloride-free deep-case baths are available. (b) Calcium and strontium chlorides have been employed. Calcium chloride is
more effective, but its hygroscopic nature has limited its use. (c) Among these accelerators are manganese dioxide, boron oxide, sodium fluoride,
and sodium pyrophosphate.

Table 2 Relation of operating temperature
to sodium cyanide content in barium-
activated liquid carburizing baths

Temperature NaCN, %

�C �F Min Preferred Max(a)

815 1500 14 18 23
845 1550 12 16 20
870 1600 11 14 18
900 1650 10 12 16
925 1700 8 10 14
955 1750 6 8 12

(a) The maximum limits are based on economy. If 30% NaCN is
exceeded, there is danger that NaCN will break down, with production
of carbon scum and attendant frothing. To correct such a condition, the
bath temperature should be lowered and the NaCN content should be
adjusted to the preferred value.
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the surface of the steel, determines the carboni-
triding activity of the bath. At operating tem-
peratures, the higher the concentration of
cyanate, the faster the rate of its decomposition.
Because the rate of cyanate decomposition also
increases with temperature, bath activity is
greater at higher operating temperatures.
A fresh cyaniding bath must be aged for
approximately 12 h at a temperature above its
melting point to provide a sufficient concentra-
tion of cyanate for efficient carbonitriding
activity. For the aging cycle to be effective,
any carbon scum formed on the surface must
be removed. To eliminate scum, the cyanide
content of the bath must be reduced to the
25 to 30% range by addition of inert salts
(sodium chloride and sodium carbonate). At the

bath aging temperature—usually about 700 �C
(1290 �F)—the rate of its decomposition is low.
Bath Composition. A sodium cyanide mix-

ture such as grade 30 in Table 3, containing
30% NaCN, 40% Na2CO3, and 30% NaCl, is
generally used for cyaniding on a production
basis. This mixture is preferable to any of the
other compositions given in Table 3. The inert
salts sodium chloride and sodium carbonate are
added to cyanide to provide fluidity and to con-
trol the melting points of all mixtures. The 30%
NaCN mixture, as well as the mixtures contain-
ing 45, 75, and 97% NaCN, may be added to the
operating bath to maintain a desired cyanide
concentration for a specific application.
The carbon content of the case developed

in cyanide baths increases with an increase

in the cyanide concentration of the bath, thus
providing considerable versatility. A bath
operating at 815 to 850 �C (1500 to 1560 �F)
and containing 2 to 4% cyanide may be used
to restore carbon to decarburized steels with a
core carbon content of 0.30 to 0.40%, while a
30% cyanide bath at the same temperature will
yield a 0.13 mm (0.005 in.) case containing
0.65% C at the surface in 45 min. Sodium cya-
nide concentration also has some effect on case
depth, as shown for 1020 steel in Table 4.

Noncyanide Liquid Carburizing

Liquid carburizing can be accomplished in a
bath containing a special grade of carbon
instead of cyanide as the source of carbon. In
this bath, carbon particles are dispersed in the
molten salt by mechanical agitation, which is
achieved by means of one or more simple pro-
peller stirrers that occupy a small fraction of
the total volume of the bath. Agitation is also
believed to introduce greater exposure and
absorption of oxygen in the air.
The chemical reaction involved is not fully

understood but is thought to involve adsorption
of carbon monoxide on carbon particles. The
carbon monoxide is generated by reaction
between the carbon and carbonates, which are
major ingredients of the molten salt. The
adsorbed carbon monoxide is presumed to react
with steel surfaces, much as in gas or pack
carburizing.
Operating temperatures for this type of

bath are generally higher than those for cya-
nide-type baths. A range of approximately
900 to 955 �C (1650 to 1750 �F) is most
commonly employed. Temperatures below
approximately 870 �C (1600 �F) are not
recommended and may even lead to decarbu-
rization of the steel. The case depths and
carbon gradients produced are in the same
range as for high-temperature cyanide-type
baths (see Fig. 1 to 3 for data on carbon
and low-alloy steels), but there is no nitrogen
in the case. The carbon content is slightly
lower than that of standard carburizing baths
that contain cyanide.

Table 3 Compositions and properties of sodium cyanide mixtures

Mixture grade designation

Composition, wt% Melting point Specific gravity

NaCN NaCO3 NaCl �C �F 25 �C (75 �F) 860 �C (1580 �F)

96–98(a) 97 2.3 Trace 560 1040 1.50 1.10
75(b) 75 3.5 21.5 590 1095 1.60 1.25
45(b) 45.3 37.0 17.7 570 1060 1.80 1.40
30(b) 30.0 40.0 30.0 625 1155 2.09 1.54

(a) Appearance: white crystalline solid. This grade also contains 0.5% sodium cyanate (NaNCO) and 0.2% sodium hydroxide (NaOH); sodium sul-
fide (Na2S) content, nil. (b) Appearance: white granular mixture

Table 4 Effect of sodium cyanide
concentration on case depth in
1020 steel bars
Samples are 25.4 mm (1.0 in.) diam bars that were cyanided
30 min at 815 �C (1500 �F).

NaCN in bath, %

Depth of case

mm in.

94.3 0.15 0.0060
76.0 0.18 0.0070
50.8 0.15 0.0060
43.0 0.15 0.0060
30.2 0.15 0.0060
20.8 0.14 0.0055
15.1 0.13 0.0050
10.8 0.10 0.0040
5.2 0.05 0.0020

Fig. 1 Carbon gradients produced by liquid carburizing of carbon and alloy steels in low-temperature and high-
temperature baths. The 1020 carbon steel bars were carburized at 845, 870, and 955 �C (1550, 1600, and

1750 �F) for the periods shown. The data on 3312 alloy steel show the effect of four different carburizing
temperatures on carbon gradient (time constant at 2 h). The data on modified 4615 steel castings indicate the
slight differences in gradients obtained in two furnaces employing the same carburizing conditions (7 h at 925 �C, or
1700 �F). These data and the data on 8620 steel parts show a decrease in carbon content near the surface caused by
diffusion of carbon during reheating to austenitizing temperature.
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Temperatures above 955 �C (1750 �F)
produce more rapid carbon penetration and do
not adversely affect noncyanide baths, because
no cyanide is present to break down and cause
carbon scum or frothing. Equipment deteriora-
tion is the chief factor that limits operating
temperature.

Parts that are slowly cooled following non-
cyanide carburization are more easily machined
than parts slowly cooled following cyanide car-
burization, because of the absence of nitrogen
in noncyanide-carburized cases. For the same
reason, parts that are quenched following non-
cyanide carburization contain less retained

austenite than parts quenched following cya-
nide carburization.
Safety and Disposal of Noncyanide Car-

burizing Salts. Noncyanide carburizing salts
are safe to dispose of directly in municipal or
natural water if first diluted to acceptable
dissolved-solids levels. There are no significant

Fig. 2 Case-hardness gradients for two carbon steels and four low-alloy steels showing effects of carburizing temperature and time. Specimens measuring 19 mm diam by 51 mm
(3/4 in. diam by 2 in.) were carburized, air cooled, reheated in neutral salt at 845 �C (1550 �F), and quenched in nitrate/nitrite salt at 180 �C (360 �F).
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chemical hazards in the proper use of these
salts. They are somewhat alkaline and should
be washed from the skin or eyes if contact
is made. When they are used as molten salts,
the usual precautions apply: avoid introduction
of moisture into the bath and prevent the
hot salt from contacting the body. Further infor-
mation is available from Occupational Safety
and Health Administration (OSHA) and
Environmental Protection Agency (EPA)
publications.
Noncyanide Carburizing Process (Ref 1).

A noncyanide process for the liquid carburizing
of steel that consists of a chloride mixture con-
taining a small amount of specially selected
carbon has recently been made commercially
available. This carbon additive is a blend of
selected graphite materials. The mixture should
be held in a pot constructed of series 300 stain-
less steel, Inconel, or a ceramic material.
The chloride mixture laden with carbon is

nontoxic and produces a classic carbon case
that contains no nitrogen. Parts that have been
carburized with this chloride-carbon material
can be quenched directly into any nitrate/nitrite
salt bath without the need for a neutral wash.
Such a step is not recommended with cyanide
carburizing salts, because of their incompatibil-
ity with strong oxidizers (for example, nitrates
and nitrites).
This carbon-containing chloride mixture has

the following properties:

Initial Startup. A new bath is prepared by
melting the chloride salt mixture and bringing
it to an operating temperature of 954 �C
(1750 �F). When the bath is molten and has sta-
bilized at operating temperature, small amounts
of carbon additive are introduced in the melt
until a 13 to 25 mm (0.5 to 1.0 in.) thick cover
remains on the surface.
Because the addition of carbon into the bath

is necessary to achieve carburizing potential,
the bath should be aged at heat for approxi-
mately 2 h before processing work through the
bath. An adequate carbon cover should be
maintained over the bath at all times while at
operating temperature to ensure consistent
results.
The bath level is maintained via additions of

the chloride salt mixture; the carbon cover is
maintained by additions of the graphite additive.
Control of Case Depth. Figure 4 shows typi-

cal effective case depths (to 50 HRC) obtain-
able in AISI 1117 carbon steel. Because

variables such as surface condition and alloy
content can affect the quality and depth of a
carburized surface, test coupons should be
prepared and examined in order to determine
optimum operating parameters.
Maximum carbon penetration can be

achieved if parts are cleaned and descaled prior
to the noncyanide carburizing Pure Case pro-
cess. Most soils and oils can be removed with
alkaline cleaner. Scale and heavy oxides may
require mechanical cleaning (that is, sandblast-
ing) or acid pickling prior to carburizing in
the noncyanide mixture. It is vital that parts
be completely dry before immersing the com-
ponents in the molten bath.
Low-Toxicity and Regenerable Salt Bath

Processes (Ref 2, 3). Extensive development
work has been carried out in recent years to
make salt bath processes ecologically attractive.
The low-toxicity nitrocarburizing process Tuff-
tride TF1, which incorporates a nontoxic regen-
erator to produce the required composition
within the working bath, was successfully
developed in the mid-1970s (Ref 4, 5). There-
fore, it was apparent that the objective of
research on carburizing and carbonitriding
should be directed at developing a cyanide-
free regenerator to yield the required level of
CN� in the process bath. By using a base salt
and a regenerator that are both cyanide-free,
such a technique would avoid handling, storage,
and transportation problems; eliminate the
need to bail out the bath; and ease disposal
requirements.
Early research to establish an ecologically

acceptable process revealed that in order to
maintain the high quality hitherto associated
with salt bath carburizing, it was necessary to
retain CN� as the active carburizing constitu-
ent. Existing alternatives for the development
of a new and ecologically safe carburizing pro-
cess rapidly showed that the quality of the salt
bath could only be maintained by using cyanide
in the carburizing bath.
Experimental work with alternative active

constituents, such as silicon carbide and sus-
pended graphite, showed these approaches to
be impracticable. Melts containing silicon car-
bide became viscous, generating large amounts
of sludge, while graphite suspensions were diffi-
cult to control and distribute evenly throughout
the molten bath. None of the options to CN�

allowed the desired reproducibility with respect
to close control of carburized case depth and
carbon content. The fundamental carburizing
reactions taking place in a salt bath at a temper-
ature on the order of 930 �C (1705 �F) involve
the decomposition of cyanide by oxygen:

2CN� þ 2O2 ! CO 2�
3 þ 2Nþ CO (Eq 15)

followed by the subsequent diffusion of car-
bon into the surface of the component:

2CO ! CFe þ CO2 (Eq 16)

Fig. 3 Case-hardness gradients for selected steels showing scatter resulting from normal variations

Melting point, �C (�F) 663 (1225)
Working range, �C (�F) 954–982 (1750–1800)
Specific heat, J/kg � K (cal/g � �C)
Solid 960 (0.23)
Liquid 1050 (0.23)

Heat of fusion, kJ/kg (Btu/lb) 414 (178)
Density at 954 �C (1750 �F),
g/cm3(lb/in.3)

1.44 (0.0520)
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A small amount of nitrogen also diffuses into
the surface, depending on the temperature and
composition of the bath. Experience has shown
that salt baths completely free from cyanide do
not yield reproducible results on a production
scale. This not only applies to controlling the
surface carbon content but also to the unifor-
mity of carbon diffusion over the surface of
the component.
Therefore, a cyanide-free regenerator had to

be developed that would produce the required
amount of cyanide in the bath. This aim was
achieved by the use of an organic polymeric
material that converts part of the carbonate
present in the molten bath to CN�. This regen-
erator is known as CeControl, and the process is
designated as Durofer (Ref 6, 7). The Durofer
process is compared to conventional salt bath
carburizing in Fig. 5.
Process Control. The chemical reaction

between the regenerator and the carburizing
melt does not produce an increase in the molten
salt volume, and, consequently, it is no longer
necessary to bail out inactive salt. Therefore,
the Durofer process does not produce toxic
waste salt. The regenerator is manufactured in
pellet form and is added to the molten bath by
use of an automatic vibratory feeder. The
equipment doses the molten salt with a regu-
lated number of pellets at preset intervals,
both when work is in the bath and during idling
periods. Any deviation from the control range
can be detected by regular analysis of the
CN� content and adjustments carried out on
the autoregeneration system to compensate for
any irregularity. As shown in Fig. 6, the advan-
tage of automatic regeneration is that a very
consistent CN� level can be maintained in the
bath, resulting in uniform and reproducible
carburizing.
Experience has shown that the optimum sur-

face carbon value is 0.8% for alloy steels, and
1.1% is generally accepted as the optimum sur-
face carbon value for unalloyed steels. A choice

of base salt is available for use with the new
regenerator to give these two carburizing condi-
tions, designated CeControl 80B and CeControl
110B, respectively. Figure 7 shows carbon
profiles obtained for samples of SAE 1015 steel
after carburizing for 60 min at 930 �C (1705 �F)
by the Durofer process using both of these
base salts.
Process Bath Preparation. The Durofer

process bath is initially prepared by melting
out the base salt, which may be either CeCon-
trol 80B or CeControl 110B, depending on
the application requirements. The carburizing
activity is promoted by adding CeControl
regenerator via the automatic feeder, increasing
the CN� content up to approximately 4.5%.
Control level is reached in approximately 5 h,

when the addition rate is adjusted to that
necessary to maintain control. The amount of
regenerator required to maintain control is
approximately 0.08 to 100 kg (0.18 to 220 lb)
bath capacity per hour, for a working bath
operating with a graphite economizer at

Fig. 5 Sequence of operations for two salt bath carburizing processes. (a) Conventional, requiring daily replenishment of
bath with salts having high CN� concentrations. (b) Durofer, in which CN� level is maintained with addition
of organic polymer material (CeControl regenerator) that converts carbonate in molten salt bath to CN�

Fig. 4 Plot of carbon penetration versus holding time
at 955 �C (1750 �F) for 1117 resulfurized

carbon steel heat treated with Pure Case, a noncyanide
carburizing process

Fig. 6 The consistency of the CN� level maintained in
the Durofer process. Test data compiled over 10

working days (3 shifts/day) in a carburizing bath at 930 �C
(1705 �F) using CeControl 80 regenerator

Fig. 7 Plots of carbon concentration versus carbon pene-
tration for 1015 steels that were carburized at

930 �C (1705 �F) for 1 h with two different Durofer process
base salt regenerators
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950 �C (1740 �F). Reduction of the molten salt
level due to salt dragout by the workload is
restored by additions of the appropriate cya-
nide-free base salt.
Quenching. As in traditional salt bath carbur-

izing, components carburized in the Durofer
process can be quenched into water or oil.
However, the composition of the Durofer bath
also permits direct quenching into molten
nitrate or nitrite salt baths to minimize distor-
tion (Ref 8). In addition to this technical advan-
tage, the chemical nature of the salt quench
decomposes the CN�, carried over on the com-
ponents from the Durofer bath, to harmless car-
bonate. Thus, the need for detoxification of
solid deposits in the quench medium and
wash-water effluent is eliminated.

Carbon Gradients

Figure 1 shows carbon gradients produced by
liquid carburizing 1020 steel bars at 845, 870,
and 955 �C (1550, 1600, and 1750 �F) for vari-
ous lengths of time at carburizing temperature.
Carbon-gradient data for two wrought alloy
steels (3312 and 8620) and one cast alloy steel
(4615 mod) are also shown. After carburizing,
the 8620 steel parts were austenitized at
840 �C (1540 �F) and quenched in oil at
55 �C (130 �F). The 4615 steel parts were aus-
tenitized at 790 �C (1450 �F), quenched in salt
at 190 �C (375 �F) for 3 min, and cooled in air.
Carbon penetration (case depth) in liquid

carburizing is determined primarily by the car-
burizing temperature and the duration of the
carburizing cycle. A simple formula for esti-
mating total case depths (measured to base car-
bon level) obtainable in liquid carburizing is:

d ¼ k
ffiffi
t

p
(Eq 17)

where d is case depth, k is a constant that
represents the penetration in the first hour at
temperature, and t is the time at temperature
in hours. Typical values of k at three different
temperatures are 0.30 mm at 815 �C (0.012 in.
at 1500 �F), 0.46 mm at 870 �C (0.018 in. at
1600 �F), and 0.64 mm at 925 �C (0.025 in. at
1700 �F).

Hardness Gradients

A hardness gradient or variation in hardness
at different depths below the surface is estab-
lished in parts that are quenched following liq-
uid carburization. The data in Fig. 2 show
typical hardness gradients obtainable with car-
bon and low-alloy steels and illustrate the influ-
ence of carburizing temperature, duration of
carburizing, quenching temperature, and
quenching medium. Data on 1020, 4620, and
8620 steels are plotted for cycles of 2, 4, 8,
15, 20, and 40 h. These specimens were air
cooled from carburizing temperatures of 870,
900, and 925 �C (1600, 1650, and 1700 �F),

reheated in neutral salt at 845 �C (1550 �F),
and quenched in molten salt at 180 �C
(360 �F). Although the depth of case at maxi-
mum hardness is progressively extended in the
alloy steels with increases in time and tempera-
ture, increases in carburizing temperature have
the effect of foreshortening the curves plotted
for the 1020 steel. Differences between the
responses of 1020 and 8615 steels are shown
to be less pronounced after carburizing at
925 �C (1700 �F) for 15 h and quenching
directly from the carburizing temperature.
A final series of curves indicates the results
obtained with 1117 and 4815 steels after car-
burizing at 900 �C (1650 �F) for periods rang-
ing from ½ to 4 h. The 4815 steel was
quenched in oil, and the 1117 steel was
quenched in a 10% brine solution.
The indentation hardness data presented in

Fig. 3 for five different steels indicate the
effects of normal variations in practice on the
hardness gradient. The shaded bands represent
the scatter in results obtained from multiple
tests of each steel. Although similar surface
hardnesses are obtained with all five steels,
depth of hardness increases with the alloy con-
tent of the steel. A comparison among the hard-
nesses of these five steels at a depth of 1 mm
(0.040 in.) illustrates this variation. Although a
minimum case hardness of 60 HRC cannot be
maintained to a depth of 1 mm (0.040 in.) with
1020 (0.30 to 0.60% Mn) steel, it can some-
times be achieved with 1113 (0.70 to 1.00%
Mn) steel and can almost always be achieved
with 1117 (1.00 to 1.30% Mn), 4615, and
8620 steels.

Process Control

Cyaniding Time and Temperature. Bath
operating temperatures for cyanide hardening
vary between 760 and 870 �C (1400 and
1600 �F). Temperatures near the lower end of
this range are favored for minimizing distortion
during quenching from the bath temperature.
Higher temperatures are selected to exceed the
Ac3 point of the steel, to achieve faster

penetration, and, depending on alloy content,
to produce a fully hardened core after
quenching.
When low-carbon and alloy steels are to be

cyanided to produce a surface capable of resist-
ing high contact loads, the surface usually must
be backed up with a fine-grained, tough core.
This requires an operating bath temperature of
approximately 870 �C (1600 �F).
The high file hardness of salt-bath-cyanided

steel parts is a combined effect of carbon and
nitrogen absorption in the carbonitrided case
(Table 5). Usually, immersion times range from
30 min to 1 h and produce case depths and sur-
face carbon and nitrogen concentrations
corresponding to those in Table 5. Lower tem-
peratures will provide results proportionately
lower than those given in Table 5.
Externally heated salt baths can be held

within closer temperature limits (±8 �C, or
±14 �F) when a proportional control system
employing electronic instrumentation is used.
Control by means of valves (on-off or high-
low control) requires mechanical instrumenta-
tion and is less accurate, although for a majority
of applications it is entirely adequate.
Internally heated salt baths (immersed

or submerged electrodes) may be regulated to
±5 �C (±9 �F) with either mechanical or elec-
tronic on-off controllers. In either type, the
temperature-control instrument operates a relay
that actuates a large circuit breaker that in turn
connects or disconnects the 440 V power to the
step-down transformer. Welded thermocouples
may be used in installations that employ elec-
trode heating. For safety, two thermocouples
are recommended: one for temperature control
and one for excess temperature cutoff.
Control of Bath Composition. Control of

sodium cyanide content is the most important
factor in maintaining the effectiveness of a liq-
uid carburizing bath.
Analysis of a noncyanide liquid carburizing

bath is achieved by a rapid performance test
in which a 1008 steel wire 1.6 mm (1/16 in.) in
diameter is immersed for 3 min in the bath,
then is water quenched and mechanically bent
through 90�. The bath is well activated if the
wire breaks before reaching the full 90� bend.

Table 5 Effect of cyaniding temperature and time on case depth and surface carbon
and nitrogen contents
Material thickness, 2.03 mm (0.080 in.); cyanide content of bath, 20 to 30%

Steel

Case depth after cyaniding for:

Analysis after 100 min at Temperature(a)15 min 100 min

mm in. mm in. Carbon, % Nitrogen, %

Cyanided at 760 �C (1400 �F)

1008 0.038 0.0015 0.152 0.006 0.68 0.51
1010 0.038 0.0015 0.152 0.006 0.70 0.50
1022 0.051 0.0020 0.203 0.008 0.72 0.51

Cyanided at 845 �C (1550 �F)

1008 0.076 0.0030 0.203 0.008 0.75 0.26
1010 0.076 0.0030 0.203 0.008 0.77 0.28
1022 0.089 0.0035 0.254 0.010 0.79 0.27

(a) Carbon and nitrogen contents were determined from analysis of the outermost 0.076 mm (0.003 in.) of cyanided cases.
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A more reliable test of activity can be made by
running a 1012 silicon-killed test bar for 1 h,
water quenching, and measuring Rockwell C
hardness. Readings above 58 HRC indicate a
well-activated bath.
Graphite Cover. A graphite cover must be

maintained on the surface of a cyanide bath
for reduced radiation loss and reduced cyanide
loss at 870 to 955 �C (1600 to 1750 �F) and
during idling. Either natural flake or artificial
graphite powders may be used. The former pro-
vides a more fluid cover that has less tendency
to cling to the work. However, because natural
graphite has a higher ash content, it introduces
more impurities into the bath, which can be a
problem, particularly at low operating tempera-
tures. Furthermore, to avoid corrosion of parts,
natural graphite that contains sulfur should not
be used.
A noncyanide liquid carburizing bath must

also have a graphite cover. A higher rate of
graphite consumption, compared with a cyanide
bath, is characteristic. Frequent replenishment
(commonly every hour) is necessary for mainte-
nance of proper bath activity.
Daily maintenance routines for liquid

carburizing furnaces, whether fuel-fired or
electrode-heated, differ in only a few details.
The following items, with exceptions as noted,
comprise a typical daily maintenance schedule
for all types of salt bath equipment:

� Check temperature-control system, using an
auxiliary pyrometer and thermocouple. An
indicating potentiometer with a long exten-
sion wire can be mounted near the furnaces
and will provide accurate temperature
checks faster than will a laboratory-type
instrument.

� Check color of exhaust smoke from the
combustion chamber of fuel-fired furnaces.
A bluish-white or white smoke indicates salt
leakage.

� Remove sludge from bottom of pot while
furnace is still at idling temperature,
which normally is 705 to 730 �C (1300 to
1350 �F). The electrodes of internally heated
furnaces should be scraped clean, and elec-
tric power should be shut off during the
sludging and cleaning operation.

� Add fresh salt to compensate for dragout
losses. If required, make room for addition
of fresh salt by bailing.

� To help maintain bath composition and
reduce surface heat losses, add graphite
cover material to provide a thin but continu-
ous cover.

� Check bath activity by testing for cyanide
content or by quenching and examining the
fracture case depth.

� If possible, rotate the pot of a fuel-fired fur-
nace at least once a week to minimize the
effects of flame impingement and thus
extend pot life.

� If a salt pot is leaking and the salt is still
active, remove the salt and place it in sturdy
steel containers. This salt may be broken up

and reused in starting another pot (however,
it is not recommended that such salt be used
thereafter for replenishment).

� Prior to replacement of a pot in a resistance-
heated or fuel-fired furnace, the combustion
chamber should be rebuilt if contaminated
with salt, to avoid rapid pot failure.

� Consult operating and maintenance instruc-
tions provided by the furnace manufacturer
and salt supplier.

Shutdown and Restarting. For shutdowns
of two days or longer, externally heated fur-
naces need not be idled; the heat may be shut
off completely. During cooling and reheating,
however, the pot should be covered to guard
against violent expulsion of salt. The cover
recommended by the manufacturer should be
used.
It is generally advisable to idle electrode fur-

naces at 705 to 730 �C (1300 to 1350 �F), even
over shutdown periods of one to two weeks.
This simplifies restarting and eliminates possi-
ble damage to power transformers from con-
densation of moisture on the windings. For
noncyanide carburizing furnaces with steel
liners, idling above 845 �C (1550 �F) is recom-
mended. During the idling period, the bath
should be protected with a heavy carbon cover.
The bath does not visibly fume at idling tem-
peratures; therefore, ventilating air should be
reduced. Excessive ventilating air should be
avoided, because it will accelerate burnoff of
the carbon cover. During the idling period, the
transformer tap switch should be set at low
voltage or idling tap. This will guard against
possible overheating in the event that control-
circuit difficulties arise while the equipment is
unattended. An extra thermocouple and moni-
toring instrument equipped with warning alarms
is recommended for use in such applications.

Control of Case Depth

The degree of uniformity of case depth
obtained in normal production operations is
indicated in Fig. 8 by data on 1020, 1117, and
8620 steels. Figures 8(a) to (c) are based on
information obtained with process-control spe-
cimens and show depth of case as a function
of distance below the surface in terms of a
hardness of 50 HRC or higher. These data indi-
cate that variations in case depth can be held
within narrow limits when controlled carburiz-
ing procedures are employed. At a carburizing
temperature of 900 �C (1650 �F), the 1117 steel
produced a deeper case to 50 HRC than did the
1020 and 8620 steels, which were carburized at
855 �C (1575 �F). Nevertheless, the total spread
in case depth for any one of these steels did not
exceed 0.13 mm (0.005 in.). Data presented in
Fig. 8(d) indicate the range of hardnesses
obtained at depths of 0.25 and 1.25 mm
(0.010 and 0.050 in.) below the surface of
liquid-carburized 8620 steel. These data, based

on 24 tests, indicate a slightly larger spread
in hardness at 0.25 mm (0.010 in.) than at
1.25 mm (0.050 in.) below the surface.
Whereas the information in Fig. 8 deals with

carburizing cycles of 2 and 2.5 h at tempera-
tures ranging from 855 to 915 �C (1575 to
1675 �F), the data presented in Fig. 3 pertain
to a much longer carburizing time (9½ h) at
925 �C (1700 �F). The spread in case depth at
50 HRC is considerably wider than for the
light-case work on which Fig. 8 is based.
Additional data on case depth as a function

of time and temperature are given for ten steels
in Fig. 9. These data also reflect various criteria
that have been applied to evaluate case
depth, for example, data relating case depth
to minimum hardness, carbon content, and
pearlite content.

Fig. 8 Comparative case-depth and case-hardness data
obtained for liquid carburizing process-control

specimens made of three steels. (a) Data are for 11 mm
diam by 6.4 mm (0.4375 in. diam by 0.25 in.)
specimens carburized 2 h at 855 �C (1575 �F), brine
quenched and tempered at 150 �C (300 �F). (b) Data are
for 15.9 mm (0.625 in.) diam specimens carburized 2 h
at 900 �C (1650 �F) and brine quenched. (c) Data are
for 12.7 mm diam by 6.4 mm (0.50 in. diam by
0.25 in.) specimens carburized 2 h at 855 �C (1575 �F),
oil quenched, and refrigerated to �85 �C (�120 �F).
(d) Data are for 19 mm diam by 51 mm (3/4 in. diam by
2 in.) specimens carburized 2.5 h at 915 �C (1675 �F)
and water quenched.
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Fig. 9 Effect of time and temperature on case depth of liquid-carburized steels
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Dimensional Changes

All parts undergo dimensional changes as a
result of carburizing and hardening. From a
production standpoint, it is important to know
the nature and amount of dimensional change,
or distortion, that can be anticipated, and the
corrective action that may be taken to hold
dimensional changes to a minimum. The fol-
lowing examples relate dimensional change to
several shapes that vary in complexity.
Example 1: Carburized, Quenched, and

Tempered 8615H Steel Gear with 60 to
62 HRC Surface Hardness. The small gear
shown in Fig. 10(a) closed in along the bore
from a minimum dimension of 17.22 mm
(0.6780 in.) prior to heat treatment to a mini-
mum of 17.14 mm (0.6750 in.) after heat treat-
ment. In contrast, only slight contraction of the
outer bearing surface occurred. The gears, made
of 8615H steel, were carburized at 915 �C
(1675 �F) to a depth of 0.51 to 0.64 mm
(0.020 to 0.025 in.), reheated to 840 �C
(1540 �F), quenched in oil at 55 �C (130 �F),
and then tempered at 190 �C (375 �F) to a sur-
face hardness of 60 to 62 HRC.
Example 2: Carburized, Quenched, and

Stress-Relieved 8620 Steel Gear with 61 to
63 HRC Surface Hardness. The bearing race
shown in Fig. 10(b) was subjected to more elab-
orate processing to minimize dimensional var-
iations before and after carburizing. This 8620
steel forging was normalized and stress relieved
prior to being carburized. After being rough

ground, it was liquid carburized for 14 h at
925 �C (1700 �F) to produce a minimum case
depth of 2.3 mm (0.090 in.). It was air cooled,
reheated to 845 �C (1550 �F), and salt bath
quenched at 180 �C (360 �F). After being
cooled to room temperature, it was tempered
for 2 h at 175 �C (350 �F). Final case hardness
was 61 to 63 HRC; core hardness was 40 to
43 HRC.
To minimize distortion, which was excessive

when these bearing races were wired, a fixture
was used throughout the heat treating cycle.
As indicated by the dimensional data, the com-
bination of fixturing and elaborate processing
produced favorable results in terms of out-of-
roundness and flatness. Dimensional discrep-
ancy was held to 0.10 mm (0.004 in.) maxi-
mum, and in several instances, distortion was
held to 0.025 mm (0.001 in.).
Example 3: Normalized, Tempered, Car-

burized, Quenched, and Retempered 4615
Modified Steel Crankshaft. The crankshaft
shown in Fig. 10(c), a shell-mold casting made
of boron-modified 4615 steel, was initially nor-
malized for 1 h at 955 �C (1750 �F) and then
tempered for 1 h at 620 �C (1150 �F). After
being machined, the part was liquid carburized
at 925 �C (1700 �F) (case depth, 1.14 to
1.40 mm, or 0.045 to 0.055 in.), air cooled,
reheated to 790 �C (1450 �F), quenched for
5 min in salt at 190 �C (375 �F), air cooled,
and tempered for 1 h at 165 �C (325 �F). The
dimensional data, which apply to a length mea-
surement at one end of the shaft only, indicate a

high degree of dimensional stability with a
slight tendency in the direction of shrinkage.

Quenching Media

Most conventional quenching media, includ-
ing water, brine, caustic solution, oil, and mol-
ten salts, are suitable for quenching parts that
have been liquid carburized. However, the suit-
ability of each medium must be related to spe-
cific parts and depends primarily on the
hardenability of the steel, surface and core
hardness requirements, and the amount of
allowable distortion.
Water and brine are the quenchants most

commonly used for carbon steels. A water
quench is usually maintained at 20 to 30 �C
(70 to 90 �F) and agitated. Water helps to dis-
solve the film of carburizing salt and thus cre-
ates a localized brine that suppresses the vapor
phase. With continuous use, salt concentration
(chlorides, carbonates, and cyanides) increases,
and fresh water must be added periodically to
control the concentration of contaminants and
maintain a desired temperature. Sodium chlo-
ride brine (5 to 10%) and caustic (3 to 5%)
solutions are used to obtain more drastic
quenching. The noncyanide liquid carburizing
salt provides a brine-type quench when main-
tained around 10% concentration by water addi-
tion. The effectiveness of brine and caustic can
be severely curtailed by an excessive accumula-
tion of contaminants. When a caustic solution is

Fig. 10 Dimensional data relating selected low-alloy steel production parts before and after liquid carburizing and hardening. AC, air cooled; OQ, oil quenched
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used for quenching, care must be taken to
ensure that racks, baskets, and fixtures are
washed free from caustic and dried before
being returned to the carburizing bath. Small
amounts of caustic carried back to the bath will
lower its cyanide content significantly.
A water-soluble polymer is sometimes used

to modify the quenching rate of a water quench.
However, such additives should be avoided in a
quenchant used with a liquid carburizing line,
unless frequent replacement or continuous salt
removal by ultrafiltration can be employed.
The polymers may be precipitated by salt car-
ried into the quench, or salt buildup in the
quench may render their effect variable. Either
condition is undesirable.
Oil quenching is less drastic than water

quenching and produces less distortion. It is
often desirable to fortify the mineral oil with
nonsaponifiable additives that increase its
quenching effectiveness and lengthen its useful
life. To minimize distortion, special oils are
available that can be used at temperatures as
high as 175 �C (350 �F). Normally, liquid-
carburized parts are quenched directly into agi-
tated oil maintained within the range from 25 to
70 �C (80 to 160 �F).
Quenching oil should be kept free of mois-

ture and should be agitated by propellers or
impeller-type pumps. Compressed air should
not be used for agitation. Because some salt
will inevitably precipitate in the oil bath, peri-
odic desludging is necessary. Screens should
be placed in front of the lines leading to pumps
to prevent entry of sludge.
Salt bath quenching in a nitrate-nitrite bath

further minimizes distortion. Salt quench baths
are compatible with cyanide as well as noncya-
nide liquid carburizing baths. However, parts
should never be transferred directly from a car-
burizing bath containing more than 5% cyanide
to a nitrate-nitrite quench bath, because this
will result in a violent reaction and may cause
an explosion. To avoid such reactions, immer-
sion in a neutral salt bath (45 to 55% NaCl,
45 to 55% KCl) held at the desired temperature
must precede quenching in a nitrate-nitrite bath.
The neutral bath should be tested periodically
for sodium cyanide content; it is general prac-
tice to limit cyanide content to a level of less
than 5%. This level is never reached, as a rule,
because of oxidation of the cyanide by oxygen
in the air. The neutral stabilizing bath can be
used alternatively for through hardening of car-
bon and alloy steels, provided that complete
cyanide oxidation has not occurred.
Many liquid carburizing facilities case

harden components at 925 to 955 �C (1700 to
1750 �F), and workpieces are then transferred
directly to a neutral chloride salt at 845 �C
(1550 �F) for stabilization and finally quenched
directly into a marquenching oil at 175 to
260 �C (350 to 500 �F), depending on alloy
and hardness requirements. Distortion of the
workpieces is minimized when parts are air
quenched after carburizing and then reheated
prior to quenching.

All traces of nitrate should be removed from
quenching fixtures before they are reimmersed
in a carburizing bath. This can be accomplished
by rinsing in hot water.
The buildup of high-temperature chlorides in

a nitrate-nitrite bath impairs its quenching
severity. It is desirable, therefore, to remove
the chlorides as fast as they are being delivered.
Various means of chloride removal are avail-
able, and the selection depends on furnace
design. Where chloride is allowed to settle to
the bottom of the quench area or an area
provided for gravity separation, the chlorides
can be collected in sludge pans; periodically,
either the pans are removed or the bottoms of
the pans are manually desludged. Some furnace
designs employ continuous filtration of chlor-
ides as the suspended crystals pass through fil-
ter baskets; the operator removes the baskets
periodically to dump the collected chlorides
and then returns the baskets to the furnace.
Maintenance of Quenching Baths.

Although a limited amount of dissolved salt
increases the efficiency of a water quench bath,
amounts in excess of 10% retard the quenching
rate. Controlled addition of fresh water to the
bath, together with a continuous overflow,
serves to keep salt concentration at an accept-
ably low level. It may be required that the over-
flow be chemically treated in a special reservoir
prior to disposal in order to eliminate cyanide
pollution (see the section “Disposal of Cyanide
Wastes” in this article). For this reason, chang-
ing the water quench bath at scheduled intervals
may be more convenient in small operations.
For water tanks that are vigorously agitated, it
is recommended that a false bottom—in the
form of a perforated plate—be used to permit
settling of heavier solids, which can be
removed during periods of downtime.
Carryover of liquid carburizing salts into

brine quench tanks actually helps maintain
brine concentration. However, salt concentra-
tion should not exceed 10%. The same control
of salt content applies to caustic tanks; concen-
tration of caustic must be maintained by addi-
tions of sodium hydroxide to control the
quench rate of the solution.
Some of the precautions that must be observed

in the use of oil baths have already been dis-
cussed. It should be recognized that liquid car-
burizing salts do not dissolve in, or combine
with, mineral quenching oils. Salt sludge must
be removed periodically, either by mechanical
means or by filtering through screens.
Proper maintenance of salt quench baths also

requires sludging of contaminants. Use of
separating chambers to collect these contami-
nants has already been discussed. Another tech-
nique involves continuous filtering out of
higher-melting-point salts by pumping the con-
taminated quench salts through a filter main-
tained at a lower temperature. The contaminants
are deposited on a wire-mesh basket, and the
usable salts are returned to the quench tank.
Quenching Cyanided Parts. Cyanided steel

parts are quenched in fast-quenching oils,

water, or aqueous salt solutions. Selection of
the quenchant depends on the composition of
the steel, the required as-quenched hardness,
and the shape of the workpiece.
Water or aqueous salt solutions should be as

free as possible of dissolved gases, which may
cause soft spots. For this reason, pumps or
impellers should be used to agitate the quench-
ing water or brine. Compressed air should not
be used as the primary means of agitation;
mechanical agitation is preferred.
For maximum hardness, the quenchant

should be as cold as is feasible and should be
well agitated. Typical quenchant temperatures
range from room temperature to approximately
25 �C (75 �F) for plain water and up to approx-
imately 50 �C (120 �F) for 5 to 10% aqueous
salt solutions, including solutions of sodium
chloride, sodium hydroxide, or proprietary salt
mixtures that provide corrosion protection.
Use of higher temperatures with water-based
quenchants causes insufficient hardness or
soft spots.
Quenching oils are commonly used at tem-

peratures from 50 to 85 �C (120 to 185 �F).
Only petroleum-based quenching oils should
be used for quenching cyanided parts.

Salt Removal (Washing)

The ease or difficulty with which salt can be
removed from liquid-carburized parts depends
primarily on how simply or intricately shaped
the parts are and whether they were quenched
in water or in oil. To some extent, removal
of salt may be complicated by the presence of
insoluble residues. Water-quenched parts of
simple design and with no blind holes or deep
recesses usually are easy to clean. They may
be rinsed thoroughly in water at approximately
80 �C (180 �F) and then coated with a rust-
preventive fluid or soluble oil. Parts that are
rinsed free of cyanide by immersion in a chlo-
ride salt and then isothermally quenched in a
nitrate-nitrite salt are easily cleaned by agitated
hot-water washing and rinsing. It is also possi-
ble to reclaim the nitrate-nitrite salt from the
wash water.
Oil-quenched parts are more difficult to clean

because the oil must be removed before the
salts can be dissolved. Some salts may be insol-
uble. Use of power washers with hot water or
emulsion cleaners is effective. An economical
cleaning procedure begins with soaking of parts
in hot water to float off the oil and remove the
soluble salts. The parts may then be transferred
to a hot agitated dilute alkaline cleaner having
high sequestering properties. (Silicated cleaners
and those containing carbonates or phosphates
are not recommended, because of the formation
of insoluble barium compounds in the presence
of barium-containing salts.) If a white, powdery
overlay of barium carbonate remains on the
parts, it may be removed—following removal
of all cyanide—by immersion in a dilute solu-
tion of acetic or inhibited hydrochloric acid.
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Complex parts with blind holes, recesses, and
threads are difficult to clean, particularly if they
have been oil quenched. Liquid carburizing of
parts that contain blind holes for which the depth
exceeds twice the diameter is not recommended
unless such holes can be plugged. Agitated hot
water or a steam jet is probably the best solvent
for salt held in recesses, crevices, and blind holes.
Normally, it will remove all soluble salts and will
soften insoluble residues. When part shape and

tolerances permit, tumbling for 10 to 30 min in
a mild alkali and a small quantity of sand is most
effective in removing insoluble surface residues.
Washing of Cyanided Parts. Cyanide-

hardened parts are easy to wash, even after oil
quenching, because cyanide and sodium car-
bonate are good detergents and because all the
components of the salt bath are water soluble.
The work may be soaked in a tank of agitated
boiling water, rinsed in clean hot water, and

then rustproofed (if required). Power spray
washers, using hot water in a two-stage system,
also give satisfactory results.

Typical Applications

The applicability of liquid carburizing is evi-
denced by the variety of parts listed in Tables 6
and 7, all of which were heat treated on a

Table 6 Typical applications of liquid carburizing in cyanide baths

Part

Weight

Steel

Depth of case Temperature

Time, h Quench Subsequent treatment Hardness, HRCkg lb mm in. �C �F

Carbon steel

Adapter 0.9 2 CR 1.0 0.040 940 1720 4 AC (a) 62–63
Arbor, tapered 0.5 1.1 1020 1.5 0.060 940 1720 6.5 AC (a) 62–63
Bushing 0.7 1.5 CR 1.5 0.060 940 1720 6.5 AC (a) 62–63
Die block 3.5 7.7 1020 1.3 0.050 940 1720 5 AC (a) 62–63

1.1 2.5 CR 1.3 0.050 940 1720 5 AC (a) 59–61
Disk 1.4 3 1020 1.3 0.050 940 1720 5 (b) (b) 56–57
Flange 0.03 0.06 1020 0.4–0.5 0.015–0.020 845 1550 4 Oil (c) 55 min(d)
Gage rings, knurled 0.09 0.2 1020 1.5 0.060 940 1720 6.5 AC (a) 62–63
Hold-down block 0.9 2 CR 1.0 0.040 940 1720 4 AC (a) 62–63
Insert, tapered 4.75 10.5 1020 1.3 0.050 940 1720 5 AC (a) 62–63
Lever 0.05 0.12 1020 0.13–0.25 0.005–0.010 845 1550 1 Oil (c) (e)
Link 0.007 0.015 1018 0.13–0.25 0.005–0.010 845 1550 1 AC . . . . . .
Plate 0.007 0.015 1010 0.25–0.4 0.010–0.015 845 1550 2 Oil (c) (e)
Plug 0.7 1.6 CR 1.5 0.060 940 1720 6.5 AC (a) 62–63
Plug gage 0.45 1 1020 1.5 0.060 940 1720 6.5 AC (a) 62–63
Radius-cutout roll 7.7 17 CR 1.5 0.060 940 1720 6.5 AC (a) 62–63
Torsion-bar cap 0.05 0.1 1022 0.02–0.05 0.001–0.002 900 1650 0.12 Caustic (f) 45–47

Resulfurized steel

Bushing 0.04 0.09 1118 0.25–0.4 0.010–0.015 845 1550 2 Oil (c) (e)
Dash sleeve 3.6 8 1117 1.1 0.045 915 1675 7 AC (g) 58–63
Disk 0.0009 0.002 1118 0.13–0.25 0.005–0.010 845 1550 1 Brine (c) (e)
Drive shaft 3.6 8 1117 1.1 0.045 915 1675 7 AC (h) 58–63
Guide bushing 0.2 0.5 1117 0.75 0.030 915 1675 5 (i) . . . 58–63
Nut 0.04 0.09 1113 0.13–0.25 0.005–0.010 845 1550 1 Oil (c) (e)
Pin 0.003 0.007 1119 0.13–0.25 0.005–0.010 845 1550 1 Oil (c) (e)
Plug 0.007 0.015 1113 0.075–0.13 0.003–0.005 845 1550 0.5 Oil (c) (e)
Rack 0.34 0.75 1113 0.13–0.25 0.005–0.010 845 1550 1 Oil (c) (e)
Roller 0.01 0.03 1118 0.25–0.4 0.010–0.015 845 1550 2 Oil (c) (e)
Screw 0.003 0.007 1113 0.075–0.13 0.003–0.005 845 1550 0.5 Oil (c) (e)
Shaft 0.08 0.18 1118 0.25–0.4 0.010–0.015 845 1550 2 Oil (c) (e)
Spring seat 0.009 0.02 1118 0.25–0.4 0.010–0.015 845 1550 2 Oil (c) (e)
Stop collar 0.9 2 1117 1.1 0.045 925 1700 6.5 AC (g) 60–63
Stud 0.007 0.015 1118 0.13–0.25 0.005–0.010 845 1550 1 Oil (c) (e)
Valve bushing 0.02 0.05 1117 1.3 0.050 915 1675 8 AC (g) 58–63
Valve retainer 0.45 1 1117 1.1 0.045 915 1675 7 (i) . . . 58–63
Washer 0.007 0.015 1118 0.25–0.4 0.010–0.015 845 1550 2 Oil (c) (e)

Alloy steel

Bearing races 0.9–36 2–80 8620 2.3 0.090 925 1700 14 AC (g) 61–64
Bearing rollers 0.20 0.5 8620 2.3 0.090 925 1700 14 AC (g) 61–64
Coupling 0.03 0.06 8620 0.25–0.4 0.010–0.015 845 1550 2 Oil (c) (e)
Crankshaft 0.9 2 8620 1.0 0.040 915 1675 6.5 AC (h) 60–63
Gear 0.34 0.75 8620 1.0 0.040 915 1675 6 AC (g) 60–63

0.03 0.06 8620 0.075–0.13 0.003–0.005 845 1550 0.5 Oil (c) (e)
Idler shaft 0.45 1 8620 0.75 0.030 915 1675 5 (i) . . . 58–63
Pintle 4.5–86 10–190 8620 1.5 0.060 925 1700 12 (i) . . . 58–63
Piston 0.20 0.5 8620 1.3 0.050 915 1675 8 AC (g) 60–63
Plunger 0.45–82 1–180 8620 1.3 0.050 915 1675 8 (i) . . . 58–63
Ram 2.3–23 5–50 8620 1.1 0.045 915 1675 7 (i) . . . 58–63
Retainer 0.0009 0.002 9317 0.1–0.2 0.004–0.008 845 1550 0.33 Oil (j) (e)
Spool 0.45–54 1–120 8620 1.3 0.050 925 1700 7 (i) . . . 58–63
Thrust cup 0.20 0.5 8620 1.1 0.045 915 1675 7 (i) . . . 58–63
Thrust plate 5.4 12 8620 2.3 0.090 925 1700 14 AC (g) 60–64
Universal socket 1.8 4 8620 1.5 0.060 915 1675 10 AC (g) 58–63
Valve 0.01 0.03 8620 0.4–0.5 0.015–0.020 845 1550 4 Oil (j) 60 min(d)
Valve seat 0.20 0.5 8620 1.1 0.045 915 1675 7 AC (g) 60–63
Wear plate 0.45–3.6 1–8 8620 1.3 0.050 915 1675 7 AC (g) 60–63

CR, cold rolled; AC, air cooled. (a) Reheated at 790 �C (1450 �F), quenched in caustic, tempered at 150 �C (300 �F). (b) Transferred to neutral salt at 790 �C (1450 �F), quenched in caustic, tempered at 175 �C (350 �F).
(c) Tempered at 165 �C (325 �F). (d) Or equivalent. (e) File-hard. (f) Tempered at 205 �C (400 �F). (g) Reheated at 845 �C (1550 �F), quenched in salt at 175 �C (350 �F). (h) Reheated at 775 �C (1425 �F), quenched in
salt at 195 �C (380 �F). (i) Quenched directly in salt at 175 �C (350 �F). (j) Tempered at 165 �C (325 �F) and treated at �85 �C (�120 �F)
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production basis. For ease of reference, the
parts in Table 6 have been separated according
to type of steel (carbon, resulfurized, or alloy),
and the parts in each group have been arranged
in alphabetical order. Tables 6 and 7 also pro-
vide details, wherever they were available,
regarding case depth, carburizing temperature
and cycle time, method of quenching,
subsequent treatment, and surface hardness.
The parts listed in Table 6 were carburized in

cyanide-type baths. Noncyanide carburizing
baths can be used with slight adjustments in
operating conditions to do much of the carbur-
izing described in Table 7. Noncyanide carbur-
izing is particularly applicable to parts treated
at temperatures above 900 �C (1650 �F). Some
specific applications for noncyanide liquid
carburizing of production parts are listed in
Table 7.
In general, liquid carburizing is best suited

to small and medium-sized parts. Very large
parts, such as rock-bit drill rods 6 m (20 ft)
long and rings 2 m (7 ft) in diameter, are too
large to be conveniently processed in salt and
are commonly carburized by pack methods.
Because of the problems associated with salt
removal, carburizing in salt baths is not
recommended for parts containing small holes,
threads, or recessed areas that are difficult to
clean.

Stopoffs and Selective Carburizing

Selective carburizing can be accomplished
in liquid carburizing baths by stopping off car-
bon penetration with either copper plate or
copper-base paint. Because cyanide-based salts
can dissolve copper, salt baths with relatively
low cyanide contents are necessary. One suc-
cessful formulation operates at 8 to 10% NaCN
with approximately 45% BaCl2 energizer.
Noncyanide carburizing salts will not dissolve
copper.
When copper plate is employed to prevent

carbon penetration, the copper layer should be
fine-grained, dense, and without pinholes or
other porosity. Smooth surfaces require lower
plating thicknesses than do rough surfaces.
Copper plate thicknesses recommended for pro-
tection against liquid carburizing for various
times are as follows:

Partial Immersion. Another method for
selective carburizing in liquid carburizing baths
entails partial immersion of the workpiece in
the salt bath so that only the immersed areas
are carburized. With this method, unless a
clean-cut breakoff between carburized and non-
carburized areas is required, the use of copper
plate or copper-base paint is unnecessary.
Oxidation of the work at the bath surface can

be reduced if the parts are initially immersed an
inch or two deeper than required, to coat them
with salt, and are then withdrawn to the
required depth. A piece of plain carbon steel
pipe with the bottom closed by welding can
be inserted in a corner of the bath to displace
salt if a precise adjustment of the bath level is
necessary. Typical parts that are well suited to
carburizing by the partial-immersion technique
are shown in Fig. 11.

Combined Carburizing and Brazing

It is possible to braze and carburize steel
parts simultaneously in either a cyanide or a
noncyanide liquid carburizing bath, provided
that the operating temperature of the bath is
high enough to cause the brazing alloy to flow.
Initially, the parts are cleaned and degreased
and then the components are assembled with
brazing alloy enclosed in the joints. One suit-
able brazing alloy, in the form of wire or thin
strip, contains 55% Cu and 45% Zn, melts at
880 �C (1620 �F), and makes a sound joint at
900 to 925 �C (1650 to 1700 �F). No flux is
required.
The assembly is immersed in the liquid

carburizing bath for a time long enough to pro-
duce the desired case depth and at a tempera-
ture high enough to cause the brazing alloy to

flow. It is then quenched to harden the steel
and complete the braze. Press-fit assemblies
with carefully designed lap joints are ideal for
this application.

Precautions in the Use of
Cyanide Salts

Cyanides cause violently poisonous reactions
if allowed to come into contact with scratches
or wounds (on the hands, for example); they
are fatal if taken internally. Also, fatally poi-
sonous fumes are evolved when cyanides are
brought into contact with acids. The white
deposits that form on hoods and cooler furnace
parts consist mainly of sublimed sodium car-
bonate, with small amounts of sodium, potas-
sium, and barium salts, but may contain some
cyanide as the result of splashing.
When cyanide salts are removed from the

storage container, the container should be
opened in the room in which the cyanide is to
be used. The salts should be removed from the
container with a metal scoop or gloved hands,
or by being dumped out as required. When not
in use, the container should be covered with its
original cover or with a metal substitute cover.
The precautions that should be observed in

handling cyanide-type carburizing salts are the
same as for any other cyanide mixture. Work
material must be clean and dry, and the bath
must be enclosed and well ventilated. Even the
slight amount of moisture that may be deposited
on parts and fixtures as a result of atmospheric
humidity will cause spatter in contact with mol-
ten salt. Accordingly, operators should be
equipped with long protective gloves, protective
aprons, and safety glasses or face shields. Fur-
ther information is available from OSHA and
EPA publications. When adequate precautions
are observed, carburizing salts should not pres-
ent serious hazards to health or safety.
Remelting a frozen cyanide bath in externally

heated furnaces can be potentially hazardous
because of the expansion of the salt and gases
as the salts are heated. This hazard is not
encountered with immersed-electrode furnaces
because the salts melt from the top down. If
remelting is done in externally heated furnaces,
however, the following precaution should be

Table 7 Typical applications of liquid carburizing in noncyanide baths

Part

Weight

Steel

Case depth Temperature

Time, h Quench Subsequent treatment Hardness, HRCkg lb mm in. �C �F

Production tools 0.5–2.0 1.1–4.4 1018 0.375 0.015 925 1700 0.5–1.0 Brine . . . 50–60
Bicycle forks 1.4 3.1 1017(a) 0.05–0.08 0.002–0.003 925 1700 0.085 Brine Temper at 425 �C (795 �F) 60
Shift lever and ball ~1.5 ~3.3 1040, 1017(b) 0.25 0.010 925 1700 0.67 Air cool 30 s in brine . . . File hard
Screw machine spindles 0.8 1.8 4620, 8620 0.89 0.035 (c) (c) 6.0 Molten salt, 205 �C (400 �F) . . . 60–63
Clock screws and studs 0.005 0.011 1006, 1113 008–0.10 0.003–0.004 955 1750 0.2 Brine . . . 62–64
Flat head screws 0.015 0.033 1122 0.15 0.006 925 1700 0.33 Molten salt, 290 �C (550 �F) . . . 56

(a) Partial immersion. (b) Carburizer brass braze. (c) Preheat at 840 �C (1545 �F); carburize at 920 �C (1690 �F)

Time, h

Copper plate thickness

mm in.

Low-temperature salts

<1 0.013 0.0005
1–5 0.020 0.0008

High-temperature salts

<7 0.025 0.0010
7–15 0.040 0.0015
15–30 0.050 0.0020
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observed: a steel or cast iron wedge should be
inserted in the center of the bath before the bath
freezes. One end of the wedge should make con-
tact with the bottom of the pot; the other end
should extend at least 10 cm (4 in.) above the
surface of the bath. Before the bath is remelted,
the wedge should be tapped with a hammer,
loosened, and removed. The space previously
occupied by the wedge will provide a vent for
expanding salt and gases during remelting. No
attempt should be made to remove a wedge
from a bath that is not completely solidified,
because molten salt may be forcibly blown out
through the opening created.

Disposal of Cyanide Wastes

Cyanide wastes, whether dissolved in quench
water or in the form of solid salt from pots,
pose a serious disposal problem. The cyanide
contents of these wastes must be chemically
altered to render the material nonpoisonous
before it is discharged into sewers or streams.

Because of the toxicity of cyanide wastes, local
ordinances and pollution authorities must be
consulted regarding the proper disposal of
wastes.
Chemical Treatment. The simplest treat-

ment consists of oxidizing the cyanide in an
alkaline solution to which is added either chlo-
rine gas or its equivalent in the form of a hypo-
chlorite compound, such as sodium or calcium
hypochlorite (bleaching powder). The choice
between gas or powder depends on the quantity
of cyanide to be treated, on the availability
of facilities and experienced personnel for
handling the oxidizing agents, and on econom-
ics. For small quantities of cyanide solutions,
it may be more practical to use a hypochlorite
compound than to use chlorine gas.
Depending on the oxidizing agent employed,

several reactions take place when cyanide is
converted into a disposable form. One reaction
with chlorine gas is as follows:

2NaCNþ 4NaOHþ 2Cl2 þ 2H2O

! NH4ð Þ2CO3 þ Na2CO3 þ 4NaCl (Eq 18)

This reaction indicates that, for each kilo-
gram (2.2 lb) of sodium cyanide, 1.42 kg
(3.13 lb) of chlorine gas and 1.6 kg (3.5 lb) of
sodium hydroxide are required. Because of
probable side reactions, however, practical
experience indicates an actual requirement of
slightly more than 2 kg (4.4 lb) of chlorine for
each kilogram of sodium cyanide present in
the waste solution. When a hypochlorite com-
pound is used, the amount of powder required
may be estimated on the basis of available chlo-
rine content in the compound.
Solid cyanide wastes must be dissolved in

water before they can be treated. A tank of suit-
able capacity, equipped with a coarse screen set
well above the bottom, will facilitate solution
of the solid material. The tank should also have
an agitator, and, for chlorine gas, a perforated
pipe placed well below the solution level is
required.
When cyanide wastes are to be treated with

chlorine gas, the cyanide content must first be
determined and the proper amount of caustic
added. The gas is then introduced slowly while
the temperature of the solution is kept below
50 �C (120 �F). If a sodium hypochlorite solu-
tion is used, sufficient caustic should be added
to raise the pH of the cyanide solution above
8.5. The reaction between cyanide and the oxi-
dizing agent should continue until a slight
excess of chlorine is present in the solution.
This can be determined by testing with starch
iodide paper or with a solution of potassium
iodide and starch. Both the iodide paper and
starch solution will turn blue in the presence
of free chlorine.
Treatment Equipment (Ref 9). The equip-

ment shown in Fig. 12 is used to treat cyanide
and barium salts. There is nothing new in cya-
nide treatment chemistry, and it has been used
satisfactorily since the 1930s in batch and con-
tinuous treatment processes. It uses sodium or
calcium hypochlorite salts. Sodium hypochlo-
rite solutions containing from 10 to 15% avail-
able chlorine are available from local chemical
suppliers. Calcium hypochlorite, sold in the
granular or tablet forms, contains in excess of
70% available chlorine. This is also available
from local chemical suppliers. Chlorine gas
could also be used, but many wastewater treat-
ment plants prefer to use the hypochlorite salts.
Theoretically, 1.24 kg (2.73 lb) of available

chlorine is required to oxidize 0.5 kg (1 lb) of
cyanide as CN to the cyanate form. Another
way to state this is that 0.66 kg (1.45 lb) of
available chlorine is required per 0.5 kg (1 lb)
of sodium cyanide. The presence of other oxi-
dizable substances would increase the chemical
requirements. The reaction is practically instan-
taneous; therefore, the allowance of 10 min for
completion of the reaction is sufficient. Ferro-
or ferricyanides are not removed by this
reaction.
The treatment should be performed above a

pH of 10 to ensure that the resulting by-product
is cyanate and to minimize the evolution of
cyanogen chloride. No instances are known

Fig. 11 Typical parts selectively carburized by partial immersion. Only the portion that is to be carburized is
immersed in the bath. Area to be carburized is shaded.
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where the reaction is required to be conducted
beyond the cyanate stage. This reaction results
in the evolution of carbon dioxide and nitrogen.
It requires in excess of 3.2 kg (7 lb) of available
chlorine per 0.5 kg (1 lb) of cyanide (as CN)
and two pH adjustments—one above 10 for
the first reaction and the other to 6.5.
The aforementioned treatment to the cyanate

stage should produce an effluent containing less
than 0.2 mg/L of CN amenable to chlorination.
The equipment shown in Fig. 12 can be used

for batch treatment of rinses, water quenches,
and spent salt. The latter must first be dissolved
by placing it in a perforated basket that is
immersed in water or a cyanide-rich rinse,
while providing agitation. The concentration
of sodium cyanide in the solution should not
be allowed to exceed 5%, because of the evolu-
tion of heat due to the exothermic character of
the reaction.
Another procedure for destroying cyanide in

higher concentrations is by the use of heat and
electrolysis in a plating bath, followed by treat-
ment with sodium hypochlorite to remove the
residual cyanide.
Hypochlorination is required for the removal

of the cyanide residual because of the reduction
in the effectiveness of electrolysis as the cya-
nide concentration decreases.
The treatment of cyanide solutions should be

performed either under a hood or in tanks
provided with ventilating ducts.
Figure 13 illustrates a continuous treatment

operation with the first rinse being recircu-
lated through cooling coils, with a side stream
being treated. The second (still) rinse is also
treated. The addition of sodium hypochlorite
is controlled by an oxidation-reduction poten-
tial electrode assembly through a controller.
Maintenance of pH is effected by a pH elec-
trode assembly through a controller that acti-
vates metering pumps connected to sulfuric
acid and caustic soda solutions. Only one of
these solutions is used.
One indirect way to check for the removal of

the cyanide amenable to chlorination after treat-
ment is to check for residual chlorine by
immersing a paper strip of potassium iodide
starch indicator, which turns purple when chlo-
rine is in excess of 10 mg/L.
The final result of the treatment is a treated

liquid and a sludge. The latter is dewatered by
filtration and carted to a suitable disposal site.
The filter cake should not be hazardous, accord-
ing to the tests prescribed by the EPA. Because
the quantity of the sludge should be relatively
small, it can be stored and periodically filtered.
The treatment effluent may not pass the test

for total cyanides due to the presence of ferro-
or ferricyanides, because these cannot be
destroyed by chlorine compounds at ambient
temperature. If the treated wastewater contains
total cyanide in excess of 1.2 mg/L on any
one day or a monthly average of 0.65 mg/L,
an application can be made to the regulatory
agency for approval of a limitation of, respec-
tively, 0.86 and 0.32 mg/L as amenable

cyanide. Ferrocyanides that are not amenable
to chlorination do not show in this test; there-
fore, even if the limits on the concentration
of cyanide are lower, they are less restrictive
than the larger figures because they do not
include the ferro- or ferricyanides that are
not removable by chlorine treatment at room
temperature.

Electrochemical Treatment. Although
chemical treatment may be entirely adequate
to meet local regulations, an electrochemical
process has been used to destroy free cyanide.
In the electrochemical process, cyanide wastes
in aqueous solution are circulated through an
electrochemical reactor. Within the reactor, an
applied direct-current potential oxidizes the

Fig. 13 Treatment of rinses from nitriding operations. ORP, oxidation-reduction potential Ref 9

Fig. 12 Basic system for batch treatment of waste water containing cyanide or barium salts Ref 9
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free cyanide and cyanate according to the
reactions:

2CN�þ8OH� ! 2CO2þN2þ4H2Oþ10e� (Eq 19)

2CNO�þ 4OH�!2CO2þN2þ2H2Oþ 6e� (Eq 20)

Free cyanide and cyanate are converted to
the nontoxic gases carbon dioxide and nitrogen,
which are allowed to escape freely from the
vented storage tank into which the reacted solu-
tion is circulated.
The electrochemical process is most effective

at high cyanide-ion concentrations. With con-
tinual recirculation between storage tank and
reactor, cyanide can be reduced to 1 ppm or less
in approximately 100 to 150 h. By combining
electrochemical and chemical treatments, effec-
tive treatment can usually be achieved at
minimum cost. Electrochemical removal is
used to reduce cyanide concentration to �200
to 500 ppm, and then chemical treatment is
used to complete the reduction.
Electrochemical treatment offers the follow-

ing advantages:

� The process uses only electricity—no che-
micals are required.

� Cost per unit weight of cyanide treated is
low, depending only on the cost of electricity
(approximately 6.6 kW � h/kg, or 3 kW � h/lb
of free CN�).

� Capital investment is higher than alkaline
chlorination.

� The process is simple to control, requiring
only periodic determination of cyanide
concentration.

� There are no toxic or otherwise harmful
reaction products.

� Upon reaching a concentration of 1 ppm cya-
nide, the oxidized effluent usually may be
drained and further diluted by plant effluent.

� The process can also be used to convert
nitrite into nitrate.

The only significant disadvantage is that the
process is time-consuming when levels of cya-
nide below 200 ppm must be achieved. Increas-
ing the number of reactors decreases process
times.
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Low-Pressure Carburizing
Volker Heuer, ALD Vacuum Technologies GmbH

LOW-PRESSURE CARBURIZING (LPC)
has been established over the past few years as
one of the most popular case-hardening pro-
cesses. Low-pressure carburizing is often
referred to as vacuum carburizing. As with all
case-hardening processes, the goal is to obtain
a part with a solid, tough core and a hard,
wear-resistant surface. It is applied to increase
the fatigue limit of dynamically loaded compo-
nents. Typical applications include gear parts,
machine components, bearing components, as
well as injection systems for engines. Case hard-
ening essentially consists of three steps. First,
the parts are austenitized, then carburized, and
once the required carbon profile is reached, they
are quenched. The microstructure in the surface
layer (the case-hardening layer) of a case-hard-
ened part is specified for functional surfaces
(e.g., tooth flanks of gear wheels) as follows:

� Martensite is present, with a maximum of 20
to 30% retained austenite.

� Bone carbides or carbide networks are not per-
mitted; finely dispersed carbides are permitted.

� Structure is free of bainite up to a depth of
70% of the case-hardening layer from the
part surface.

Process

Figure 1 depicts a typical carbon profile,
and Fig. 2 shows a typical hardness profile after

a case-hardening process. In this example, the
surface hardness is 750 HV, the core hardness
is 350 HV, and the case-hardening depth
(CHD) is 0.8 mm (0.03 in.). The common
definition of case-hardening depth is the dis-
tance from the surface in which the hardness
is still above the hardness limit of 513 HV
(50 HRC).
The LPC process takes place in a pressure

range between 5 and 15 mbar (4 and 11 torr)
and a temperature range between 870 and
1050 �C (1600 and 1920 �F). In most cases,
the carburizing temperature is between 920
and 980 �C (1690 and 1800 �F). During the
complete process, the treated components are
not exposed to any traces of oxygen. The typi-
cal CHDs of components processed with LPC
are specified between 0.3 and 3 mm (0.012
and 0.12 in.), depending on the size and the
application of the component.
Figure 3 shows the LPC process in a sche-

matic diagram. First, the charge enters the fur-
nace chamber under vacuum, followed by
convective heating under a nitrogen atmosphere
close to 1 bar (750 torr). Convective heating
offers a quicker and more homogeneous heating
of the load compared to vacuum heating alone.
Subsequently, another heating phase under vac-
uum takes place. The actual carburizing and
diffusion starts after all parts have reached the
specified carburizing temperature. Carburizing
takes place by applying a routine of alternating
pulses and diffusion steps.

Oxygen-free hydrocarbons such as acetylene
C2H2 (ethyne) are used as a carbon source.
The hydrocarbons are injected into the furnace
chamber, creating a pressure of a few millibars.
On the surface of the treated parts, the hydro-
carbons dissociate thermally. Subsequently,
the surface carbon content rises to the point of
saturation within a short time, which results in
a high mass flow of carbon into the material.
Before carbide formation may take place, the
supply of carburizing gas is stopped, and the
carbon diffuses into the material. Once the sur-
face carbon content is sufficiently reduced, the
carburizing gas is injected into the furnace
chamber again. These so-called pulses are
repeated until the part has absorbed a sufficient
amount of carbon. After completion of the car-
burizing pulses, a longer diffusion step takes
place. This final diffusion step is used to obtain
the required surface carbon content. Depending
on the steel type and the desired amount of
retained austenite, the target for surface carbon
content is typically between 0.65 and 0.85%
(Fig. 1).
In addition to acetylene, other carbon

sources such as propane (C3H8) or cyclohexane
(C6H12) can be used. However, acetylene is by
far the most commonly used carbon source for
LPC.
Depending on the furnace size and geometry

of the treated components, the surface area of a
carburized load can be between 0.5 and 21 m2

(5 and 225 ft2).
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Once the targeted carbon profile is obtained,
the parts are quenched. Quenching can be
initiated either from carburizing temperature
or from a lower hardening temperature. In most
cases, high-pressure gas quenching (HPGQ)
with either nitrogen or helium is applied after
LPC. In some applications, oil quenching is
applied after LPC. Details regarding the HPGQ
process can be found in the article “Gas
Quenching” in this Volume.
Contrary to atmospheric gas carburizing,

where the case depth is achieved by control of
the carbon potential, LPC is a recipe-controlled
process. The process parameters of tempera-
ture, flow rate of carburizing gas, time, and
pressure are defined in the heat treating recipe
and controlled throughout the process to
achieve the specified carbon profile.
The high mass transfer of carbon into the

components during LPC leads to significantly
shorter treatment times compared to conven-
tional gas carburizing (Table1).
When combining LPC with HPGQ, the

process provides the following advantages

compared to gas carburizing combined with
oil quenching:

� Excellent carburizing homogeneity, even for
components with complex shapes

� Intergranular oxidation (IGO) and surface
oxidation are avoided.

� Shorter cycle times
� Potential for further reduction of cycle time

when applying high-temperature LPC (see
the section “High-Temperature LPC” in this
article)

� Possibility to integrate heat treatment into
the production line

� Conditioning of the equipment is not
necessary.

� Parts after heat treatment are clean; washing
of parts is not necessary.

� Environmentally friendly process (small
consumption of resources; no disposal of
oil, salt bath residues, or detergent residues)

� Potential to reduce heat treatment distortion
(unwanted changes in form and size of the
part geometry during heat treatment)

The disadvantages include the higher equip-
ment cost and the somewhat limited quench
intensity of HPGQ, compared to oil quenching.
Very large components cannot be quenched in
gas successfully, unless they are made of a steel
grade with excellent hardenability.
A detailed introduction into the technology

of vacuum heat treatment including LPC is
given in Ref 1.

Physical Principles

When acetylene comes in contact with the
surface of the steel at temperatures above
870 �C (1600 �F), it dissociates thermally. The
acetylene molecules dissociate into carbon and
hydrogen:

C2H2 ! 2Cþ H2 (Eq 1)

However, the real chemical reactions that take
place are much more complex and can be
reduced into nine main reactions, as illustrated
in Fig. 4.
Detailed literature about the pyrolysis of

acetylene and the surface reactions during
LPC can be found in Ref 2 to 5. The kinetics
of the LPC process were analyzed in an exten-
sive study, with the help of a special thermoba-
lance (Ref 6, 7). The height of the carbon
mass transfer into the material is a function
of steel grade, process temperature, and the
number, length, and timing of the carburizing
pulses. When working at a pressure range
between 5 and 15 mbar (4 and 11 torr), the pro-
cess pressure has no influence on carbon mass
transfer.
The carbon yield that is absorbed by the load

is approximately 65% when using acetylene.
This value was determined empirically in
industrial application. The carbon yield is
defined as the amount of carbon absorbed by
the load in relation to the total amount of car-
bon injected into the furnace chamber.
Once the carbon is absorbed into the mate-

rial, the same diffusion laws apply as in con-
ventional gas; that is, the diffusion of carbon
in austenite follows Fick’s law.
Low-pressure carburizing provides an oxygen-

free surface after treatment. The process gases
and the furnace atmosphere are free of oxygen.
Therefore, IGO and surface oxidation of the com-
ponents are safely prevented. Figure 5 shows a
comparison of the surfaces after LPC and after
atmospheric gas carburizing.Fig. 3 Schematic diagram of the low-pressure carburizing and high-pressure gas quenching process

Table 1 Comparison of treatment times for low-pressure carburizing and atmospheric gas carburizing

Application Material

Treatment temperature Case-hardening depth Treatment time(a), h

�C �F mm in. Low-pressure carburizing Gas carburizing

Internal gear 28Cr4 (ASTM 5130) 900 1650 0.3 0.012 0.75 1.5
Gear 16MnCr5 930 1705 0.6 0.024 2 2.75
Shaft 16MnCr5 930 1705 0.8 0.032 2.75 4
Gear 18CrNiMo7-6 960 1760 1.6 0.063 7.5 9.5

(a) Treatment time = Carburize + Diffuse + Lower to hardening temperature
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Figure 6 depicts the distribution of
alloying elements close to the surface after
LPC and after atmospheric gas carburizing.
During LPC in some applications, the surface
content of manganese is reduced by evaporation
of manganese. During gas carburizing, metal
oxides are formed at the surface due to IGO,
which cannot be avoided in gas carburizing.
The formation of metal oxides leads to a
depletion of chromium, manganese, and molyb-
denum at a depth between 5 and 15 mm
(0.2 and 0.6 mil).
In recent years, the use of acetylene has been

steadily established in industrial practice, sub-
stituting for propane, which was the favorite
carbon source. The carbon yield of propane is
approximately 25% compared to acetylene at
approximately 65%. Compared to propane,
acetylene is better suited to homogeneously
carburize parts with complex shapes, such as
injection nozzles. Even bulk loads can be car-
burized successfully with acetylene.
Injection nozzles have blind holes with a

length-to-diameter (L/D) ratio of up to 15.
When using propane, blind holes with an L/D
ratio of up to 2 can be carburized homo-
geneously; when using acetylene, L/D ratios
up to 20 can be treated successfully (Ref 8).

Equipment for Low-Pressure
Carburizing

The LPC process can be run in two different
types of equipment. In single-chamber fur-
naces, the LPC and the HPGQ processes are
performed in the same chamber. As an alterna-
tive, treatment chambers are dedicated for LPC
only. These treatment chambers are part of
multichamber systems, where HPGQ is per-
formed in specific cold chambers. The applied
carburizing strategies are identical for both
types of equipment.
For both types, the vacuum vessel is water

cooled. In single-chamber furnaces, the inner
insulation typically consists of hard felt made
of graphite. In treatment chambers, the inner
insulation typically consists of layers of
ceramic-fiber modules (e.g., Al2O3 + SiO2) and
hard felt made of graphite on the inside. Because
the ceramic fiber is hygroscopic, it cannot be
used in single-chamber furnaces, which are
opened to atmosphere after each furnace cycle.

In multichamber systems, the treatment
chambers are always at temperature and under
vacuum, whereas single-chamber furnaces are
cooled down and ventilated with air at the end
of each furnace cycle. Therefore, multichamber
systems are more energy efficient and have a
longer service life.
The work zone is typically heated electrically

by graphite elements. The carburizing gas
enters the work zone through small tubes made
of ceramics or nickel-base alloys (e.g., Inconel).
The flow rate of carburizing gas is precisely
controlled by mass flow controllers. Typical
tube diameters range from 5 to 10 mm (0.2 to
0.4 in.). The tubes are arranged symmetrically
inside the chamber to achieve a homogeneous
distribution of the carburizing gas. A vacuum
pump set is connected to the chamber to
control the process pressure, which is usually
chosen at a level between 5 and 15 mbar
(4 and 11 torr).
Formation of soot or tar in the chamber

occurs if the process pressure is too high. The

Fig. 4 Dissociation reactions during acetylene pyrolysis.
Source: Ref 2 Fig. 5 Surface layer after carburizing to a case depth of 0.7 mm (0.03 in.). Material is SAE 5115; scale is 1000:1.

Fig. 6 Distribution of alloying elements close to the surface after (a) low-pressure carburizing and (b) atmospheric gas carburizing. Material is SAE 5115.
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same applies for the flow rate of carburizing
gas. If the flow rate is significantly above the
rate necessary to carburize the given surface
area of the load, formation of soot or tar occurs.
However, when choosing the correct process
parameters and when undertaking regular main-
tenance, soot and tar is not a threat for applying
LPC in mass production.
The load sits in the chamber on a charge

support made of graphite and silicon carbide.
Fixtures for treatment of loads with LPC
are made of either alloy with high nickel con-
tent or carbon-fiber-reinforced carbon material.
More details regarding fixtures used for LPC
and HPGQ are given in the article “Gas
Quenching” in this Volume.
Figures 7 and 8 show examples of vacuum

systems used for the LPC process. Figure 7(b)
depicts a view into a single-chamber furnace
with graphite heating elements, charge support,
nozzles for the carburizing gas, and nozzles for
the quench gas.

Carburizing Strategies

The development of the carbon profile
during LPC is dictated by the number and the
length of the alternating carburizing pulses
and diffusion steps. To establish the shortest
possible process cycle, the goal is to enrich to
the saturation limit the surface of the treated
components in each carburizing pulse. This sat-
uration limit is defined as the carbon content
where carbides start to be precipitated. Usually,
the first pulse is longer than the following
pulses, because the component is not enriched
with carbon yet and is thus able to absorb
more carbon.
Figure 9 schematically shows the alternating

carburizing pulses and diffusion steps and
the resulting effect on surface carbon content.
The length of the final diffusion step depends
on the targeted surface carbon content before
quenching.
The saturation limit differs from steel grade

to steel grade and is a function of temperature.
With increasing temperature, the limit of car-
bide precipitation is shifted to higher carbon
contents (Fig. 10).
While the development of the carbon

profile is defined by the number, length, and
timing of the carburizing pulses, the surface
area of the load is accounted for by adjusting
the flow rate of carburizing gas during the
pulses.
To achieve the desired microstructure of the

components after LPC, it is important to exam-
ine the development of carbon content close to
the surface of the components.
Figure 11 shows an example where the

sequence of carburizing pulses and diffusion
steps was defined incorrectly. This example
shows an LPC process for 18CrNi8 material at
940 �C (1725 �F). The diffusion steps between
pulses were too short, thus leading to a carbon
content above 1.18% during the course of the

process. As a result, the components were over-
saturated with carbon, resulting in precipitation
of massive carbides. The length of the final dif-
fusion step was chosen correctly, resulting in a
surface carbon content of 0.69% C, thus avoid-
ing the formation of excessive amounts of
retained austenite.
Figure 12 depicts an example where the dif-

fusion steps between pulses were defined cor-
rectly. Therefore, the carbon content was
below 1.17% during the course of the process,
and thus, the precipitation of carbides was
avoided. However, the final diffusion step was

too short; therefore, the final surface carbon
content before quenching was too high. This
resulted in the formation of large amounts of
retained austenite.
An optimized carburizing strategy is shown

in Fig. 13. A proper sequence of pulses and dif-
fusion steps and the correct length of the final
diffusion step are used. As a result, the micro-
structure is free of any carbides and large
amounts of retained austenite.
The proper sequence of pulses and diffusion

steps can be easily determined by the use of
simulation software for prediction of carbon

Fig. 8 Multichamber system for low-pressure carburizing process in mass production. ModulTherm (ALD Vacuum
Technologies) with ten treatment chambers

Fig. 7 Vacuum systems for the low-pressure carburizing process. (a) Treatment chamber as part of a multichamber
system. (b) View into a single-chamber furnace
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profiles; see the section “Prediction of Carbon
Profiles” in this article.
Table 2 shows an example of the carburizing

strategy for material 8630 processed with LPC
using acetylene and targeting a case depth of
0.6 mm (0.02 in.). The length of the heating

phase (convective and vacuum heating) before
the first carburizing pulse depends on the size
of the treated components and the size of the
load. The flow rate of acetylene during the
pulses is adjusted according to the surface area
of the load.

Prediction of Carbon Profiles

The mass transfer of carbon and the diffusion
into the material during LPC can be simulated
by means of commercially available software.
Such programs are based on a mathematical
description of the carbon dissociation and
adsorption of the carbon at the surface of the
parts and equations that describe the diffusion
of the carbon into the material (Ref 6). While
the carbon transport to the surface in LPC differs
significantly from that in atmospheric gas car-
burizing, the same diffusion laws apply for the
carbon transport within the material. The func-
tion and the results of simulation software are
exemplarily described in Ref 10. To calculate
the carbon profile, the following data are entered
as input parameters into the simulation program:

� Chemical composition of the steel grade of
the components

� Saturation limit of the carbon content for the
steel grade

� Carburizing temperature
� Targeted carburizing depth
� Targeted surface carbon content
� Surface area of the load

The program calculates the number and
duration of carburizing pulses and diffusion
steps as well as the required flow rate of
the carburizing gas for each carburizing pulse.
Furthermore, it is possible to calculate in
reverse and to determine the expected carburiz-
ing depth for a given process with given tem-
perature, carburizing pulses, and diffusion
steps. In most cases, these calculations are
one-dimensional, not taking possible edge
effects into account.
In addition, the simulation program is a pow-

erful tool to achieve the targeted microstructure
after LPC. The program shows the formation
of the carbon profile as a function of time for
different distances from the surface. Therefore,
it is possible to optimize carburizing strategies

Fig. 9 Schematic of change of surface carbon content
during low-pressure carburizing defined by

alternating carburizing pulses and diffusion steps

Fig. 11 Carburizing strategy resulting in unwanted carbide formation. Carburizing
temperature is 940 �C (1725 �F); material is 18CrNi8.

Fig. 10 Limits of carbide precipitation for different case-hardening steels (calculated
according to Ref 9)

Fig. 13 Optimized carburizing strategy to achieve an optimized microstructure.
Carburizing temperature is 940 �C (1725 �F); material is 18CrNi8.

Fig. 12 Carburizing strategy resulting in unwanted formation of retained austenite.
Carburizing temperature is 940 �C (1725 �F); material is 18CrNi8.

Low-Pressure Carburizing / 585



in order to meet the microstructural specifica-
tion, that is, the absence of large quantities of
carbides or excessive amounts of retained
austenite.
With the help of more complex finite-element

method simulation programs, it is possible not
only to simulate carbon profiles but to predict
microstructures as well as the resulting core
hardness after quenching (Ref 11). In special
cases, heat treatment distortions are numerically
simulated as well (Ref 12). However, due to
the extensive effort in setting up the model and
defining the boundary conditions, and due to
the large required computing times, the simula-
tion of heat treatment distortion has not yet
become established as a standard tool in indus-
trial practice.

Applications

Automotive Applications. Figures 14
and 15 show typical examples of loads with
automotive gear components processed with
LPC.
Another main field of application for LPC is

components used for fuel-injection systems,
such as nozzle bodies. Figure 16 shows the
specification of a nozzle made of 18CrNi8
material after heat treatment. The special chal-
lenge during case hardening of this component
is to guarantee homogeneous carburizing despite
the complex shape of the nozzle (Ref 13). The
component requires tight control with carburiz-
ing, evident in the blind hole, while at the same
time partial overcarburizing must be prevented,
for example, in the island.
The nozzles are treated with LPC using

acetylene and are gas quenched with nitrogen.
Areas that do not require carburizing are
covered with mechanical masks. The compo-
nents are austenitized twice and quenched
twice to increase fatigue strength. This is fol-
lowed by a deep freezing step at �100 �C
(�148 �F) to transform any retained austenite
into martensite and then followed by temper-
ing. Figure 17 shows the measured hardening
profile after treatment at various measuring
points (Ref 13).
Aerospace Applications. Figures 18 and 19

depict typical applications of LPC for aero-
space components.
For aerospace products, one of the most

critical requirements is the geometrical stability
of the components during application. It is well
known that retained austenite will transform
to martensite when subjected to a certain level
of stress or to a certain load (stress-induced
transformation). Furthermore, retained austenite
will transform to martensite when subjected to
cold temperatures. This change in microstruc-
ture will result in growth of the component.
Therefore, the level of retained austenite in
the hardened case of the components must be
controlled, which is why in many cases the
components are subjected to a cryogenic

treatment after quenching and before tempering.
With such a cryogenic treatment at temperatures
below �73 �C (�99 �F) (preferred at �85 or
�100 �C, or �121 or �148 �F), the amount
of retained austenite is reduced dramatically.
The specified time at temperature varies for
such a cryogenic treatment, depending on the
cross-sectional thickness of the components.
However, a minimum of 2 h is often specified.
For example, precision bearings made of

material M50NIL are first low-pressure carbur-
ized and oil quenched and then subjected to
multiple cryogenic/tempering cycles. At a
depth of 0.05 mm (0.002 in.) from the surface,
the content of retained austenite is determined
with an x-ray diffraction method to less than
2% (Ref 15).
As described in the section “Carburizing

Strategies” in this article, the LPC process
offers a high-flexibility carburizing strategy.
This is advantageous for many aerospace appli-
cations. For example, to prevent the formation

of excessive amounts of retained austenite
when treating the material SAE 9310, the
carburizing temperature is limited to 930 �C
(1705 �F) for atmospheric gas carburizing.
With LPC, however, the carburizing strategy
can be adjusted to target for a low level of
retained austenite. Hence, LPC allows the use
of higher carburizing temperatures for this
material.
In a few special aerospace applications, the

components are treated with multiple-step car-
burizing, which is used to achieve different car-
bon profiles on the very same component. To
do so, the parts are first partly protected from
carburizing (e.g., coated with copper). Then,
the first LPC treatment is performed. After
cooling with an optional annealing step, the
copper is partly removed. Another possibility
is to machine additional gear teeth or additional
splines. Then, the next LPC treatment is per-
formed. After the final LPC step, the parts are
quenched. By applying this multiple-step

Table 2 Example of carburizing strategy for material 8630 at 960 �C (1760 �F) and
targeting a case-hardening depth of 0.6 mm (0.02 in.)
Low-pressure carburizing process with acetylene; heating phase before carburizing must be customized according to the
size of the treated components and the load size.

Sequence

Temperature

Time�C �F

Convective heating 960 1760 80 min
Vacuum heating 960 1760 30 min
Carburizing pulse (C2H2) 960 1760 90 s
Diffusion step (N2) 960 1760 9 min
Carburizing pulse (C2H2) 960 1760 60 s
Diffusion step (N2) 960 1760 11 min
Carburizing pulse (C2H2) 960 1760 60 s
Final diffusion (N2) 960 1760 25 min
Quenching . . . . . . . . .

Fig. 14 Load configuration for low-pressure carburizing of sun gears. 20MnCr5HH gear wheel; 576 parts per batch;
cycle time, 215 min; carburizing temperature, 945 �C (1735 �F); nitrogen, 8 bar (6000 torr); case-hardening
depth, 0.65–0.75 mm (0.026–0.030 in.); core hardness, 35–38 HRC
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carburizing, it is possible to provide uncarbur-
ized areas and areas with two different carbon
profiles, and consequently two different CHDs,
on the very same component.
Other Applications. Besides applications

for the automotive and aerospace industry,

LPC is successfully used for other components
as well. For example, hydraulic components,
wear plates, industrial chains, industrial trans-
missions, axles, die-cutting punches, and com-
ponents for the agricultural and power tools
industries are often processed with LPC.

Quality Control of the LPC
Process in Mass Production

To allow the LPC process to be established
in mass production, reliable methods of quality
control have been developed and implemented
in industry over the last few years. Before the
start of production of a component, the so-
called production part approval process (PPAP)
load is treated and analyzed intensively for
quality. Components from the corners and the
middle of the PPAP load are checked carefully
for surface hardness, hardness profile, core
hardness, and microstructure. In some cases,
the carbon profile and distortion are analyzed
and documented as well.
Once the PPAP load is validated and produc-

tion has started, the frequency of quality checks
is reduced.
Modern systems for LPC are equipped

with a process-monitoring device. This device
controls if the main process parameters
deviate from the recipe values. If so, the load
is labeled with a “red flag.” Depending on
the severity of the red flag, the loads are either
scrapped immediately or checked very carefully
for quality and if they can be released for
assembly or not.
Another method often applied in industry is

the use of carbon buttons. These are discs, with
standardized size and made of standardized
material, that travel with the load through the
process. The weight increase of the discs is an
indicator if the load has indeed absorbed the
targeted amount of carbon during the LPC
process.
Table 3 shows the ways and means and the

frequency of quality checks as typically applied
in industry.

High-Temperature LPC

As shown in Table 1, the high mass transfer
of carbon into the components results in signif-
icantly shorter treatment times for LPC com-
pared to atmospheric gas carburizing. The
advantage of LPC can be further enhanced by
increasing the carburizing temperature. With
increasing carburizing temperature, the diffu-
sion rate rises sharply, and thus, carburizing
time is significantly reduced (Fig. 20).
Furthermore, the limit for carbide precipita-

tion shifts to higher values. According to the
iron-carbon diagram, the precipitation limit is
increased in unalloyed steel (i.e., C15) from
1.3% C at 930 �C (1705 �F) to 1.65% C at
1030 �C (1885 �F) (Fig. 10).
Consequently, high-temperature carburizing

allows the targeting of higher surface carbon con-
tent in each carburizing pulse. The now higher
concentration gradient leads to a further reduc-
tion of treatment time. (This additional reduction
of carburizing time is not reflected in Fig. 20.)
Table 4 illustrates the treatment times for

LPC of 18CrNiMo7-6 at different temperatures

Fig. 15 Load configuration for low-pressure carburizing of ring gears. 16MnCr5 gear wheel; 44 parts per batch;
cycle time, 450 min; carburizing temperature, 930 �C (1705 �F); helium, 18 bar (13,500 torr); case-
hardening depth, 0.85–0.95 mm (0.034–0.037 in.); core hardness, 27–30 HRC

5 mm

Seat, Surface hardness: 700+100 HV
CHD: 0.018 + 0.01 in.
RA < 10%, no carbide network

Carburizing 
not permitted (---)

Island, RA, < 10%, no carbide network

Guiding
Surface hardness: 700+100 HV
CHD: 0.018 + 0.01 in.
RA < 10%, no carbide network

Sealing face
Surface hardness: 
700+100 HV

Case hardened

Case hardened

3.97 mm

44
.3

8 
m

m

Fig. 16 Specification of a nozzle body for a diesel injection system. Source: Ref 13
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for a case depth of 1.5 mm (0.06 in.). It shows
that the total process time is reduced by 40%
if the carburizing temperature is elevated from
930 to 1030 �C (1705 to 1885 �F).
The potential for improvement grows with

higher case depth requirements. For material
15CrNi6 and a case depth of 3 mm (0.12 in.),
for example, a total process time reduction
of 55% was verified when the carburizing tem-
perature was increased from 950 to 1050 �C
(1740 to 1920 �F) (Ref 17).
However, high carburizing temperatures

above 980 �C (1795 �F) may lead to grain
growth. Components with coarse or mixed
grains have the following disadvantages:

� Higher macroscopic heterogeneity
� Less toughness, especially in the carburized

area
� Lower root-bearing capacity

Especially for dynamically loaded parts, the
formation of coarse grains can reduce service
life substantially. As a countermeasure, micro-
alloyed materials were developed that do not
have a tendency to develop coarse grains
(Ref 18 to 20), even at high carburizing tem-
peratures above 1050 �C (1920 �F). These
microalloyed steels have, besides the defined
content of nitrogen and aluminum, a defined
content of the elements titanium and niobium.

The ratio between nitrogen, aluminum, nio-
bium, and titanium should be chosen according
to the targeted carburizing temperature. In
many cases, the amount of niobium is defined
to be 300 to 400 ppm in order to create carboni-
trides in the material. Additionally, the process
chain of steelmaking is defined and adjusted
in such a way that an optimum distribution of
aluminum nitrides and niobium carbonitrides
is achieved. Several microalloyed grades have
been developed and were successfully tested
by component manufacturers. The use of these
microalloyed materials is necessary to exploit
the vast potential of process time reduction
through high-temperature carburizing by means
of LPC.
High-temperature LPC realizes new produc-

tion philosophies, such as one-piece flow
manufacturing. With the accelerated LPC
process, it is possible to integrate case harden-
ing fully into the manufacturing line (Ref 21).
Instead of centralizing all heat treatment opera-
tions in one central hardening shop, all heat
treating operations can be integrated into the
flow of production by installing compact LPC
units into each manufacturing line (Fig. 21).
In this new concept, the components are not

treated in conventional big batches with multi-
ple layers, but they are treated in small batches
consisting of one layer only. The single-layer
treatment provides homogeneous heating, car-
burizing, and precisely controlled gas quench-
ing. All the variations from layer to layer are
eliminated, which leads to reductions in distor-
tion variation within the load (Ref 22).
In addition, this production philosophy allows

strong cost-savings for logistics. Furthermore,
the manufacturing line can be completely auto-
mated because the parts are taken one by one
from the soft machining unit, heat treated in time
with the cycle time of soft machining, and
passed down one by one to the hard machining
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Fig. 17 Hardness profile for various measuring points on the nozzle. Source: Ref 13

Fig. 18 Load configuration for low-pressure carburizing of transmission gears used
in landing box. SAE 9310; 12 parts per batch; carburizing temperature, 960 �C

(1760 �F); nitrogen, 6 bar (4500 torr); case-hardening depth, 1.4–1.65 mm (0.055–
0.065 in.). Source: Ref 14

Fig. 19 Load configuration for low-pressure carburizing of ball screws.
SAE 8620; carburizing temperature, 960 �C (1760 �F); nitrogen,

20 bar (15,000 torr); case-hardening depth, 1.4–1.65 mm (0.055–0.065 in.). Source:
Ref 14
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unit. Only the application of high carburizing
temperatures allows the needed reduction of
treatment times so that the cycle time of carbur-
izing matches the cycle time of machining.
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Table 3 Typical quality control of the low-pressure carburizing process

Quality-control step Frequency

Surface hardness check Three components per every load
Cutting one component from the load for conventional
metallography, hardness profile, and core hardness
evaluation

From every second to every tenth load of mass production

Process monitoring Every production load
Carbon button Optional; measures weight increase of standardized disc to

evaluate carbon absorption of the disc
Nondestructive testing Optional; eddy current
Distortion checks (measure geometry of components
before and after the process)

Depending on the component and application, distortion may
need to be checked; when checking distortion, usually one to
three components are checked for distortion from every load
up to every tenth load of mass production.

Table 4 Treatment times for low-pressure carburizing of 18CrNiMo7-6 at different
temperatures (case depth = 1.5 mm, or 0.06 in.)

Process step

Time at treatment temperature, h

930 �C (1705 �F) 980 �C (1795 �F) 1030 �C (1885 �F)

Loading 0.25 0.25 0.25
Heating 1.5 1.75 2
Carburizing and diffusion 8.5 5 3
Lowering to hardening temperature 0.75 1 1.25
Quenching and unloading 0.5 0.5 0.5
Bottom to bottom 11.5 8.5 7
Total treatment time reduction . . . 25% 40%
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Fig. 20 Carburizing depth as a function of carburizing
temperature and duration (without heating).
CHD, case-hardening depth. Source: Ref 16

Fig. 21 Component manufacturing with central hardening shop and with one-piece flow (integrated manufacturing
lines applying high-temperature low-pressure carburizing, or LPC). Source: Ref 21
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Plasma Carburizing
Brigitte Clausen, Stiftung Institut für Werkstofftechnik, Bremen, Germany
Winfried Gräfen, Hanomag Härtol Gommern Lohnhärterei GmbH, Gommern, Germany

THE PLASMA CARBURIZING PROCESS,
also called ion carburizing, is basically a
low-pressure carburizing process making use
of a high-voltage electrical field applied
between the load to be treated and the furnace
wall, producing activated and ionized gas spe-
cies responsible for the carbon transfer to
the workpieces. The process possesses some
unique features, such as the ability to carburize
passivating and sintered metals, a high repro-
ducibility, and the possibility to cover parts
that cannot be carburized mechanically. The
process had its peak of industrial utilization
in the years between 1990 and 2000 but has
lost its importance due to the rising use of
low-pressure carburizing using acetylene in
the late 1990s.
In the first trials by Edenhofer (Ref 1), it was

noticed that an enormous amount of the carbon
present in the atmosphere diffused into the sur-
face of the sample when glow-discharge condi-
tions occur between the sample (cathode) and
the furnace (anode). Quantitative measurements
showed that up to 90% of the supplied methane
is converted into diffusible carbon (Ref 2). Fur-
ther advantages include:

� High carbon-transfer velocities
� No soot formation
� Surfaces free of internal oxidation
� Homogeneous carburizing depth (e.g., in

blind holes)
� Easy partial treatment due to mechanical

cover

These results led to a high demand
for plasma carburizing furnaces. Several exam-
ples of applications can be found in Ref 3, 4, 5,
6 to 7. In contrast to plasma nitriding,
the importance of plasma carburizing is abat-
ing, because most advantages are easier to
achieve in a low-pressure carburizing process
(see the article “Low-Pressure Carburizing
(LPC)” in this Volume) without the
additional investment in a plasma generator
and electrical isolation. Only one example for
a still-working plasma process in industrial
measure could be found in the investigation
for this article. The example is presented at
the end of the article.

Principles of Plasma Carburizing

A plasma carburizing process can be applied
in a low-pressure carburizing furnace with
some extra effort. The furnace must be isolated
electrically from the heating and the batch,
which will be connected to the plasma genera-
tor. The generator applies a voltage of approxi-
mately 600 V between the batch and the
grounded furnace. It results in a current density
in the range of 1 mA/cm2 on the batch. The
voltage must be pulsed in the range of microse-
conds to avoid arc discharges. Because every
connection between the batch and heating
chamber causes a short circuit, and carbon is a
good conductor, the cleanliness of the isolation
must be monitored. A plasma process requires a
visual observation. Apart from calculations
concerning the optimal pressure and the batch
design, this visual observation offers certainty
that the batch is carburized uniformly and no
hollow cathode occurs. Figure 1 shows a sche-
matic drawing of a plasma carburizing furnace.
For the plasma process, the gases methane,

hydrogen, and argon should be provided. If car-
bonitriding processes are planned, nitrogen

should be held available. With the addition of
propane and acetylene, plasma-powered low-
pressure carburizing processes are possible.
Because the carbon transfer in plasma carburiz-
ing processes is approximately as high as in a
low-pressure carburizing process with acetylene
as process gas, the process must be divided into
carburizing and diffusing segments. The length
of these segments is dependent on the carbon
transfer. Figure 2 shows a schematic process
procedure. The process starts with the evacua-
tion of the furnace. The batch is heated up to
process temperature. In the last heating seg-
ment, the sputter process is started. It is carried
out with an inert gas or hydrogen, and the
plasma is used to clean the surface. Thereafter,
the plasma process is started with the carburizing
gas. After a duration calculated from the mean
carbon transfer, the furnace is evacuated again
and kept at low pressure until the surface carbon
content drops to approximately 0.6 mass% due
to diffusion into the matrix. After diffusion,
the next carburizing segment can start. The
duration of the segments is calculated from
empirical values. The addition of nitrogen
allows the formation of reactive nitrogen-con-
taining species in the process. Thus, nitrogen
can be absorbed by the surface and change the
carburizing into a carbonitriding process.
Theoretical Background on Glow-

Discharge Plasma. A plasma is an electrically
generated gaseous mixture consisting of posi-
tively and negatively charged particles as well
as neutral species and electrons. Although gas-
eous in nature, it has a cohesive and stable form
with a net electrical charge of zero. Plasmas
occur in many places throughout the cosmos
but do not exist in stable form on Earth due to
the rather special conditions they require for
initiation. Nevertheless, the necessary condi-
tions can be easily achieved, and thus, stable
man-made plasmas can be produced. Such plas-
mas have been widely employed in a variety of
important industrial applications, such as weld-
ing, catalyzing chemical reactions, laser pump-
ing, polymer stabilization, and coating
processes such as physical and chemical vapor
deposition.
The plasma used for case carburizing is the

glow discharge (Ref 8–10). This glow-discharge
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Fig. 1 Schematic drawing of a plasma carburizing fur-
nace. Courtesy of IPSEN International



plasma contains a very high density of electrons
(1 � l012/cm3) with an average energy in the
range of 1 to 10 electron volts (eV)—an energy
range very effective in ionizing and dissociat-
ing diatomic molecules. Further characteristics
of a glow discharge are a typical degree of ion-
ization of 10�4 and a current density of approx-
imately 1 mA/cm2. Thus, plasma provides a
ready and prolific source of chemically active
atoms, and, in plasma (ion) carburizing, this is
its principal function.
A glow-discharge plasma can be

established and maintained by placing two
metal electrodes at opposite ends of a glass
enclosure and evacuating it to a few hundred
pascals (Pa) of pressure. Upon applying a
direct-current voltage of a few hundred volts,
a striated visible glow consisting of various
regions (shown schematically in Fig. 3) is
observed.
In plasma (ion) carburizing, only the cathode

and negative glows in the vicinity of the nega-
tive electrode are important. It is in this region
of highest field strength (the cathode fall
region) that ionization of the residual gas in
the tube occurs. In fact, most of the advantages
achieved by ion carburizing may be attributed
to the physical processes that occur in this
region. Here, the electron and ion velocities
are sufficiently high to dissociate molecules of
the low-pressure gas and thus provide the active
species required. Because this region is very
near the cathode, it is also highly probable that
these activated species will reach the cathode
during their lifetime and thus be available for
reaction with the cathode surface or absorption
into it. More detailed information about the
electron and ionic processes that occur in the
cathode fall region can be found in the litera-
ture (Ref 8–10).
Range and Limitations of Glow-Discharge

Plasma. While glow-discharge plasma can be
made to occur over a rather wide range of con-
ditions, there are, nevertheless, some con-
straints that must be observed to ensure
stability and a constant supply of active carbon.
Referring again to Fig. 3, only the positive col-
umn constitutes “true” plasma, that is, an ion-
ized gas having no net space charge. This
positive column, however, is not essential to
the stability of the discharge and may be elimi-
nated by bringing the two electrodes closer
together. In fact, if the pressure and the voltage
are held constant and the distance between
anode and cathode (d ) in Fig. 3 is decreased,
the positive column simply shrinks in length
until it disappears as the anode enters the Fara-
day dark space. The discharge parameters do
not change appreciably until the anode
approaches the negative glow. Even with the
anode very near the negative glow, the dis-
charge is still stable, but at a slightly higher
voltage.
As d is further decreased, however, the volt-

age necessary to maintain stable operation will
increase unless the pressure is increased to
maintain approximately the same total amount

of gas between the electrodes as when d was
large. As shown by the Paschen curves in
Fig. 4, the voltage required to maintain a stable
discharge in a gas at low pressure is a function
of both the pressure, P, and the distance, d,
between the electrodes—actually, the product
of P and d. Thus, as d is decreased, the pressure
must be increased to permit operation at the
minimum voltage.

Voltage Levels in Plasma Carburizing.
Although it would be advantageous to be able
to operate at the minimum voltage, in ion car-
burizing there are other, more important condi-
tions to be met. For example, it is essential that
the plasma completely covers the cathode so
that the case over the entire surface of the
workpiece (the cathode) will be of uniform
depth. A plot of voltage versus current in a

Fig. 2 Schematic process procedure

Fig. 3 Luminous and dark spaces of a glow discharge. Source: Ref 9
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gas at low pressure is shown in Fig. 5. The min-
imum voltage required ensuring complete cov-
erage of the cathode is indicated by “X,”
which is a voltage just above the constant volt-
age of the “normal” glow region. Although the
voltage must be high enough to ensure that
the point “X” is on the positive slope region
of the current-voltage characteristic curve (for
stability), it should not be any greater than that
required for complete coverage, because higher
voltages simply increase the tendency of the
discharge to pass into the arc mode (Fig. 5).
Thus, in actual practice, the voltage is inter-
rupted continuously in pulses of a few microse-
conds length to minimize the tendency of the
discharge to abruptly enter the arc mode and
damage the part.
Coverage and Wrap-Around Effect. While

the need to adjust the operating conditions to
ensure that the glow sheath completely covers
the workpiece may appear to be a troublesome
constraint, this requirement is, in fact, an
important advantage. Because a surface reac-
tion will occur on the metal part only where
the glow discharge is in contact with it, opera-
tion under conditions where complete coverage
occurs ensures that the case will be of fairly
uniform depth over the part—even on those
areas that are not directly opposite (facing) the
counterelectrode (the anode).
Deep recesses and blind holes are also car-

burized, provided the depth-to-diameter ratio
is not too large (<12:1). To permit penetration
of the glow discharge, a hole must have a diam-
eter at least twice the thickness of the plasma
sheath. The depth of the penetration of the
plasma and therefore the extent of downhole
carburizing will depend on the pressure and
the interelectrode distance, d. This has impor-
tant consequences in furnace design and fur-
nace loading, as well as an influence on the
operating parameters.

Carburizing Reaction in
Plasma Carburizing

The plasma carburizing process is carried out
with the process gases methane or propane. The
carbon-transfer process during plasma carburiz-
ing is explained with methane. The important
processes of electrons with other molecules in
pure methane glow discharges are the following
(Ref 11–13):

e� þ CH4 ! CHþ
3 þ Hþ 2e� (Eq 1)

e� þ CH4 ! CHþ
4 þ 2e� (Eq 2)

e� þ CH4 ! CH3 þ Hþ e� (Eq 3)

e� þ H2 ! Hþ
2 þ 2e� (Eq 4)

The production of the molecule CH3 and the
ions CH3

+ and CH4
+ are necessary for the

carbon transfer from the glow discharge to
the surface area of the workpiece (Ref 11).
The positive-charged ions CH3

+ and CH4
+ are

accelerated to the cathode due to the voltage
of the discharge. Because the weights of CH3

+

and CH4
+ ions are nearly the same as the

weight of CH3 radicals, these molecules are
moved to the cathode through collision reac-
tions, too. The CH3

+ and CH4
+ ions and CH3

radicals are adsorbed from the surface of the
batch (cathode), crack in atomic carbon and
hydrogen, and diffuse into the steel (Fig. 6)
(Ref 13).
The atomic carbon is dissolved in the face-

centered cubic lattice of the austenite, and the
hydrogen atoms diffuse through the lattice and

leave the steel in the diffusion segments of the
carburizing cycle. The carbon transfer of glow
discharges depend on the current density, volt-
age, frequency, type of gas, gas mixture, pro-
cess gas pressure, and temperature. Figure 7
shows the influence of current density on car-
bon transfer at a pressure of 5 mbar and a tem-
perature of 950 �C (1740 �F) as an example of
the different parameters.
Diffusion Characteristics. The laws of dif-

fusion are not affected by the employment of
plasma in the carburizing process:

_m ¼ �D
qC
qx

(Eq 5)

Fig. 4 Paschen curves for a direct-current glow discharge between parallel-plate electrodes for various gases,
showing the breakdown voltage versus the product of the gas pressure (P ) and the distance (d ) between the
electrodes

Fig. 5 Schematic current-voltage characteristic for electrical discharges in a gas at low pressure. X, minimum voltage
required to ensure complete coverage of the cathode

Plasma Carburizing / 593



The carbon flux ( _m) is proportional to the car-
bon gradient (qC/qx) in the surface and the dif-
fusion coefficient (D). The context is visualized
in Fig. 8. The carbon gradient can be increased
by covering the surface with diffusible carbon.
The surface carbon content will increase to the
temperature- and alloy- dependent solution
limit (Fig. 9) and start to build carbides if the
supply is not reduced. The increased gradient
between surface and core content increases the
carbon diffusion into the metal primarily in
the first seconds of carburization. Like vacuum
carburizing, plasma carburizing is performed
in an oxygen-free environment, which permits
higher temperatures and thus higher diffusion
rates. Both the higher diffusion rate and the car-
bon uptake lead to an increase of the carburiz-
ing velocity. The best effect is achieved in a
combination of higher carburizing temperature
and higher carbon uptake (Fig. 8).
On the other hand, it must be remembered

that an increase in carburizing temperature
leads to grain growth in conventional carburiz-
ing steels (Fig. 10). If the mechanical features
of the treated parts are of importance, the
microstructure must be refined before the hard-
ening procedure, or specially alloyed grain-
stable steels must be used (Ref 15). Another
point that must be taken into account is the life-
time of furnaces and batch racks, which
decreases disproportionally with increasing pro-
cess temperature. Heavy components carburized
at higher temperatures are in danger of losing
their shape by creep due to their own weight.

Advantages and Disadvantages

Most advantages of the plasma carburizing
process are based on processing at low pres-
sures and are therefore the same as for low-
pressure carburizing processes:

� High carburizing rates
� Surfaces free of internal oxidation
� Carburizing of parts with complex geome-

tries possible
� No emission of heat and dangerous gases to

the environment
� Easy integration in production lines
� No conditioning of furnaces needed
� High reproducibility
� Possible application of higher carburizing

temperatures
� Shorter cycle durations
� Low input of energy and carburizing gases

Apart from these common advantages, the
plasma carburizing process has some unique
features that are briefly discussed as follows.
The main disadvantage of plasma carburizing

is the sensitivity of the process. The use of
carbon-dispensing gases combined with high
voltages makes the process delicate. In com-
parison to gas carburizing processes, it must
be claimed that despite all efforts, it is
still not possible to measure a carbon-uptake
corresponding value or even the temperature
in the batch. The control of the process is there-
fore unsatisfactory.

DiffusionC
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Fig. 6 Surface reactions during plasma carburizing.
Source: Ref 13

Fig. 7 Carbon transfer as a function of current density. Source: Ref 12

Fig. 8 Correlation between carbon uptake, temperature, and carbon supply at the surface
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Mechanical Masking. In every other carbur-
izing process, masking of, for example, core
threads entails great effort. In plasma carburiz-
ing processes with methane, every thread can
be masked with a simple nut (or screw),
because carburizing definitely does not take
place were the plasma glow is not glowing.
Carburizing Sinter Metals. Carburization of

sinter metals in conventional gaseous or low-
pressure processes effects an increase of the
carbon content in the whole part, because the
gases penetrate the porous structure. In plasma
carburizing processes with methane, the carbur-
izing treatment will be limited to the surface,
because below 1130 �C (2065 �F) the nonacti-
vated methane does not carburize the micro-
structure. A case-hardening treatment is
therefore only possible in a plasma carburizing
process.
Carburizing of Stainless Steels. Stainless

steels have a passivating surface that makes it
impossible to carburize them uniformly in con-
ventional processes. In plasma carburizing pro-
cesses, the surface can be activated by a sputter
plasma using argon or hydrogen. The passive
layer is not rebuilding at low pressures. Carbur-
ization can take place even at low temperatures
to avoid the forming of chromium carbides.
Influence of Pulse Length on Carbon

Input. The high carbon input of low-pressure
carburizing processes is not always an advan-
tage. As stated in the technical basics, the car-
burizing segments last until the carbon
solution limit is reached (Fig. 2) and are fol-
lowed by a diffusion segment. Throughout the
process, a carbon profile forms in the surface.
The amount of carbon needed to reach the solu-
tion limit decreases continuously in the process.
With a constantly high carbon input, this results
in an extreme shortage of the carburizing peri-
ods. The carbon input cannot be reduced by
carburizing gas dilution or current reduction
below a minimum value without risking a lack
in homogeneity of carbon uptake in the batch.
In low-pressure carburizing processes without
plasma, support of this effect may result in car-
burizing periods below 1 min at carburizing
depths above 1 mm (0.04 in.) (if the formation
of carbides is to be avoided).
The plasma carburizing process offers new

possibilities because the carbon input can addi-
tionally be influenced by the length of the cur-
rent pulses. Contrary to plasma nitriding, the
pulse-pause ratio can be chosen freely, because
the batch is heated independently in the plasma
carburizing process. It is possible to start with
longer pulses and reduce them within the pro-
cess, so that the carburizing periods always
offer an optimal length and carbon supply
(Ref 16).

Production Equipment

Plasma carburizing furnaces do not differ
much from low-pressure carburizing furnaces.
They consist of a vacuum-tight, double-wall,

Fig. 9 Low-carbon region of the iron-carbon composition diagram complemented with calculated solubility limits
for 16MnCr5 and 17CrNiMo6. Source: Ref 14

Fig. 10 Grain growth in conventional carburizing steels with increasing carburizing temperature
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water-cooled outer shell equipped with a vac-
uum pump system and an inner hot zone mainly
consisting of graphite board insulation and
graphite heating elements. The quenching pro-
cess can be carried out in the very same way
as after a low-pressure (vacuum) carburizing
process. It is important that the load hearth sup-
port consists of electric insulators. The high-
frequency pulsed power supply is connected to
the batch through the load hearth support.

Loading Requirements and Limitations

Parts cannot be shovel loaded, because the
plasma envelope would be mechanically
masked. To carburize, the plasma envelope
must surround the component part. Thus, the
parts must be fixtured or positioned such that
they do not contact each other. Further, the dis-
tance between parts must be adjusted in a way
that a hollow cathode is excluded. The distance
must exceed the double visible glow thickness
to achieve this aim.
The thickness of the cathode visible glow or

luminescence is a function of the pressure, gas
composition, and temperature. The glow lumi-
nescence becomes thicker as the temperature
increases due to the kinetic activity, and it
becomes thinner with increasing pressure.
A visual observation is helpful to avoid a hol-
low cathode and to observe the glow envelop-
ing the batch.

Process Parameters

Experience has shown that results gained in
plasma carburizing equipment cannot always
be transferred to other equipment (Ref 17).
Results are basically influenced by the shape
of the heating chamber and the power charac-
teristic of the plasma generator. Specific trials
in a new furnace are inevitable.
Surface Condition. The plasma carburizing

process is not sensitive to surface contamina-
tion. Heavily rusted samples can lead to a
decrease in carbon uptake, but contamination
occurring in normal industrial life does not
harm the result or the homogeneity of the result
(Ref 17).
Temperature influences the results by

increasing the solution limit (Fig. 2) and the dif-
fusion coefficient of carbon in steel. Further, the
temperature influences the voltage-current char-
acteristic, effecting a higher current density at
higher temperatures at similar voltages (Ref 17).
Composition of Atmosphere/Gas Flow

Rate. To ensure homogeneous carburization of
the batch, a minimal furnace, current density,
and batch-size-dependent amount of methane
must be applied. A dilution of the process gas
methane can be realized with nitrogen but is
not necessarily needed. A sensible value can be
found at approximately 100 SL (standard liters)
CH4/(h � m2) (Ref 17).
Pressure. The pressure used for plasma car-

burizing processes ranges between 100 and

800 Pa (0.015 and 0.116 psi). If the plasma is
glowing stable, the pressure has no effect on
the carburization of plain surfaces. The carbur-
ization of blind and through holes can be influ-
enced positively by higher pressure. The depth
of the penetration of the plasma and therefore
the extent of downhole carburizing will depend
on both the pressure and the interelectrode dis-
tance, d. The width of the plasma glow should
be thinner than half of the hole diameter. To
ensure even carburization, a visual observation
of the formation of the plasma luminescence
or visible glow is necessary in covering the
whole surface of the load. The visual check also
verifies that no hollow-cathode effects are
observed.
Voltage, Current, Pulse—Power Density.

Voltage and current density are connected in
the temperature, gas composition, and pres-
sure-dependent voltage-current characteristic
(Fig. 5). The current is operated between the
minimal current density, providing a glow of
the plasma luminescence on the whole surface
of the batch, and the maximal current density
below the current that results in an arc dis-
charge. An example of the influence of current
density on carbon transfer was given in Fig. 7.
The carbon transfer rate _P

� �
increases with

increasing power density, expressed as the
product of voltage (U ) and current (I ) per unit
area (A):

_P ¼ U � I
A

� tPulse
tPulse þ tPause

(Eq 6)

The equation shows that with stable process
parameters for voltage, current, and pressure,
the carbon uptake in the carburizing process
can be controlled by reducing or increasing
the length of the pauses between two pulses.

Application Example

Today (2013), there is only one user still
applying plasma carburizing on an industrial
basis. The process is described in the following
example (Ref 18).
Diesel injection components are very

complex-shaped and highly stressed parts. Usu-
ally, they are manufactured from special puri-
fied case-hardening or heat treatable steel
grades and must be heat treated with severe
requirements regarding distortion and cleanli-
ness. This is because the parts are soft
machined to a near-net shape geometry, and
washing after heat treatment is undesirable.
The injector body made of DIN 1.5920 steel
exhibits a center bore hole and a sealing face
at the lower end, and both are requested to be
case hardened (Fig. 11). Four threads of differ-
ent geometries are not permitted to be carbur-
ized. The outer surface is permitted but not
requested to be carburized.
To fulfill these requirements, it is necessary

to mask the part in a way that allows the plasma
only to cover the faces to be carburized. This is

carried out by enclosing a certain number of
parts completely within a graphite box and
additionally masking the threads at the upper
and lower end of the center bore hole of each
part by metal sleeves (Fig. 12).
For the preparation of the load, eight of the

graphite boxes are filled with the prewashed
parts, and then the boxes are placed on two
levels of a cast alloy rack. The load size is
approximately 100 injector bodies and is lim-
ited to the usable volume of the furnace.
The equipment used for the plasma carburiz-

ing heat treatment process is an eight-chamber
inline vacuum furnace manufactured by ALD

Fig. 11 Shape of investigated injector body. Source:
Ref 18

Fig. 12 Three-dimensional model of heat treatment
fixture for injector bodies made of graphite.
Source: Ref 18
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and especially adapted to the size of the parts to
be carburized (Fig. 13).
The plasma process is carried out at 900 �C

(1650 �F) in a CH4-Ar-H2 gas mixture at a pres-
sure of approximately 7 mbar, a voltage of
approximately 600 V, and a current density of
approximately 4.0 mA/cm2. After the last diffu-
sion cycle, the parts are lowered to hardening
temperature. During the last cycle, the
load stays in the quenching chamber to be
cooled down with 10 bar nitrogen and a fan
motor power of 125 kW. The heat treatment
proceeds with a subzero treatment at �100 �C
(�150 �F), followed by tempering at 180 �C
(355 �F) for 2 h.
Figure 14 shows two microhardness profiles

after the complete heat treatment. Surface hard-
ness and case-hardening depth are within the
specification and are very close together at the
different locations, indicating that the plasma
carburizing process is capable of producing a
very uniform case even on complex-shaped
parts with small through and blind holes.
This example takes advantage of the main

unique features of the plasma carburizing
process:

� The parts are mechanically masked on the
surfaces that will not be carburized.

� The process is integrated into a production
line.

� The reproducibility is used for a process
with nonchanging parameters.

Due to the results achieved with low-pressure
carburizing in recent years and the design-
related problems of plasma carburizing fur-
naces, the technique is expected to become
obsolete in coming years.
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Carbonitriding of Steels*
Jon Dossett, Consultant

CARBONITRIDING is a modified form of
carburizing that involves the introduction and
diffusion of atomic nitrogen (N) into the sur-
face steel during carburization. The process is
done by introducing ammonia (NH3) during car-
burization, so that nitrogen atoms are available
to enter and diffuse into the surface. Nitrogen in
the case has several beneficial effects. Small
amounts facilitate carbon diffusion and dissolu-
tion in iron (Ref 1), with some increase in hard-
ness (Fig. 1, Ref 2). Nitrogen contents above
approximately 0.20 wt% also have a marked
effect on hardenability. This allows case harden-
ing by oil quenching of plain carbon and low-
alloy steels that would otherwise require water
quenching. Full hardness with less distortion can
be achieved with oil quenching or, in some
instances, even gas quenching, employing a pro-
tective atmosphere as the quenching medium.

Carbonitriding also imparts some additional wear
resistance compared to ordinary case hardening.
Like carburizing, the process temperatures

for carbonitriding are above the upper critical
(Ac3), but carbonitriding typically is done at a
lower temperature than carburizing— between
775 and 900 �C (1425 and 1650 �F) versus
870 and 1065 �C (1600 and 1950 �F) for
carburizing—and for a shorter time. At higher
carbonitriding temperatures, ammonia additions
are less effective as a source of atomic nitrogen
(N) for the case, because higher temperatures
raise the rate of spontaneous decomposition of
ammonia into molecular nitrogen (N2), and
hydrogen increases. Molecular nitrogen also
does not easily diffuse, nor does it contribute
to case hardenability. Thus, lower process tem-
peratures are needed to maintain an effective
source of atomic nitrogen.

Because gas carbonitriding typically is car-
ried out at a lower temperature and for a
shorter time than for gas carburizing, the case
is usually shallower than that of production
carburizing. Carbonitrided cases are usually
between 0.075 and 0.75 mm (0.003 and
0.030 in.) deep. However, even though carboni-
triding uses a lower process temperature, small
amounts of nitrogen can be beneficial in the dif-
fusion process. At lower concentrations, nitro-
gen raises the diffusion coefficient of carbon in
austenite and increases the activity of carbon
in austenite, as a result of the superficial concen-
tration of carbon in the primary layer from the
furnace atmosphere (Ref 1). Thus, for a given
case depth, the carbonitriding process can be
done at a temperature approximately 50 �C
(90 �F) lower than the comparable carburizing
temperature to achieve the same case depth.
Steels commonly carbonitrided include those

in the 1000, 1100, 1200, 1300, 1500, 4000,
4100, 4600, 5100, 6100, 8600, and 8700 series,
with carbon contents up to approximately
0.25%.Also,many steels in these same serieswith
a carbon range of 0.30 to 0.50% are carbonitrided
to case depths up to approximately 0.3 mm
(0.01 in.) when a combination of a reasonably
tough, through-hardened core and a hard, long-
wearing surface is required (shafts and transmis-
sion gears are typical examples). Steels such as
4140, 5130, 5140, 8640, and 4340 for applica-
tions such as heavy-duty gearing are treated by
this method at 845 �C (1550 �F). Where core
properties are not important, carbonitriding per-
mits the use of low-carbon steels, which cost less
and may have better machinability or formability.
Carbonitriding has been known since the early

1900s but was little used until approximately
1935. Its use increased rapidly in the postwar years
(Ref 3). Over the years, the carbonitriding process
has been givenmany names, such as dry cyaniding,
gas cyaniding, nicarbing, and others (Ref 4, 5). The
nitriding process of nitrocarburizing also has been
improperly used as reference to the carbonitriding
process. Part of this confusion is that the term car-
bonitriding seems to imply a nitriding process.
However, carbonitriding is a modified form of

ASM Handbook, Volume 4A, Steel Heat Treating Fundamentals and Processes
J. Dossett and G.E. Totten, editors
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Fig. 1 Effect of nitrogen on the attainable hardness of martensite in steels with carbon levels of 0.05, 0.10, and
0.15 wt%. Quenched to produce fully martensitic structure free from residual carbides and residual
nitrides. Source: Ref 2

* Revised from J. Dossett, Carbonitriding of Steels, Heat Treating, Vol 4, ASM Handbook, ASM International, 1991, p 376–386



carburizing, while nitrocarburizing is a nitriding
process with higher levels of nitrogen in the case
and a compound layer on the surface.
Carbonitriding produces a martensitic case

with nitrogen levels less than carbon levels,
such as the typical carbonitrided case shown
in Fig. 2 with approximately 0.80% C and
0.30 % N at the surface. In contrast, nitrocar-
burizing involves higher levels of nitrogen with
a compound layer (Fig. 3). There are two types
of nitrocarburizing: ferritic and austenitic. Fer-
ritic nitrocarburizing occurs at lower tempera-
tures in the ferritic temperature range and
involves diffusion of nitrogen into the case
(Fig. 3a). Austenitic nitrocarburizing (Fig. 3b)
is a more recently developed process (Ref 7,
8), with process temperatures in the range of
675 to 775 �C (1245 to 1425 �F). It also uses
much higher ammonia additions and thus has
higher nitrogen levels in the case. This allows
the formation of a surface compound zone,
which is not typical of the carbonitriding pro-
cess. Austenitic nitrocarburizing differs from
ferritic nitrocarburizing in its capability for dee-
per case depths with better load carrying but
may result in greater part distortion because of
the higher processing temperatures and the
required quenching process.

Process Description

Carbonitriding can be carried out in a salt
bath (i.e., similar to liquid cyaniding) or in a

furnace gas atmosphere cyaniding. Because of
problems in disposing of cyanide-bearing
wastes, gas carbonitriding is now often pre-
ferred over liquid cyaniding.
Key to controlling carbonitriding processes

to obtain optimum case characteristics is to
control both the case carbon and nitrogen. The
rate of nitrogen pickup depends on the free
ammonia content of the furnace atmosphere
and not the percentage of ammonia in the inlet
gas. Unfortunately, no state-of-the-art sensor
for monitoring the free ammonia content of
the furnace atmosphere has yet been developed.
During gas carbonitriding, the primary reactions

producing carbon and nitrogen are (Ref 1):

Reactions 1 to 6 play a direct and active part in
the production of both atomic carbon and nitro-
gen for diffusion. Atomic nitrogen is created in
reactions 4 to 6 and is available to the steel for
diffusion, together with the carbon. Decomposi-
tion of molecular nitrogen (N2) into atomic

nitrogen (N) (reaction 5) is a key reaction for
the process temperatures of carbonitriding.
Higher carbonitriding temperatures are less

effective in generating atomic nitrogen (N) from
ammonia additions to the atmosphere. This is
because the rate of spontaneous decomposition of
ammonia tomolecular nitrogen (N2) and hydrogen
increases as the temperature is raised. The depen-
dence of nitrogen potential on temperature is given
in Fig. 4 (Ref 9). Figure 5 also shows that lower
temperatures favor increased surface nitrogen con-
centrations and the effects of ammonia addition on
carbon potential. At a given temperature, the frac-
tion of the ammonia addition that spontaneously
decomposes is dependent on the residence time
of the atmosphere in the furnace: the higher the
total flow of atmosphere gases, the lower the frac-
tion of the ammonia addition that decomposes to
nitrogen and hydrogen.
The effect addition of ammonia has on

CO2 content of the furnace is attributable to
dilution of the furnace atmosphere by ammonia
and its dissociation products from reaction 3:

NH3 ! N2 þ 3H2

A reduction in carbon potential would be
expected with a reduction in CO2 in the furnace
atmosphere. However, even when CO2 is main-
tained constant in the furnace, actual carbon
potentials decrease with increasing ammonia
additions (Fig. 5). The carbon potential possible
with a given carbon dioxide level is higher in a
carburizing atmosphere than in a carbonitriding
atmosphere. Dilution with nitrogen and hydro-
gen affects measurements of oxygen potential
in a similar manner; the carbon potential possi-
ble with a given oxygen potential is higher in a
carburizing atmosphere than in a carbonitriding
atmosphere. Water vapor content (dewpoint),
however, is much less affected by this dilution.
Thus, the amount of dilution and its resulting effect
on the atmosphere composition depends on the
processing temperature, the amount of ammonia
introduced, and the ratio of the total atmosphere
gas flow rate to the volume of the furnace.
It is possible to select process conditions to

obtain almost any desired combination of car-
bon and nitrogen content within the case. As
noted, available nitrogen content is restricted
by treatment temperature, and this must be
taken into account when considering higher
temperatures for carbonitriding. An example is
shown in Fig. 6 for 925 �C (1695 �F) treatment,
from which it is possible to select process
conditions that will provide any desired combi-
nation of carbon and nitrogen in the case.
Figure 6 also indicates that the nitrogen content
achieved for any given ammonia addition level
(0 to 20%) is unaffected by the carbon potential
of the furnace.
Often, carburizing and carbonitriding are

used together to achieve much deeper case
depths and better engineering performance
for parts than could be obtained using only the
carbonitriding process. This process is appli-
cable particularly with steels with low case

Fig. 2 Typical carbonitrided surface with carbon predominating in a martensitic case. Carbonitriding temperature
was 850 �C (1560 �F). Source: Ref 5, 6

C þ CO2 () 2CO Reaction 1(a)—carbon source
CH4 () C þ 2H2 Reaction 1(b)—carbon source
C þ H2O () CO þ H2 Reaction 2
2NH3 () N2 þ 3H2 Reaction 3
NH3 () Nþ 3=2H2 Reaction 4
½N2 () N Reaction 5
HCN () C þ N þ ½H2 Reaction 6
COþ2NH3()CH4þH2OþN2 Reaction 7
CO þ NH3 () HCN þ H2O Reaction 8
CO2 þ H2 () CO þ H2O Reaction 9
CH4 þ H2O () CO þ 3H2 Reaction 10
CH4 þ CO2 () 2CO þ 2H2 Reaction 11
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hardenability, that is, the 1000-, 1100-, and 1200-
series steels. The process generally consists of
carburizing at 900 to 955 �C (1650 to 1750 �F)
to give the desired total case depth (up to
2.5 mm, or 0.100 in.), followed by carbonitriding
for 2 to 6 h in the temperature range of 815
to 900 �C (1500 to 1650 �F) to add the desired car-
bonitrided case depth. The subject parts can then
be oil quenched to obtain a deeper effective and
thus harder case than would have resulted from
the carburizing process alone. The addition of

the carbonitrided surface increases the case
residual compressive stress level and thus
improves contact fatigue resistance as well as
increases the case strength gradient.
When the carburizing/carbonitriding pro-

cesses are used together, the ratio of effective
case depth (50 HRC) to total case depth may
vary from approximately 0.35 to 0.75 depend-
ing on the case hardenability, core hardenabil-
ity, section size, and quenchant used. A more
shallow effective or total case depth can be
achieved with a given carbonitriding process
by using fine-grained steels containing higher
amounts of aluminum (Ref 12) or titanium.
The nitrogen from the process forms nitrides
with the aluminum or titanium. This combined
nitrogen does not improve case hardenability.
Sometimes ammonia is only added during

the decreased temperature portion of a carburiz-
ing cycle for certain parts to increase the resis-
tance to surface pitting fatigue (see also the
section “Pitting Resistance of Transmission
Gears” in this article). This modified process
has the effect of increasing the surface harden-
ability, and it can partially negate the effect of
surface alloy depletion and the creation of non-
martensitic transformation products (NMTP) in
a carburized case.
Nonmartensitic transformation products are

caused by a reduction of surface hardenability
in the carburizing process, and one method of
improving the surface hardenability is to add
ammonia to the carburizing process. However,
the effectiveness of ammonia additions on

NMTP depends on the steel composition. For
example, 8620 and 5120 steels respond differ-
ently to nitrogen additions, owing to the differ-
ent amount of nitride formers (chromium,
manganese) and to the alloying elements
imparting hardenability (Ref 13). In 8620 steel,
the amount of NMTP near the surface was
reduced to as low as 8% (in the near-surface
20 mm) with various levels of ammonia addi-
tions during the complete cycle and at the end
of the carburizing cycle. Alloy 5120 was much
more sensitive to the amount of ammonia
added, due to the effects of manganese sulfide
(MnS) formation on hardenability. The deple-
tion of solute manganese resulted in greatly
diminished hardenability along prior-austenite
grain boundaries and resulted in an increased
depth of NMTP with additions of 3 or 5%
ammonia (Ref 13).

Case Composition

The composition of a carbonitrided case
depends on the process variables of tempera-
ture, time, and atmosphere composition. With
the effect of ammonia additions on carbon
potential, the carbon content of a carboni-
trided case is less than that of a carburized
case at the same time-temperature conditions
(Fig. 7).
The type of steel may also influence the com-

position of a carbonitrided case. In terms of
steel type, the case depth achieved during a

Fig. 4 Nitrogen potential as a function of temperature
and ammonia additions in a furnace atmosphere.
Source: Ref 9

Fig. 3 Nitrocarburized steel surfaces. (a) Ferritic nitrocarburizing at 570 �C (1060 �F), where nitrogen is the predominant element in the compound layer of epsilon (E) carbonitride.
(b) Low-temperature austenitic nitrocarburizing at 700 �C (1290 �F), with a martensitic or bainitic microstructure beneath the E-carbonitride layer. Sources: Ref 5, 6
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given carbonitriding process will be somewhat
lower in steels containing higher amounts of
strong nitride formers such as aluminum or tita-
nium. Very small quantities of prussic acid
(hydrocyanic acid) also occur on the steel sur-
face when penetration of both carbon and nitro-
gen is accelerated (Ref 1).
Carbonitriding can be carried out at such

low temperatures as to produce a compound
layer, so called because Fe-C-N compounds
are formed at the surface. In certain wear
applications, this type of case structure is suit-
able. To produce this layer of compound,
higher percentages of ammonia are required.
It is usually unnecessary to liquid quench
parts carbonitrided in this manner. However,
because the diffusion rate of nitrogen and the
rate of formation of the compound are so slow
at temperatures below 705 �C (1300 �F), such
practice is economically applicable only to
shallow cases in applications in which dimen-
sional tolerances would be difficult to maintain
if the parts were treated at higher tempera-
tures. When temperatures fall below the
austenitic level, this process is called ferritic
nitrocarburizing (Ref 7, 8).
Example 1: Effect of Atmosphere Dew-

point on Case Composition from Carboni-
triding. Figure 8 shows carbon and nitrogen
gradients and case hardness data for 1018 car-
bon steel and 8620 low-alloy steel that were
carbonitrided for 4 h at 845 �C (1550 �F) in a
batch-type radiant-tube furnace. These test data
were obtained under normal production condi-
tions, employing a standard carbonitriding
cycle. All test specimens were carbonitrided
along with production loads of 23 kg (50 lb)
of gears and shafts.
The carbonitriding atmosphere was con-

trolled by an infrared control unit and consisted
of an endothermic gas at 14.2 m3/h (500 ft3/h),
ammonia at 0.7 m3/h (24 ft3/h), propane at
0.007 to 0.021 m3/h (0.25 to 0.75 ft3/h), and
0.32 to 0.34% CO2. The dewpoint of the atmo-
sphere was maintained at �7 to �6 �C (19 to
21 �F) throughout the carbonitriding cycle. All
specimens were quenched from the carbonitrid-
ing temperature (845 �C, or 1550 �F) into warm
oil at 55 �C (130 �F); they were neither tem-
pered nor subjected to subzero treatment.
As the dewpoint of a carbonitriding atmo-

sphere is increased, carbon concentration
decreases and nitrogen concentration remains
fairly constant. This characteristic response is
demonstrated by the data in Fig. 9 for a 1020
steel carbonitrided at 845 �C (1550 �F) for 4 h,
which show that, with the ammonia content of
the carbonitriding atmosphere set at high (5%)
and low (1%) levels, an increase in the concen-
tration of water vapor (decrease in atmosphere
carbon potential) in the inlet gas lowered the
profiles of carbon concentration but did not
appreciably affect nitrogen concentrations.
(Although the dewpoint of the atmosphere in
the carbonitriding furnace, rather than the dew-
point of the inlet gas, is the controlling factor,
data based on the inlet-gas dewpoint demonstrate

Fig. 5 Effect of ammonia additions on nitrogen and
carbon potentials determined using low-

carbon steel foil. For three sets of conditions: solid lines,
3 h at 850 �C (1560 �F) and 0.29% CO

2
; dashed lines,

1 h at 925 �C (1695 �F) and 0.13% CO
2
; dotted lines,

1 h at 950 �C (1740 �F) and 0.10% CO
2
. Source: Ref 10

Fig. 6 Effect of ammonia level on equilibrium carbon
and nitrogen content at 925 �C (1695 �F).
Source: Ref 11

Fig. 7 Layer analysis of carburized and carbonitrided
mild steel. Circle: carburized at 0.12% CO2

for 4 h at 925 �C (1695 �F). X: carbonitrided at 0.12%
CO2 for 4 h at 925 �C (1695 �F) plus 10% NH3. Source:
Ref 11

Fig. 8 Carbon, nitrogen, and hardness gradients for
carburized 1018 and 8620 steels. See text for
processing details.

602 / Carburizing and Carbonitriding of Steels



the general effects of raising and lowering dew-
point on case composition.)

Depth of Case

Preferred case depth is governed by service
application and by core hardness. Case depths
of 0.025 to 0.075 mm (0.001 to 0.003 in.) are
commonly applied to thin parts that require
wear resistance under light loads. Case depths
up to 0.75 mm (0.030 in.) may be applied to
parts (such as cams or small gears) for resisting
high compressive loads. Case depths of 0.63 to
0.75 mm (0.025 to 0.030 in.) may be applied to

shafts and gears that are subjected to high ten-
sile or compressive stresses caused by torsional,
bending, or contact loads.
Medium-carbon steels with core hardnesses

of 40 to 45 HRC normally require more shallow
case depths than steels with core hardnesses of
20 HRC or below.
Measurements of the case depths of carboni-

trided parts may refer to effective case depth or
total case depth, as with reporting case depths
for carburized parts. For very thin cases or
when lower-carbon steels are processed, usually
only the total case depth is specified. In general,
it is easy to distinguish case and core micro-
structures in a carbonitrided piece, particularly

when the case is thin and is produced at a low
carbonitriding temperature; more difficulty is
encountered in distinguishing case and core
when high temperatures, deep cases, and
medium- or high-carbon steels are involved.
Whether or not the core has a martensitic struc-
ture is also a contributing factor in visual case-
depth evaluation.
Effect of Time and Temperature. Based on

a survey of industrial practice, Fig. 10 shows
case depths for different combinations of total
furnace treating time and temperature. (Note
that all values given for case depth are for
effective case depth unless otherwise stated.)

Case-Depth Uniformity

Case-depth uniformity in carbonitriding
depends on temperature uniformity within the
furnace chamber, adequate circulation and
replenishment of atmosphere, and distribution
of the furnace charge so that it is uniformly
exposed to the atmosphere.
Accurate control of treatment time is also

a factor in controlling case-depth uniformity.
All parts in a load should be at a uniform
temperature prior to exposure to the carb-
onitriding atmosphere in order to achieve
uniform results when the processing times
are short.
Example 2: Variations in Case Depth of

Carbonitrided 1010 Steel. Case-depth
variations typical of carbonitriding at 775 to
800 �C (1425 to 1475 �F) are shown in
Fig. 11. The data were obtained on two parts
that were carbonitrided along with large pro-
duction lots. One of these parts, a rack made
of 1010 steel, was carbonitrided at 790 to
800 �C (1450 to 1475 �F) in a horizontal
batch furnace equipped with an enclosed
quench tank. Acceptable limits of case depth
for these racks were 0.05 to 0.13 mm (0.002
to 0.005 in.).
The other part, a pinion shaft of 5140 steel,

was carbonitrided at 775 �C (1425 �F) for 8 h
and then quenched in oil at approximately 75�C
(170 �F). Attainment of acceptable case depth
of 0.2 to 0.3 mm (0.008 to 0.012 in.) was 100%
in 25 tests.

Fig. 9 Effects of ammonia concentration and inlet-gas dewpoint on carbon and nitrogen gradients in a 1020 steel
carbonitrided at 845 �C (1550 �F) for 4 h and air cooled. Inlet gas also contained 5% methane; balance,
carrier gas. Source: Ref 10

Fig. 10 Results of a survey of industrial practice regarding
effects of time and temperature on effective case
depth of carbonitrided cases
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Although the data in this example may be
considered typical, they do not fully reflect the
high degree of uniformity of case depth that
can be achieved. For example, one plant reports
total case-depth uniformity of �0.025 mm
(�0.001 in.) within a load and between loads
in more than 100+ cycles for case depths as
low as 0.125 mm (0.005 in.) on small parts car-
bonitrided in 455 kg (1000 lb) gross-capacity
batch furnaces. Time, temperature, and proces-
sing variables were automatically controlled.
The parts were also preheated to a uniform
temperature using only endothermic gas prior
to actually starting the carbonitriding process.

Hardenability of Case

One major advantage of carbonitriding is that
the nitrogen absorbed during processing lowers
the critical cooling rate of the steel. This can be
seen in a shift in the nose of the isothermal
transformation diagram (Fig. 12) from detailed
studies by Prěnosil (Ref 14). Nitrogen levels
above 0.20% have a marked effect on transfor-
mation behavior, while nitrogen below 0.20%
had hardly any effect (Fig. 13). Higher nitrogen
also considerably lowers the martensite start
(Ms) and austenite (A1) transformation tem-
peratures (Table 1).

Hardenability of a carbonitrided case is signif-
icantly greater than for the same steel that is
only carburized (Fig. 14). Because higher pro-
cess temperatures reduce the effectiveness of
ammonia as a source of atomic nitrogen, harden-
ability can be affected at higher carbonitriding
temperatures. Alloying elements may also inter-
fere with the effect of nitrogen on hardenability.
Conversely, nitrogen seems to interfere with the
hardenability effect of boron (Ref 15).
Improved hardenability permits the use of

steels on which uniform case hardness ordina-
rily could not be obtained if they were only
carburized and quenched (for example, plain

Fig. 11 Effects of temperature and of duration of car-
bonitriding on effective case depth. Both sets

of data were obtained in the same plant. Note that the
graph in (a) (for 1020 steel) is in terms of total furnace time,
whereas the graph in (b) (for 1112 steel) is for 15 min at
temperature.

Fig. 12 Effectof nitrogenon the isothermal transformation
of 0.8% C steel. Transformation curves of steel

with 0.8% C included for comparison. Sources: Ref 9, 14
Fig. 13 Hardenability comparison of carburized and carbonitrided steel. Jominy specimens of base steel (0.08 % C,

0.19% Si, 0.40% Mn) were austenitized at 820 �C (1510 �F) for 30 min. Source: Ref 9, 14
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carbon steels that tend to have soft spots upon
water quenching). Nitrogen also makes it pos-
sible to oil quench steels such as 1010, 1020,
and 1113 to obtain martensitic case struc-
tures. Because of lower processing tempera-
tures and/or the use of less severe quenches,
carbonitriding may produce less part distor-
tion and better control of dimensions than
carburizing, and thus may eliminate the need
for straightening or final grinding operations.
Where core properties are not important, carbo-
nitriding permits the use of low-carbon steels,
which cost less and may have better machinabil-
ity or formability.

Hardness Gradients

Hardness at various levels in the case
depends on the microstructure. Hardness gradi-
ents associated with the microstructures of 1117
steel are presented in Fig. 15. When the carbo-
nitriding atmosphere was relatively high in
ammonia (11% NH3), the nitrogen content of
the case was high, and enough austenite was

retained after quenching to lower the hardness
to 48 HRC, 500 g (1.1 lbf) load, at a depth of
0.025 mm (0.001 in.) below the surface. The
amount of retained austenite was decreased,
and hardness consequently was increased,
either by lowering the ammonia flow rate from
0.57 to 0.14 m3/h (20 to 5 ft3/h), which reduced
the ammonia content of the furnace atmosphere
from 11 to 3%, or by introducing a 15 min dif-
fusion period at the end of the carbonitriding
operation. Either treatment increased the hard-
ness to meet or exceed a specified minimum
value of 55 HRC, 500 g (1.1 lbf) load at
0.025 mm (0.001 in.) below the surface.
Similar data relating ammonia content to

hardness for 1018 steel carbonitrided at 790 �C
(1455 �F) for 2½ h and at 845 �C (1550 �F)
for 2½ h are shown in Fig. 16.

Void Formation

Subsurface voids or porosity in the case struc-
ture (Fig. 17) may occur in carbonitrided parts if

the processing conditions are not adjusted
properly. Porosity in the case would result in
such parts being unusable. Although details
of the mechanism of void formation are not
completely understood, this problem has been
related to excessive ammonia additions. Table
2 summarizes the factors that have been shown
singly or in combination to contribute to void
formation. No attempt has been made to quan-
tify the interaction of the material and process
variables presented in Table 2. Rather, this
information should be used as a guide for avoid-
ing or eliminating porosity problems. It should
also be noted that the reprocessing of parts pre-
viously carbonitrided can, in many instances,
lead to void formation.
Surface porosity can also be caused by using

an improper grade of ammonia containing
moisture (water vapor).

Control of Retained Austenite

Nitrogen lowers the transformation tempera-
ture of austenite and the martensite start (Ms)
temperature (Table 1). Therefore, a carbonitrided
case usually contains more retained austenite
than a carburized case of the same carbon con-
tent. Because available nitrogen (at a given
ammonia level) is higher at the lower process
temperatures, an increase in retained austenite
can occur in the case at lower processing tem-
peratures (Fig. 18, Table 3). Retained austenite
also can become high when alloy steels are
carbonitrided.
Retained austenite has low indentation hard-

ness and is undesirable in many applications.
It can be extremely detrimental in components
of close-fitting assemblies, for example, shaft
and sleeve assemblies wherein the shaft is
intended to rotate or reciprocate in the sleeve.
The delayed transformation of austenite to mar-
tensite at ambient temperature results in a vol-
ume increase that may cause moving parts to
bind or “freeze” in service.
Because the amount of retained austenite is nor-

mally at a maximum near the steel surface, it can
be removed from symmetrical contours by grind-
ing. However, care must be exercised in grinding
high retained austenite surfaces because of the
increased possibility of grinding burn or checking.
If grinding is not required for any reason other than
to remove retained austenite, it also may be con-
sidered an expensive operation.
The most economical way to minimize

retained austenite is by selection of preferred
steels and control of the carbonitriding process.
Minimizing retained austenite in the carboni-
trided case is assisted by modification of sev-
eral processing factors:

� Furnace temperature: An increase in fur-
nace temperature will reduce the nitrogen
content of the outer portions of the case,
thus minimizing the amount of retained
austenite. However, it is far better to reduce

Table 1 Effect of nitrogen on austenite (A1) and martensite start (Ms) transformation
temperatures of 0.8 wt% steel

Nitrogen, %

A1 Ms

�C �F �C �F

0.0 720 1330 205 400
0.39 682 1260 154 309
0.66 670 1240 108 226

Source: Ref 9

Fig. 14 End-quench hardenability curve for 1020 steel carbonitrided at three different temperatures compared with
curve for the same steel carburized at 925 �C (1700 �F). Hardness was measured along the surface of the as-

quenched hardenability specimen. Ammonia and methane contents of the inlet carbonitriding atmosphere were 5%;
balance, carrier gas. Source: Ref 15
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ammonia flow rather than depend on
increased temperature to lower the nitrogen
content.

� Carbon potential: Lowering the carbon poten-
tial will also help reduce retained austenite.

� Ammonia content: The ammonia content of
the carbonitriding atmosphere should be
restricted to the minimum required to obtain
the desired hardenability. A 1 to 5% ammo-
nia content in the inlet gas is usually a satis-
factory starting point; a lower content
decreases the rate of penetration but may
be desirable to minimize retained austenite
and to avoid case porosity.

The amount of retained austenite also can be
significantly decreased by subzero-temperature
treatments that allow lower-temperature mar-
tensitic transformation. This involves cooling
the quenched parts to �40 to �100 �C (�40 to
�150 �F). An example is shown in Fig. 19. Sub-
zero treatment of parts that are to be tempered

should precede final tempering, or finish
grinding when close-tolerance ground parts
are involved. Subzero treatment may cause
microcracks in the case, particularly in coarse-
grained steels.

Furnace Atmospheres

Almost any furnace suitable for gas carburiz-
ing can be adapted to carbonitriding. Whether
dense or shallow (openly spaced) work loads
are to be processed, the furnace must be
equipped with a fan to circulate the atmosphere.
For work that is to be clean and bright after
quenching, the furnace must be equipped with
protective-atmosphere vestibules to the quench
area.
The atmospheres used in carbonitriding gener-

ally comprise a mixture of carrier gas, enriching
gas (methane, propane, etc.), and ammonia. Basi-
cally, the atmospheres used in carbonitriding are

produced by adding from generally about 2 to
5% ammonia to a standard gas-carburizing
atmosphere.
Control of furnace atmosphere becomes

more critical when lower austenitizing tempera-
tures may be required (see the section “Temper-
ature Selection” in this article). In particular,
retained austenite becomes a factor at lower
process temperatures. For applications where
carbonitriding will not be followed by a grind-
ing operation or subzero treatment, the recom-
mendation is to keep carbon concentration
near 0.70% and nitrogen near 0.30% (Ref 16).
Thus, when carbonitriding, heat treaters should
consider dropping the conventional 0.85 to
0.90% C aim used for straight carburizing by
at least 10 points.
Milano did a series of tests in which surface

carbon is held as close to 0.70% as possible to
help substantiate whether or not maximum
hardness levels and wear resistances found at
various depths below the surface can be
attained at the surface by dropping the surface
carbon level to 0.70% and the nitrogen level
to 0.30%. For example, Fig. 20 shows hardness
decreasing as carbon rises; however, nitrogen
varies independently of carbon.

Fig. 15 Hardness gradients in 1117 steel carbonitrided at 815 �C (1500 �F) for 1½ h and quenched in oil. Required
minimum hardness of 630 HK (55 HRC) at 0.025 mm (0.001 in.) below the surface was met by reducing

the percentage and flow rate of ammonia or by adding a diffusion period after carbonitriding, as indicated.
Atmosphere consisted of endothermic carrier gas (dewpoint, �1 �C, or 30 �F) at 4.25 m3/h (150 ft3/h), natural gas at
0.17 m3/h (6 ft3/h), and ammonia in the amounts indicated.

Fig. 16 Effect of ammonia content of carbonitriding
gas on hardness gradient
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Control of Atmospheres

The three types of gases that comprise carboni-
triding atmospheres usually are measured through
flowmeters and may be premixed just before they
enter the furnace. Large continuous furnaces
require addition of the gas mixture at several
points to provide the desired composition within
the chamber. Control of the atmosphere usually
is obtained by producing a carrier gas that is as
constant in chemical composition and dewpoint
(carbon potential) as practical,with a fixed ammo-
nia addition, and by varying the enriching gas
either manually or automatically to give the
desired carbon and nitrogen composition in the
carbonitrided case. In varying the enriching gas,
care must be taken not to introduce excessive
amounts of hydrocarbon into the furnace, because
this will cause sooting. Heavy deposits of soot, in
addition to making the work difficult to clean,
have a detrimental effect on alloy furnace parts
and may impede the rate of carbonitriding.
Ammonia Content. The following are

among factors to be considered in establishing
ammonia content for the influent gas:

� Atmosphere turnover: Frequently, lower
ammonia percentages must be used with
high rates of furnace-gas change (that is,
total gas flow divided by furnace chamber
volume) to produce a specific microstructure
for a specific furnace and load.

� Recirculation rate: Generally, increases in
recirculation rate, and hence in atmosphere
uniformity, permit the use of lower ammonia
concentrations.

� Furnace-cycle time: The rate of absorption
of nitrogen in austenite decreases with time;
hence, short furnace cycles and low case
depths require higher ammonia percentages.

� Furnace temperature: Higher ammonia per-
centages often must be used with higher fur-
nace temperatures.

� Load size, density, and surface area: As size,
density, and surface area of the load increase,

Fig. 18 Retained austenite in 1018 steel carbonitrided at three different temperatures. Bar 28.5 mm (1⅛ in.) in diameter quenched in 55 �C (130 �F) oil. See also Table 3.
Source: Ref 16

Fig. 17 Effect of ammonia additions on nitrogen content and formation of subsurface voids in foils. (a) 850 �C
(1560 �F) 0.29% CO2. (b) 925

�C (1695 �F) 0.13% CO2. (c) 950
�C (1740 �F) 0.10% CO2. Source: Ref 11

Table 2 Effect of material/variables on the possibility of void formation in carbonitrided
cases

Material/processing variables(a) Possibility of void formation

Temperature increase Increased
Longer cycles Increased
Higher case nitrogen levels Increased
Higher case carbon levels Increased
Aluminum-killed steel Increased
Increased alloy content of steel Decreased
Severe prior cold working of material Increased
Ammonia addition during heat-up cycle Increased

(a) All other variables held constant. Sources: Based on data in Fig. 17, Ref 8 and 15
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a higher flow rate of ammonia is required to
match the increase in nitrogen demand.

� Carbon potential/hydrocarbon addition:
Lower ammonia percentages can normally
be used with higher carbon potentials. How-
ever, as the load size or surface area of the

load increases, hydrocarbon additions of up
to 25% by volume may be necessary to ade-
quately control the carbon potential early in
the cycle or for shallow case depths.

� Type of steel: The minimum percentage of
ammonia required for hardenability depends
largely on steel composition. Austenite
retention increases with an increase in
ammonia content. Therefore, lower ammo-
nia contents should be used with alloy steels,
particularly those containing nickel or high
manganese, and with higher-manganese car-
bon steels such as 1117, 1118, and 1024.

Only enough ammonia should be added to
sustain the carbonitriding reactions in the atmo-
sphere; excess ammonia does not contribute to
the nitrogen content of the case and can lead
to void formation, as discussed earlier. Usually,
2.5 to 5% ammonia is sufficient to produce sat-
isfactory nitrogen content in the case.
Contaminants must be avoided in order to

maintain an effective atmosphere in the furnace
chamber. Infiltration of air and leaks in radiant
tubes cause products of combustion, which are
detrimental to the atmosphere, to enter the work
chamber. Even the work load itself can provide
a source of contamination. When significant
amounts of grease, oil, cleaning agents, mois-
ture, or quenching salts are present on surfaces
of the work load, these materials can seriously

contaminate the atmosphere. This source of
contamination can be avoided by cleaning the
work with a suitable agent before charging
and by the use of purging cycles.

Influence of Furnace Type

Different types of furnaces require different
percentages of entering component gases and
different volumes of gases, depending on turn-
over (the number of gas changes per hour).
Major variables include the reactions of the
gas with the furnace brickwork and alloy; the
tightness of the furnace and number of door
openings (shaker-hearth and belt furnaces will
have an opening between the door and hearth
at all times); and the degree of circulation of
gases, as related to load density and surface
area of work. Data on the interrelationship of
rate of gas flow, furnace volume, and number
of gas changes per hour, as a function of type
of furnace, are given in Table 4. From these
data it is evident that:

� For brick-lined batch furnaces, fewer gas
changes per hour are required as the furnace
volume increases (ostensibly because rela-
tively less gas leakage through furnace-door
openings occurs as furnace volume
increases).

� Shaker-hearth (or belt-type) furnaces require
much higher gas flows per unit volume
because of large losses of atmosphere
through the fixed door opening at the charge
end of the furnace.

Batch Furnace Atmospheres. For maxi-
mum uniformity of case composition and case
depth, the load must be heated uniformly to
the carbonitriding temperature, and an adequate
supply of atmosphere maintained at constant
composition must be circulated throughout the
load. Processing uniformity may be signifi-
cantly improved by preheating parts in an atmo-
sphere of endothermic gas for 15 to 60 min to
ensure temperature uniformity within the load
before adding enriching gas and ammonia for
the actual carbonitriding portion of the cycle.
As in gas carburizing, the composition of the

atmosphere for carbonitriding should be care-
fully controlled for consistent results. After the
rate of flow of ammonia and the temperature
have been established, the ammonia flow
should be held to limits of approximately
�10% of the predetermined flow gage reading.
If similar parts are to be processed requiring the
same ammonia addition, a stainless steel orifice
plate can be installed in the ammonia supply
line. This will ensure a constant and reproduc-
ible ammonia flow and prevent unintentional,
and possibly detrimental, ammonia additions.
Because of the generally lower carbon content
of the carbonitrided case, the lower operating
temperature (which permits higher dewpoints
and more carbon dioxide), and the higher hard-
enability of the carbonitrided case, greater
latitude is possible for control parameters

Fig. 20 Surface hardness of carbonitrided C1018 with
variation in carbon content while nitrogen

remains fairly constant. Four specimens processed at
845 �C (1550 �F) in 2.5% ammonia atmosphere,
quenched in 55 �C (130 �F) oil. Source: Ref 16

Table 3 Hardness and wear of carbonitrided 1018 steel

NH3, % CO2,%

Dewpoint

Cycle time, h

Temperature Hardness(a), Rockwell C

Carbon, % Nitrogen, % Wear, g�C �F �C �F Surface
0.075 mm

(0.003 in.)(b)

2.5 0.22 �9 16 3 900 1650 63 62 0.80 0.281 0.00027
2.5 0.31 �7 20 4 845 1550 60 58 0.88 0.397 0.00029
2.5 0.40 �5 23 5 785 1450 60 55 0.98 0.402 0.00038
5 0.22 �9 16 3 900 1650 63.5 61 0.78 0.380 0.00028
5 0.31 �7 20 4 845 1550 62.5 58 0.82 0.382 0.00035
5 0.40 �5 23 5 785 1450 61 58 0.85 0.590 0.00039

(a) Quenched with oil at 55 �C (130 �F). (b) Distance below surface. Source: Ref 16

Fig. 19 Effect of low-temperature hold on retained
austenite in carbonitrided 8617 steel bar.

(a) Carbonitrided 4 h at 845 �C (1550 �F) in 8%
ammonia, 8% propane, and remainder endothermic gas.
Oil quenched and tempered 1.5 h at 150 �C (300 �F).
Structure is tempered martensite (dark) and retained
austenite. (b) Carbonitrided and tempered 8617 bar as in
(a), except held 2 h at �75 �C (�100 �F) between
quench and tempering. The structure is scattered carbide
in a matrix of tempered martensite. Most of the retained
austenite was transformed during low-temperature hold.
Both 3% nital etch. Original magnification: 200�
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(oxygen potential, water vapor, carbon dioxide,
and/or methane contents) than for the same
steel composition using the carburizing process.
For example, when carburizing at 925 �C

(1700 �F) to obtain a case carbon content of
0.90 � 0.05% or 0.80 � 0.05%, it is desirable
to hold the dewpoint within �0.5 �C (�1 �F),
and the carbon dioxide content within
�0.005%, of the control values; when carboni-
triding at 815 �C (1500 �F) to obtain a case car-
bon content of 0.80 � 0.05%, it is desirable to
hold the dewpoint within �1.5 �C (�3 �F),
and the carbon dioxide content within
�0.03%, of the control values. The carbon
dioxide levels corresponding to a certain carbon
potential will not be the same for carbonitriding
and carburizing, as discussed earlier.
Dewpoint instruments that contain a lithium

chloride cell are not recommended for use with
carbonitriding atmospheres, because ammonia
will cause deterioration of the lithium chloride.
If an infrared instrument for CO2 is used, it is
recommended that stainless steel tubing be used
instead of copper to avoid the corrosive action

of the ammonia. Aluminum tubing can be used
successfully if care is taken to avoid any possi-
bility of producing water condensate in the
sample lines. In general, the advice of the
instrument manufacturer should be obtained
before using these devices with carbonitriding
atmospheres.
Because of the relatively shallow carboni-

trided case, turnings from test bars are not fre-
quently employed for determining carbon
content. Metallographic examination and the
control of case microhardness gradient are com-
mon process-control methods. However, the
most commonly used process-control setups
incorporate a regulator to control ammonia
flow.
Better control of furnace atmospheres can be

obtained when the parts to be carbonitrided and
the work baskets are free of dirt and oil. Sin-
tered powder metallurgy parts containing oil
must be “burned out” in a tempering furnace
before they are carbonitrided.
Continuous Furnace Atmospheres. Setting

up a program for efficient and dependable

control of a carbonitriding atmosphere in a con-
tinuous furnace is similar to that for a batch fur-
nace. Good circulation of atmosphere and good
control of temperature are of prime importance.
It is advantageous to introduce ammonia only
to those areas in which the temperature of the
work is equal to the operating temperature for
carbonitriding. If the furnace is of appreciable
internal length, approximately 3 m (9.8 ft) or
more, it is important to introduce the mixture
of carburizing gas and ammonia at frequent
intervals over the length of the furnace where
the work is at temperature and in regions where
the temperatures may be decreased for metal-
lurgical reasons near the end of the cycle.

Temperature Selection

Choice of carbonitriding temperature is
based on a number of considerations, including
steel composition, dimensional control, fatigue
and wear properties, hardness, microstructural
constituents, cost, and equipment. If lower tem-
peratures are required, control of furnace atmo-
sphere becomes more critical (Ref 16).
As an example, test results on hardness and

case composition are plotted in Fig. 21 for three
process temperatures at two levels of ammonia.
Specimens treated at the higher temperature
(900 �C, or 1650 �F) had the most uniform
and consistent martensitic case (Fig. 22) and
the best wear properties (Table 3).
Although higher temperatures permit the

use of higher concentrations of ammonia,
ammonia content must be decreased as the
alloy content of the steel increases to minimize
austenite retention. To this extent, temperature,

Table 4 Influence of type of furnace on mixture and flow rate of carbonitriding gases

Type of furnace

Constituents of gas, % by volume Total gas flow, Furnace volume,

Gas changes/hAmmonia Natural gas Carrier gas m3/h ft3/h m3 ft3

Batch, brick-lined 10.4 20.8 68.8 6.8 240 0.29 10 23.5
Batch, brick-lined 4 6 90 14.5 510 1.42 50 10.2
Batch, brick-lined 8.3 8.3 83.3 10.2 360 2.55 90 4.0
Batch, brick-lined 5 20 75 11.3 400 8.50 300 1.3
Continuous, brick-lined 3.4 2.3(a) 94.3 42.0 1480 8.07 285 5.2
Continuous, brick-lined 7 7 86 28.3 1000 25.5 900 1.1
Continuous, brick-lined 5 4 91 31.1 1100 25.5 900 1.2
Shaker-hearth, metal-lined 2.5 2.5 95 6.2 220 0.06 2 110.0

(a) C3H8

Fig. 21 Correlations of hardness (0.075 mm, or 0.003 in., below surface) with carbon and nitrogen contents of surfaces of 1018 steel after carbonitriding at indicated temperatures
and ammonia levels (all quenched in 55 �C, or 130 �F, oil.) In general, hardnesses drop slightly with lower temperatures, partly due to more retained austenite at lower
process temperatures. See also Table 3 for processing atmospheres. Source: Ref 16
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atmosphere, and alloy content are closely
interrelated.
Distortion and quench temperatures also

must be considered in temperature selection.
Dimensional control is often the most important
consideration in the selection of carbonitriding
temperature. The following two examples illus-
trate the relation between carbonitriding tem-
perature and dimensional stability.
Example 3: Effect of Carbonitriding Tem-

perature on Dimensional Stability of 1010
Steel Rack. A 1010 steel rack 11.75 cm long
by 1 mm thick (4.63 in. long by 0.040 in. thick)
could not be kept within limits of straightness tol-
erance (and, because of brittleness, it could not
be straightened) after it was quenched from a
carbonitriding temperature of 845 �C (1550 �F)
into warm oil at approximately 65 to 70 �C
(150 to 160 �F). The part had a case-depth
requirement of 0.075 mm (0.003 in.) and a flat-
ness requirement of 0.05 mm (0.002 in.) over
its entire length. Lowering the temperature to
the range of 790 to 800 �C (1450 to 1475 �F)
significantly reduced distortion and increased
ductility to within acceptable limits. Although
temperatures below 790 �C (1450 �F) may have
resulted in even less distortion and more ductil-
ity, they were not used because of the increase
in time required to produce the desired case
depth.
Example 4: Effect of Carbonitriding Tem-

perature on Dimensional Stability of 1010
Steel Production Parts. Figure 23 presents
data pertaining to the effect of carbonitriding
temperature on the dimensional stability of
three production parts. All three parts of 1010
commercial-quality steel sheet were processed
in batch-type equipment at temperatures rang-
ing from 790 to 845 �C (1450 to 1550 �F).
The atmospheres consisted of endothermic

gas at 7 m3/h (250 ft3/h), enriching gas at
0.8 m3/h (30 ft3/h), and ammonia at 0.14 m3/h
(5 ft3/h). Dewpoints were maintained at �1 to
�4 �C (25 to 30 �F). Depending on tempera-
ture, furnace times were varied to produce spe-
cified case depths of 0.13 to 0.20 mm (0.005 to
0.008 in.).
Equal numbers of parts were hand loaded in

baskets and processed in a batch furnace. The
parts shown in Fig. 23(a) and (b) were loaded
with their axes in the vertical position; parts such
as those in Fig. 23(c) were randomly loaded.
Baskets and parts were quenched in slightly agi-
tated oil at 60 to 70 �C (140 to 160 �F).
Data in Fig. 23 represent eight heats for the

part in Fig. 23(a) and three heats for each of
the two other parts. All parts were within
inside-diameter tolerance before carbonitriding.
For the parts carbonitrided at four tempera-

tures, the least distortion resulted at the lowest
temperature. Distortion is lower at lower tem-
peratures because there is more ferrite in the
structure at the lower temperature and conse-
quently less volume expansion on quenching.
However, for the part with the smallest inside
diameter (Fig. 23c), dimensional variation was
not affected by a reduction in temperature.
Temperature also has a direct bearing on core

hardness. Steels treated at the higher carboni-
triding temperatures and quenched from above
the upper critical temperature of the core will
produce higher core hardnesses. These high core
hardnesses are usually desirable in applications
involving high surface loads, because a strong
core is needed to support the hardened case.
Special fabrication and service requirements

of a particular part may restrict the choice of
carbonitriding temperature. For instance, in
one application, cold headed pins used in
door-catch mechanisms required both riveting

quality and wear resistance. A carbonitriding
temperature of 790 �C (1450 �F) satisfied both
requirements by producing a soft center for
riveting and a thin, file-hard case for wear
resistance.

Quenching Media and Practices

Whether carbonitrided parts are quenched in
water, oil, or gas depends on the allowable dis-
tortion, metallurgical requirements (such as
case and core hardness), and type of furnace
equipment employed.
Water Quenching. If the accompanying dis-

tortion is tolerable, parts made of low-carbon
steel may be quenched in water. For example,
shift-lever pins made of B1212 steel are water
quenched.
Water quenching usually is restricted to those

furnaces in which the work is transferred from
the furnace into the air prior to quenching, thus
avoiding possible contamination of the furnace
atmosphere by water vapor. However, water
quenching from a rotary retort furnace is feasi-
ble, provided the quench chute is equipped with
gas ejectors and a water-distribution system for
condensing water vapor.
It should be noted that ammonia is very sol-

uble in water and forms a product (NH4OH)
that is extremely corrosive to copper-base
materials. In continuous operations where water
is exposed to an ammonia-bearing atmosphere,
brass agitators, copper tube bundles in heat
exchangers, and similar copper-alloy compo-
nents should be avoided.
Gas Quenching. Parts that have small mass

(such as thin stampings) may be quenched in
a stream of cooled atmosphere gas or nitrogen.
Gas or atmosphere quenching serves principally

Fig. 22 Case hardness and composition of carbonitrided 1018 steel specimens, each line representing a different specimen at process temperatures of (a) 785 �C (1450 �F) and
(b) 900 �C (1650 �F). The higher process temperature provides more consistent results and uniform case. 5% ammonia atmosphere, quenched in 55 �C (130 �F) oil.
Source: Ref 16
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to reduce distortion, thus eliminating the high
costs of straightening.
In gas quenching, parts must be loaded into

furnace trays carefully so that the surfaces of
the parts can be cooled rapidly enough to pro-
duce the desired hardness. Trays should be
loaded and stacked so that the total mass of
the load does not exceed that which can be sat-
isfactorily quenched.

Tempering

Many shallow-case carbonitrided parts are
used without tempering. The presence of nitro-
gen in the carbonitrided case increases its resis-
tance to softening (Fig. 24), and the increase
varies with the amount of nitrogen in the case.
Resistance to tempering may be desirable
where service operating temperatures are
abnormally high, or where hot straightening is
employed.
Tempering data obtained on carbonitrided

cases of 1018 steel are given in Fig. 25. The data
relate temper resistance to both carbonitriding
temperature and the ammonia content of the
atmosphere. Figure 26 presents a summary of
the effects of carbonitriding temperature and
ammonia content on temper resistance, derived
from the same specimens referred to in Fig. 25.
Because tempering a carbonitrided case at

425 �C (795 �F) and above results in a marked
increase in notch toughness (Table 5), parts that
are to be subjected to repeated shock loading
are invariably tempered to avoid impact and
impact-fatigue failures. Most carbonitrided
gears are tempered at 190 to 205 �C (375

Fig. 23 Effect of carbonitriding temperature on dimensional stability of three 1010 steel production parts. Parts were carbonitrided to produce a case depth of 0.13 to 0.20 mm
(0.005 to 0.008 in.) with minimum surface hardness of 89 HR15N. Gas ratios and dewpoints were essentially the same for all temperatures. Time at temperature was 15 to
45 min, depending on temperature. ID, inside diameter. Part dimensions and tolerances given in inches

Fig. 24 Tempering curves for carburized and carbonitrided steels (all oil quenched). Source: Ref 17
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to 400 �F) to reduce surface brittleness and yet
maintain a minimum case hardness of 58 HRC.
Alloy steel parts that are to be surface ground
are tempered to minimize grinding cracks.
Low-carbon steel parts are frequently tempered
at 135 to 175 �C (275 to 350 �F) to stabilize
austenite and minimize dimensional variations.
Tapping screws made of 1020 steel are tem-
pered at 260 to 425 �C (500 to 795 �F) to reduce
breakage in tapping holes in sheet metal. In con-
trast, parts that are case hardened primarily for
wear resistance, such as dowel pins, brackets,
and washers, need not be tempered.

Hardness Testing

The selection of a method of testing the sur-
face hardness of carbonitrided steels depends
primarily on the effective case depth on the

parts to be tested. For effective case depths of
0.65 mm (0.025 in.) and above, accurate sur-
face Rockwell C readings can be obtained. As
the effective case depth decreases, lighter hard-
ness testing loads must be used to obtain accu-
rate surface hardness values. The Rockwell
15-N scale can be used in most instances for
case depths of 0.25 to 0.40 mm (0.009 to
0.015 in.). On case depths of less than
0.25 mm, none of the Rockwell scales are
reliable; testing may be done with files or a
microhardness tester.
In file-hardness testing, parts with surface

hardnesses that are less than full file hardness
(64 to 68 HRC) can be tested with files that have
been tempered to the desired hardness range.
Surface hardness for such parts may be specified
as Mfh 60, indicating that the part must be file
hard to a mill file tempered to 60 HRC. How-
ever, a sample with high austenite content may

Fig. 25 Decrease of surface hardness with increasing temperature for specimens of 1018 steel carbonitrided under
the conditions indicated. Rockwell C hardness converted from Rockwell 30N. See also Fig. 26.

Fig. 26 Effect of tempering temperature on hardness
gradients in carbonitrided cases. Rockwell C

hardness converted from Vickers. Specimens were the
same as in Fig. 25 and were tempered as indicated.

Table 5 Effect of tempering on Charpy V-notch impact strength of carbonitrided 1041 steel
Specimens were carbonitrided at 845 �C (1550 �F) for 3 h in an atmosphere containing 7% ammonia and were oil quenched from the carbonitriding temperature. Specimens
were copper plated before machining of V-notch to permit exposure of the notch to the carbonitriding atmosphere.

Test

Tempering temperature Impact strength Hardness(a), HRC distance below surface, mm (in.)

�C �F J ft . lb Surface(b) Core 0.075 (0.003) 0.15 (0.006) 0.25 (0.01) 0.38 (0.015) 0.64 (0.025) 1.0 (0.04) 1.4 (0.055)

1 As-quenched As-quenched 1.4 1 60 53 63 64 64 63 61 61 58
2 370 700 2, 2 1.5, 1.5 47 46 57 57 55 54 49 50 50
3 425 800 29, 29 21.5, 21.5 42.5 43 57 57 56 55 49 47 47
4 480 900 69, 60 51, 44 38 38 54 54 52 50 42 38 38
5(c) 480 900 47, 52 35, 38 . . . . . . . . . . . . . . . . . . . . . . . . . . .
6 540 1000 78, 81 57.5, 60 35 32 49 50 50 47 36 33 32

(a) Converted from Vickers hardness. (b) Surface hardness is less than hardness at 0.075 mm (0.003 in.) below the surface because of retained austenite. (c) Tested at �18 �C (0 �F); all other tests at room temperature
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indicate an indentation hardness of only 52 HRC
and still resist a file hardened to 66 HRC.

Applications

Although carbonitriding is a modified car-
burizing process, its applications are more
restricted than those of carburizing. As has
been stated previously, carbonitriding is
largely limited to case depths of approxi-
mately 0.75 mm (0.03 in.) or less, while no
such limitation applies to carburizing.
Two reasons for this are that carbonitriding
is generally done at temperatures of 870 �C
(1600 �F) and below, whereas, because of
the time factor involved, deeper cases are pro-
duced by processing at higher temperatures;
and the nitrogen addition is less readily con-
trolled than is the carbon addition, a condition
that can lead to an excess of nitrogen and,
consequently, to high levels of retained aus-
tenite and case porosity when processing
times are too long.
The resistance of a carbonitrided surface to

softening during tempering is markedly supe-
rior to that of a carburized surface, as shown
in Fig. 24. Other notable differences exist in
terms of residual-stress pattern, metallurgical
structure, fatigue and impact strength at specific
hardness levels, and effects of alloy composi-
tion on case and core characteristics.

Steel Selection

For many applications, carbonitriding the
less expensive steels will provide properties
equivalent to those obtained in gas-carburized
alloy steels. The following examples illustrate
choices of carbonitrided carbon steels for appli-
cations ordinarily requiring alloy steels.
Example 5: Use of Carbonitrided 1010

Aluminum-Killed Steel. Camshaft eccentrics
stamped from 1010 aluminum-killed steel 4 mm
(0.16 in.) thick were carbonitrided to a depth
of 0.25 to 0.50 mm (0.01 to 0.02 in.) and a min-
imum surface hardness equivalent to 58 HRC.
The required metallurgical properties for this
application could have been attained also with
carbonitrided or gas-carburized 1011 or 1016
steel. However, the 1010 steel had the advan-
tage of facilitating the stamping operation
because of its lower carbon and manganese
contents and fine grain size.
Example 6: Use of Carbonitrided 1117

Steel. Small gears for electromechanical servo
units varying from 6.3 mm diameter by
12.7 mm length (¼ in. by ½ in.) to 51 mm
diameter by 6.3 mm thick (2 in. by ¼ in.) were
machined from 1117 steel bar stock. The parts
were carbonitrided in a batch integral quench
atmosphere furnace, loaded in mesh baskets.
Smaller gears were run in single layers with
separator screens between a maximum of three
layers deep per basket. The larger-diameter
gears were fixtured vertically using spiral
spring separators.

The process was to carbonitride the gears at
855 �C (1575 �F) for 1½ h to produce an effec-
tive case depth of 0.20 to 0.38 mm (0.008 to
0.015 in.) with a final surface hardness of
89 HR15N, minimum. The automatic carbon-
control system (oxygen probe with proportional
natural gas addition) was set at 0.80% C, and
3% ammonia (by volume) was added to the
automatically control-generated endothermic
atmosphere.

Pitting Resistance of Transmission
Gears

Resistance to softening during tempering is a
very important factor in reducing surface
pitting fracture of transmission gears. Contact
surface temperatures of transmission gears can
reach almost 300 �C (570 �F) during operation
under high stress. Pitting resistance is related

not only to the surface hardness but also to
the retardation of softening during tempering.
A positive correlation exists between the pitting
lifetime of various case-hardened steels and the
surface hardness of the steels after tempering at
300 �C (570 �F) (Fig. 27).
Nitrogen introduced by carbonitriding also

has been shown to be more effective at improv-
ing the resistance to softening than by increas-
ing the amount of silicon, chromium, and
molybdenum in conventionally carburized steel
(Ref 18). The optimal chemical composition of
steel for carbonitriding to a high case amount of
nitrogen for contact fatigue strength of automo-
tive gears is proposed to be 0.7% Si, 1.5% Cr,
and 0.45% Mo.
Example 7: Eliminating Pitting Fatigue in

Pinion Gears. Another example involves a
change from carburizing to carbonitriding to
eliminate pitting fatigue for planetary pinion
gears for automatic transmissions. The helical

Carbon and nitrogen contents in

surface of as-heat-treated specimens

Base composition

Steel

Steel Treatment

C
0.22 0.67 0.30 0.009 0.024 1.50 0.44A

Si Mn P S Cr Mo

B
C
D

A

B

C

D

0.21
0.22
0.19

Tr.
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0.45

Carburizing 0.69 0.05
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2.52
1.52
1.09

0.30
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0.68
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Fig. 27 Effect of surface hardness after tempering on the pitting resistance of carburized and carbonitrided
steels. Pitting test specimens cut from normalized steel bar were carbonitrided at 900 �C (1650 �F) for

4 h and then at 840 �C (1545 �F) for 4 h in an atmosphere of endothermic gas (RX gas) enriched with butane gas and
a 7 vol% ammonia gas mixture, diffusing carbon and nitrogen simultaneously into the steel, followed by quenching
in oil at 50 �C (120 �F). Carburized specimens were also prepared with chemical analysis as indicated. Source: Ref 18
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gears were hobbed and shaved and were made
from 8620 steel bar stock. The specified heat
treatment required a carbonitrided effective case
depth of 0.46 to 0.58 mm (0.018 to 0.023 in.) at
the pitch line, with a minimum hardness of
RA80 after oil quenching and tempering at
175 �C (350 �F). The parts were approximately
30.5 mm diameter by 51 mm length (1.2 in. by
2 in.) with a 15.9 mm (⅝ in.) bore.

The parts were loaded vertically on fluted
stem fixtures with separators between the gears
and were then carbonitrided in a two-row, four-
zone pusher furnace having three zones of con-
trol. The furnace was 18 trays in length. Each
zone of control had individual automatic carbon
addition using oxygen probes with a setpoint of
0.78% C. Each furnace zone had fan circulation
with manual addition and flowmeter control
of endothermic gas additions. Flow-restrictive
stainless steel orifices were added to the ammo-
nia inlet lines of each of the three control zones
to ensure a 4% by volume ammonia addition.
The furnace was heated to 845 �C (1550 �F)
(all zones), and the push cycle was 20 min
for each row (total carbonitriding time was
approximately 6 h). The parts were oil quenched
in agitated 100 SUS fast oil (60 �C, or 140 �F)
and washed and tempered at 175 �C (350 �F).
The unwind in the gears after heat treatment
was built into the machining operation, and the
parts did not require a gear profile grind before
use. This eliminated the pitting fatigue problem.

Carbonitriding of Powder
Metallurgy Parts

Carbonitriding is widely used as a process for
case hardening parts made by powder metal-
lurgy techniques from ferrous powders. Densi-
ties of the sintered compacts vary from
approximately 6.5 g/cm3 (0.23 lb/in.3) up to
those approaching that of wrought steel. Parts
may or may not be copper infiltrated prior to
carbonitriding.
Carbonitriding is effective in case hardening

iron compacts made from electrolytic iron pow-
ders. Four characteristics of these compacts
make case hardening by carburizing difficult:
high martensite transformation temperature
(Ms), very low hardenability, less surface oxi-
dation, and inherent porosity, resulting in high
rates of carbon penetration.
Carbonitriding at 790 to 815 �C (1450 to

1500 �F) solves these problems; lower rates of
diffusion at these temperatures permit control
of case depth and allow buildup of adequate
carbon in the case. The effects of nitrogen in
retarding the pearlite transformation result in
sufficient hardenability to allow oil quenching.
File-hard cases (with microhardnesses equiva-

lent to 60 HRC) and normal, predominantly
martensitic structures can be consistently obta-
ined. Shallow cases are obtainable, although
the allowable range of case depth must be
increased over that used for wrought steels.

Typical ranges of case depth are 0.08 to 0.20
mm (0.003 to 0.008 in.) and 0.15 to 0.30 mm
(0.006 to 0.012 in.).
The high rate of carbon and nitrogen penetra-

tion that occurs as the result of porosity is
demonstrated in Fig. 28 for parts made of iron
powder conforming to ASTM B310, class A.
Although the rate of penetration decreases with
increasing density, case depths for the higher
densities (7.20 to 7.30 g/cm3, or 0.260 to
0.264 lb/in.3) are much deeper than those
obtained with a wrought steel (7.87 g/cm3, or
0.284 lb/in.3). Most commercial iron-powder
compositions exhibit this type of response to
carbonitriding; however, copper-infiltrated
compacts are considerably more resistant to
the penetration of carbon and nitrogen.
Tempering. Carbonitrided iron powder met-

allurgy parts are usually tempered, despite the
fact that there is little danger of cracking
untempered pieces. Tempering accomplishes
the incidental result of facilitating tumbling
and deburring operations. Although tempering
is potentially capable of removing oil picked
up and held in the pores in the part, air temper-
ing of oil-quenched powder metallurgy parts is
normally limited to temperatures not exceeding
205 �C (400 �F) because of the fire hazard at
higher temperatures. Carbonitrided iron powder
metallurgy parts are usually tempered at tem-
peratures slightly higher than the temperatures
used for carbonitrided wrought steel parts. Spe-
cial cleaning procedures to remove oil, thus
eliminating fire hazards, are incorporated in
the processing steps when the tempering tem-
perature exceeds 205 �C.

Ammonia Guidelines

The ammonia system required for carboni-
triding may consist of a number of cylinders
of liquid ammonia that are connected to a com-
mon manifold. In general, ammonia from only
a part of the supply is employed; the remainder
is held in reserve. The flow from each cylinder
should be sufficiently low to prevent freezing of
the valves. Only stainless steel valves and
schedule 80 or stainless steel piping are
recommended.
Outside bulk storage and vaporizing systems

are much preferred to cylinder banks, consid-
ering the advantage of a constant, uninter-
rupted source on the uniformity of work
quality. In general, when bulk storage is used,
two-stage pressure regulation is used to ensure
a constant and uniform ammonia flow. The
first stage regulates the pressure for delivery
to the furnace, whereas the final pressure regu-
lation, at the furnace, controls the pressure to
the process.
Ammonia used for carbonitriding must be

anhydrous ammonia of 99.9+% purity. Grade
designations such as premium, refrigeration,
and metallurgical are used to specify suitable
materials. Grades known as commercial and
agricultural contain appreciable amounts of

carbon dioxide, water, and oils, which prohibit
their use in furnace atmospheres.
Most ammonia is produced from natural gas,

so costs and availability are related to natural
gas supplies.

Safety

Gaseous carbonitriding media are highly
toxic, flammable, and explosive. The safety
precautions that must be taken to protect equip-
ment and personnel are essentially the same as
those used in gas carburizing.
Ammonia cylinders should not be located

near the furnaces, in direct sunlight, or near
flammable gases or other combustibles. It is
recommended that the ammonia supply be
placed in a room that is well ventilated at the
ceiling and separated from the work area by a
fire-resistant wall.
Because ammonia is lighter than air, as well

as a moderate fire hazard and a toxic material,
an automatic sprinkling system is recommended.
Gas masks should be readily available but
should not be stored in the same area as
the ammonia. A sulfur stick can be used to check
for ammonia leaks. Additional recommendations
pertaining to safety in ammonia systems can be
obtained from fire insurance companies.
Under no circumstances should combustible

gas be introduced into the furnace when the fur-
nace temperature is less than 760 �C (1400 �F).
When a lower operating temperature is
required, the furnace should be heated to
760 �C and purged with generator gas before
the temperature is decreased. This type of oper-
ation can be very dangerous and should be done
only by qualified personnel.
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Fundamentals of Nitriding and
Nitrocarburizing
E.J. Mittemeijer, Max Planck Institute for Intelligent Systems (formerly Max Planck Institute for Metals Research) and
Institute for Materials Science, University of Stuttgart

Introduction

The nitriding process, which involves the
introduction of atomic nitrogen (N) into the sur-
face of a component, has been a most versatile
and efficacious method of surface treatment of
(usually) iron-base materials for many decades.
The advent of nitriding as a technical process in
the early 20th century was the work of Adolph
Machlet (American Gas Company) in the
United States (Ref 1) and Adolph Fry (Krupp
Works) in Germany (Ref 2). The nitriding
process has since become a technology of ever
growing importance, finding an even at present
still widening field of applications. In the
course of time, a great number of process var-
iants have been developed. One principal devel-
opment is the process of nitrocarburizing,
whereby carbon is introduced simultaneously
with nitrogen.
Different methods exist for introducing

atomic nitrogen, or both atomic nitrogen and
atomic carbon, into the surface of steel. As
described in other articles in this Volume, vari-
ous nitriding/nitrocarburizing atmospheres can
be indicated:

� Gas (NH3-H2) mixtures (see “Gas Nitriding
and Gas Nitrocarburizing of Steels”)

� Salt (cyanate-cyanide) baths (see “Liquid
Nitriding of Steels”)

� Plasmas (ionized gases, as, for example,
based on N2-H2 gas mixtures) (see “Plasma
(Ion) Nitriding and Nitrocarburizing of
Steels”)

Powder media (based on CaCN2, calcium-
cyanamide, which delivers NH3 upon reaction
with H2O from an added “activator”) have been
successfully applied in the laboratory (Ref 3)
but have not found technological application.
This article provides an overview of the cur-

rent understanding of essential aspects of the
thermodynamics and kinetics of the nitriding
and nitrocarburizing of iron-base materials.
The focus of this article is on the scientific

background of nitriding/nitrocarburizing with
gaseous processes. The reason is that only the
gaseous treatments allow for precise control of
the thermodynamic conditions, even if only in
the laboratory. Thus, the chemical potentials
of nitrogen and carbon at the surface of the
component to be nitrided/nitrocarburized (the
nitriding/carburizing “power”) can be varied
over a wide range in a controlled manner (i.e.,
these chemical potentials can be assigned speci-
fied values), whereas such prescribed variation
of these chemical potentials is not possible in
the case of the other processes mentioned. This
leaves unimpeded that reproducible results by
salt bath and plasma nitriding/nitrocarburizing
processes can be obtained, but the thermody-
namic conditions of these processes are ill-
defined, thereby obstructing development of
corresponding process variants that can be
tuned in the above sense.
After a brief overview of the early history

and the basics of the generated microstructure
and properties, the interpretation of the “nor-
mal” iron-nitrogen phase diagram and the
“potential” Lehrer diagram are discussed. Next,
the essential elements for realizing (in practice)
controlled nitriding and controlled nitrocarbur-
izing are treated to some extent. Special atten-
tion is paid to the occurrence of local
equilibria and stationary states. The concept of
the “diffusion path” is highlighted in order to
understand the complicated microstructures that
develop in the iron-carbonitride compound
layer upon nitrocarburizing. The very pro-
nounced interaction of carbon and nitrogen
atoms dissolved on the same sublattice of
interstitial sites is demonstrated by recent diffu-
sion experiments. The role of alloying ele-
ments, Me, is characterized by employing
the distinction of strong, intermediate, and
weak Me-N interactions, for the evolution
of the microstructure of both the compound
layer and the diffusion zone. The cardinal
role of the so-called “excess nitrogen” for the
nitriding kinetics is emphasized. Possibilities
to describe the time (and temperature)

dependencies of the nitriding/nitrocarburizing
processes are summarized.

1. Advent of Nitriding

On May 25, 1906, a patent application was
filed by A. Machlet that proposed to avoid oxi-
dation of steel components by replacing the air
atmosphere in the retort with ammonia. This
patent was granted on June 24, 1913 (Patent
1,065,697). Apparently, soon after submitting
this patent application in 1906, Machlet discov-
ered that treating such components in an ammo-
nia atmosphere at elevated temperature led to
a “skin, casing, shell or coating” that was
very hard and difficult “to tarnish, corrode, rust,
or to oxidize.” This invention was presented
as a patent application filed on March 19,
1908. The patent was granted (also on June
24, 1913) as Patent 1,065,379. This patent
(Ref 1) represents the invention of
the nitriding process in the United States!
In a further patent application filed on July 12,
1907, Machlet in fact introduced the
(gaseous) nitrocarburizing process, with a
hydrocarbon gas combined with ammonia as
the treatment atmosphere and including
a subsequent treatment in pure ammonia.
This patent was granted on April 14, 1914
(Patent 1,092,925).
In Germany, the nitriding process of steel

for surface hardening was developed by
A. Fry (Ref 2). In particular Fry’s work led to
the technological application of nitriding as
a surface engineering process, especially
by his development of steels (containing alumi-
num as an alloying element) dedicated to
nitriding.
Starting with these early developments, a

great number of process variants have been
developed with significantly different effects
on the structure and properties of the surface
after nitriding/nitrocarburizing (see, for exam-
ple, the article “Gas Nitriding and Gas Nitrocar-
burizing of Steels” in this Volume).
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2. Nitrided/Nitrocarburized
Microstructure; Thermodynamics,
and Kinetics

The nitriding process typically involves the
introduction of nitrogen into the surface-
adjacent zone of a component, usually at a tem-
perature between 500 and 580 �C (773 to
853 K). Depending on the nitriding “power”
of the nitriding atmosphere surrounding the
component, a nitrided zone emerges that, espe-
cially in the case of ferritic iron-base alloys or
ferritic steels nitrided at temperatures lower than
590 �C (863 K), can be subdivided into (Fig. 1):

� A compound layer (of thickness, say, up to
several 10 mm), largely composed of iron
nitrides, as g0-Fe4N1�x and e-Fe2N1�z (see
the iron-nitrogen phase diagram reproduced
in Fig. 2, and see Table 1)

� A diffusion zone (of thickness, say, up to
several 100 mm), where, in the case of pure
iron or carbon steel, after nitriding, upon
either slowly cooling or upon aging
subsequent to quenching, the nitrogen dis-
solved at the nitriding temperature precipi-
tates as iron nitrides in the diffusion zone,
or, in the case of steel containing alloying
elements with affinity for nitrogen, as alumi-
num and chromium, alloying element
nitrides precipitate during nitriding

The technological importance of nitriding is
derived from the pronounced increase of the
resistances against fatigue, wear, and corrosion,
which can be achieved by tuned applications of
the nitriding process.
The pronounced property improvement is,

roughly speaking, due to the high hardness, the
internal stresses, and the modified chemistry in
the nitrided zone. It can be crudely said that, in
general, favorable wear and corrosion properties
can be due to specific compound layers and that
favorable fatigue and also wear properties
(if the compound layer has been removed after
nitriding or its formation has been avoided) can
be ascribed to the diffusion zone (Fig. 1).
Nitrocarburizing processes, as compared to

nitriding processes, largely influence the com-
position and constitution of the compound layer
and thus can be relevant for wear (and corro-
sion) properties.
To understand what is happening during nitrid-

ing/nitrocarburizing and to be able to optimize the
process in view of desired properties, it is impera-
tive to understand the thermodynamics and kinet-
ics of the process. Such basic understanding is less
common than one may expect and, in view of the
experience of approximately one century of nitrid-
ing, amazingly has only rather incompletely
been obtained. Hence also to this day, research
on nitriding and nitrocarburizing is timely. From
a scientific point of view, the properties of intersti-
tially dissolved elements as nitrogen and carbon in
iron-base matrices are intriguing because their
mobility on the sublattices of interstitial sites can

be large and their interaction can be strong,
also because of their surrounding strain fields
accommodating the misfit of the sizes of the atom
and the interstitial site.

To understand the nitriding/nitrocarburizing
process, full understanding of its thermodynam-
ics does not suffice at all. The kinetics of the
various process steps (as mass transfer from

Fig. 1 Schematic cross section of nitrided region of an iron-base ferritic specimen/component showing the compound
layer and the diffusion zone with their (possible) constituents
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the nitriding/nitrocarburizing atmosphere to the
substrate, diffusion, and precipitation) are of at
least equal importance, albeit recognizing that
the thermodynamics of the process constrain
the possible kinetics.
Physical materials science has not been able

until now to generally provide a description of
the kinetics of a process once its thermodynamics
have been established; if the Gibbs energies of
the beginning and end stages are known, only sel-
dom it is possible to provide a quantitative
description of the kinetics (i.e., only rarely can
the path taken by the system in the energy land-
scape of the system be predicted as a function of
the independent, or state, variables) (Ref 14).
This serves to indicate that also in the field of

nitriding/nitrocarburizing, even supposing that
our understanding of thermodynamics is complete
(which is not the case), the complex kinetic phe-
nomena encountered (e.g., in the case of nitrocar-
burizing; see Section 9.2) have obstructed until
now the presentation of a theoretical treatment
comprehensively integrating the thermodynamics
and kinetics of nitriding/nitrocarburizing.
The previous text should not suggest igno-

rance of any scientific background, and, indeed,
a lot of research has been done in recent years
that has provided accumulated fundamental
knowledge of specific aspects of nitriding/nitro-
carburizing. The following attempts to provide
an overview of the current basis of our under-
standing, including results of recent research.
References 15 and 16 are well-known, previ-

ous review papers but are more limited and of
rather different character and scope.

3. The Iron-Nitrogen Phase Diagram

Interpretation and The Development
of Porosity

There is a lot of misunderstanding among heat
treatment practitioners and also in the literature
regarding the interpretation of the stability, meta-
stability, and instability of nitride and carbide
(and carbonitride and nitrocarbide) phases in
iron-base materials. This already is manifested
upon discussing the iron-nitrogen phase diagram.
Phase-stability regions for the iron-nitrogen

system are usually presented in a “normal”
phase diagram: temperature versus nitrogen
content (Fig. 2; for temperatures below
300 �C, or 573 K, see Ref 17). “Normal” phase
diagrams, as presented in the compilation of,
for example, Ref 4, present stability regions
for phases as a function of temperature and
composition at 1 atm pressure. If this would
hold for the iron-nitrogen phase diagram pre-
sented in Fig. 2, then all phases shown as, for
example, the solid solutions a-Fe[N] (nitrogen
ferrite) and g-Fe[N] (nitrogen austenite) and
the nitrides g0-Fe4N1�x and e-Fe2N1�z are
unstable. Indeed, if the kinetics allow (i.e., the
temperature is high enough and the needed time
is of practical length), these phases decompose
in Fe (solid) and N2 (gas), which are the stable

phases at normal temperatures and pressure
for the iron-nitrogen system. This is the origin
of the well-known porosity in the compound
(nitride) layer (Ref 18–20) that already devel-
ops during the nitriding process, because the
nitride not in contact with the outer atmosphere

is simply the nitride at elevated temperature at
approximately 1 atm pressure and thus is prone
to decomposition in Fe and N2 (see Fig. 3; see
also Fig. 8 and 9 and their discussion in
Section 9). Even nitrogen ferrite (a-Fe[N]),
as produced by a nitriding treatment, is super-

Table 1 Crystal structures and composition ranges of Fe-N-C phases

Phase Crystal structure Nitrogen content, at.%
Carbon

content, at.%
Lattice parameter

references

a-Fe[N,C] Body-centered cubic Fe
N and C disordered in octahedral
interstices

<0.4 <0.1 Ref 5–8

g-Fe[N,C] Face-centered cubic Fe
N and C disordered in octahedral
interstices

<10.3 <9.1 Ref 5–8

a00-Fe16N2 Body-centered tetragonal Fe sublattice
N ordered in octahedral interstices

�12.5
(structural N vacancies can

occur)(Ref 9)

. . . Ref 10

g0-Fe4N1�x Face-centered cubic Fe sublattice
N ordered in octahedral interstices

19.4–20 <0.7 Ref 11

e-Fe3(N,C)1+y Hexagonal close-packed Fe sublattice
N and C more or less ordered in
octahedral interstices

15–33 <8 Ref 12 (only for
e-Fe3N1+y)

Y-Fe3C Orthorhombic Fe sublattice
C in bicapped trigonal prisms

�0 25 Ref 13

Fig. 3 Porosity in the e sublayer, as developed during nitriding of an a-Fe substrate at 570 �C (843 K) for 7 h at r
N
=

1.93 atm�1/2, by the association of dissolved nitrogen as N
2
gas molecules at grain boundaries in the sublayer

but also within the grains of the sublayer. The porosity is most pronounced in the surface-adjacent part of the sublayer,
because this is the oldest part of the sublayer and this part of the sublayer has the largest dissolved nitrogen content,
implying a larger driving force for N

2
gas formation close to the surface than at larger depths. The pressure in the pores

is so large that local distortion at the surface leads to local bulging out of the nitrided material. The developing pores at
the grain boundaries can coalesce in advanced stages of nitriding, leading to “open” grain boundaries in contact with the
outer nitriding atmosphere (see also Fig. 9b and its discussion in Section 9). Light optical micrograph of cross section;
etched in 1 vol% Nital; oblique illumination, green light. Courtesy of M.A.J. Somers
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saturated with dissolved nitrogen and can
decompose into practically nitrogen-less iron
and N2, that is, show pore development, after
nitriding for a long time, as shown in dedicated
experiments, although this is not generally
recognized.
Genuine equilibrium for the phases mentioned

at normal temperatures and pressures can only be
realized at the surface of the specimens by con-
tact with a nitriding medium of fixed chemical
potential of nitrogen. Hence, the usual iron-
nitrogen phase diagram (Fig. 2) represents the
equilibria between an iron-nitrogen phase, or
two or (maximally) three iron-nitrogen phases,
and a medium of largely variable chemical
potential of nitrogen. Such a medium is an
NH3-H2 gas atmosphere of constant composition
that can be varied over a wide range. Evi-
dently, then, whereas at a certain temperature a
single-phase region in the iron-nitrogen phase
diagram can represent equilibria with a range of
nitriding atmospheres of variable value of the
chemical potential of nitrogen, a two-phase
region in the iron-nitrogen phase diagram at a
certain temperature presents the equilibrium
with a nitriding atmosphere of a single, specific
value of the chemical potential of nitrogen. This
knowledge is needed for understanding of the
Lehrer diagram dealt with in the next section.
The discussion in the preceding paragraph

also implies that the whole nitrided zone of a
nitrided component, even if the component
would be homogeneously (through) nitrided,
and apart from (possibly) the very surface of
the component is not in (far from) thermody-
namic equilibrium.
Within this context, it should moreover

be realized that the possibility to nitride in
NH3-H2 gas mixtures is a fortunate consequence
of slow ammonia-dissociation kinetics: at the
usual nitriding temperatures and pressures ammo-
nia gas should thermodynamically be practically
fully decomposed in nitrogen gas and hydrogen
gas. However, this is a slow process, and thus,
for example, by maintaining a sufficiently
high flow rate in the nitriding furnace, such disso-
ciation can bemore or less avoided (see Sections 5
and 8). Only in thisway can nature be prompted to
impose a high chemical potential on the surface of
the component to be nitrided.
The preceding two paragraphs illustrate that

much of materials science involves dealing
with systems in states far from equilibrium.
A discussion similar to that for the iron-

nitrogen phase diagram can be given for the
iron-carbon phase diagram, as published in com-
pilations as given by Ref 4. Indeed, cementite is
an unstable phase at normal temperatures and
pressures and prone to decomposition in iron
and carbon (graphite), which is indeed happening
(kinetically possible) at elevated temperature
within reasonable times. Upon inspection, there
are similarities between the iron-nitrogen and
iron-carbon phase diagrams. This implies that
graphite and molecular nitrogen gas play similar
roles for the iron-carbon and iron-nitrogen sys-
tems, respectively. This has led one German

researcher (Ref 21) to propose the name “Molnit”
(“molnite” in English) for this molecular nitro-
gen gas as the pendant for “Graphit” (“graphite”).

4. Nitriding Potential and the
Lehrer Diagram

The nitriding of a solid M in an NH3-H2 gas
mixture can formally be imagined as the result of
bringing N2 gas into contact with M under a cer-
tain pressure. This statement is a consequence of
theGibbs energy (and thus the chemical potential)
being a state variable. Therefore, the route fol-
lowed to reach a certain (final) state is irrelevant
for the value of the Gibbs energy of that (final)
state. Thus, nitriding in an NH3-H2 gas mixture
can be conceived as the sum of the following
(hypothetical) reactions (the subsequent treatment
and also that of Section 6, “Carburizing Potential
and Controlled Carburizing,” is largely derived
from the one presented in Ref 20):

1=2N2 $ N½ � (Eq 1a)

NH3 $1=2 N2 þ3=2H2 (Eq 1b)

giving

NH3 $ N½ � þ3=2H2 (Eq 2)

where [N] represents nitrogen dissolved in the
solid substrate M. Establishment of the equilib-
rium (Eq 2) implies the occurrence of local
equilibrium at (only) the surface of the sub-
strate M (see Section 8).
Equation 1(a) implies that:

1=2 mN2 ;g ¼ mN;s (Eq 3)

where mN2;g and mN;s represent the chemical
potentials of nitrogen in the gas atmosphere
and the solid substrate, respectively. Assuming
ideal gases or, at least, adopting a constant
fugacity coefficient,* it follows from Eq 3:

1=2 m0N2 ;g
þ1=2RT ln

pN2

p0

� �
¼ m0N;s þ RT ln aN;s

� �
(Eq 4)

where m0i is the chemical potential of compo-
nent i (i = N2,g or Ns) in the reference state
(temperature dependent at the selected pressure
of the reference state; see the following), R is
the gas constant, T is the absolute temperature,
pN2

is the partial pressure of the (hypothetical)
nitrogen gas in Eq 1(a) and (b), p0 is the pres-
sure of N2 in the reference state,** and aN;s is
the activity of nitrogen in the substrate. Now

m0N;s is selected such that:

1=2 m
0
N2;g

¼ m0N;s

Then it is obtained:

aN;s ¼
ffiffiffiffiffiffiffi
pN2

p0

r
(Eq 5a)

Using the equilibrium constants, K, of Eq 1(b)
and 2:

K 1bð Þ ¼
p
1=2
N2

� p3=2H2

pNH3
� p0

K 2ð Þ ¼
aN;s � p3=2H2

pNH3
�

ffiffiffiffiffi
p0

p

it follows:

aN;s ¼ K 1bð Þ �
ffiffiffiffiffi
p0

p
� rN ¼ K 2ð Þ �

ffiffiffiffiffi
p0

p
� rN (Eq 5b)

with the so-called nitriding potential (rN)
defined by:

rN � pNH3

p
3=2
H2

(Eq 6)

where pNH3
and pH2

are the partial pressures of
the gas components NH3 and H2.
The pressure of the reference state for the gas

components is selected as one pressure unit (usu-
ally 1 atm), requiring that the partial pressures of
all gas components in the equations must be
expressed in the same unit as the pressure of the
reference state. As a consequence of this step,
the numerical value of the nitrogen activity,
aN;s, can be interpreted as the square root of
the pressure (in pressure units) of the hypothet-
ical nitrogen gas occurring in Eq 1(a) and (b).
The phase-stability regions for the iron-

nitrogen system can obviously be visualized in a
diagram showing temperature versus chemical
potential of nitrogen of the atmosphere surround-
ing the specimen, provided “local equilibrium”
with the surface of the specimen has been rea-
lized. This “potential diagram” should not be
confusedwith a “normal” phase diagrampresent-
ing the phase-stability regions in a diagram
showing temperature versus nitrogen content of
the iron-nitrogen alloy.
The described given treatment makes clear that

there is a one-to-one relationship between the
chemical potential of nitrogen, mN,s, and the nitro-
gen activity, aN,s (Eq 3, 4), and the nitriding poten-
tial, rN (Eq 5b). So, instead of the previously
described potential diagram, corresponding dia-
grams are obtained upon plotting temperature ver-
sus nitrogen activity (activity diagram) or upon
plotting temperature versus nitriding potential.
The latter diagram for the iron-nitrogen system
has, for the first time, been presented by Lehrer
(Ref 22) and is called the “Lehrer diagram.” The
activity diagram and the Lehrer diagram for the
iron-nitrogen system are shown in Fig. 4(a) and
(b), respectively.

* In this latter case, the fugacity coefficient is thought to be
incorporated in the reference chemical potential �0N2 ;g

(cf. Eq 4).

** The pressure of the reference state is taken equal for all gas
components, and thus, p0N2

is replaced by p0. Normally, p0 is
taken equal to 1 atm (see the following).
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It should be realized that a two-phase field as
in the normal iron-nitrogen phase diagram does
not occur in the potential diagram, the activity
diagram, or the Lehrer diagram, because at each
temperature, the chemical potentials of nitrogen
(the nitrogen activities, the nitriding potentials)
are the same for the two iron-nitrogen phases in
equilibrium with each other and the surround-
ing nitriding atmosphere; that is, the two-phase
stability “region” in the Lehrer diagram is given
by a line. Similarly, the eutectoid, where three
solid phases, a-Fe[N], g-Fe[N], and g0-Fe4N1�x,
are in equilibrium with each other and the sur-
rounding nitriding atmosphere, is represented
by a point in the Lehrer diagram.
It is impressive to establish how high the

quality of the experimental work performed by
Lehrer in 1930 was; up until now, only minor
modifications of the experimental data in the
Lehrer diagram have been necessary. However,
as discussed in the Section 8.1, the a/g0 and
a/g phase-boundary lines in the experimental

Lehrer diagram above approximately 580 �C
(853 K) may actually represent stationary states
rather than (local) equilibrium. The transition of
local equilibrium (at lower temperatures) to sta-
tionary state (at higher temperatures) occurs at
decreasing temperature for increasing nitriding
potential, and thus, in the case of iron nitrides
present at the surface of the specimen, the tran-
sition from local equilibrium to stationary state
can occur at a temperature distinctly lower than
for nitrogen ferrite (see Section 8.1).
The most recent evaluation of the a/g0 and

a/g phase boundaries in the Lehrer diagram is
shown in Fig. 4(c), together with the original
Lehrer phase-boundary lines. The experimen-
tally determined coordinates of the triple-point
a/g0/g (where the eutectoid reaction g ! a + g0
runs) are T = 593 �C (866 K) and rN =
0.139 atm�1/2

. However, these data intrinsically
refer to the in-reality-occurring stationary state
at the surface; the coordinates of the triple-point
a/g0/g in the (hypothetical above approximately

580 �C, or 853K) Lehrer diagram pertaining to
(local) equilibria (at the surface of the speci-
men/component) are T = 593 �C (866 K) and
rN = 0.135 atm�1/2; for full discussion, see
Section 8 and Ref 23. The solubility of nitrogen
in a-Fe at this point is 0.441 at.% (Fig. 2), which
is the maximum equilibrium solubility of nitro-
gen in ferrite. This last result follows from substi-
tution of rN in the absorption function of ferrite
describing the equilibrium solubility of ferrite
as a function of rN and T (Ref 23).

5. Controlled Nitriding

To be able to steer the outcome of the nitrid-
ing process, the chemical potential of nitrogen
in the nitriding atmosphere must be controlled;
that is, it should be set and maintained at a cer-
tain selected value, or it should be varied in a
prescribed way. In the context of the treatment
in Section 4, it then follows that control of the

Fig. 4 (a) Temperature vs. nitrogen activity (Eq 5b). The corresponding equilibrium pressure of the hypothetical N
2
gas occurring in Eq 1(a) and (b), as calculated using Eq 5(a) with the

reference pressure, p0, taken as 1 atm, has been indicated on the abscissa shown at the top of the figure. This (very high) equilibrium pressure actually must be read as a fugacity
(see text following Eq 3) (taken from Ref 20). (b) Lehrer diagram of temperature vs. nitriding potential (cf. Eq 6). The ammonia content in an NH

3
-H

2
gas mixture at 1 atm total pressure

corresponding with a given nitriding potential has been indicated on the abscissa shown at the top of the figure (taken from Ref 20). (c) Part of the Lehrer diagram showing the original a/g0

and a/g phase boundaries as presented by Lehrer (Ref 22) and the corresponding newer data pertaining to the experimentally accessible stationary states and the (hypothetical) (local)
equilibria derived as described in section 8.1 and, in particular, Ref 23. Source: Ref 23
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nitriding potential in an NH3-H2 gas mixture is
imperative. This can be achieved by nitriding in
a flow of NH3-H2 gas mixture that is of a fixed
composition (corresponding to the desired
nitriding potential).
A stationary gas atmosphere is inappropriate,

because NH3 will tend to decompose (catalyti-
cally activated by the surface of the iron-base
component and/or the furnace walls) to realize
equilibrium with respect to its thermal decom-
position in the gas atmosphere, which should
be avoided (if controlled nitriding is the goal).
This implies that a certain minimum (linear)
gas flow rate is required (see Fig. 4 in Ref 24).
A simple way to check this is to determine the
gas composition at the entrance of the furnace
and at the outlet; these should be identical.
One could imagine that the gas from the outlet
is reused as entrant gas at the inlet.
To apply the aforementioned approach, addi-

tional kinetic conditions must be met:

� Equilibrium (Eq 2) is established instanta-
neously (in any case, fast as compared to
the nitriding time). This is not fully the case;
at the start of nitriding, some time is needed
to attain the activity/concentration of nitro-
gen in the solid at the surface corresponding
with local equilibrium at the surface of the
solid with the gas atmosphere (i.e.,
corresponding to the fixed nitriding poten-
tial, Eq 5b). See the discussion in Section 8.

� Other gas components potentially present in
the furnace should behave as inert gases.
For example, this holds for the presence of
N2, which may have been added to the gas
atmosphere; it can be taken for certainty that
equilibrium (Eq 1a) is not established.

� The iron-nitrogen phases of the solid as
developed in the nitrided zone (not at the
very surface) are not in thermodynamic
equilibrium, and therefore, these iron-nitro-
gen phases (underneath the surface) in prin-
ciple can decompose, causing N2 gas
development and thus the formation of
pores. Ideally, the kinetics of this process
should be infinitely slow at the nitriding
temperature. Unfortunately, that is not the
case, and thus, appreciable porosity can
occur during nitriding, especially close to
the surface, which is the oldest part of the
nitrided zone and which is the part of the
nitrided zone where the largest nitrogen con-
centration/activity occurs and thus where the
thermodynamic driving force for the decom-
position is largest. Indeed, especially the sur-
face-adjacent e-Fe2N1�z phase is known to
show porosity. As a consequence, transport of
nitrogen through the nitrided zone (induced
by the loss of dissolved nitrogen by pore for-
mation) is nonnegligible, and a local equilib-
rium cannot be established at the surface.
However, the situation could have been worse:
if nature would have given much faster kinet-
ics to these decomposition processes in the
solid iron-nitrogen phases, no nitriding process
of iron-base components would be possible.

Epilogue.The phenomenon of severe pore for-
mation is not restricted to only the e-Fe2N1�z

phase. Nitrogen austenite (g-Fe[N]) can accom-
modate much more nitrogen than nitrogen ferrite
(a-Fe[N]), up to approximately 10.3 at.% N
versus approximately 0.4 at.% N (Table 1), and
the driving force for its decomposition is larger
compared to the case of nitrogen ferrite. Also,
because of higher temperatures necessary
for austenitization by nitriding (cf. Fig.2),
the kinetics of its decomposition can be
relatively fast.
Thus, only a thin layer of austenite at the sur-

face can be maintained upon continued nitrid-
ing of a pure iron foil in the austenite-phase
field (Fig. 2) beyond the time necessary for
complete transformation of the entire, origi-
nally pure iron foil to nitrogen austenite. The
experiment discussed here (Ref 25) involved
nitriding a pure iron foil with a thickness of
1 mm (0.04 in.) at 810 �C (1083 K) in a 5%
NH3-95%H2 flowing gas mixture for times up to
93 h. (The entire foil had transformed to nitrogen
austenite after approximately 24 h.) Underneath
the nitrogen-austenite layer at the surface, which
is stabilized by nitrogen uptake at the surface
from the nitriding atmosphere, the originally pro-
duced nitrogen austenite at these depths has
decomposed into a-Fe and N2, leading to severe
pore development. These pores develop prefer-
entially at the grain boundaries in the nitrogen-
austenitic foil, where grain boundaries run
approximately perpendicular to the surface. By
subsequent coalescence of the pores, channels
at these grain boundaries are formed, which are
in contact with the outer atmosphere.
Continued nitriding then merely implies

“pumping” of nitrogen through the system
without the gain of nitrogen being realized by
the specimen. Nitrogen enters the specimen
through the surface of the specimen, where the
thin layer of nitrogen austenite is located, and
leaves the specimen in the ferritic regions
within the specimen at the channel walls,
according to 2[N]a-Fe ! N2↑ (Ref 25).

6. Carburizing Potential and
Controlled Carburizing

Carburizing of steel can be realized, in a CO-
CO2 gas atmosphere for example. The definition
of a carburizing potential is possible in terms of
just the CO and CO2 gas components alone, as
long as no other gas components are present that
can react withCO andCO2.However, the desired
nitriding effect in a nitrocarburizing gas atmo-
sphere involves the presence of H2 (see Section
4), which introduces additional reactions involv-
ing CO and CO2 that obstruct a unique definition
of a carburizing potential in the case of nitrocar-
burizing (see the next section). To prepare for a
discussion of nitrocarburizing, first a treatment
for the case of carburizing in a CO-CO2 gas
mixture is given that parallels the one given for
nitriding in Section 4.

Carburizing in a CO-CO2 gas mixture can be
conceived as the sum of the following (hypo-
thetical) reactions:

CGr $ C½ � (Eq 7a)

2CO $ CGr þ CO2 (Eq 7b)

giving:

2CO $ C½ � þ CO2 (Eq 8a)

where CGr denotes a hypothetical graphite,
playing a role as the hypothetical N2 gas in
Eq 1(a) and (b), and [C] represents carbon dis-
solved in the solid substrate M. Establishment
of the equilibrium (Eq 8a), which is called the
Boudouard reaction, implies the occurrence of
local equilibrium at (only) the surface of the
substrate M (cf. Sections 4 and 8).
Equation 7(a) implies that:

mCGr ;s ¼ mC;s (Eq 9)

where �CGr;s
and mC,s represent the chemical

potentials of carbon of the (hypothetical) graph-
ite and the solid substrate, respectively. It fol-
lows from Eq 9:

m0CGr ;s
þ RT ln aCGr ;s

� � ¼ m0C;s þ RT ln aC;s
� �

(Eq 10)

where m0i is the chemical potential of compo-
nent i (i = CGr,s or Cs) in the reference state
(temperature dependent at the selected pressure
of the reference state; see the following), R is
the gas constant, T is the absolute temperature,
aCGr;s is the activity of the (hypothetical) graph-
ite in Eq 7(a) and (b), and aC,s is the activity of

carbon in the substrate. Now, m0C;s is selected

such that m0CGr;s
¼ m0C;s. Then it is obtained:

aC;s ¼ aCGr
(Eq 11a)

Using the equilibrium constants, K, of (Eq 7b)
and (Eq 8a):

K 7bð Þ ¼
aCGr ;s � pCO2

� � � p0
p2CO

K 8að Þ ¼
aC;s � pCO2

� � � p0
p2CO

it follows:

aC;s ¼
K 7bð Þ � rC

p0
¼ K 8að Þ � rC

p0
(Eq 11b)

with a so-called carburizing potential, rC,a,
defined by:

rC;a � p2CO
pCO2

(Eq 12a)

where pCO and pCO2
are the partial pressures of

the really present gas components CO and CO2.
The reference state for the carbon dissolved

in M is selected as graphite at 1 atm. As a
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consequence of this step, the numerical value of
the carbon activity, aCGr;s, of the hypothetical
graphite appearing in Eq 7(a) and (b) can have
a value deviating considerably from 1.
The above presented treatment makes clear

that there is a one-to-one relationship between
the chemical potential of carbon, mC,s, and the
carbon activity, aC,s (Eq 9, 10), and the carburiz-
ing potential, rC (Eq 11b). So, the carburizing
potential can be used as a direct measure for the
chemical potential of carbon in the solid at the
surface, provided that “local equilibrium” at the
surface prevails (see Section 8). Thus, as long as
pure carburizing is considered, the carburizing
potential, as defined by Eq 12(a) for the CO-CO2

gas mixture as carburizing atmosphere, can be
applied as a carburizing controlling parameter,
similar to the nitriding potential in the case of
nitriding.
For carburizing on the described basis,

kinetic constraints must be satisfied that are
more or less parallel with those formulated for
nitriding in the previous section:

� A stationary gas atmosphere is inappropri-
ate. As follows from the thermodynamics
of equilibrium (Eq 7b) at 1 atm, graphite for-
mation (sooting) could, in principle, occur to
a significant extent at 1 atm at temperatures
below approximately 700 �C (973 K). For
the CO-CO2 gas mixture, such sooting can
kinetically be avoided by applying a gas
flow rate high enough to avoid the formation
of graphite (soot) due to the relatively slow
kinetics of equilibrium (Eq 7b).

� Equilibrium(Eq8a) shouldbeestablished instan-
taneously (cf. Section 8). This is not the case, and
such effects are nowadays taken into account in
procedures for controlled carburizing.

� The iron-carbon phases of the solid as devel-
oped in the carburized zone (not at the very sur-
face) are not in thermodynamic equilibrium,
and therefore, these iron-carbon phases (under-
neath the surface) in principle can decompose,
causing graphite development. Such graphite
formation can lead tometal dusting, i.e. disinte-
gration of iron carbides, produced in the car-
burizing process, into iron and graphite.

As an interesting point, it is noted that such
sooting and metal dusting phenomena appear
to be suppressed if NH3 is added to the carbur-
izing gas mixture, that is, nitrocarburizing (Ref
26, 27). Moreover it is shown in Ref 26 and 27
that appropriate choice of the gas composition
in CO-H2-N2-NH3 gas mixtures allows the
growth of massive cementite layers on ferrite
(a-Fe).

7. Controlled Nitrocarburizing

Carburizing can also be achieved by putting
specimens/components in a CO-H2-H2O atmo-
sphere according to:

COþ H2 $ C½ � þ H2O (Eq 8b)

which is called the heterogeneous water gas
reaction. By a treatment similar to that given
for the Boudouard reaction (Eq 8a) in a pure
CO-CO2 gas mixture, a carburizing potential
can be defined as a direct measure for the
chemical potential of carbon in the solid at the
surface, provided that local equilibrium at the
surface prevails (see Section 8). This carburiz-
ing potential for a pure CO-H2-H2O gas mix-
ture is given by (following a treatment
completely analogous to the one in the previous
section):

rC;b � pCO � pH2

pH2O

(Eq 12b)

Carburizing can also be achieved by putting
specimens/components in a CH4-H2 atmo-
sphere according to:

CH4 $ C½ � þ 2H2 (Eq 8c)

Again, like the Boudouard reaction in a pure
CO-CO2 atmosphere (Eq 8a) and the heteroge-
neous water gas reaction (Eq 8b), a carburizing
potential can be defined as a direct measure for
the chemical potential of carbon in the solid at
the surface, provided that local equilibrium
at the surface prevails. This carburizing poten-
tial for a pure CH4-H2 gas mixture is:

rC;c � pCH4

p2H2

(Eq 12c)

Obviously, the carburizing potential for realiz-
ing the same chemical potential of carbon in the
gas atmosphere can have completely different
values and dimensions (units) for different car-
burizing atmospheres (Eq 12a–c). This is trivial.
The relevance of the previous discussion is to
demonstrate that in the presence of a (carburiz-
ing) gas atmosphere comprising the components
CO, CO2, H2, H2O, and CH4 (Eq 8a–c), it is gen-
erally impossible to characterize the chemical
potential of carbon in the gas atmosphere by
either rC,a, rC,b, or rC,c (Eq 12a–c). This recogni-
tion has the following unpleasant consequence
for gaseous nitrocarburizing.
A gas atmosphere (initially) containing NH3

and H2 gas components, to establish a nitriding
reaction, and CO and CO2 gas components, to
establish a carburizing reaction, is subject to
side reactions between these gas components:

CO2 þ H2 $ COþ H2O (Eq 13)

which is called the homogeneous water-gas
reaction, and:

COþ 3H2 $ CH4 þ H2O (Eq 14)

Thus, the simultaneous presence of the gas
components CO, CO2, H2, H2O, and CH4 in a
nitrocarburizing gas atmosphere must be con-
sidered. One may hope that of the various car-
burizing equilibria (Eq 8a–c), possibly only
one is established fast. It has been found
that equilibrium (Eq 8b), the heterogeneous

water-gas reaction, is established much faster
than the equilibria (Eq 8a and c) in the case of
carburizing pure iron (in the ferritic or austen-
itic state) (Ref 28). However, whether this
statement also holds if nitrides, carbides, carbo-
nitrides, or nitrocarbides are at the surface of
the specimen (developed in the course of the
treatment) is unknown. Moreover, the simulta-
neous occurrence of the side reactions (Eq 13,
14) will complicate any calculation/prediction
and control of the nitrocarburizing reaction;
application of a nitriding potential and a carbur-
izing potential on the basis of the gas inlet com-
position appears senseless.
An approach is possible that avoids the ambi-

guity of the definition of the chemical potential
of carbon according to either of the equilibria
(Eq 8a–c) and that, at the same time, accounts
for the occurrence of the side reactions (Eq 13
and 14), as follows. It can be shown that if the
gas composition is chosen and controlled such
that equilibria (Eq 13 and 14) are established
(i.e., imposed), then, as a consequence, the
chemical potentials of carbon in the gas phase,
according to any of the three equilibria (Eq
8a–c) are equal (Ref 29, 30). Thus, any further
considerations concerning which of the three
equilibria is first established or not and the con-
sequences of changes in the gas composition by
reactions (Eq 13 and 14) are unnecessary.
Thus, it is possible to nitrocarburize with cho-

sen chemical potentials, separately for nitrogen
and carbon, in the gas atmosphere. This has been
demonstrated in Ref 29, which can be considered
as the outcome of a development departing from
Ref 30 to 32. In this case, the nitriding potential
can still be defined as given by Eq 6 and given a
value accordingly, as equilibrium (Eq 2) is the
only nitriding pathway in the gas atmosphere
considered. To use the notion carburizing poten-
tial is not meaningful. Only if one of the possible
carburizing reactions is the operating pathway
for carburizing, one could define the carburizing
potential by the corresponding formulation (one
of the three Eq 12a, b, or c). That such a case
occurs in reality is uncertain (see discussion fol-
lowing Eq 14).
The logical consequence of this discussion

would be to simply characterize a nitrocarburiz-
ing atmosphere, as discussed here and having
a constant composition establishing the equili-
bria (Eq 13 and 14), as a nitrocarburizing atmo-
sphere of specific chemical potentials of
nitrogen and carbon. At present, this approach
appears to be the only feasible way toward con-
trolled nitrocarburizing and, until today (2013),
has been established only in the laboratory
(Ref 29).
It should be recognized that the chemical

potentials of nitrogen and carbon, as set for the
gas atmosphere, are only equal to the chemical
potentials of nitrogen and carbon in the specimen
(at its surface) if local equilibrium at the surface
of the specimen has been established. This
may take a relatively long time, especially in
nitrocarburizing treatments, and leads to compli-
cated microstructural developments of the
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compound layer composed (largely) of iron car-
bonitrides (see Section 9.2).*
Of course, more side reactions than consid-

ered previously may be considered as possible
in a nitrocarburizing atmosphere. Thus, for pos-
sibly produced gas components, in particular
O2, C2H2 (acetylene), C2H4 (ethylene), C2H6

(ethane), and HCN, it can be shown that their
partial pressures are so low that their formation
and thus their effect on the gas composition and
the chosen values of the chemical potentials of
carbon and nitrogen are negligible (Ref 29).

8. Local Equilibria and Stationary
States

8.1 Gas-Solid Interface. The imposition of
a fixed chemical potential of nitrogen, and, in
the case of nitrocarburizing, also a fixed chem-
ical potential of carbon, at the surface of the
specimen/component implies that the gas com-
position in the furnace should not change from
the desired inlet composition. Thus, in the case
of nitriding, any thermal dissociation of ammo-
nia in the furnace must be avoided (or the
degree of this dissociation should be known
precisely, and be controllable, at the surface
of the specimen/component). If the gas-
atmosphere equilibrium is at 1 atm and at a
temperature above approximately 350 �C
(623 K), ammonia would be practically fully
dissociated. Hence, a stationary gas atmosphere
is inappropriate for controlled nitriding.
Because this dissociation is a relatively slow
process but catalytically activated by the pres-
ence of iron (the specimen and possibly the fur-
nace walls; see Fig. 4 in Ref 24), this thermal
dissociation in the case of nitriding iron-base
specimens/components can be made negligible
by application of a sufficiently large (linear) gas
flow rate in the furnace. However, if the nitriding
potential must be very large (i.e., for an NH3-H2

gas mixture implying a fraction of NH3

approaching 100%), even a tiny amount of ther-
mal dissociation of ammonia causes the real
nitriding potential to deviate distinctly from the
one calculated from the gas composition at the
furnace inlet. Such a situation is not expected
for the nitriding of iron-base materials but hap-
pens, for example, upon nitriding nickel to
produce a Ni3N compound layer requiring an
extremely large nitriding potential (e.g.,
performing nitridingwith a gas composed of pure
ammonia at the gas inlet, which corresponds with
rN =1 at the gas inlet, Eq 6) (Ref 33).
Now, take a closer look at the establishment

of equilibrium (Eq 2). At the surface of the
specimen, ammonia molecules are adsorbed
and dissociate by stepwise removal of hydrogen
atoms (Ref 34). This leads to adsorbed individ-
ual nitrogen atoms at the surface, Nads:

NH3 $ Nads þ3=2H2 (Eq 15)

Next, two routes can be followed by the
adsorbed nitrogen atoms. They can dissolve
into the solid substrate, which is the desired
effect:

Nads $ N½ � (Eq 16)

or they recombine at the surface and desorb,
which counteracts nitriding (Fig. 5):

Nads þ Nads $ N2 " (Eq 17)

Local equilibrium at the gas-solid interface
(Fig. 5) can be established under the following
conditions:

� Dissolution of nitrogen only occurs accord-
ing to Eq (16).

� The diffusion of dissolved nitrogen from the
surface to larger depths is negligible.

� The equilibrium according to Eq 16 is estab-
lished, which can be taken as certain because
the rate of nitrogen uptake according to Eq
16 is very fast compared to the rates of the
reactions corresponding with Eq 15 and 17.

� The equilibrium according to Eq 15 is estab-
lished (i.e., the forward and backward reac-
tions according to Eq 15 are equal).

Under these conditions, the chemical potential
of nitrogen in the gas atmosphere (related one-
to-one to the nitriding potential; Eq 4, 5b,
and 6), as determined from the NH3 and H2

contents in the gas atmosphere, can be equal
to the chemical potential of nitrogen in the solid
substrate at its surface.
It should be recognized that, in principle,

as long as transport of nitrogen from the surface
into the bulk of the specimen occurs, a genuine
equilibrium at the surface cannot occur, albeit it
can be approached very closely; in this sense,
the term local equilibrium is somewhat mislead-
ing. In the beginning stage of nitriding a nitro-
gen-less specimen, the diffusion of dissolved
nitrogen from the surface to larger depths can
be significant, compared to the rate of nitrogen
uptake according to Eq 15 and 16, due to the
occurrence of a pronounced gradient for the dis-
solved nitrogen content in the solid at the surface
(cf. Fick’s first law). Then, upon gradual satura-
tion of the substrate, a gradual increase of the dis-
solved nitrogen content at the surface occurs until
the dissolved nitrogen content at the surface
equals the equilibrium value (Fig. 6).
However, if the recombination and desorp-

tion of the adsorbed nitrogen according to
Eq 17 occurs with a nonnegligible rate** com-
pared to the rate of nitrogen uptake according
to Eq 15 (assuming the equilibrium, Eq 16, is
always established), then the chemical potential

of the dissolved nitrogen at the surface of the
specimen is smaller than that determined from
the NH3 and H2 contents in the gas atmosphere
(cf. Eq 2), which leads to the consideration of
two different cases:

� If no significant diffusion of dissolved nitro-
gen into the bulk of the specimen occurs, a
time-independent situation (at constant tem-
perature and constant pressure) at the surface
is established as a consequence of equal
rates of nitrogen uptake (Eq 15; equilibrium,
Eq 16, is always established) and nitrogen
desorption (Eq 17), and thus, although no
equilibrium of the surface of the solid with
the gas atmosphere according to only Eq
2 is established, a so-called stationary state
at the gas-solid interface has been realized,
characterized by a smaller content of dis-
solved nitrogen in the solid substrate at the
surface than would occur if equilibrium at
the gas-solid interface would prevail accord-
ing to only Eq 2. This state of affairs is illu-
strated in Fig. 5 (Ref 24, 34).

� If significant diffusion of dissolved nitrogen
into the bulk of the specimen does occur,
as at the start of nitriding a nitrogen-less
specimen, a similar situation as described
in the preceding paragraph for the absence
of significant recombination and desorption
of adsorbed nitrogen emerges; a gradual
increase of the concentration of dissolved
nitrogen occurs. However, in contrast with
the case described in the preceding para-
graph, the eventual concentration of dis-
solved nitrogen in the solid at the surface
does not equal the equilibrium value but is
smaller than that. Using kinetic data from
Ref 34 to 36 for the reactions considered
here, such an evaluation of the dissolved
nitrogen (surface) concentration for an a-Fe

* The carbon solubility of a ferritic pure-iron substrate is so
low (<0.1 at.% C; Table 1) that the carbon uptake by
nitrocarburizing is effectively confined to the compound layer.

Fig. 5 Concentration of dissolved nitrogen in the solid
(at the surface), cN, vs. the nitrogen-uptake rate,

dcN /dt. If the nitrogen-uptake rate according to Eq 16 is
relatively very fast and the desorption according to Eq
17 can be neglected, then equilibrium at the surface of
the solid is established, if the forward and backward
reactions according to Eq 15 are of equal magnitude;
that is, the dynamic equilibrium as given by Eq 15 is
then established at the surface of the solid. However, if
the rate of nitrogen desorption according to Eq 17 cannot
be neglected, such a local equilibrium is not realized.
Instead, a stationary state occurs that is given by equality
of the (net) nitriding rate due to (net) decomposition of
NH3 and the denitriding rate due to nitrogen desorption
from the surface. Source: Ref 24 as adapted from Ref 34

** The nitriding reaction according to Eq 17 can be
neglected due to its comparatively low rate (Ref 35) and
the usually low partial pressure of nitrogen, pN2

(usually <1
atm), in the gas atmosphere.
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foil of 500 mm thickness, nitrided at 580 �C
(853 K), and with rN = 0.104 atm�1/2 is
shown in Fig. 6 (the first such calculation
was presented in Ref 37, neglecting the role
of recombination and desorption of the
adsorbed nitrogen atoms, Eq 17; this contri-
bution was included in a later work, Ref 38,
leading to, for the conditions considered, only
marginal differences, in accordance with the
results shown in Fig. 7). A detailed description
of the calculation procedure and a summary of
the available kinetic data is provided in the
Appendix of Ref 23 (which is the first presen-
tation in the English literature of these rate-
constant data as provided in the original
Ref 28, 34, and 35, written in German; also a
drastic correction of a rate constant as
provided in Ref 28 is presented there).

The tendency to recombination and desorp-
tion of Nads becomes significant above approxi-
mately 580 �C (853 K) for pure iron (ferrite) as
substrate. The difference between the equilib-
rium concentration, cN,eq, and the lower station-
ary value of the concentration, cN,st, at the
surface of the nitrided component increases
with increasing temperature and nitriding
potential (Fig. 7). Then, the result obtained for
the content of dissolved nitrogen in the solid
at the surface, that is, cN,st, does not correspond
with the chemical potential of nitrogen in the
gas atmosphere, as determined from the NH3

and H2 contents in the gas atmosphere and as
expressed by the nitriding potential (Eq 4–6).
Clearly, in view of the results shown in

Fig. 7, at the usual nitriding temperatures
(500 to 580 �C, or 773 to 853 K), local equilib-
rium at the surface of at least pure iron can
be supposed, provided the diffusion rate of the
absorbed nitrogen to larger depths is negligible
as compared to the nitrogen-uptake rate, that is,
only at later stages of nitriding (Fig. 6). At
higher temperatures and/or at relatively high
nitriding potentials, the contribution of the
recombination and desorption according to Eq
17 can no longer be neglected. For example,
at a nitriding temperature of 580 �C (853 K, a
nitriding temperature applied in practice), the
nitriding potential should not be larger than
6.1 atm�1/2 (pertaining to a nonexceptional
75%NH3-25%H2 gas mixture), in order that
the difference of cN,eq and cN,st is smaller than
1%. Under the latter conditions, nitrogen ferrite
is likely not the equilibrium phase at the surface
of the specimen/component, but assuming that
the rate constants for Eq 15 to17 for iron nitride
at the surface of the specimen/component do
not differ much from those for pure iron (no
such data for the iron nitrides are available),
the preceding sentence suggests that nitriding,
under conditions such that, in particular, e-iron
nitride occurs at the surface of the specimen/
component, can be associated with the occur-
rence of a stationary state at the surface already
at temperatures distinctly lower than 580 �C
(853 K; see the experimental results presented
in Fig. 3 of Ref 24).

Fig. 6 The development of the nitrogen concentration-depth profile in an a-Fe foil of 500 mm thickness upon
nitriding in an NH3-H2 gas mixture of rN = 0.104 atm�1/2 at 580 �C (853 K). Three competing reactions

are considered here: (1) nitriding according to Eq 15 (equilibrium, Eq 16, is assumed to be realized instantaneously;
see the text and the caption for Fig. 5); (2) diffusion of absorbed nitrogen into the initially unsaturated solid;
and (3) recombination of adsorbed nitrogen and its subsequent desorption according to Eq 17. The rate equations
and the rate constants (as given by and as derived from data in Ref 35 and 36) for these calculations have
been described in detail in the Appendix of Ref 23, departing from original treatments in Ref 28 and 34 to 36. In
view of the temperature and nitriding potential pertaining to the case considered here, the difference between the
value of the dissolved nitrogen content at the surface according to local equilibrium, cN,eq, and the lower stationary
value of this concentration, cN,st, as observed after homogenization of the solid has been realized is marginal
(cf. Fig. 7).

Fig. 7 The difference between the value of the dissolved nitrogen content at the surface according to local
equilibrium, cN,eq, and the lower stationary value of this concentration, cN,st (as illustrated in Fig. 5), as a

function of temperature for various nitriding potentials. Obviously, these results hold for a homogeneous solid (here:
nitrogen ferrite) having a nitrogen concentration at all depths equal to that in the solid at the surface. These
calculated results thus pertain to the competition of (cf. the caption of Fig. 6) nitriding according to Eq 15
(Equilibrium, Eq 16, is assumed to be realized instantaneously; see text and the caption of Fig. 5) and recombination
of adsorbed nitrogen and its subsequent desorption according to Eq 17. As shown in the Appendix of Ref 23, an
analytical equation relating cN,eq and cN,st can be given.
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The previously mentioned consideration has
as a consequence that the phase boundaries pre-
sented in the potential Lehrer diagram (Fig. 4b)
above approximately 580 �C (853 K) (and
above lower temperatures at high nitriding
potentials as correspond to the development of
iron nitrides) are incorrect, because the experi-
mentally determined nitriding potential for the
phase boundary (at a certain temperature) cor-
responds to a stationary state rather than a
(local) equilibrium. The true nitriding potential,
characterizing the chemical potential of the
hypothetical gas atmosphere in equilibrium
with the solid (at the phase boundary) and given
by the NH3 and H2 contents of that hypothetical
gas atmosphere, will be smaller than the exper-
imentally determined one (see the results shown
for the a/g phase boundary in Fig. 4c and the
discussion at the end of the Section 4). The
effect may be considerably larger for the g0/e
phase boundary, as indicated in the previous
paragraph.
8.2 Solid-Solid Interface. Upon nitriding of

an iron substrate, various iron-nitrogen phases
may develop in the nitrided surface-adjacent
zone of the substrate. In particular in the case
of pure iron, these phases can occur as a layered
structure, with the order of iron-nitrogen phases
corresponding with a decrease in the local
chemical potential of nitrogen in the solid with
increasing depth beneath the surface, in accor-
dance with the iron-nitrogen phase diagram
(Fig. 2) and the activity and potential (Lehrer)
diagrams (Fig. 4) (see Section 9).
At the interfaces between two such iron-nitro-

gen phases (layers), a situation described as
local (metastable; see the following) equilib-
rium (cf. the previous discussion) can occur if
the compositions of both phases at the interface
comply with those pertaining to the metastable
equilibria presented by the phase diagram (note
that realizing true thermodynamic equilibrium
in the solid, underneath the surface, requires
decomposition of these phases in Fe and N2, as
discussed in Section 3 in this article). The accu-
mulation or depletion of nitrogen at either side
of the solid-solid interface implies that local
equilibrium can only be maintained if the mobil-
ity of the interface is infinitely large, so that the
redistribution of nitrogen, to restore the local
equilibrium situation at the interface, is instanta-
neous. In this case and if the accumulation/
depletion of nitrogen at the interface is due to
diffusional transport of nitrogen in the (layer)
system, the phase transformation at the interface
is a diffusion-controlled one (Ref 14). Evi-
dently, during growth of the nitrided zone,
implying a net inward transport of nitrogen, also
across the interface considered, and recognizing
the real, finite rate of interface migration, genu-
ine equilibrium cannot be established at the
interface, but it can be closely approached.
In the case of nitrocarburizing, the occur-

rence of local equilibrium at a solid-solid inter-
face implies that the nitrogen concentrations
at both sides of the interface and the carbon
concentrations at both sides of the interface

must correspond with the metastable (ternary)
phase diagram. To indicate one of the possible
complications with two diffusing components,
it is conceivable that local equilibrium at a
solid-solid interface could be realized for one
of the components, whereas this may not be
possible for the other component.
The evidence until now suggests that at the

solid-solid interfaces in the nitrided/nitrocar-
burized zone of iron-base specimens/compo-
nents, local equilibrium is closely approached.*

9. Microstructural Development of
the Compound Layer

9.1 Microstructural Development of the
Compound Layer during Nitriding. A sche-
matic presentation of the development of the
compound layer upon nitriding a-Fe is provided
in Fig. 8 (Ref 39–41); micrographs of the two-
phase compound layer are shown in Fig. 9 for
cases of less (Fig. 9a, lower temperature,
shorter time) and more (Fig. 9b, higher temper-
ature, longer time) porosity. At the start of the
nitriding process, nitrogen is dissolved in the
ferrite matrix. At the moment that the solubility
of nitrogen in ferrite (at the surface) equals and
becomes larger than that compatible with the
a/g0 equilibrium, g0 iron nitride must form ther-
modynamically. This need not occur at the start
of nitriding; an apparent incubation time for
nitride formation occurs (Ref 37, 38). After a
certain time, the nitrogen concentration in the
solid at the surface has risen to a level allowing
the development of g0 iron nitride as a result of
the competition of:

� Nitrogen supply to the surface from the gas
via dissociation

� Removal of dissolved nitrogen from the
surface by diffusion into the interior of the
specimen/component

� Removal of nitrogen adsorbed at the surface
by recombination and desorption from the
surface (see discussion in Section 8.1)

The g0 nitride particles nucleated at the surface
initially do not form a closed layer (Fig. 8a). They
grow largely via supply of nitrogen from the fer-
rite that surrounds them, rather than by nitrogen
diffusion through the particles, because the diffu-
sion of nitrogen through ferrite is much faster
than that through the nitride. Yet, after some
time, lateral growth of the nitride particles at the
surface leads to a closed layer. Depending on
the nitriding potential applied, before a closed
layer has formed, e iron nitride may have

Fig. 8 Schematic illustration of the progressive micro-
structural stages of compound-layer formation

and evolution upon nitriding a-Fe. (a) Nucleation of g0
nitride at the surface followed by its growth by nitrogen
supply via the g0 nuclei formed, but in particular also by
nitrogen supply via the ferrite that surrounds them, as an
efficient bypass possibility using the much faster
diffusion of nitrogen through ferrite than through the
nitride. (b) At the same time, e phase may develop on
top of the g0 particles before these have produced, by
lateral growth, a closed layer. (c) As a result, a double
e/g0 layer has formed, and further growth can only be
established by nitrogen transport through both sublayers.
(d) Decomposition of (especially e) iron nitride
underneath the surface of the compound layer occurs for
extended stages of nitriding, leading to development of
pores filled with N

2
gas at grain boundaries and even

within the grains. (e) Coalescence of pores at grain
boundaries (usually oriented more or less perpendicular
to the surface) leads to channels at grain boundaries in
contact with the outer nitriding atmosphere. Source: Ref
19, 39, and 41

* This assumption of the occurrence of local equilibria at
solid-solid interfaces in diffusion zones is often taken for
granted, and the compositions in both phases at the interface
have then been interpreted as defining phase boundaries in
the corresponding phase diagram. However, this cannot be
generally true, and therefore, phase boundaries determined
in this way and taken up in published phase diagrams may
be flawed.
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nucleated on top of the g0 particles. After closure
of the nitride surface layer, further growth of the
e/g0 compound layer requires diffusion of nitro-
gen through the layer from top to bottom.
As discussed in Section 3 of this article,

the iron nitrides beneath the very surface are
not in thermodynamic equilibrium; they tend
to decompose in Fe and N2. This leads to poros-
ity upon prolonged nitriding, especially in the
oldest part of the compound layer, which is also
the most nitrogen-rich part of the compound
layer and the part adjacent to the surface
(Fig. 8d and e; see also Fig. 3 and 9b). Only
in the surface-adjacent region (where the e
phase occurs) is porosity visible with a light
microscope. The g0 iron nitride, underneath
the e iron nitride and not in contact with the
nitriding atmosphere, tends to decompose as
well and develop porosity, which usually can-
not be observed with a light microscope but at
higher magnification with an electron micro-
scope. This is also the case for the nitrogen fer-
rite, constituting the diffusion zone underneath
the g0 iron nitride.

9.2 Microstructural Development of the
Compound Layer during Nitrocarburizing.
The microstructural evolution of the compound
layer produced upon nitrocarburizing ferritic
iron is much more complicated than in the case
of nitriding. Of course, this relates to the occur-
rence of the simultaneous inward diffusion of
two components, nitrogen and carbon, and the
more complex metastable (see Section 3) phase
equilibria of the ternary Fe-C-N system. Until
now, only a few papers have appeared in the

literature presenting a more or less systematic
study of the microstructural changes accompa-
nying compound-layer growth during nitrocar-
burizing (Ref 31, 42–45). The following
summarizes the common, but still limited, basis
of understanding, based largely on results pre-
sented in Ref 31 and 45.
Local equilibria appear to be established at

the interphase boundaries in the compound
layer, whereas, at the same time, a local equi-
librium (or a stationary state) does not prevail
at the gas-solid interface, at least not in the
beginning of the nitrocarburizing. As a matter
of fact, such a conclusion also holds for the
case of nitriding (see Section 9.1). The occur-
rence of local equilibria within the nitrocarbur-
ized zone implies that the chemical potentials
of nitrogen and carbon (and iron) vary in a con-
tinuous manner through the nitrocarburized
zone, from the surface to the nonaffected core.
This can be associated with the formation of
phases in a sequence and of compositions as
prescribed by a so-called diffusion path at con-
stant temperature in the (metastable) phase dia-
gram (Ref 46, 47).
Thus, for the case of nitriding, pertaining to

the binary metastable iron-nitrogen phase dia-
gram, the order of phases (from top to bottom
of the nitrided zone) would then be e/g0/a, as
shown in Fig. 8 and 9 and discussed in Section
9.1 (provided the nitriding potential of the
nitriding atmosphere is high enough to allow
formation of e nitride). Draw a horizontal line
in Fig. 2 at the nitriding temperature and pro-
ceed from the right (corresponding to relatively

high chemical potential of nitrogen) to the left
(corresponding to relatively low chemical
potential of nitrogen); also see the discussion
in Sections 3 and 4.
To determine on this basis the sequence and

compositions of the carbonitride phases in the com-
pound layer developing upon nitrocarburizing,
a diffusion path should be drawn in an isothermal
section of the Fe-C-N phase diagram for the
temperature at which the nitrocarburizing is
carried out. The diffusion path is defined by
the course of the (laterally, i.e., at constant
depth) averaged composition in the direction
perpendicular to the original interface of the
diffusion couple concerned—here, perpendicu-
lar to the surface of the specimen/component.
Not only do thermodynamics govern the
course of the diffusion path, but kinetics can
be decisive as well.
As follows by application of Gibbs’ phase rule,

at constant temperature and constant pressure, in
the case of the binary system iron-nitrogen, only
onephasecanbepresent over a certain depth range
covering a certain variation in (the laterally aver-
aged) composition (if local equilibrium prevails).
The presence of two phases in contact represents
a nonvariant situation; the two phases are in con-
tact only at a specific depth, that is, at a specific
set of values for the chemical potentials of the
components iron and nitrogen, and at a specific
set of values of the compositions of both phases
in contact. This is compatiblewithFig. 8 and9 dis-
cussed in Section 9.1. Note that as a consequence,
the phases e and g0 occur as sublayers in that order,
from top to bottom, in the compound layer devel-
oping upon nitriding iron.
Similarly, it follows that in the compound

layer at constant temperature and constant pres-
sure, in the case of the ternary system Fe-C-N,
one or, at most, two phases can be present over
a certain depth range covering a certain varia-
tion in the laterally averaged composition (if
local equilibrium prevails). The presence of
three phases in contact represents a nonvariant
situation; the three phases are in contact only
at a specific depth, that is, at a specific set of
values for the chemical potentials of the com-
ponents iron, carbon, and nitrogen, and at a spe-
cific set of values of the compositions of the
three phases in contact. Hence, only the ther-
modynamics of the system can already induce
a complicated microstructure of the compound
layer in the case of nitrocarburizing. Note that
a sequence of sublayers (with each phase repre-
sented by a sublayer, as is the case for nitriding
of iron; see above discussion) is not expected in
the case of nitrocarburizing of iron, already
because two phases can be in contact over a
certain depth range, which does represent a
(local) equilibrium situation.
As an example, a schematic presentation of

the microstructural development, in particular
the phase constitution, of the compound layer
obtained upon nitrocarburizing a-Fe at 580 �C
(853 K) is provided in Fig. 10 and described
subsequently (Ref 45). {The nitrocarburizing
conditions for these experiments involved a

Fig. 9 Cross sections of nitrided pure a-Fe (light optical micrographs, after etching in 1.0 vol% Nital containing
0.1 vol% HCl). (a) Nitrided at 550 �C (823 K) for 5 h at rN = 2.37 atm�1/2. (b) Nitrided at 560 �C (833 K)

for 20 h at rN = 2.37 atm�1/2. The dark spots and stripes observed in the e sublayer for the specimen corresponding
to (b) are due to porosity developing during nitriding in the iron nitride underneath the surface, due to its
metastability. Inter- and intragranular pores can form. Source: Ref 41; cf. Fig. 3 and Section 3
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gas mixture composed of 15.44 vol% NH3,
57.59 vol% H2, 20 vol% CO, and 6.61 vol%
N2; the gas flow rate was 13.5 mm � s�1, as cal-
culated for room temperature (Ref 45). If no
side reactions occur in the gas atmosphere
(but see next sentence), a nitriding potential
for this gas mixture can be given as rN =
0.35 atm�1/2 (Eq 6). The carburizing potential
for this gas mixture would be infinite; however,

because of side reactions in the gas atmosphere,
an effective carburizing potential/chemical
potential of carbon operates (Ref 48).}
In the following discussion of the microstruc-

tural development, the phase constitution is pre-
sented as a sequence of sublayers containing
one or two phases (see previous discussion)
indicated by their symbols and separated by
the symbol “/”; thus, the notation e/e + g0

indicates that at the surface, an e sublayer occurs
which is followed at some depth by a dual-phase
e + g0 sublayer (see stage 6 in Fig. 10), and that
underneath the last sublayer, the substrate occurs
but is not separately indicated.
At the start of nitrocarburizing, a single-phase

layer of cementite (y) forms at the surface
(stage 1). The e carbonitride phase develops sub-
sequently at the layer/substrate interface, and a
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Fig. 10 Schematic illustration of the progressive microstructural stages of compound-layer formation and evolution upon nitrocarburizing a-Fe. The results pertain specifically to a
treatment temperature of approximately 580 �C (853 K). The process starts with the formation of a carbon-rich phase (cementite) and proceeds in the direction of nitrogen-

rich phases along diffusion paths, as sketched for successive nitrocarburizing times in Fig. 11. The following successive stages have been indicated: (1) single-phase cementite (y)
layer, (2a) y/e double layer, (2b) y/y + e layer, (3) y + e/y/y + e layer, (4) e/y + e/e layer, (5) single-phase e layer, (6a) e with some g0 developing in regions close to the interface
with the substrate, (6b) e/e + g0 layer, (7) e/g0 double layer, and (8) single-phase g0 layer. Source: Ref 45
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y/e double layer (stage 2a) or a y/y + e double
layer (stage 2b) results. The amount of e phase
in the compound layer then increases strongly
by growth of e into the substrate and also in the
opposite direction, by conversion of y into e
(stages 3 and 4; that such y ! e conversion can
occurwas shown for the first time inRef 49). This
growth phase ends with a single-phase e (com-
pound) layer (stage 5). Continued nitrocarburiz-
ing induces emergence of (the carbon-poor) g0
phase close to the interface with the substrate,
and thus, an e/e + g0 double layer is formed
(stages 6a and 6b), which is succeeded by an e/
g0 double layer (stage 7). Thereafter, the amount
of g0 phase in the compound layer increases until
a single-phase compound layer results (stage 8).
These results, as obtained in Ref 45, have

been presented here with the recognition that
580 �C (853 K) is a nitrocarburizing tempera-
ture often applied in practice, and indeed,
microstructures as presented as stages 5 and 6
in Fig. 10 have frequently been observed in
practice after treatment times of, say, 2 to 4 h
at the temperature concerned (580 �C, or
853 K). Stage 8 has been observed after a treat-
ment time of 24 h, which is much longer than
treatment times applied in practice.
For all types of nitrocarburizing atmospheres

(including salt baths and plasmas), it cannot be
claimed that precisely the same sequence of
microstructures as presented in Fig. 10 occurs
in the compound layer (Ref 39). However, the
general conclusion from observations as well
as the previous discussion is that the micro-
structural evolution of the compound layer
developing upon nitrocarburizing proceeds
from a carbon-rich phase (cementite, y) into
the direction of carbon-poorer and nitrogen-
richer phases (e and g0).
The change (with treatment time) of the com-

position and the phase constitution at the surface
of the compound layer immediately makes clear
that neither a local equilibrium nor a stationary
state (see Section 8) occurs at the gas-solid inter-
face, at least not for the largest part of the period
of time in the nitrocarburizing experiments per-
taining to Fig. 10, implying that this certainly
holds for the nitrocarburizing treatments in (com-
mercial) practice. The initial development of
cementite (not generally recognized, because this
cementite at the interface with the substrate
disappears in the subsequent stage of the
process) was first reported in Ref 43 for salt bath
nitrocarburizing and in Ref 39 for gaseous nitro-
carburizing. This occurrence of cementite can
be discussed as follows.
The rate of carbon transfer from the nitrocar-

burizing medium, that is here from CO, is
much higher than that of nitrogen transfer, that
is, from NH3 (Ref 28). Further, the solubility of
carbon in the substrate (ferrite) is very small
and, in any case, much smaller than that of
nitrogen (Table 1). Then, recognizing that the
diffusion coefficients of carbon and nitrogen
in ferrite do not differ strikingly (Ref 50), it fol-
lows that the ferrite substrate at the surface is
saturated with carbon much faster than with

nitrogen, leading to the initial formation of
cementite (which has a negligible solubility for
nitrogen) at the surface of the substrate and not
of a nitrogen-rich(er) carbonitride that appears to
comply with local equilibrium at the surface or
with a stationary state at the surface (see the results
for long(er) treatment times as indicated in
Fig. 10).Upon continued treatment, the ferrite sub-
strate at the substrate/compound-layer interface
becomes gradually enriched in nitrogen (by diffu-
sion of nitrogen through the grain boundaries of
the cementite, Ref 51), and then the e phase can
nucleate there (Fig. 10, stage 2).
Whereas the composition and phase constitu-

tion at the surface are controlled by kinetics, it
can be shown that, given this constraint, themicro-
structure within the compound layer, dependent
on the composition and phase constitution at the
surface, is controlled by thermodynamics: local
equilibria prevail at the solid-solid phase inter-
faceswithin the compound layer. Theway tomake
this likely is by drawing diffusion paths (see the
beginning of this section) in themetastable ternary
Fe-C-N phase diagram (Ref 52) at the treatment
temperature (Fig. 11). For the various stages
shown in Fig. 10, suggestions for diffusion paths,
representing the change of the lateral average

composition and phase constitution as a function
of depth, have been made (schematically) in
Fig. 11 (Ref 45). That this is possible indicates that
the depth dependence of the lateral average com-
position and the thermodynamics of the Fe-C-N
system (fully) govern the microstructure within
the compound layer.
This section is concluded with a paragraph

about a special microstructural feature that can
be observed in particular if larger fractions of
ammonia occur in the gas atmosphere. In that
case, distinct porosity can develop in the com-
pound layer (see Section 3), in particular in
the e (carbo)nitride phase/(sub)layer. Such a sit-
uation has not been considered in the previous
discussion and in Fig. 10. After these pores,
preferentially nucleated at grain boundaries,
have coalesced and induced channel formation
along these grain boundaries, they can have
direct contact with the outer nitrocarburizing
atmosphere. Then, a preferential uptake of car-
bon has been observed to take place via these
channel walls at some depth beneath the surface
(Fig. 12a), leading eventually to cementite
formation at the channel walls (Fig. 12b); even
a cementite sublayer has been observed to
develop subsequently (Ref 42). One can

Fig. 11 Diffusion paths in the isothermal section of the Fe-C-N phase diagram at 580 �C (853 K) for various stages of
compound-layer development upon nitrocarburizing a-Fe at 580 �C (853 K) and as shown in Fig. 10. On this

basis, the time-dependent microstructural evolution of the compound layer can be illustrated for the case that local
equilibrium at solid/solid interfaces occurs, which appears to be the case for nitrocarburizing (and nitriding; see text).
A diffusion path represents, at a given time, the course of the lateral gross composition and the phase constitution,
going from the top to the bottom of the compound layer; see the solid lines indicated with arrows for those parts of
the diffusion paths where a continuous change of the gross composition as a function of depth occurs, and the
dashed lines for depths where a jump in the gross composition takes place. The time-dependent change of the gross
composition at the surface of the compound layer is represented by the dotted line indicated with an arrow. It should
be noted that the isothermal section of the Fe-C-N phase diagram shown here is that given in Ref 52, on the basis of
experimental data, which is incompatible with the calculated isothermal section according to the CALPHAD database
(2008). Source: Ref 45
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speculate about the origin of this phenomenon.
It can be suggested that the outer gas atmo-
sphere can penetrate the channels, after these
have established an opening at the outer sur-
face, and that at the fresh channel walls the
kinetics of carbon uptake may be much faster
than that of nitrogen uptake, as discussed earlier
for the formation of cementite at the surface of
the substrate at the start of nitrocarburizing.
The driving force for the decomposition of the
e phase, giving rise to pore/channel formation,
is largest close to the outer surface, because
the nitrogen content of the e phase is largest
there. Thus, the initial presence of a large
amount of Nads at the fresh channel walls may
be most pronounced at the channel walls close
to the outer surface, which thus could effec-
tively block the occurrence of a gas-solid reac-
tion (Eq 8a) at these depths at the channel walls
close to the outer surface.
9.3 Microstructural Development of the

Compound Layer in the Presence of Alloying
Elements. Steels subjected to a nitriding treat-
ment often possess alloying elements having
distinct chemical affinity for nitrogen (see Sec-
tion 10). The question emerges how the pres-
ence of these alloying elements influences the
formation of the compound layer. To provide
an answer, one must distinguish between a
group of alloying elements that has an appar-
ently strong-to-intermediate interaction with
nitrogen (alloying elements belonging to this

group are titanium, vanadium, and chromium)
and a group of alloying elements that has an
apparently weak interaction with nitrogen
(alloying elements belonging to this group are
aluminum, molybdenum, and silicon). (For the
classification of strong, intermediate, and weak
Me-N interaction, which expresses a net out-
come of the precipitation promoting change of
chemical Gibbs energy and the precipitation
obstructing misfit energy, see Section 5.4 in
Ref 53; see also Section 11.2 in this article).
Strong interaction implies that upon the start

of nitriding, an immediate precipitation of MeNn

nitride particles in the ferritic matrix is invoked.
Then, as soon as the amount of nitrogen dis-
solved in the ferrite matrix at the surface of the
specimen exceeds the solubility limit of nitro-
gen, a compact (largely) iron-nitride compound
layer develops at the surface of the specimen.
During growth of this iron-nitride compound
layer, the MeNn nitride particles, which already
have precipitated in the matrix (the diffusion
zone), are incorporated in the compound layer
by overrunning them (Ref 41, 54–56).
Underneath the iron-nitride compound layer,

iron-nitride developments along grain boundaries
of the matrix can often be observed (Fig. 13).
This phenomenon can be explained as follows:

� Segregation at grain boundaries of the alloy-
ing element Me, already in the unnitrided
condition, leads to preferred precipitation

of Me-nitride at grain boundaries in the dif-
fusion zone below the compound layer. As
a consequence, Me-depleted regions adja-
cent to such grain boundaries occur. The
prevailing supersaturation of nitrogen in
these regions then, in the absence of Me,
can lead to the development of iron nitride
adjacent to such grain boundaries.

� The initially developed nanosized, largely
coherent MeN precipitates (see Section
11.2), in the so-called continuous precipita-
tion (CP) region, may coarsen via a discon-
tinuous coarsening reaction (Ref 14, 57),
which results in the development of a lamel-
lar, discontinuously coarsened (DC) micro-
structure (Ref 58–60). The ferrite matrix
surrounding the continuous, nanosized,
largely coherent precipitates can contain
much more excess nitrogen (see Section 11.3)
than the ferrite matrix in the DC region.
Thus, the occurrence of DC is accompanied
by release of a huge amount of excess nitro-
gen that either locally enhances the nitrogen
supersaturation of ferrite, leading to the pre-
cipitation of nitride along grain boundaries
and also at the CP/DC interface, or associ-
ates at the grain boundaries under formation
of pores filled with N2 gas, coalescence of
which leads to the development of open
grain boundaries/cracks (refer to the discus-
sion on pore formation in the iron-nitride
compound layer in Sections 3 and 9.1). The
penetration of the outer nitriding atmosphere
through the cracks opened to the surface
then leads to the development of iron nitride
along the crack faces (see discussion of
Fig. 12).

Weak interaction implies that, upon the start
of nitriding, not an immediate but a (very) slow
precipitation of MeNn nitride particles can
occur. Such a delayed precipitation reflects the
pronounced misfit strain field that is associated
with the development of MeNn precipitates. In
this case, a competition between the slow pre-
cipitation of MeNn and the development of iron
nitride can occur. Consider the case that nitrid-
ing takes place under conditions which allow
the development of g0 iron nitride. The solubil-
ity of Me in g0 iron nitride can be small, as, for
example, holds for aluminum and molybdenum.
Then, precipitation/development of g0 iron
nitride occurs either after a partitioning of Me
in the ferrite matrix, as by a preceding precipi-
tation of Me as MeNn, has been realized, to
make possible the development of Me-free g0
iron nitride, or the g0 iron nitride is forced to
nucleate and grow with Me dissolved in it.
The difficulty in the precipitation of both MeNn

and g0 iron nitride allows the absorbed nitrogen
to diffuse deeply into the specimen, leading to a
(unusually) high nitrogen supersaturation of the
ferrite matrix. Eventually, such nitrogen super-
saturation brings about the development of g0
iron nitride, with Me dissolved in it, across the
depth range of high-nitrogen supersaturation. As
a result, a peculiar, platelike morphology of g0,

Fig. 12 Carbon uptake through “open” grain boundaries/channels in contact with the outer nitrocarburizing
atmosphere. (a) Preferential carbon uptake is observed to take place via the channel walls at some

distance from the outer surface (in this case, nitrocarburizing took place in a CO-containing gas atmosphere: 3 vol%
CO; 53 vol% NH

3
, and 44 vol% H

2
at 570 �C, or 843 K). (b) The carbon enrichment in the e phase at these depths

can eventually lead to cementite formation. The associated transformation of the original e phase to cementite (y)
adjacent to the channel walls leads to fine pores (filled with N

2
gas), because the cementite has a very low solubility

for nitrogen. Source: Ref 39
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deeply penetrating the specimen, occurs (for an
example, see Fig. 14) (Ref 56, 61, 62).
The results discussed in the preceding para-

graph pertain to iron-base alloys, with Me as an
element of weak interaction with nitrogen, in
recrystallized condition. If these materials have
been deformed (e.g., by cold rolling), at the start
of nitriding immediate precipitation of MeNn can
occur (defect/dislocation-facilitated nucleation),
and a compact compound layer of (largely) iron
nitride develops at the surface that incorporates
the already precipitated MeNn particles (by over-
running them) (Ref 62). This is just as in the case
for Me as an alloying element experiencing a
strong interaction with nitrogen.
It is concluded that compound layers not

only can be avoided (by proper selection of

the nitriding potential, which should not exceed
a critical value), but that they can be micro-
structurally and morphologically modified by
incorporating in the ferritic matrix, in dissolved
state, alloying elements Me having a weak
Me-N interaction (Me = aluminum, molybde-
num, and silicon) next to elements Me having
a strong Me-N interaction (Me = titanium,
vanadium, and chromium).

10. Kinetics of Compound-Layer
Growth

It is often taken for granted that growth of
an iron-nitride layer upon nitriding or an

iron-carbonitride layer upon nitrocarburizing is
kinetically controlled by the inward diffusion
of the interstitial components. Of course, this
does not hold for the beginning stage of layer
growth as long as no local equilibrium or sta-
tionary state has been realized at the surface
of the layer (see discussion in Section 8.1). This
has an important consequence for the nucle-
ation of (carbo)nitrides at the surface of the
specimen/component, which is discussed first
for the case of nitriding pure iron and the devel-
opment of an iron-nitride layer at the surface in
the following section.
The nitrogen-uptake rate is the outcome of

competing processes:

� The dissociation process (Eq 2)
� The recombination and desorption process

(Eq 17) at the gas-solid interface
� The diffusion process in the solid substrate

(see Sections 8.1 and 9.1)

If rate-constant and diffusion-coefficient
data are available, the joint result of these
processes can be calculated numerically (see
the Appendix of Ref 23). Hence, recognizing
that local equilibrium, or a stationary state, is
not established instantaneously at the surface
in the case of nitriding, the nitrogen concen-
tration-depth profiles cannot be calculated
straightforwardly on the basis of (analytical
or numerical) solutions of only Fick’s second
law.
An example of the evolution of the nitrogen

concentration-depth profile with time at con-
stant temperature for the case of nitriding
pure iron is shown in Fig. 6. Indeed, the surface
concentration of nitrogen gradually increases
to attain a constant value only after pronounced
nitriding. This behavior, for the normal nitrid-
ing conditions considered here, is dictated
by the competition between the dissociation
of NH3 at the surface and the inward
diffusion of nitrogen; the effect of the recombi-
nation of adsorbed nitrogen at the surface
and its subsequent desorption as nitrogen gas
is negligible at temperatures below 580 �C
(853 K) and not very high nitriding potentials
(Fig. 7).
The effect shown in Fig. 6 has as conse-

quence that, even if the nitriding potential and
temperature predict the development of, for
example, g0 iron nitride, then nucleation of this
nitride at the surface can only occur after dis-
tinct nitriding time has passed; g0 nucleation
can occur (at the earliest) at the moment
that the surface concentration of nitrogen
surpasses the value compatible with the a/g0
equilibrium. Hence, an incubation time for
iron-nitride formation occurs. This effect was
first recognized and quantitatively predicted
and experimentally verified in Ref 37. In the
calculations of Ref 37, the contribution of
the recombination and desorption process at
the surface was neglected. In a later work
(Ref 38), this effect was taken into account;
the difference in resulting incubation time for

Fig. 13 Cross section of nitrided Fe-Me alloy specimen with a “strong” Me-N interaction (see text). Here, Me = V;
Fe-4at.%V specimen nitrided at 580 �C (853 K) for 4 h with r

N
= 0.8 atm�1/2 (light optical micrograph;

after etching in 2 vol% Nital). g0 nitride has formed not only as a layer at the surface but also along the “open” grain
boundaries (g.b.) in the matrix and along the interface between the zones of continuous precipitation (CP) (of VN)
and of discontinuous coarsening (DC). Source: Ref 56

Fig. 14 Cross sections of nitrided Fe-Me alloy specimens with a “weak” Me-N interaction (see text). (a) Fe-4.7at.%Al
specimen nitrided at 500 �C (773 K) for 10 min with r

N
= 1.73 atm�1/2. (b) Fe-1at.%Mo alloy specimen

nitrided at 480 �C (753 K) for 2 h with r
N
= 0.7 atm�1/2. Note the unusual plate-type morphology of the developed g0

iron nitride (light optical micrographs, cross sections etched in 2 vol% Nital). Source: Ref 61 and 62, respectively
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iron-nitride nucleation at the surface is only
a few percent at most, in accordance with the
previous discussion.
Only after a closed (carbo)nitride layer has

formed at the surface and a stationary state or
local equilibrium situation occurs at the surface
of the layer may interstitial diffusion processes
in the (carbo)nitride layer control the rate of
layer growth.
Surprisingly little information on interstitial

diffusion in (growing) iron-nitride layers on fer-
rite is available in the literature (Ref 63–66).
This holds even more so for (growing) iron-
carbonitride layers on ferrite (Ref 67). Espe-
cially in the case of iron-carbonitride com-
pound layers, the microstructure can be so
complicated, as exemplified by the presence of
(if local equilibrium prevails, at most) two
phases over a certain depth range in the layer
(see Section 9.2), that a more or less straightfor-
ward analysis of diffusion processes is
obstructed. Hence, researchers aiming at char-
acterizing the kinetics of layer growth, on the
basis of parameters as diffusion coefficients,
look for geometries that are laterally invariable.
This is guaranteed, in principle, for the binary
iron-nitrogen system; if the two nitrides e and
g0 occur in the compound layer upon nitriding
an a-Fe substrate, then the e phase is present
as a sublayer on top of a g0 sublayer, on top
of the a-Fe substrate (see Fig. 8 and 9 and Sec-
tion 9.1). This microstructure of planar, parallel
e and g0 sublayers is the one most frequently
investigated (apart from the case of a single g0
layer on top of an a-Fe substrate). For the ter-
nary Fe-N-C system, such a dual-sublayer
microstructure is only possible for restricted
ranges of chemical potentials of nitrogen and
carbon in the nitrocarburizing atmosphere
and limited ranges of temperature and time
(and pressure); for example, see stage 7 in
Fig. 10. The only work performed until now
devoted to diffusion analysis of both nitrogen
and carbon upon nitrocarburizing a-Fe fol-
lowed this strategy (Ref 67).
The diffusional flux of only nitrogen in

an iron-nitride layer growing on ferrite can
be characterized by a single diffusion coeffi-
cient: the intrinsic diffusion coefficient of nitro-
gen, DN. (Note that at the normal nitriding and
nitrocarburizing temperatures, the iron in the
system can be considered as immobile.) Thus,
the flux of nitrogen, JN, and the gradient of
the nitrogen concentration in the nitride layer,
dcN/dx, are related by DN according to Fick’s
first law:

JN ¼ �DN � dcN
dx

(Eq 18)

Such descriptions of diffusional mass trans-
port become essentially more complicated if
more than one diffusing component must be
considered. Thus, for the case of simultaneous
diffusion of nitrogen and carbon in an iron-
carbonitride layer, Fick’s first law must be
written as:

Jk ¼ Jkk þ Jkj ¼ � Dkk � dck
dx

	 

� Dkj � dcj

dx

	 

(Eq 19)

with k=N, j=C, andwith k =C, j=N. So, instead
of only one intrinsic diffusion coefficient, now
four intrinsic diffusion coefficients are required
to describe the fluxes of nitrogen and carbon:
DNN, DNC, DCC, and DCN. The coefficient DNC

describes the contribution to the diffusional
transport of nitrogen due to the concentration gra-
dient of carbon, and DCN describes the contribu-
tion to the diffusional transport of carbon due to
the concentration gradient of nitrogen. Each
intrinsic diffusion coefficient is given by the
self-diffusion coefficient of the diffusing compo-
nent considered, D	

k , multiplied by the so-called
thermodynamic factor, ykj (Ref 46):

Dkj ¼ D	
k � ykj (Eq 20)

In principle, both the self-diffusion coeffi-
cients and the thermodynamic factors depend
on concentration. These thermodynamic factors
express the thermodynamic interaction of nitro-
gen and carbon, leading to the diffusional cross
effects as outlined in Eq 19. It appears that in
the case of simultaneous diffusion of nitrogen
and carbon in iron-carbonitride, these contribu-
tions, as exposed by DNC and DCN, can be very
distinct (see the following).
The growth of an e/g0 double layer on top of

a ferrite substrate during nitrocarburizing can
be described by considering the (mass) balances
that describe the shifts of the e/g0 interface and

the g0/a interface, by infinitesimal distances dx
and dz, respectively, resulting from the diffu-
sive fluxes arriving at and departing from the
interfaces (Fig. 15) (Ref 63, 67):

Growth of e sublayer: c
e=�0
k � c

�0=e
k

� �
� d� þWk;e

¼ J
e=gas
k � J

�0=e
k

� �
� dt (Eq 21a)

Growth of �0 sublayer: c
�0=a
k � c

a=�0
k

� �
�d � � �ð ÞþWk;�0

¼ J
�0=e
k � J

a=�0
k

� �
� dt (Eq 21b)

with c
I=II
k as the concentration of component k

in phase/sublayer I at the I/II interface, J
I=II
k as

the flux of component k in phase/sublayer I at
the I/II interface, and Wk,I as the amount
of component k necessary to maintain the
concentration-depth profile of component k in
sublayer I. This set of equations (four in the
case of simultaneous diffusion of nitrogen and
carbon) reduces to one equation if g0 iron-
nitride layer growth is considered.
On the basis of Eq 21, the diffusion

coefficients are determined by making layer-
growth rate measurements (ve/g

0
= dx/dt and

vg
0/a = d(z – x)/dt) and concentration-depth

profile measurements. Results presented in
the literature pertain to experiments where, for
the single g0 layer or for the e/g0 bilayer, and
at constant temperature, parabolic growth is

Fig. 15 Schematic concentration-depth profile of the interstitial component k in the compound layer of the I/II (here:
e/g0) double-layer morphology. The concentration profiles in both sublayers have been taken linearly. The

dark-gray area represents the amount of component k per unit area cross section (perpendicular to the surface of the
specimen) to be accumulated in sublayer II to realize a shift of the I/II interface by a distance dx into the sublayer II.
The light-gray area represents the amount of component k per unit area cross section (perpendicular to the surface of
the specimen) to be accumulated in sublayer II to realize a shift of the II/a interface by a distance dz. Source: Ref 63, 67
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assumed for the (sub)layer thickness. Such par-
abolic growth is expected for constant surface
concentrations and constant interface concen-
trations and an initially fully saturated substrate
or an initially unsaturated substrate of infinite
thickness. Additional assumptions that have
been made in such analyses are, for example,
the supposition of linear concentration-depth
profiles in the sublayers and constant (i.e., inde-
pendent of concentration) intrinsic or self-diffu-
sion coefficients (Ref 63, 67).
In the case of growth of only a g0 iron-nitride

layer upon nitriding ferrite, adopting the
self-diffusion coefficient of nitrogen as inde-
pendent of concentration, the experimentally
observed concave curvature of the nitrogen
concentration-depth profile in the massive g0
layer near the surface could be ascribed to the
concentration dependence of the thermody-
namic factor (Eq 20) (Ref 68). If porosity
occurs near the surface of the g0 iron-nitride
layer, the penetration of the outward gas atmo-
sphere along open grain boundaries (owing to
coalesced pores developing at the grain bound-
aries; see Sections 3 and 9) can contribute dis-
tinctly to such concave curvature of the
nitrogen concentration-depth profile (Ref 69).
A summary of available data on the diffusion
coefficients of nitrogen in the g0 and e iron-
nitride phases, at the typical nitriding tempera-
tures, is provided in Ref 24. Data at consider-
ably lower temperatures (360 to 400 �C, 633
to 673 K) are presented in Ref 66.
The only work until now devoted to the

kinetic analysis of simultaneous diffusion of
nitrogen and carbon in e iron-carbonitride upon
nitrocarburizing ferrite is presented in Ref 67.
The window of experimental parameters (see
the introductory paragraphs of this section)

was such that an e/g0 bilayer occurred at the
surface of the nitrocarburized ferrite. The g0
phase can incorporate only little carbon
(Fig. 11); in the analysis, the g0 sublayer was
taken as stoichiometric Fe4N, the nitrogen and
carbon concentration profiles in the e sublayer
were taken linear (validated experimentally),
and the four intrinsic diffusion coefficients in
the e phase (see text following Eq 19) were
taken as independent of concentration. The
results obtained for DNN, DNC, DCC, and DCN

upon nitrocarburizing at 550 �C (823 K) dem-
onstrate that DNC is approximately as large as
DNN and that DCN equals approximately
¼DCC. Hence the “off-diagonal” diffusion coef-
ficients, DNC and DCN, are as significant as the
“diagonal” ones, DNN and DCC. This implies
the occurrence of strong thermodynamic inter-
action of nitrogen and carbon, which are dis-
solved on the same sublattice of octahedral
interstitial sites as provided by the hexagonal
close-packed parent lattice of iron atoms
(Table 1). As an illustration, the nitrogen flux
contributions JNN and JNC and the carbon flux
contributions JCC and JCN (Eq 19) at the gas/e
interface are shown in Fig. 16; JNC can be as
large as JNN, and JCN can be as large as JCC.

11. Microstructural Development
of the Diffusion Zone

With respect to the development of the
diffusion zone, a distinction between nitriding
and nitrocarburizing need not be made; carbon,
as compared to nitrogen, does not dissolve
to a significant extent in the ferritic matrix
(Table 1). Carbon, as a species offered by a ther-
mochemical process such as nitrocarburizing,

plays a pronounced role only in the development
of the compound layer (see Section 9.2). In other
words, the virtue of nitrocarburizing is restricted
to its effect on the development of the compound
layer of (largely) carbonitrides at the surface of
the specimen/component.
11.1 Iron Nitrides in Pure Iron and Car-

bon Steels. In the absence of alloying elements
with affinity for nitrogen, at the nitriding tem-
perature no precipitation of nitrides can occur
in the diffusion zone, and hence, the absorbed
nitrogen stays in solid solution; the nitrogen
atoms reside in random distribution at octahe-
dral interstices of the body-centered cubic
a-Fe parent lattice. Upon slow cooling after
nitriding at relatively high temperature, the g0
iron nitride, Fe4N1�x, based on a face-centered
cubic iron sublattice with an ordered distribu-
tion of nitrogen on octahedral interstices
leading to a primitive cubic translation lattice,
can precipitate. Continued cooling, if the
supersaturation allows, can then lead to the pre-
cipitation of an intermediate nitride: a00-Fe16N2,
which has a body-centered tetragonal iron
sublattice with an ordered distribution of nitro-
gen on octahedral interstices leading to a
body-centered tetragonal translation lattice
(Table 1; see Fig. 17). Alternatively, if the
specimen has been quenched, so that all nitro-
gen is still in solid solution (actually, effectively
only possible with specimens that are relatively
thin, such as foils), aging at room temperature
and at temperatures until approximately 150 to
160 �C (423 to 433 K) leads to the development
of regions with a a00-Fe16N2 crystal structure, fol-
lowed at higher temperature by the emergence of
g0 -Fe4N1�x. (Note that local enrichment plus
ordering of nitrogen atoms suffices fora0 0 no rear-
rangement of iron atoms is required, Ref 70; for a

Fig. 16 Diffusive fluxes of nitrogen and carbon at the surface of the e/g0 compound layer for a nitrocarburizing time of 4 h at 550 �C (823 K) as a function of the chemical potential
of carbon in the gaseous nitrocarburizing atmosphere (here represented as the carbon activity, see Sections 6 and 7) for a fixed chemical potential of nitrogen in the

gaseous nitrocarburizing atmosphere (here represented as the nitrogen activity; see Sections 4 and 7). The chemical potentials of nitrogen and carbon were controlled by the
method described in Section 7. The fluxes J

NN
and J

NC
represent the nitrogen fluxes carried by the nitrogen concentration gradient and the carbon concentration gradient,

respectively; similarly, the fluxes J
CC

and J
CN

represent the carbon fluxes carried by the carbon concentration gradient and the nitrogen concentration gradient, respectively (see
Eq 19). Source: Ref 67
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discussion of this process, see Ref 14, pages 421
to 422.)
11.2 Crystalline and Amorphous Alloying

Element Nitrides in Iron-Base Alloys. The
introduction into the matrix of alloying ele-
ments, Me, with (chemical) affinity for nitrogen
is intended to induce the precipitation of tiny,
possibly (semi)coherent, Me-nitride precipitates
in the diffusion zone, which pronouncedly
enhances the mechanical properties of the dif-
fusion zone (as, for example, reflected by a
strongly improved fatigue resistance, Ref 71;
see also Ref 14, pages 576 to 580). The following
binary Fe-Me systems, with respect toMe-nitride
development upon nitriding, have been docu-
mented in the literature: iron-chromium (Ref 3,
58, 59, 72), iron-aluminum (Ref 73, 74), iron-
vanadium (Ref 60, 75), iron-titanium (Ref 76,
77), iron-molybdenum (Ref 78, 79), and iron-sil-
icon (Ref 80–82). This list of systems is not
exhaustive, and the references given have been
restricted to those reporting largely on the micro-
structure developing upon Me-nitride precipita-
tion. More references can be found in the
publications listed here, and specific ones are also
given later in this section.
The notions “strong” and “weak” interaction

of Me and N have already been touched upon
in Section 9.3. They can be discussed as follows.
The Me-N interaction in ferrite, with Me

and N as dissolved solutes, can be defined as
the ratio of energy gained (chemical Gibbs
energy) and the energy required (misfit-strain,
and interfacial, Gibbs energy) upon precipita-
tion of MeNn nitride particles from the super-
saturated ferritic Fe-Me-N matrix. For values
of such an interaction parameter for a number
of alloying elements that leads to a ranking of
these alloying elements regarding their strength
of interaction, see the examples in Table 6 in
Ref 53. This interaction parameter facilitates
the characterization of two extreme behaviors
of Me-nitride precipitation (Fig. 18) (Ref 83):

� Weak interaction: The nitride-precipitation
process progresses with the same rate at
every depth below the surface (for a foil of
finite thickness, see the following). A nitro-
gen gradient is virtually absent. This can be
formulated as follows: nitriding a foil of
finite thickness would first lead to nitrogen
saturation of the ferrite matrix throughout
the foil (i.e., homogeneous nitriding) before
the nitride precipitation occurs (with a rate
of nitrogen consumption distinctly slower
than the rate of nitrogen uptake by the spec-
imen, such that the state of homogeneous
nitriding is effectively maintained).

� Strong interaction: A surface-adjacent
region (case) develops, where all Me atoms
have precipitated as nitride. A sharp case/
core boundary occurs, and nitrogen in the
core is virtually absent.

The type of crystal structure of Me nitride
most frequently encountered is the NaCl-type
crystal structure, based on a face-centered cubic
translation lattice; this holds for TiN, VN, CrN
(see also the discussion in Appendix A of Ref
53), and also for the cubic (rock salt) AlN
(which can be favored over the equilibrium
hexagonal modification, of AlN, wurtzite;
Ref 84). The cubic Mo2N crystal structure can
be conceived as a NaCl-type crystal structure
with 50% vacancies on the nitrogen sublattice
(Ref 79). The lattice parameter of the unit cell
of these NaCl-type crystal structures for MeN
is closely equal to:

aa�Fe

ffiffiffi
2

p

where aa-Fe indicates the lattice parameter of
body-centered- cubic a-Fe. Thus a {100} habit
plane and an orientation relationship of the fol-
lowing type can be expected:

001ð Þa�Fe== 001ð ÞMN; 100½ �a�Fe== 110½ �MN

Obviously, three variants (one for each cube
plane of the matrix) of this (so-called Bain, also

called Baker-Nutting) orientation relationship
can occur. These predictions are in agreement
with the experimental observations. Then, a
coherent interface along the {100}a-Fe plane
can be expected, a linear misfit on the order of
a few percent. The linear misfit perpendicular
to the habit plane is very much larger, of the
order 40% and more. Hence, the nitrides
develop as tiny platelets, say, 10 nm long and
1 nm thick, depending on the precise nitriding
conditions (Ref 85). In agreement with this dis-
cussion, a high-resolution transmission electron
microscopy image shows the platelet faces to
be coherent, whereas (misfit) dislocations can
be detected at the platelet edges (Fig. 19).
If more than one alloying element is present,

such as Me1 = Cr and Me2 = Al (a combination
of alloying elements met in well-known nitrid-
ing steels), one may wonder whether
separate precipitation of Me1 nitride and Me2
nitride will occur or that a mixed nitride
(Me1)x(Me2)1�xN will precipitate. It has been
recently shown that for Me1 = Cr and Me2 =
Al and for Me1 = Cr and Me2 = Ti, the mixed
nitride, with NaCl-type crystal structure, is pre-
ferred to precipitate (Ref 86–88). This can be
understood as follows (Ref 89):

� For CrxAl1�xN: The formation of the equi-
librium NaCl-type CrN precipitate is rela-
tively fast, whereas development of the
equilibrium hexagonal AlN is relatively very
slow, owing to its large volume misfit with
the ferritic matrix. The misfit-strain energy
of the CrN precipitates can be reduced by
the uptake of aluminum. Also, because the
diffusion of chromium and aluminum in the
ferrite matrix is very slow compared to
the diffusion of nitrogen, the aluminum
atoms are “dragged” into the developing
cubic NaCl-type CrN precipitates. (Note that
the NaCl-type crystal structure is a possible
crystal structure for AlN; see previous dis-
cussion and Ref 84.) The system thus
accepts the gain of a smaller-than-maximum

Fig. 17 Cross section of the diffusion zone of a nitrided
a-Fe specimen. The specimen was powder

nitrided (see the “Introduction” of this article) in a box
(for 8 h at 545 �C, or 818 K; Ref 3) and thereafter very
slowly cooled, leading to relatively coarse g0 and a00 iron
nitrides (the small and large precipitates visible in the
micrograph). (Normally, the a00 iron-nitride precipitates
are only visible by applying higher magnifications, as
provided by a transmission electron microscope.) Light
optical micrograph; oblique illumination, oil immersion,
after etching in 0.5 vol% Nital. Source: Ref 3

Fig. 18 Types of Me-N interaction as revealed by the emerging nitrogen concentration-depth profiles. The symbols
C, t, and z denote nitrogen concentration, nitriding time, and depth below the surface, respectively. Source:
Ref 83
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amount of Gibbs energy, released by nitride
precipitation, as an intermediate solution;
CrxAl1�xN precipitates develop.

� For CrxTi1�xN: The equilibrium precipitates
CrN and TiN have the same NaCl-type
crystal structure. The interaction parameter

(see previous discussion) for titanium-nitro-
gen is appreciably larger than that for
chromium-nitrogen. So, the driving force
for TiN to precipitate is much larger than
that for CrN to precipitate. The misfit-strain
energy of the TiN precipitates can be
reduced by the uptake of chromium. Also,
because diffusion of chromium and titanium
in the ferrite matrix is very slow compared
to the diffusion of nitrogen, the chromium
atoms are “dragged” into the developing
cubic NaCl-type TiN precipitates. The sys-
tem thus accepts the gain of a smaller-than-
maximum amount of Gibbs energy, released
by nitride precipitation, as an intermediate
solution; CrxTi1�xN precipitates develop.

Note the subtle distinction of contributing fac-
tors promoting the precipitation of a mixed
nitride, (Me1)x(Me2)1�xN, for both systems in
the previous consideration.
The formation of the mixed nitride releases

a considerable amount of Gibbs energy. How-
ever, thermodynamically the precipitation of
the separate equilibrium nitrides is favored.
Indeed, it was shown that, after nitriding at
580 �C (853 K) and by annealing at 700 �C
(973 K), the metastable CrxAl1�xN precipitates
in the diffusion zone become depleted of alumi-
num, followed by subsequent precipitation of
the released aluminum as hexagonal AlN in
the interior and at grain boundaries of the fer-
ritic matrix in the diffusion zone (Ref 87).
A peculiar, interesting observation has been

made upon nitriding iron-base iron-silicon solid
solution. A distinct chemical driving force
exists for the formation of Si3N4 from a super-
saturated Fe-Si-N solid solution. Yet, this
precipitation process is very slow, leading to
practically ideally weak nitriding kinetics
(Fig. 18, Ref 83). The very slow rate of nitride

precipitation is undoubtedly due to the very
large volume misfit of over 100% between
nitride precipitate and ferrite matrix. It was a
great surprise to observe that the nitride precipi-
tates that eventually develop are not of crystal-
line nature but are amorphous (albeit of the
composition Si3N4) (Ref 80); it is extremely
rare for nature to favor the amorphous modifi-
cation over the crystalline one for the precipi-
tate in a solid-state precipitation process. For
small-sized precipitates associated with a rela-
tively large interface/volume ratio, a relatively
low value of the energy of the interface
between the amorphous precipitate and the
crystalline ferrite matrix, compared to the inter-
facial energy in the case of the crystalline mod-
ification of the precipitate, can stabilize the
amorphous modification such that it is preferred
over the crystalline modification (Ref 80). The
amorphous precipitates developing at 580 �C
(853 K) initially occur as bands along the ferrite
grain boundaries; at later stages, cuboidal amor-
phous nitride particles develop within the fer-
rite grains (Ref 81). The faces of the cuboidal
amorphous precipitates (Fig. 20) are parallel
to {100}a-Fe, suggesting that the interface
between amorphous Si3N4 and a-Fe preferably
forms along {100}a-Fe. At higher temperatures
(650 �C, or 923 K), amorphous Si3N4 precipi-
tates with a strangely eight-legged (octopod-
shaped) morphology occur (Fig. 20a, b) (Ref
82); the initially cubically shaped amorphous
particles, with a shape morphology dictated
by favorable interface energy (see previous
discussion), experience growth especially
along the <111> directions of the crystalline
ferrite matrix as a consequence of the very
large volume misfit (see earlier discussion)
and the elastically strongly anisotropic nature,
in particular at higher temperatures, of the
ferrite matrix.

Fig. 19 Vanadium-nitride precipitate (rocksalt-type cry-
stal structure) in an a-Fe (body-centered cubic,

or bcc) matrix (high-resolution transmission electron
microscopy). At the top right corner, crystallographic
directions referring to the bcc lattice of the a-Fe matrix
are shown. The set of (110) lattice planes in the a-Fe matrix
continues as a set of (111) planes in the VN platelet,
as indicated by the black-white line contrast in the
micrograph, which traverses the matrix and the particle
(a thin platelet) in a continuous way; the interface between
the matrix and the faces of the nitride platelet is coherent.
The curvature of the lattice fringes is due to elastic
accommodation of the misfit between matrix and platelet.
Misfit dislocations occurring at the platelet extremities have
been indicated by arrows; these can be conceived as a
consequence of the misfit in directions perpendicular to the
platelet faces, as experienced at the platelet circumference,
being (very) much larger than parallel to the platelet faces
(Fe-2.2at.%V alloy nitrided for 25 h at 640 �C, or 913 K).
Source: Ref 85

Fig. 20 Amorphous Si
3
N

4
precipitates developing upon nitriding iron-silicon alloys. (a) At relatively low nitriding temperature, cubically shaped amorphous silicon nitride

precipitates develop; the cubical shape, with faces parallel to {100} planes of the a-Fe matrix, is governed by favorable interface energy (Fe-4.5at.%Si alloy specimen
nitrided at 600 �C, or 873 K, for 40 h with r

N
= 0.02 atm�1/2; scanning electron micrograph from cross section polished with colloidal silica solution OPS). (b) At higher

temperature, eight-legged (octapod-shaped) amorphous silicon nitride particles occur as a consequence of preferred growth along the <111> directions of the a-Fe matrix due to
the very large volume misfit and the anisotropic elasticity of the a-Fe matrix (Fe-4.5at.%Si alloy specimen nitrided at 650 �C, or 923K, for 48 h with r

N
= 0.02 atm�1/2, scanning

electron micrograph from jet-electropolished section). Source: Ref 81 and 82, respectively
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Another peculiar microstructural conse-
quence of weak Me-N interaction is observed
upon nitriding iron-aluminum alloy under con-
ditions where no compound (iron-nitride) layer
can develop. (For the developing microstructure
in case iron nitride can develop, see the descrip-
tion of weak interaction in Section 9.3.) Upon
nitriding of a specimen of Fe-4.65at.%Al, a
high density of microcracks appears along the
original grain boundaries in the ferrite matrix.
These microcracks arise by recombination of
nitrogen originally dissolved in the matrix. This
process happens because of the slow precipita-
tion of hexagonal wurtzite-type AlN; the diffu-
sion to the grain boundaries of the dissolved
nitrogen (followed by its recombination and
pore formation, which, by pore coalescence,
causes open, cracked grain boundaries) com-
petes with the slow AlN precipitation. As a
consequence, AlN precipitates occur in the cen-
ter of the grains, and precipitate-free zones are
present along the open, cracked grain bound-
aries. Upon continued nitriding, inward diffu-
sion of nitrogen brings about a full nitriding
of the initially only partially nitrided grains.
Then, the microcracks become closed due to
the compressive stress that develops in the
nitrided zone—a remarkable process of self-
healing (Ref 90).
11.3 Types of Absorbed Nitrogen; Excess

Nitrogen. The amount of nitrogen taken up in
the nitrided zone, where (largely coherent)
alloying element nitride precipitates have
developed, can significantly exceed the amount
of nitrogen predicted, assuming that all Me has
precipitated as the expected MeNn nitride and
that the remaining ferrite matrix contains the
equilibrium amount of dissolved nitrogen. The
difference between the actual observed nitrogen
content and this expected value is called
“excess nitrogen.”
Detailed research has revealed that (at least)

three kinds of absorbed nitrogen can be distin-
guished (Fig. 21) (Ref 53, 91–96):

� Type I: Nitrogen strongly bonded to the
nitride precipitates (Fig. 21). This nitrogen
cannot generally (easily) be removed by
denitriding in a reducing atmosphere (such
as pure H2 gas).� Type II: Nitrogen adsorbed at the (coherent)
interface of the nitride plate with the matrix.
For MeN of NaCl-type crystal structure, and
in view of the orientation relationship and
platelet morphology mentioned in Section
11.2, it can be anticipated that these
adsorbed nitrogen atoms reside in octahedral
interstitial sites of the surrounding ferrite
matrix opposite to the Me atoms in the
MeN platelet at the platelet/matrix interface
(Fig. 21a). For a monolayer MeN, this would
mean that the actual composition at the loca-
tion of the nitride platelet can be indicated as
MeN3. The adsorbed nitrogen atoms are less
strongly bonded than the type I nitrogen
atoms and thus can generally be removed
by denitriding.

� Type III: Nitrogen dissolved in octahedral
interstitial sites of (and throughout) the fer-
rite matrix (Fig. 21b). The misfit strain field
surrounding the nitride platelet of NaCl-type
crystal structure, in accordance with the
discussion in the previous section, is of
tetragonal nature, implying that the ferrite
surrounding the nitride platelet is severely
tetragonally distorted (Fig. 22). The elastic
straining of the surrounding ferrite matrix
is associated with a hydrostatic stress com-
ponent of tensile nature that leads to a ther-
modynamically induced enhanced solubility
of nitrogen (Ref 53).

Thus, excess nitrogen is the sum of the adsorbed
nitrogen (type II nitrogen) and the surplus dis-
solved nitrogen (i.e., the actual amount of dis-
solved nitrogen minus the amount of dissolved
nitrogen in the absence of misfit stress). The
total amount of excess nitrogen taken up by the

specimen/component is by no means marginal;
type II excess nitrogen, adsorbed at the nitride/
matrix interfaces, can in practical cases be
50% of the amount of nitrogen necessary to pre-
cipitate all Me as MeN, of NaCl-type crystal
structure, and the amount of excess nitrogen
dissolved in the ferrite matrix can be of the
order of the equilibrium amount of dissolved
nitrogen. The occurrence of excess nitrogen
(thus) has a great impact on the nitriding kinetics
(see Section 12).
11.4 Nitriding Carbide-Containing Steels.

In physical metallurgy, the following rule of
thumb holds: oxides are more stable than
nitrides, which, in turn, are more stable than
carbides. Therefore, upon nitriding a quenched
and tempered steel containing alloying ele-
ments, with affinity for both carbon and nitro-
gen, the alloying element carbide particles,
which result from the quenching and tempering
treatment performed before nitriding, can be

Fig. 21 Schematic presentation of the three types of absorbed nitrogen. (a) Type I nitrogen is bonded to Me in the
MeN platelet (of NaCl-type crystal structure; a monolayer is shown for the case of a Bain, or Baker-

Nutting, orientation relationship with the ferrite matrix; see text). Type II nitrogen is adsorbed at the interface between
the ferrite matrix and the MeN platelet in the octahedral interstices in the ferrite matrix in direct contact with the Me
atoms in the MeN platelet. (b) Type III nitrogen is the nitrogen dissolved in the ferrite matrix at octahedral interstitial
sites. Source: Ref 75

Fig. 22 Schematic view of a MeN platelet (of NaCl-type crystal structure for the case of a Bain, or Baker-Nutting,
orientation relationship with the ferrite matrix; see text) with its surrounding misfit-stress field in the ferrite

matrix. An expansion parallel to the platelet/matrix interface and a compression perpendicular to this interface are
induced by elastic accommodation of the precipitate/matrix misfit. Thus, the ferrite matrix surrounding the platelet is
tetragonally distorted. Source: Ref 75
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replaced by nitride particles. This can occur by
transformation of the existing carbide particles
upon their reaction with nitrogen in the diffu-
sion zone (Ref 97). This process takes place
relatively slowly and therefore occurs not only
at but also in the wake of the nitriding front
moving into the specimen/component. The
released carbon atoms can diffuse outward in
the direction of the compound layer, precipitate
as carbide (cementite) along grain boundaries
in the diffusion zone, and diffuse inward to the
unnitrided core, where a pronounced carbide
development can occur. All three effects have
been observed (Ref 97, 98). The micrograph in
Fig. 23(a) exhibits such precipitated carbides
along grain boundaries that run more or less par-
allel to the surface. This preferred orientation of
these carbides is caused by the presence of a
compressive residual stress parallel to the sur-
face acting in the diffusion zone (see Section
11.18 in Ref 14). The nitrogen and carbon con-
centration-depth profiles shown in Fig. 23(b)
highlight the presence of carbides (at grain
boundaries) in the diffusion zone (indicated by
arrows and dashed lines in the figure) and the
development of a zone of carbon enrichment
underneath the (nitrogen) diffusion zone.

12. Kinetics of Diffusion-Zone
Growth

If no compound layer forms at the surface of the
specimen/component, the nitrogen concentration-
depth profile as it develops in pure ferrite (a-Fe)

and in carbon steels not containing alloying ele-
ments with affinity for nitrogen is the outcome
of the following competing processes:

� The dissociation process (Eq 2)
� The recombination and desorption process at

the gas-solid interface (Eq 17)
� The diffusion process in the solid substrate

(see Section 8.1 and the first paragraphs of
Section 10).

The nitrogen concentration-depth profiles
generally cannot be calculated straightfor-
wardly on the basis of (analytical or numerical)
solutions of only Fick’s second law. Numerical
calculations incorporating the processes men-
tioned are required (Fig. 6).
In the following, it is assumed that a station-

ary state or local equilibrium has been closely
attained at the surface (if nitriding/nitrocarbur-
izing occurs under conditions that do not allow
the formation of a compound layer) or that
local equilibrium has been realized at the inter-
face of the compound layer and the diffusion
zone in the substrate. Further, it is taken for
granted that any diffusion and uptake of carbon
in the diffusion zone can be neglected, recog-
nizing the very small solubility of carbon in fer-
rite (Table 1).
If the conditions indicated in the preceding

paragraph hold, the development of the diffu-
sion zone in pure iron and carbon steels then
is rate controlled by the inward diffusion of
nitrogen in ferrite alone. This becomes different
for the diffusion-zone development in iron-base
alloys containing alloying elements with affin-
ity for nitrogen. In that case, the kinetics of

the precipitation process of the MeNn nitrides
can have a strong impact on the nitriding kinet-
ics and thus on the development of the nitrogen
concentration-depth profiles. These precipita-
tion kinetics can be controlled by the nucleation
(activation energy of nucleation), the growth
(activation energy of growth; the growth may
be interface or diffusion controlled or of mixed
mode), and the impingement mechanisms (see
Chapter 9 in Ref 14). Thus, the inward diffu-
sion of nitrogen into the ferrite matrix is only
one of a number of processes that together con-
trol the kinetics of nitriding. Current knowledge
does not provide an encompassing model taking
into account the full complexity of the nitriding
process in alloyed ferritic matrices.
Only for the case of strong Me-N interaction

(for the definition of strong and weak Me-N
interaction, see Section 11.2) can a simple rela-
tionship between the thickness of the nitrided
region and the nitriding time at constant tem-
perature be given. To this end, and in the
absence of a developing compound layer, the
following assumptions are made:

� The nitrogen dissolved in the ferrite matrix
exhibits Henrian behavior (Ref 20). This
implies that the diffusion coefficient of
nitrogen in the ferrite matrix, DN, is inde-
pendent of the dissolved nitrogen content.

� The reaction of dissolved nitrogen with dis-
solved Me, leading to the nitride MeNn

(or the mixed nitride (Me1)x(Me2)1�xNn),
takes place only and completely at a sharp
interface between the nitrided zone and the
nonnitrided core.

Fig. 23 (a) Cementite precipitates that developed along former austenite-grain boundaries more or less parallel to the surface upon nitriding a quenched and tempered steel (see
arrows in the micrograph; light optical micrograph of cross section of quenched and tempered 24CrMo13, or En14B, steel, salt bath nitrided at 580 �C, or 853 K, for 2 h;

cross section after Murakami etching that stains carbides black). (b) Nitrogen and carbon concentration-depth profiles in the diffusion zone of a quenched and tempered 24CrMo 13
(En14B) steel (salt bath nitrided at 580 �C, or 853 K, for 4 h) as determined by electron probe microanalysis. The presence of carbide (cementite) at grain boundaries is revealed by the
abrupt rise of the carbon content (see the arrows and dashed lines in the figure); also, the occurrence of a carbon-rich zone underneath the nitrogen diffusion zone is exposed. Source:
Ref 98; see also Fig. 16 in Ref 98
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� The amount of nitrogen that is required
for building up the concentration profile in
the ferrite matrix of the nitrided zone is neg-
ligible in comparison to the amount of
nitrogen that is consumed at the reaction
interface.

� Diffusion of Me can be neglected and is not
nitriding-rate determining.

� Local equilibrium prevails at the nitriding
medium/specimen interface, so that the sur-
face concentration of dissolved nitrogen is
equal to the lattice solubility of nitrogen,
csN, as given by the chemical potential of
nitrogen in the nitriding atmosphere.

With these assumptions and approximating the
concentration gradient of dissolved nitrogen with

�csN


z, where z is the depth coordinate of the

reaction front, the amount of nitrogen (per unit
area cross section perpendicular to the diffusion
direction/specimen-surface normal) that reaches
the reaction front in the time period dt is equal
to �csN � DN=z

� � � dt. This nitrogen amount must

equal the nitrogen amount required to move the
reaction front a distance dz, that is, n � cMe � dz,
where cMe is the Me concentration. Upon integra-
tion of the resulting differential equation for con-
stant temperature, the following parabolic
relationship for z and t is obtained:

z2 ¼ t � 2csN � DN

n � cMe

� �
(Eq 22)

An equation of this type is well known and has
been applied before in the case of internal oxi-
dation (Ref 99).
If a compound layer develops simulta-

neously, the treatment dealt with here may be
applicable as well on the basis of the following
consideration. The compound layer is thin
compared to the substrate, and the compound
layer grows much slower than the depth
range covered by the nitrogen concentration-
depth profile in the substrate. Then, the con-
sumption of part of the substrate by the growth
of the compound layer may be neglected.
Then, also, in the presence of a growing com-
pound layer, Eq 22 can be applied if strong
Me-N interaction occurs, with z = 0 as the posi-
tion of the interface of compound layer and
diffusion zone.
The validity of Eq 22 can be verified with

two examples. According to Eq 5(b), the activ-
ity of nitrogen in the solid at the surface is pro-
portional with the nitriding potential, assuming
that local equilibrium at the surface prevails.
In the ferrite substrate, Henry’s law holds for
the dissolved nitrogen (Ref 20). Hence, csN is
proportional with rN. Then, according to the
crude model represented by Eq 22, the depth
of the nitrided front, z, must be approximately
proportional with (rN)

1/2, as observed experi-
mentally (Fig. 24) (Ref 100). Also according
to Eq 22, the squared depth of the nitrided front
is proportional with t/cMe. The concentration-
depth profiles shown in Fig. 25 pertain to an
Fe-7wt%Cr alloy specimen and an Fe-20wt%

Cr alloy specimen nitrided under the same con-
ditions for 7 and 15 h, respectively. According
to the proportionality t/cMe, the squared nitrid-
ing depths for these specimens should have
the ratio 4/3, which not very well agrees with
the experimental result. The discrepancy is
ascribed to the difference in the concentration
of dissolved nitrogen at the surface, exhibiting
the effect of excess dissolved nitrogen depend-
ing on the amount of alloying element nitride
precipitate (see the caption of Fig. 25).
Still confining ourselves to the idealized case

of strong Me-N interaction, two distinct modifi-
cations with respect to the aforementioned
highly simplified model are necessary. First, it
appears unrealistic to assume that all Me is pre-
cipitated instantaneously upon the arrival of
nitrogen; the dissolved nitrogen concentration
does not drop from its saturation level at one
specific depth abruptly to zero. Instead, a depth
range at the nitriding front can be discerned
over which a more or less gradual change of
dissolved nitrogen to practically nil occurs.
Then, recognizing that a certain solubility
product for Me and N in equilibrium with
MeNn holds (Ref 102), it becomes clear that
not all Me is precipitated at once upon arrival
of the nitriding front. Only when, after some
time, the dissolved nitrogen has reached its sat-
uration level, the maximum amount of Me has
precipitated; in the meantime, the nitriding
front has progressed further into the specimen/
component. Second, the various kinds of nitro-
gen in the specimen have different effects on
the nitriding kinetics (Ref 101). One must dis-
cern types I, II, and III of nitrogen as discussed
in Section 11.3 (see also Fig. 21). The nitrogen
taken up in the nitride platelets (obviously) and
also the excess nitrogen adsorbed at the faces of
the nitride platelets do not contribute to the
nitrogen diffusion process; nitrogen of types I
and II is immobile nitrogen. The nitrogen dis-
solved in the ferritic matrix can diffuse; nitro-
gen of type III is mobile nitrogen. (Note that
the amount of dissolved nitrogen can be a mul-
tiple of the equilibrium amount of dissolved

nitrogen in pure ferrite; dissolved excess nitro-
gen occurs due to the misfit strain fields sur-
rounding the nitride platelets.) These
considerations led to the following nitriding
model, which can only be evaluated numeri-
cally (Ref 101).
The inward diffusion of nitrogen in the

ferritic matrix can be described with Fick’s sec-
ond law:

dcN z; tð Þ
dt

¼ DN � d
2cN z; tð Þ
dz

(Eq 23)

where cN(z,t) is the nitrogen dissolved in the
ferritic matrix at depth z, at time t, and at tem-
perature T. The formation of nitrides MeNn

removes dissolved mobile nitrogen from the
ferritic matrix. This nitrogen then becomes
trapped as immobile nitrogen. The formation
of MeNn can be described as:

Meþ nN $ MeNn (Eq 24)

where Me and N denote alloying element and
nitrogen dissolved in the a-Fe matrix. The equi-
librium constant of this reaction, K, equals
1=KMeNn

, with the solubility product KMeNn

given by:

KMeNn
¼ Me½ � � N½ �n (Eq 25)

where [Me] and [N] denote the concentrations
of dissolved Me and dissolved N in the a-Fe
matrix. The precipitation of MeNn will take
place at a certain location if there it holds:

Me½ � � N½ �n> KMeNn
(Eq 26)

In solving Fick’s second law (Eq 23), it must
be tested at every location (depth z) for every
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Fig. 24 Nitriding depth (extent of the diffusion zone),
z, as a function of the square root of the

nitriding potential, r
N
1/2, for Fe-7wt%Cr alloy specimens

nitrided at 580 �C (853 K) for 4 h. Source: Ref 100

Fig. 25 Nitrogen concentration-depth profiles of
nitrided Fe-7wt%Cr alloy and Fe-20wt%Cr

alloy specimens nitrided for 7 and 15 h, respectively, at
580 �C (853 K) with r

N
= 0.1 atm�1/2. The experimental

data (points in the figure) were obtained by electron
probe microanalysis. The full lines through the data are
the results of fits of the model described in Section 12 to
the experimental data, with the following results for the
fitting parameters: csN = 0.35 at.%N, b = 1.18, and K

CrN
= 0.02 nm�6 for the Fe-7wt%Cr specimen; and csN =
0.26 at.%N, b = 1.176, and KCrN = 0.02 nm�6 for the
Fe-20wt%Cr specimen. Source: Ref 101
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time (step) if the solubility product, KMeNn
, is

surpassed. If this is the case, (instantaneous
strong interaction) precipitation of MeNn, at
the location considered, should be allowed for
until [Me] � [N]n = KMeNn

. On this basis, a
numerical finite-difference (explicit method)
solution method can be developed to solve
Fick’s second law, subject to the prevailing
boundary conditions (Ref 101). The presence
of immobile excess nitrogen (nitrogen of type
II) can be accounted for by changing the stoi-
chiometry of the nitride particles: MeNn

becomes MeNb, with b = n + x, where x denotes
the contribution of the immobile excess nitro-
gen. Note that x depends on the platelet thick-
ness (for a monolayer of MeN (n = 1), x = 2;
see Section 11.3). The presence of mobile
excess nitrogen, that is, the amount of dissolved
nitrogen in excess of the equilibrium amount
for pure a-Fe, is accounted for by adopting a
model presented in Ref 53 (Ref 103).
The effects of mobile and immobile nitrogen

can be assessed considering the results of simu-
lations shown in Fig. 26(a). If only the exis-
tence of mobile excess nitrogen is assumed, as
expressed by higher values for csN, a signifi-
cantly larger extent (depth) of the nitrided zone
occurs as compared to the absence of mobile
excess nitrogen (see dashed line versus full line
in Fig. 26a). If only the existence of immobile
excess nitrogen is assumed, as expressed by a
value of b larger than n (= 1 for the present case
of CrN precipitation), a smaller penetration
depth of nitrogen occurs (see dotted line versus
full line in Fig. 26a). The used values for csN
and b are realistic values, as follows from
the experimental results presented in Ref 58,
92–96, 101, and 103. In view of the pronounced
influences of the immobile and mobile excess
nitrogen on the nitriding kinetics, it is imperative

to incorporate the presence of excess nitrogen in
any model for the nitriding kinetics.
The role of the solubility product KMeNn

is
illustrated in Fig. 26(b). The transition of the
nitrided zone to the unnitrided zone (i.e., the
reaction front) becomes less sharp as the solu-
bility product increases. Relatively large
KMeNn

values imply that (at the nitriding front)
not all dissolved N reacts instantaneously with
Me to MeNn, and thus, the extent of the nitrided
zone is larger for larger KMeNn

, although in
association with a more gradual transition from
the nitrided zone to the nonnitrided core of the
specimen/component. Note that the amounts
of immobile and mobile excess nitrogen can
depend on nitriding time at constant tempera-
ture, because they depend on the extent of
MeNn precipitation and on the stage of aging
(and size) of the MeNn precipitate particles;
the solubility product,KMeNn

, should not depend
on nitriding time at constant temperature.
Results of fitting the previously described

model to experimentally determined nitrogen
concentration-depth profiles are shown in
Fig. 25 for two iron-chromium alloys of differ-
ent chromium content, nitrided under the same
conditions for different times, and in Fig. 27
for an iron-vanadium alloy nitrided at different
temperatures. The model, in a correspondingly
modified form, can also be applied to the nitrid-
ing of ternary Fe-Me1-Me2 alloy specimens
(Ref 104). In all these cases, the model provides
a satisfactory fit to the experimental data. For
interpretation of the values obtained for the fit
parameters, as, for example, the value of b
and, for example, as a function of the tempera-
ture, see Ref 53, 101, and 103.
Considering the case of weak Me-N interac-

tion, considerable complication is added to
a possible model description of the nitriding

kinetics compared to the models presented
above for the case of strong Me-N interaction.
In this case, precipitation of MeNn does not
occur instantaneously once the solubility prod-
uct is surpassed locally. Nucleation and growth
as thermally activated, time-dependent pro-
cesses in a state of changing (with time and
place) supersaturation and (soft) impingement
as mechanisms controlling the MeNn precipita-
tion process must be considered (Ref 14, 81,
83, 84, 105). This is already a difficult materials
science problem for supersaturated homogeneous
specimens. The nitriding process mandates that a
comprehensive model for the nitriding kinetics
must account for the simultaneously inward diffu-
sion of nitrogen, leading, at constant temperature,
to time and location dependencies of the supersat-
uration, and thus, strongly locally different time-
dependent kinetics of the precipitation process
occur. A feasible approach may be to adopt a rel-
atively simple model for the precipitation kinetics
(Johnson-Mehl-Avrami-Kolmogorov models are
popular but of limited ability to describe reality,
Ref 14) and to combine such a model with a
numerical solution for the inward diffusion pro-
cess of nitrogen. This is an area of research where
no results of practical importance have already
been obtained.

Epilogue

The nitriding process and its variants offer
great challenges to the materials scientist and
the materials engineer. As an illustration, and
instead of offering a list of conclusions, the
author here refers to a few major themes of
fundamental importance for scientific under-
standing of nature that have been highlighted
in this review:

Fig. 26 (a) Effect of mobile and immobile excess nitrogen on the development of the nitrogen concentration-depth profile. (b) Effect of the solubility product, KCrN, on
the development of the nitrogen concentration-depth profile. The examples shown in (a) and (b) pertain to a Fe-7wt%Cr alloy sheet nitrided at 580 �C (853 K)
for 7 h with r

N
= 0.1 atm�1/2. Source: Ref 101
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� The interpretation of equilibrium has been
put into perspective in the sense that for
the iron-nitrogen system the definition of
equilibrium has been based on the NH3 and
H2 contents of the surrounding gas atmo-
sphere and the sole occurrence of explicitly
defined, balanced forward and backward
reactions. More than 80 years after Lehrer,
we have come to recognize the effect of
the occurrence of so-called stationary states
as a consequence of the participation of

further reactions in the exchange of nitriding
medium and object. These stationary states
could be considered as (dynamic) quilibria
as well. However, the choice of a “refer-
ence” equilibrium (here, establishment of
equilibrium, Eq 2; see Section 4), which
can alternatively be described by establish-
ment of equilibrium (Eq 15) together with
(infinitely fast) establishment of Eq 16 (Sec-
tion 8.1), in fact necessitates the introduction
of the notion of stationary state, and thereby,

the experimentally determined Lehrer dia-
gram does not partially represent genuine
“reference” equilibria.

� Multicomponent diffusion in solids is a rela-
tively rarely investigated phenomenon. It
plays a great role in the nitrocarburizing of
iron-base specimens/components. It strikes
to find out that the first, rigorous study
devoted to the simultaneous inward diffu-
sion of nitrogen and carbon in a Fe-C-N
phase was published only in 2013 (see

Fig. 27 Nitrogen concentration-depth profiles of nitrided Fe-2wt%V alloy specimens nitrided at r
N
= 0.103 atm�1/2. The experimental data (points in the figure) were obtained by

electron probe microanalysis. The full lines through the data are the results of fits of the model described in Section 12 to the experimental data. (a) Nitrided at 520 �C
(793 K) for 10 h. (b) Nitrided at 550 �C (823 K) for 10 h. (c) Nitrided at 580 �C (853 K) for 10 h. (d) Nitrided at 600 �C (873 K) for 7 h. The horizontal lines indicated with “normal
nitrogen” in the figures indicate the nitrogen content taken up if only nitrogen incorporated in the MeN (here VN) precipitates (with all vanadium precipitated) and nitrogen dissolved
in the ferrite matrix according to the equilibrium state (unstressed) would occur; the real amounts of nitrogen taken up are distinctly larger, indicating the presence of considerable
amounts of excess nitrogen. Source: Ref 103
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Section 10). The very pronounced strength
of the nitrogen-carbon interaction in an Fe-
N-C phase is expressed by the so-called
thermodynamic factors. Knowing these will
ultimately lead to an experiment-based
description of the thermodynamics of ter-
nary Fe-C-N phases, and thereby, much con-
troversy in the literature about the ternary
Fe-C-N phase diagram will eventually be
removed.

� The role of the alloying element nitride/
matrix misfit stress in seriously influencing
the capacity for nitrogen uptake, that is, the
emergence of excess nitrogen, has in recent
years been shown to be a general phenome-
non (Section 11.3). It has not been widely
recognized that both the immobile and the
mobile excess nitrogen greatly influence the
nitriding kinetics (Section 12). Any future
successful modeling of nitriding kinetics
for practical applications will have to incor-
porate the occurrence of immobile and
mobile excess nitrogen.

� The chemistry of steels developed for nitrid-
ing purposes has been largely determined in
an empirical way. Research of fundamental
nature is beginning to unravel the effect and
interplay of (substitutionally dissolved) alloy-
ing elements on especially the kinetics of
nitriding. As an example of such a result of
potentially pronounced practical conse-
quence, it has been suggested recently that
combining an alloying element of so-called
strong Me-N interaction (in particular, these
alloying elements have been considered until
now as useful for nitriding purposes) with an
alloying element of weak Me-N interaction
can lead to controllable, large microstructural
and morphological modification of the com-
pound layer (Section 9.3).

It is true, but only seemingly so, that some of
the results and insights discussed in this article
may be of no practical consequence. This
would be a misleading conclusion. The materi-
als engineer needs fundamental knowledge that
allows the development of models and equip-
ment to control and tune the nitriding/nitrocar-
burizing process. Reconsidering the state-of-
the-art as described in a review paper published
in 1997 (Ref 24), it must be concluded that our
scientific understanding has made distinct prog-
ress during the ensuing fifteen or more years
and as reviewed in this article. However, we
are still far from tuned application of the nitrid-
ing/nitrocarburizing process, notwithstanding
the many developments in practice of the last
years, including new process variants that have
improved controllability/reproducibility. How-
ever, to predict (i.e., to understand) the outcome
of the nitriding/nitrocarburizing process in
practice is not possible, other than on the
basis of empiricism/experience. Unfortunately,
this situation is not much different from that
in 1997. As a salient example, it is mentioned
that the development of a nitriding sensor, as
compared to the description in Ref 24, has not

made much progress; control and knowledge
of the chemical potential of nitrogen at the sur-
face of the component during nitriding in
technological practice is still no easy task.
Moreover, for the case of nitrocarburizing, a
method allowing simultaneous control and
knowledge of both the chemical potential of
nitrogen and the chemical potential of carbon,
an absolute requirement for controlled and
tuned nitrocarburizing, has been published only
very recently and, for the time being, has been
applied only in the laboratory (Section 7).
There is no doubt that, even after more

than 100 years of nitriding/nitrocarburizing,
future developments in materials science and
engineering will be instrumental in bringing
about distinctly deeper understanding of
the thermodynamics and kinetics of nitriding
and nitrocarburizing, in association with
the emergence of accompanying engineering
concepts.
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HTM Z. Werkst. Wärmebeh. Fertigung,
Vol 63, 2008, p 139–146

42. M.A.J. Somers and E.J. Mittemeijer, For-
mation and Growth of Compound Layer
on Nitrocarburizing Iron: Kinetics and
Microstructural Evolution, Surf. Eng.,
Vol 3, 1987, p 123–137

43. M.A.J. Somers, P.F. Colijn, W.G. Sloof,
and E.J. Mittemeijer, Microstructural and
Compositional Evolution of Iron-
Carbonitride Compound Layers during

Salt-Bath Nitrocarburizing, Z. Metallkd.,
Vol 81, 1990, p 33–43

44. T. Woehrle, A. Leineweber, and E.J. Mit-
temeijer, Influence of the Chemical Poten-
tial of Carbon on the Microstructural and
Compositional Evolution of the Com-
pound Layer Developing upon Nitrocar-
burizing of a-Iron, HTM J. Heat Treat.
Mater., Vol 65, 2010, p 243–248

45. T. Woehrle, A. Leineweber, and E.J. Mit-
temeijer, Microstructural and Phase Evo-
lution of Compound Layers Growing on
a-Iron during Gaseous Nitrocarburizing,
Metall. Mater. Trans. A, Vol 43, 2012,
p 2401–2413

46. J.S. Kirkaldy and D.J. Young, Diffusion in
the Condensed State, The Institute of
Metals, London, 1978

47. F.J.J. van Loo, Multiphase Diffusion in
Binary and Ternary Solid-State Systems,
Prog. Solid State Chem., Vol 20, 1990,
p 47–99

48. M. Nikolussi, A. Leineweber, and
E.J. Mittemeijer, Growth of Massive
Cementite Layers; Thermodynamic Para-
meters and Kinetics, J. Mater. Sci., Vol
44, 2009, p 770–777

49. E.J. Mittemeijer, W.T.M. Straver, P.F.
Colijn, P.J. van der Schaaf, and J.A. van
der Hoeven, The Conversion Cementite
! e-Nitride during the Nitriding of FeC-
Alloys, Scr. Metall., Vol 14, 1980,
p 1189–1192

50. M. Weller, Point Defect Relaxations,
Mater. Sci. Forum, Vol 366–368, 2001,
p 95–140

51. M. Nikolussi, A. Leineweber, and E.J.
Mittemeijer, Nitrogen Diffusion through
Cementite Layers, Philos. Mag., Vol 90,
2010, p 1105–1122

52. M. Nikolussi, A. Leineweber, E. Bischoff,
and E.J. Mittemeijer, Examination of
Phase Transformations in the System
Fe-N-C by Means of Nitrocarburising
Reactions and Secondary Annealing
Experiments; The a+e Two-Phase Equi-
librium, Int. J. Mater. Res., Vol 98,
2007, p 1086–1092

53. M.A.J. Somers, R.M. Lankreijer, and E.J.
Mittemeijer, Excess Nitrogen in the Fer-
rite Matrix of Nitrided Binary Iron-Based
Alloys, Philos. Mag. A, Vol 59, 1989,
p 353–378

54. S.S. Hosmani, R.E. Schacherl, and E.J.
Mittemeijer, Microstructure of the “White
Layer” Formed on Nitrided Fe-7wt.% Cr
Alloys, Int. J. Mater. Res., Vol 97, 2006,
p 1545–1549

55. S.S. Hosmani, R.E. Schacherl, and E.J.
Mittemeijer, Morphology and Constitu-
tion of the Compound Layer Formed on
Nitrided Fe-4wt.% V Alloy, J. Mater.
Sci., Vol 44, 2009, p 520–527

56. S.R. Meka and E.J. Mittemeijer, Abnor-
mal Nitride Morphologies upon Nitriding
Iron-Based Substrates, Vol 65, 2013,
JOM, p 769–775

644 / Nitriding and Nitrocarburizing of Steels



57. D.B. Williams and E.P. Butler, Grain
Boundary Discontinuous Precipitation
Reactions, Int. Met. Rev., Vol 26, 1981,
p 153–183

58. P.M. Hekker, H.C.F. Rozendaal, and
E.J. Mittemeijer, Excess Nitrogen and
Discontinuous Precipitation in Nitrided
Iron-Chromium Alloys, J. Mater. Sci.,
Vol 20, 1985, p 718–729

59. R.E. Schacherl, P.C.J. Graat, and E.J. Mit-
temeijer, Gaseous Nitriding of Iron-
Chromium Alloys, Z. Metallkd., Vol 93,
2002, p 468–477

60. S.S. Hosmani, R.E. Schacherl, and E.J.
Mittemeijer, Nitriding Behavior of Fe-
4wt%V and Fe-2wt%V Alloys, Acta
Mater., Vol 53, 2005, p 2069–2079

61. S.R. Meka, E. Bischoff, R.E. Schacherl,
and E.J. Mittemeijer, Unusual Nucleation
and Growth of g0 Iron Nitride upon Nitrid-
ing Fe-4.75 at.%Al Alloy, Philos. Mag.,
Vol 92, 2012, p 1083–1105

62. H. Selg, E. Bischoff, I. Bernstein,
T. Woehrle, S.R. Meka, R.E. Schacherl,
T. Waldenmaier, and E.J. Mittemeijer,
Defect-Dependent Nitride Surface-Layer
Development upon Nitriding of Fe-1at.%
Mo Alloy, Vol 93, 2013, Philos. Mag.,
p 2133–2160

63. M.A.J. Somers and E.J. Mittemeijer,
Layer-Growth Kinetics on Gaseous
Nitriding of Pure Iron; Evaluation of Dif-
fusion Coefficients for Nitrogen in Iron
Nitrides, Metall. Mater. Trans. A, Vol
26, 1995, p 57–74
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Gas Nitriding and Gas
Nitrocarburizing of Steels
K.-M. Winter, Process-Electronic GmbH, a member of United Process Controls
J. Kalucki, Nitrex Metal Inc.

Introduction

Gas nitriding is a family of thermochemical
case-hardening processes whereby, respec-
tively, nitrogen (nitriding), nitrogen and carbon
(nitrocarburizing), or nitrogen and sulfur (sulfo-
nitriding) are introduced into the surface of a
solid ferrous alloy, typically but not exclusively
in the ferritic state of the material, without sup-
porting plasma. See the article “Plasma (Ion)
Nitriding and Nitrocarburizing of Steels” in this
Volume for details on plasma nitriding.
The nitrided layer created during treatment

typically consists of a surface layer of iron
nitrides and iron carbonitrides—referred to as
a compound layer (also known as a white layer,
due to its appearance in an etched micrograph).
Underneath the white layer is a diffusion zone,

which also contains carbonitrides of alloying
elements (Fig. 1) or a supersaturated metallic
matrix of either expanded austenite or
expanded martensite (or a mixture of the two),
depending on the identity of the starting material.
This structure was previously known as S-phase
(see the section “Low-Temperature Nitriding
and Nitrocarburizing” in this article).
The principal reasons for nitriding and nitro-

carburizing are:

� To improve wear resistance:
� High hardness (compound layer, diffu-

sion zone, expanded austenite)
� Improved pitting resistance (diffusion

zone, expanded austenite)
� Chemical resistivity (compound layer)
� Low coefficient of friction (compound layer)

� To improve strength behavior:
� Improved fatigue life (diffusion zone,

expanded austenite)
� To improve resistivity against the following

forms of corrosion:
� Neutral salt solutions (compound layer)
� Atmospheric corrosion (compound layer)
� Chloride ions—pitting (compound layer)
� Liquid metal (compound layer)
� Pitting (crevice) corrosion (expanded

austenite)
� To improve heat resistivity up to nitriding/

nitrocarburizing temperature (diffusion zone)

Nitriding typically aims for a load-resisting
case created by the diffusion of nitrogen into
the alloy lattice and by forming a diffusion
zone with nitride precipitates. This area of high
hardness results from lattice distortion caused

ASM Handbook, Volume 4A, Steel Heat Treating Fundamentals and Processes
J. Dossett and G.E. Totten, editors
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Fig. 1 Micrograph (left) of a nitrocarburized C45 (courtesy of IWT Bremen, Germany) and schematic view (middle) of a nitrided layer according to Ref 1. The graphs to the right
display nitrogen and carbon profiles as well as the different phases in the compound layer in nitrided technical steel, containing carbon and nitride-forming elements
according to Ref 2.



by alloy nitrides. Nitrocarburizing, on the other
hand, is aimed at forming an iron-carbonitride
compound layer on the very surface of a treated
part in order to obtain higher corrosion and
wear resistance.
Adding a dense, closed Fe3O4 magnetite

layer of approximately 1 to 3 mm on top of
the compound layer by a postoxidation treat-
ment subsequent to nitrocarburizing noticeably
increases corrosion resistance. Sulfonitriding
and oxysulfonitriding create iron sulfides in
the very surface of the compound layer,
enhancing the dry-running properties.
Nitriding and nitrocarburizing create only

little distortion compared to carburizing or
conventional hardening. There is some growth,
but the volumetric changes are relatively small.
The nitriding temperature typically ranges
between 495 and 565 �C (925 �F and 1050 �F).
Ferritic nitrocarburizing typically is carried out
at slightly higher temperatures, between 550
and 585 �C (1020 and 1085 �F), but still below
Ac1 in the iron-nitrogen system for ferritic steels.
Quenching is not required to produce the

hard case but may be favorable in some cases.
Because there is no phase transformation of
the core material, nitriding and nitrocarburizing
below Ac1 in the iron-nitrogen system does not
increase core strength; therefore, all hardenable
steels must be hardened and tempered prior to
nitriding. Nitrocarburizing is also applied to
alloy or low-alloy steels in the annealed state.
The tempering temperature must be high
enough to guarantee structural stability at the
nitriding/nitrocarburizing temperature; the

minimum tempering or aging temperature
should be at least 30 �C (55 �F) above the max-
imum nitriding/nitrocarburizing temperature.
After hardening and tempering, and before
nitriding, the parts must be thoroughly cleaned
(see the section “Cleaning” in this article).
In addition, there are special treatments for

stainless steel nitriding that involve either low-
temperature nitriding (below 450 �C, or 840 �F)
to obtain a shallow case of high hardness or
high-temperature nitriding (also referred to as
solution nitriding) above 1000 �C (1830 �F)
that creates comparably deep austenitic diffu-
sion zones. Both processes do not form a
compound layer and show no precipitation of
chromium nitrides, preserving the corrosion-
resistance properties.
Another high-temperature nitriding variant

used to enhance the hardness of nitrided diffu-
sion layers on low-carbon, low-alloyed steels
is performed at temperatures between 700 and
800 �C (1290 and 1470 �F). High-temperature
nitriding requires quenching in order to obtain
the final hardness and to avoid chromium pre-
cipitation during cooling, which will impair
the corrosion performance. There is also the
process of austenitic nitrocarburizing at tem-
peratures between 595 and 720 �C (1100 and
1330 �F). Besides the faster growth of the com-
pound layer and case depth due to the faster
diffusion at higher temperatures, austenitic
nitrocarburizing produces an austenitic layer
below the compound layer. By tempering, this
layer can be transformed to a fine structure of
high hardness.

When the high-temperature variants result in
a phase transformation in (or part of) the core
material, more distortion is created compared
to the variants performed below Ac1 in the
iron-nitrogen system. Of the various processes
outlined in this section, Table 1 gives an over-
view of processes categorized after the desired
properties of the parts to be treated and the
material these parts are made of.

Terminology for Gas Reactions

Nitriding and nitrocarburizing are thermo-
chemical processes that depend on both temper-
ature and chemical reactions. Such chemical
reactions take place in the process atmosphere,
where gas molecules will react with each other
by breaking down and/or combining to create
new molecules, but also between the atmo-
sphere and the metal surface and within the
metal structure. Terminology for these reac-
tions is summarized here, as used in this article.
These reactions are driven by the chemical

potentials of the reacting species, which can
be seen as a potential energy that either will
be released or must be spent in order to make
these reactions happen. Because every single
molecule in a gas mixture and every single
atom in a solid has a specific chemical poten-
tial, the total chemical potential of a species
comes to the number “x” of species “i” times
their specific potential; this would be true for
ideal conditions (i.e., ideal gases). To adjust

Table 1 Nitriding and nitrocarburizing processes

Process type Temperature range
Diffusing
elements Process gases/media Pressure range Goal

Low-temperature
nitriding/
nitrocarburizing of
stainless steels

Below 450 �C
(840 �F)

N, (C) NH3, N2, H2, dNH3, N2,
CO, CxHy, CxHyNzO

Atmospheric S-phase diffusion zone of high hardness. No loss of
corrosion-resistance properties. Dramatic improvement of
pitting/crevice corrosion performance

Nitriding
(Oxynitriding, 1)
(Sulfonitriding, 2)
(Oxysulfonitriding, 3)

500–550 �C
(930–1020 �F)
Partially up to

580 �C (1075 �F)

N
(S)

NH3, N2, H2, dNH3

(1: air, N2O, H2O)
(2: S, H2S) (3: SO2)

Typically atmospheric but also low-
pressure processes between 200 mbar
and 1 bar and high-pressure variants
up to 12 bar

Deep wear-resistant diffusion zone with high hardness with
only restricted compound layer

Nitriding of stainless
steels

Similar to classical nitriding with a depassivation stage prior
to the nitriding stage, removing oxides of alloying
elements such as Cr, Ni, and others that otherwise will
effectively block the nitriding process. The process will
bind all chromium in the surface to chromium nitrides,
resulting in a loss of the corrosion-resistance properties.

Ferritic nitrocarburizing
(FNC)

550–580 �C
(1020–1075 �F)

N, C NH3, N2, H2, dNH3, CO,
CO2, CxHy

Typically atmospheric; low-pressure
and high-pressure variants possible
(see nitriding)

E- and g0-iron nitride compound layer of high hardness and
only a small underlying diffusion zone. The compound
layer also increases the base material resistance to
corrosion, except for stainless steels.

Austenitic
nitrocarburizing (ANC)

595–720 �C
(1100–1330 �F)

N, C Due to the higher temperature, ANC creates a thicker
compound layer and a deeper diffusion zone within the
same process time compared to FNC. In addition, it
produces an austenitic layer below the compound layer.

As in FNC, the compound layer increases the base material
corrosion resistance, except for stainless steels.

High-temperature
nitriding of low-
carbon, low-alloyed
steels

700–800 �C
(1290–1490 �F)

N NH3, N2 Atmospheric Creates a diffusion zone of high hardness after quenching

Solution nitriding of
stainless steels

1050–1150 �C
(1920–2100 �F)

N N2 0.1 to 2 bar, depending on temperature
and steel grade

Creates a diffusion zone with high hardness and excellent
corrosion-resistance properties. Process requires quenching
in order to obtain the high hardness.
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the chemical potential to real conditions where
the molecules and/or atoms will interact with
each other, the number x is replaced by the chemi-
cal activity (a), where ai is a function of its con-
centration, xi, and an activity coefficient, gi:

ai ¼ gi � xi

The chemical potential also depends on temper-
ature; as with higher temperatures, the atoms
and molecules will move faster, resulting in
higher kinetic energy. Consequently, the activ-
ity coefficient and therefore the activity itself
is a function of temperature. In that sense, the
activity can be thought of as the chemically
effective concentration of the species in the
mixture at the actual process conditions.
In a gas mixture, concentrations are typically

measured in partial pressures (p), and the sum
of all partial pressures in the mixture will build
the total pressure (p0) of the mixture, in this
case representing the furnace pressure. The
activity of any gas i in the mixture is:

ai ¼ �i � pi
p0

� �

Because nature favors conditions with low
potential energy, it will tend to establish equi-
librium between the chemical potentials of each
species and their reaction products in the
mixture.
Ammonia is technically produced by com-

bining nitrogen gas with hydrogen gas under
conditions with high temperature (400 to
500 �C, or 750 to 930 �F) and high pressure
(150 to 250 bar) and requiring a catalyst to
make this reaction happen:

N2 þ 3H2 ! 2NH3

Consequently, the energy spent is stored in the
ammonia molecule, making this molecule
unstable and forcing a reaction where the
ammonia will break down into its original
components:

NH3 ! 1=2N2 þ 3=2H2

The equilibrium will be established when the
driving force for both reactions will be equal at
the given temperature (T ) and pressure. The
equilibrium coefficient (Keq) can be derived by
the activities and written as a function of the
partial pressures of ammonia (NH3), nitrogen
gas (N2), and hydrogen gas (H2):

Keq ¼ f Tð Þ ¼ pNH3

pN2
� �1=2� pH2

� �3=2h i

A reaction that typically takes place in nitro-
carburizing atmospheres is the so-called water-
gas shift reaction (or homogeneous water-gas
reaction), where carbon monoxide, carbon
dioxide, hydrogen, and water vapor tend to

establish equilibrium by moving oxygen from
carbon to hydrogen:

COþ H2O $ CO2 þ H2 with

Kw ¼ f Tð Þ ¼ pCO2 � pH2
pCOð Þ � pH2OÞ

� ��

where Kw is the equilibrium coefficient for the
water-gas reaction. If reactions take place on
the very surface of an iron part, nitrogen or car-
bon may be given away into the metal lattice
and therefore not react with other molecules in
the gas. The reaction is written as:

NH3 ! Nad þ 3=2H2 nitriding reactionð Þ

where Nad is the atomic nitrogen adsorbed. The
equilibrium coefficient between the gas phase
and nascent (atomic) nitrogen (N) in solution is:

K1 ¼ f Tð Þ ¼ aN � pH2
3=2

pNH3

The nitrogen activity in iron thus can be
expressed as:

aN ¼ K1 � pNH3

pH2
� �3=2

The partial pressure ratio of ammonia to
hydrogen is called the nitriding potential (Kn):

Kn ¼
pNH3

pH2
� �3=2

Analog to the nitriding reaction, a carburiz-
ing reaction can also be expressed where a car-
bon atom will react with the iron surface:

COþ H2 ! Cad þ H2O

heterogeneouswater-gas reactionð Þ

Equilibrium and carbon activity (aC) are:

K2 ¼ f Tð Þ ¼ aC � pH2O

pCO � pH2

aC ¼ K2 � pCO � pH2
pH2O

The partial pressure ratio between carbon mon-
oxide, hydrogen, and water vapor describes the
carburizing potential of this reaction:

KC heterogeneousð Þ ¼ pCO � pH2
pH2O

Neither nitriding potential nor carburizing
potential should be mistaken for a nitrogen
potential or a carbon potential, because these
numbers are defined to express the mass percent-
age of nitrogen and carbon dissolved in the near
surface of iron at equilibrium. In carburizing of
iron in an austenitic state, for example, the car-
bon potential can be derived by transforming

the carbon activity back into the number of car-
bon atoms in solution and further into the result-
ing mass percentage. Because nitriding and
nitrocarburizing processes normally take place
at temperatures where the iron is still in a ferritic
phase (where the solubility of nitrogen and car-
bon is very low, and with the process aiming
for a phase change to create a compound layer),
these processes use the nitriding and carburizing
potentials for atmosphere control.
Surface reactions of the metal with the atmo-

sphere under equilibrium conditions also may
involve the removal of nitrogen and carbon
atoms from the iron surface by reaction with
the surrounding process atmosphere. In carbur-
izing, for example, decarburization can occur
when moisture reacts with carbon in the iron:

COþ H2 $ Cad þ H2O

Likewise, a similar reaction can occur for the
nitriding reaction, such that ammonia gas may
be formed just above the part surface:

NH3 $ Nad þ 3=2H2

However, because the energetically more-
favored reaction is the formation of nitrogen
gas, the dominant denitriding reaction is:

Nad ! 1=2N2

Using activities, it is also possible to convert
from ammonia-driven nitriding reactions to
nitriding reactions using nitrogen gas:

N2 ! 2Nad

This reaction is used in high-temperature nitrid-
ing, at normal nitriding conditions, and for cre-
ating a compound layer; the nitrogen activity
induced by nitrogen is not high enough and
would require extremely high pressures.

Low-Temperature Nitriding and
Nitrocarburizing

The goal of low-temperature nitriding and
nitrocarburizing is a diffusion zone of high
hardness (up to 1800 HV) approximately 20 to
40 mm (0.001 to 0.002 in.) thick, while at the
same time avoiding the formation of chromium
nitrides and chromium carbides, in order to main-
tain, or even improve, the corrosion-resistance
properties of stainless steels.
The process does not create a compound

layer but a diffusion zone that is supersaturated
by carbon and nitrogen and is known as
expanded austenite (previously called S-phase).
For martensitic and ferritic steels, expanded
martensite can develop. This layer can be
designed as a duplex layer, where the outer part
contains nitrogen and the inner part contains
carbon (Fig. 2), or as a uniform nitrided layer
containing only nitrogen (alternatively, a car-
burized layer can be formed that contains only
carbon). The advantage of the duplex layer is a
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gradual case-core transition with a smooth
change in hardness (Fig. 2) and residual stresses.
Application. The excellent corrosion-

resistance property of stainless steels is caused
by a high percentage (�12 mass%) of the alloy-
ing element chromium, which forms a very sta-
ble passive layer of chromium oxides on the
part surface, protecting the steel from further
corrosion. Unfortunately, stainless steel is a
soft material that suffers from extensive wear
and therefore restricts the applicability of the
material. Adding a small layer of high hardness
while maintaining the corrosion resistance and
improving pitting and crevice corrosion resis-
tivity opens a wide field of applications, espe-
cially in the food and medical industries.
Applicable steels are all austenitic and mar-

tensitic stainless steels, A286, 465, duplex
stainless steels, precipitation-hardenable stain-
less steels, Hastelloy C22 and C276, Inconel
625 and 718, but also titanium (alloys).
Thermodynamic Background. At low tem-

perature, stainless steels are able to hold high
amounts of nitrogen and/or carbon because of
the strong affinity of chromium atoms for nitro-
gen and carbon. Because the diffusion coeffi-
cient of chromium is very low compared to
the diffusion coefficient of the interstitials
nitrogen and carbon, the time needed to precip-
itate chromium nitrides is longer than the time
needed to create a surface zone consisting of a
supersaturated solid solution of nitrogen/carbon
of high hardness. Christiansen and Somers (Ref 3)
presented a graph displaying the time needed
to transform a nitrogen-expanded austenite
of several steels into chromium nitrides if
exposed to temperature and, in this way, losing
their corrosion-resistance properties.
Figure 3 shows a reverted plot of the pre-

sented data, clearly illustrating that a short

process time of 1 h requires a process tempera-
ture much lower than 500 �C (930 �F), because
otherwise, half of the produced expanded aus-
tenite would precipitate to chromium nitrides
during heat treatment. The temperature for the
formation of chromium carbides is approxi-
mately 100 �C (180 �F) higher. Typical process
temperatures for nitriding and nitrocarburizing
stainless steels are below 440 �C (825 �F).
Process Description. The major problem in

nitriding and nitrocarburizing of stainless steels
is the self-healing surface passivation by a
spontaneous formation of chromium oxides
(Cr2O3), prohibiting the penetration of carbon
and nitrogen. For this reason, all nitriding

processes designed to treat steels with high
chromium content must start with a depassiva-
tion or activation stage.
The activation stage typically starts at room

temperature after a nitrogen, argon, or vacuum
purge, where the activation agent is put into
the furnace prior to the process or injected
while heating up the furnace. Activation may
also be a series of stages using one or more
activation agents and carried out at different
temperatures.
The activation stage is followed by the nitrid-

ing/nitrocarburizing stage, where the nitrogen
and carbon sources are injected. The stage time
depends on temperature and the target thickness

Fig. 2 The micrograph to the left shows a duplex layer of nitrogen- and carbon-expanded austenite. The distribution of nitrogen and carbon in the surface layer, as shown to the
right, results in a smooth transition in compressive stresses from the hardened surface to the soft base alloy. Courtesy of Expanite A/S, Denmark

Fig. 3 Time-temperature graph for the stability of nitrogen-expanded austenite in AISI 316, based on data given by
Christiansen and Somers (Ref 3). The plot displays the time needed to precipitate 50% of the originally
obtained S-phase structure.
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of the expanded austenite. The nitriding stage is
followed by a cooling stage, typically using an
inert gas such as nitrogen or argon to purge
the furnace.
There are several industrial processes avail-

able using different agents for activation and
as carbon and nitrogen sources. For example,
Expanite (Expanite A/S, Denmark) has patented
the use of carbon-nitrogen compounds such as
urea (CH4N2O) or formamide (CH3NO) for
activation (international patent WO 2011/
009463 A1) and as carbon and nitrogen car-
riers, allowing for a parallel activation and
nitriding/nitrocarburizing while heating, result-
ing in comparatively short overall heat treating
cycles; the layer thickness and composition,
such as simplex or duplex phases, are thermo-
dynamically controlled. The patent gives an
example where a sample of AISI 316 was nitro-
carburized to a total case of 10 mm while being
heated to 440 �C (825 �F) within 45 min and
subsequent cooled to room temperature within
10 min.
Nano-S (Nitrex Metal Inc., Canada) or NV-

Nitriding (Air Water Inc., Japan) start with an
in-furnace depassivation followed by a nitriding
or nitrocarburizing stage using ammonia (NH3)
as a nitrogen source and hydrocarbons (CxHy)
or carbon monoxide (CO) as a carbon source.
Other processes require coating of externally

activated parts with a thin layer of iron (Euro-
pean patent 0248431 A2) or nickel (Ref 4)
(U.S. patent 07431778 B2) and so on to prevent
a repassivation after activation or while heat
treating with oxygen-containing compounds;
such a coating is permeable for carbon and
nitrogen atoms.

Nitriding

Classical nitriding typically aims for a load-
bearing diffusion zone of high hardness with
only a limited compound layer (Fig. 4). During
the process, nitrogen atoms diffuse into the
material surface and, in the presence of
nitride-forming elements, produce nitrides
stable at nitriding temperatures. The increase
in hardness after nitriding is then given by a
solid solution of nitrogen in ferrite/martensite
(or austenite) and the distribution of iron-base
or alloying element nitrides.
Application. Of the alloying elements com-

monly used in commercial steels, aluminum,
chromium, vanadium, tungsten, andmolybdenum
are beneficial in nitriding because they form
nitrides that are stable at nitriding temperatures.
Molybdenum, in addition to its contribution as a
nitride former, also reduces the risk of embrittle-
ment at nitriding temperatures. Other alloying
elements, such as nickel, copper, silicon, and
manganese, have little, if any, effect on nitriding
characteristics. Aluminum-containing steels
(0.85 to 1.50 mass% Al) yield the best nitriding
results in terms of total alloy content, if they con-
tain chromium as well. Even if aluminum is a
strong nitride former, aluminum nitride (AlN)

does not nucleate easily in the ferrite matrix and
will not give good hardness, nor does it develop
a clear diffusion zone. This occurs first when chro-
mium is also present in solid solution. Recently, it
was demonstrated that mixed nitrides (Cr, Al)N
develop (Ref 5). Chromium-containing steels
can approximate these results if their chromium
content, dissolved in the matrix and not bound to
carbides, is sufficiently high enough. Unalloyed
carbon steels are not well suited to nitriding
because the hardness increase in the diffusion
zone is limited.
The following steels can be gas nitrided for

specific applications:

� Aluminum-containing low-alloy steels, pref-
erably containing chromium

� Medium-carbon, chromium-containing low-
alloy steels of the 4100, 4300, 5100, 6100,
8600, 8700, and 9800 series

� Hot work die steels containing 5 mass% Cr,
such as H11, H12, and H13

� Low-carbon, chromium-containing low-alloy
steels of the 3300, 8600, and 9300 series

� Air-hardening tool steels, such as A-2, A-6,
D-2, D-3, and S-7

� High-speed tool steels, such as M-2 and M-4
� Nitronic stainless steels, such as 30, 40, 50,

and 60
� Ferritic and martensitic stainless steels of the

400 and 500 series
� Austenitic stainless steels of the 200 and

300 series as well as certain Inconels and
Incolloys

� Precipitation-hardening stainless steels, such
as 13-8 PH, 15-5 PH, 17-4 PH, 17-7 PH,
A-286, AM350, and AM355

Aluminum-containing steels produce a
nitrided case of very high hardness and excel-
lent wear resistance. However, the nitrided case
also has low ductility, and this limitation should
be carefully considered in the selection of
aluminum-containing steels. In contrast, low-
alloy chromium-containing steels provide a
nitrided case with considerably more ductility

but with lower hardness. Nevertheless, these
steels offer substantial wear resistance and good
antigalling properties. Tool steels, such as
H11 and D2, yield consistently high case hard-
ness with exceptionally high core strength.
Table 2 gives the average hardness increase
for selected materials.
Thermodynamic Background. The modi-

fied Lehrer iron-nitrogen diagram (Fig. 5) shows
the phase boundaries between ferrite (a), Fe4N
g0-nitrides, Fe2–3N E-nitrides, and austenite (g).
Depending on the nitriding potential of the
nitriding atmosphere:

KN ¼ pNH3

pH2
� �3=2

and the process temperature, nitriding either
produces a surface layer of interstitially placed
nitrogen atoms in the face-centered cubic iron
lattice or creates a compound layer of iron
nitrides once the maximum solubility for nitro-
gen is exceeded. At typical nitriding tempera-
tures ranging between 495 and 565 �C (925
and 1050 �F), it is not possible to create an aus-
tenitic iron phase. To create body-centered
cubic g-iron, the temperature must be raised
above 595 �C (1100 �F), and KN must be set
accordingly, resulting in a nitrogen content of
approximately 2.35 mass%. KN is typically
measured in units of 1/

ffiffiffiffiffiffiffi
bar

p
.

When using ammonia and dissociated ammo-
nia only, the nitriding potential can easily be
transferred into different parameters (see also
the section “Atmosphere Control” in this
article).
Dissociation (sometimes referred to as disso-

ciation rate), residual ammonia (RNH3), and
hydrogen (H2) in the furnace atmosphere can
be measured using applicable equipment (see
the section “Measuring the Potentials” in this
article). Because ammonia thermally dissoci-
ates into hydrogen and nitrogen following the
reaction:

2NH3 ! N2 þ 3H2

Fig. 4 Micrograph of nitrided X40CrMoV5-1. Courtesy
of IWT Bremen, Germany

Table 2 Typical hardness increase obtained
by nitriding

Material

Hardness prior
to nitriding,

HV

Hardness
obtained by
nitriding, HV

Iron �120 �250
Low-alloyed carbon steels
AISI 1045 �180 �350

Medium-carbon,
chromium-containing
low-alloy steels

1.1% Cr (AISI 4140)
2.5% Cr (AISI 4340)

�240
�240

�600
�750

Nitriding steels
(Cr and Al) �240 �1000

Tool steels
(12% Cr) �600 >1000

Source: Ref 6
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the nitriding potential can be determined from
measurement of the exhaust of an atmospheric
furnace:

KN ¼
RNH3=100%

3

4
� 1� RNH3

100%

� �	 
3=2

KN ¼
100%� 4=3� H2ð Þ

100%

	 


H2

100%

	 
3=2

KN ¼
100%� Diss:ð Þ

100%

	 


3
4
� Diss:

100%

	 
3=2

where the dissociation rate (Diss.) is:

Diss: ¼ 100%� RNH3

Diss: ¼ 4=3 � H2

The solubility for nitrogen and therefore the
phase boundaries as well are influenced by the
presence of carbon and other alloying elements.
It can be clearly observed that when maintaining
a nitriding potential above the boundaries toward
iron nitrides, the nitrided layer will result not
only in a diffusion zone but also create a com-
pound layer of noticeable thickness. Table 3
explains the general influence of nitriding condi-
tions and material on the nitriding result.
Process Description. Parts are treated in a

different manner depending on the required
nitriding specifications. SAE AMS 2759/6 spe-
cifies the procedure for gas nitriding of low-
alloy and tool steels by the use of ammonia
and dissociated ammonia. The specification
limits the compound layer thickness to either a
maximum of 0.0005 in. (class 1) or a maximum
of 0.001 in. (25 mm) (class 2):

� Class 1 requires two nitriding stages, with
the first stage at 940 to 1050 �F (505 to
565 �C) maintaining a dissociation rate of
15 to 35% and the second stage at 975 to
1050 �F (525 to 565 �C) maintaining a disso-
ciation rate of 65 to 88%. The duration of
the first stage shall be approximately 20%
of the total nitriding time.

� Class 2 requires only one stage, at 940 to
1050 �F (505 to 565 �C) maintaining a disso-
ciation rate of 15 to 35%.

The two-stage nitriding process with the second
stage at an increased temperature is also known
as the Floe process (U.S. patent 2,437,249).
The advantage of having two stages, with the

first stage at a lower temperature, is that the
lower thermal dissociation rate of ammonia
during the first stage results in a higher nitriding
potential compared to the second stage, where
the higher temperature will automatically cause
a higher thermal dissociation, hence reducing

the nitriding potential naturally at constant flow
rates. Another advantage is the formation of
fine, dispersed, small nitride precipitations at
the lower temperature, with a higher hardness
and fatigue strength compared to nitriding only
at high temperatures.
The newer SAE AMS 2759/10A specifies the

nitriding potential to be used instead of the dis-
sociation rate. The specification limits the com-
pound layer thickness in the same way as the
older AMS 2759/6 but adds class 0, where no
compound layer is permitted. For all classes
and all steels, the nitriding potential maintained

during the first nitriding stage is well within
the E- range, and, depending on the allowed
compound layer thickness, the nitriding poten-
tial will be lowered to the g0-range or down to
the a-g0-boundary for the second nitriding
stage. Using the nitriding potential instead of
the dissociation rate allows for the use of
nitrogen-diluted atmospheres.
Table 4 gives the process stages for several

nitriding variants applied on low- and
medium-alloy steels as well as stainless steels.
After loading, the furnace is typically heated to a
temperature of 300 to 350 �C (570 to 660 �F).

Table 3 Influence of nitriding conditions and material on the nitriding result

Compound
layer

thickness

Case
(surface)
hardness

Case (surface)
hardness
increase

Effective
case
depth

Case (surface)
hardness
depth

(Effective case depth – case
hardness depth)/effective case

depth

Nitriding conditions:
Higher temperature
Longer soak time
Higher KN

↑↑
↑
↑↑

= #
= #
=

= #
= #
=

↑
↑
=

↑
↑
=

=#
= #
=

Material composition:
Higher Cr concentration
Higher Al concentration
Higher C concentration

= #
↑
= ↑

↑
↑↑
#

↑
↑↑
#

##
= #
= #

↑
#
#

#
↑
↑

Material structure:
Normalized
Hardened, increasing
tempering temperature

=
=

= ↑
#

↑
#

=
=

↑
#

#
↑

Source: Ref 2

Fig. 5 Modified Lehrer iron-nitrogen diagram displaying the phase boundaries to g0- and E-nitrides as a function of
temperature and nitriding potential (KN), dissociation, residual ammonia, and hydrogen for an ammonia and
a dissociated ammonia atmosphere. Source: Ref 7
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Depending on the chromium content of the mate-
rial to be treated, heatingmay be done in air, or the
furnace may be vacuum or nitrogen purged prior
to heating, to avoid further oxidation and allow
for the injection of flammable gases. Variant
3 starts with a high ammonia flow while heating
but requires the heating to be stopped at a maxi-
mum temperature of 150 �C (300 �F) until the
furnace is fully purged with ammonia (5 times
the furnace volume).
At a first temperature hold, contaminants will

be evaporated, and the part surface will be acti-
vated for further nitriding. Depending on the
chromium content, this may be done in a preox-
idation stage (<3 to 5 mass% Cr) to remove any
organic residuals from the part surface or in an
activation stage to remove chromium oxides.
Preoxidation of high-alloyed steels, if not
activated, should preferably be carried out in a
temperature range of 400 to 500 �C (750 to
930 �F).
After preoxidation and sometimes as well as

prior to activation, the furnace will be nitrogen
or vacuum purged (see the section “Safety Purge”
in this article) and backfilled with either nitrogen
or ammonia. Once filled with either nitrogen or
ammonia, the furnace will be heated to the pro-
cess temperature. In most cases, it may be favor-
able to start the ammonia flow while heating, to
create a tiny layer of iron nitrides (see the section
“Nucleation” in this article), thus promoting a
uniform nitrogen uptake throughout the process.
Following the specifications and depending

on the allowed compound layer thickness,
nitriding will be carried out using either one
or two nitriding stages. The principal advantage
of double-stage nitriding is the ability to reach
higher nitriding potentials at lower tempera-
tures, promoting a high saturation of the surface
layer and an acceleration of the propagation of
the diffusion front by applying a higher temper-
ature in the second stage. A lower potential in
the second stage reduces the formation of the
compound layer on the surface of the case. On
the other hand, there is no technical reason for
a second stage at a higher temperature, except
when specified otherwise or if high potentials
(a low dissociation rate) cannot be reached at

higher temperatures due to an insufficient
ammonia supply or if low potentials (a high dis-
sociation rate) cannot be reached at lower tem-
peratures due to the absence of a dissociated
ammonia or hydrogen.
Applying a higher temperature during the

second stage:

� May lower the case hardness but improve
the stress distribution, resulting in higher
ductility

� Will increase the case depth, relative to pro-
cess time

� May lower the core hardness, depending on
the prior tempering temperature and the total
nitriding cycle time

� May lower the apparent effective case depth
because of the loss of core hardness, depend-
ing on how the effective case depth is defined

After nitriding, the furnace is cooled to a
temperature of 100 to 150 �C (212 to 300 �F)
or lower for unloading. This is typically done
using a high-nitrogen flow to purge the flamma-
ble and/or toxic gases out of the furnace. Prior
to unloading, the total nitrogen flow must be
at least 5 times the volume of the furnace (see
the section “Safety Purge” in this article). In
some cases, it may be advantageous to cool
the furnace in two stages, where, while cooling
to 300 to 400 �C (570 to 750 �F), the process
gas flow of the last nitriding stage is main-
tained, reducing the disintegration of the com-
pound layer and the formation of porosity.
For nitriding of stainless steels, several

industrial processes are available, such as
Nitreg-S (Nitrex Metal Inc., Canada), Lintri-
deSS (Bodycote, formerly known as Malcomiz-
ing, United Kingdom), or NV-Nitriding (Air
Water Inc., Japan), to name a few, which differ
mainly in the activation agent used.
Controlling the Case Depth. Case depth

and case hardness, the two criteria most com-
monly referred to in the control of case proper-
ties, vary not only with the duration and other
conditions of nitriding but also with steel com-
position, prior structure, and core hardness
(Fig. 6 to 9).

With increasing amount of nitride-forming
elements, the formation of alloy nitrides will
increase hardness but, on the other hand, slow
down the propagation of the case depth.
Carbon also has an influence on case depth and

hardness. With increasing amount of carbon, sur-
face hardness will drop, and the effective case
depth may be lowered. Especially when alloyed
steels are tempered at temperatures above the
nitriding temperature, as suggested, carbon and
chromium will form chromium carbides; thus,
the bound chromium is not able to participate in
developing a precipitation layer of high hardness
by forming chromium nitrides.
For further information on how to modify

process parameters, see “Controlling Diffusion
Zone and Compound Layer” in the section
“Nitriding Processing” of this article.
High- and Low-Pressure Nitriding. With

increasing furnace pressure while maintaining a
constant nitriding potential, the partial pressures
of ammonia and hydrogen will also increase.
Because this increase will not be linear due to
the nonlinear ratio defining the nitriding poten-
tial, the ratio between ammonia and hydrogen
decreases (Table 5). According to Jung (Ref
10), this will also increase the nitrogen-transfer
speed, resulting in faster growth of the compound
layer for low- and mild-alloy steels, provided the
nitriding potential is set to achieve E- or g0-
nitrides, but also in faster propagation of the dif-
fusion zone (if the nitriding potential is set in a
range to create only a restricted compound layer).
Consequently, when expanding the calcula-

tions given in Table 5 toward low pressures,
the corresponding nitrogen-transfer speeds can
be estimated, as shown in Table 6.
Calculating the expected nitrogen-transfer

speeds toward lower pressures suggests that if
the pressure is gradually decreased, at one point
the nitrogen availability (better said, the num-
ber of ammonia molecules hitting the part sur-
face) will be too low to support a sufficient
flux through the surface. This minimum pres-
sure or the corresponding minimum nitrogen
flux is dependent on the material composition.
Tests performed by Jordan et al. (Ref 11)

showed that, when nitriding samples of AISI

Table 4 Typical stages for several nitriding variants

Stages
Typical low
chromium Typical high chromium Variant 1 Variant 2 Variant 3

Load X
N2 purge . . . X (X) X . . .

NH3 purge . . . . . . X . . . . . .

Heat to preoxidation/activation temperature Air N2 or activation agent avoids
further oxidation

NH3 dNH3 or H2 flow
removes oxides

150 �C (300 �F) max NH3 flow.
Oxidation by NH3 + air � NH3 + H2O + H2 + N2

Hold for preoxidation/activation Oxidize with air Oxidize with water or activate . . . (Activate) Hold at 150 �C (300 �F) max until furnace is
fully purged with NH3

N2 purge X X . . . X . . .

Heat to 1st nitriding stage Heat with N2 or
NH3 flow

Heat with N2 or NH3 flow Heat with NH3

flow
Heat with N2 or NH3

flow
Heat with NH3 flow

Hold for 1st nitriding stage Nitride with NH3 + dNH3/N2

Heat to 2nd nitriding stage (NH3 + dNH3/N2)
Hold for 2nd nitriding stage (NH3 + dNH3/N2)
Cool with process gas (Optional, to obtain lower porosity)
Cool with N2 purge until furnace is fully
purged with nitrogen

X

Unload X
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4140 at absolute pressures of 128 and 812 torr
(170 and 1093 mbar) in a temperature
range of 524 to 538 �C (975 to 1000 �F),
the nitriding results still gave a good co-
rrelation with the thermodynamics known
from atmospheric nitriding. The nitriding
potential at the a-g0-boundary, calculated by
adjusting the measured exhaust percentages
of ammonia and hydrogen to match the partial
pressures at furnace pressure, fits the Lehrer
diagram.
While high-pressure nitriding has the advan-

tage of a higher nitrogen flux and therefore a
faster diffusion and/or compound layer forma-
tion, low-pressure nitriding offers a perfect gas

distribution throughout the load, even without
a convection fan in the furnace chamber. Both
processes require special equipment.
The so-called pressure nitriding (U.S. patents

2,596,981 and 2,779,697) is a process where a
sealed retort is filled with ammonia up to a pre-
determined pressure and then heated to process
temperature. The ammonia will gradually
decompose during the nitriding stage and, at
the same time, increase the pressure within the
retort. This does not allow for a controlled pro-
cess; however, the nitriding potential will
decrease over process time, hence naturally
restricting the compound layer thickness and
case depth.

The ALLNIT process (BMI, France) is a
low-pressure gas nitriding process using a pro-
cess atmosphere made from ammonia, nitrogen,
and nitrous oxide (N2O) as the ammonia disso-
ciation and adsorption accelerator. The low pro-
cess pressure provides an advantage to
uniformly nitride small bores, cavities, and
complex geometries by having lower gas con-
sumption compared to traditional atmospheric
nitriding. Adding carbon-bearing gases allows
for low-pressure nitrocarburizing. ALLNIT
may be followed by a postoxidation. This pro-
cess requires vacuum equipment and may
require longer cycle times.
Nitrogen-Diluted Atmospheres. When

diluting an ammonia/dissociated ammonia
atmosphere with nitrogen, the availability of
reactive nitrogen decreases. Because molecular
nitrogen does not significantly participate in
the nitriding reaction at normal nitriding tem-
peratures, the effect of nitrogen dilution on the
nitrogen-transfer speed can be compared to
low-pressure nitriding.
To achieve a uniform nitriding result, the

atmosphere must not be diluted beyond a per-
centage where the nitrogen flux is too low to
support the diffusion into the part surface. Tests
performed by Zimdars (Ref 12) showed that
oxynitriding samples of 20MnCr5N at a con-
stant nitriding potential of KN = 3 at 550, 570,
and 590 �C (1020, 1060, and 1094 �F) while
gradually increasing the dilution first, reduced
the white layer thickness, and then started to
reduce the case depth. The effect increases with
increasing temperature due to the faster nitro-
gen uptake at higher temperatures.
Nevertheless, in some cases, nitrogen may

be used to control dissociation or nitriding
potential; however, this control variant
requires consideration of the previously dis-
cussed influence on nitrogen availability
(atmosphere control).

Fig. 6 With increasing amount of nitride-forming elements, more and more nitrogen, diffusing through the surface, will be bound in nitrides, slowing down the propagation of the
precipitation front. This effect is often explained as the lower diffusion speed of nitrogen in alloyed steels. The calculated development of the diffusion zone follows the t– law.
Source: Ref 8

Fig. 7 Influence of pre-heat-treatment temperature on the resulting hardness of X210CrW12, nitrided for 10 h at
580 �C (1075 �F). Besides the expected loss in core hardness due to the increasing temperature while

tempering, chromium will also be increasingly converted into stable chromium carbides. These carbides will not
transform into chromium nitrides during nitriding. Source: Ref 9
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Oxynitriding is a nitriding process with the
addition of an oxidizing gas, typically air or
water, to enhance the nitriding reaction, espe-
cially for chromium-containing steels. Accord-
ing to Spies and Vogt (Ref 13), applying a high
nitriding potential and an oxidizing potential:

KO ¼ pH2O=pH2

just above the oxidation limit of iron (Fig. 10)
while nitriding high-alloy steels causes the for-
mation of Fe3O4 magnetite, and once the chro-
mium is precipitated to chromium nitrides, the

iron oxides will be transformed into iron
nitrides, creating a compound layer. At low
nitriding potentials, there will be a concurrent
formation of iron oxides and chromium nitrides
at the beginning of the process. The iron oxide
layer, being permeable to nitrogen, forms a pre-
cipitation layer with no or only a restricted
compound layer. In addition, oxynitriding may
minimize the carbide precipitation in the diffu-
sion zone of chromium-alloyed steels by a con-
trolled decarburization.
Adding air, oxygen, or another highly oxidiz-

ing gas such as nitrous oxide, also known as
laughing gas (N2O), bears an explosion hazard
(see the section “Safety Precautions” in this
article). Therefore, the process is best carried
out by using water injection. It is also possible
to use carbon dioxide (CO2) to create the oxida-
tion potential, because CO2 will be reduced by
H2 to CO and H2O. Because this will also cre-
ate a carburizing potential, it technically resem-
bles a nitrocarburizing process.
Sulfonitriding and Oxysulfonitriding. The

goal of sulfonitriding is a sulfurized compound
layer with a low coefficient of friction, preclud-
ing the seizure of mating parts. Such a layer can
be achieved by adding gaseous hydrogen sul-
fide (H2S) to the nitriding atmosphere or by first
forming a nitrided compound layer using a low
ratio of gaseous hydrogen sulfide added to the
ammonia flow and, in a second stage, sulfuriz-
ing the nitrided compound layer by a high ratio
of hydrogen sulfide to an inert carrier gas (Jap-
anese patent JP 02-270958).
Oxysulfonitriding uses sulfur dioxide (SO2)

as the sulfurizing gas, resulting in faster forma-
tion of the compound layer due to the oxygen
bound in the gas.
Sulfonitriding and oxysulfonitriding can be

applied on carbon steels but also on alloyed
steels and cast iron.

Fig. 8 Hardness profiles. (a) Typical hardness profiles on commercially treated steels. FNC, ferritic nitrocarburizing.
(b) Hardness profiles achieved on various steels after nitriding at 530 �C (985 �F) for 5 h. Profiles grow steeper
with increasing amount of strong nitride formers. Courtesy of Nitrex Metal Inc., Canada

Fig. 9 Development of case depth for various steels,
nitrided at 530 �C (985 �F), as a function of time
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Ferritic and Austenitic
Nitrocarburizing

Nitrocarburizing typically aims for a com-
pound layer of high hardness that is preferably
composed of Fe2–3NC E-carbonitrides and only
a shallow case depth compared to nitriding that
is able to support the stability of the brittle
compound layer.
Application. Nitrocarburizing is typically

applied to carbon steels, low-alloy steels, and
also tool steels and cast iron to improve the
corrosion resistance and, by lowering the

coefficient of friction, improve resistivity for
adhesion and abrasion. The upper part of a
compound layer typically has a porous struc-
ture, as shown in Fig. 11. In some cases,
this porosity may be of advantage, but in most
cases porosity should be as low as possible.
Nitrocarburizing may be followed by postoxi-
dation, resulting in even higher corrosion resis-
tance and producing a dark-blue to black finish.
Table 7 provides an overview on how the

compound layer composition and thickness
should be built in order to withstand typical
work conditions. Table 8 gives the expected
compound layer hardness for several steels.

Thermodynamic Background. The modi-
fied Fe-N-C diagram (Fig. 12) shows the phase
boundaries between Fe4N g0-nitrides, Fe2–3NC
E-carbonitrides, and Fe3C cementite. The sur-
face layer will be composed of varying amounts
of nitrogen and carbon, depending on the tem-
perature, nitriding potential, and carburizing
potential. As previously described (in the sec-
tion “Terminology for Gas Reactions” in this
article), the nitriding potential is:

KN in units of
1ffiffiffiffiffiffiffi
bar

p
	 


¼ pNH3

pH2
� �3=2

while the carburizing potential of the atmo-
sphere is:

KCB bar½ � ¼ p2CO
pCO2

according to the Boudouard reactionð Þ

KCW bar½ � ¼ pCO � pH2
pH2O

heterogeneouswater� gas reactionð Þ

Note that Fig. 12 uses carbon activity instead of
carburizing potentials, and the phase diagram is
calculated for a temperature of 575 �C (1065 �F).
Process Description. There are several older

commercial processes available, mainly differing
in the carburizing gas added to the ammonia
(Table 9). Because these processes did not include
control of the according potentials, typical specifi-
cations for nitrocarburized parts will ask for a
compound layer of a certain thickness, say 15 to
20 mm, mainly consisting of E-carbonitrides and
with a porosity of less than 30%. With the avail-
ability of potential-controlled nitrocarburizing
(see the section “Atmosphere Control” in this arti-
cle), these rather fuzzy requirements are more
often replaced by detailed specifications.
SAE AMS 2759/12 specifies the procedure for

KN-KC-controlled gas nitrocarburizing of carbon
and high-strength, low-alloy steel, low-alloy steel,
tool steel, and cast iron. The goal of the procedure
is a compound layer of defined thickness and with
a specified porosity. Class 1 must not exceed 15%
of the total compound layer thickness, and class
2 must be at least 10% but not exceeding 40% of
the total compound layer thickness.
Activation is typically not needed because

nitrocarburizing is mainly performed on carbon
and low-alloy steels, and the addition of oxidiz-
ing carbon-bearing gases such as CO2 will auto-
matically result in a mild activation that can be
compared to oxynitriding.
The process is performed in a manner similar

to a nitriding process but at slightly higher tem-
peratures. Typical nitrocarburizing temperatures
range between 550 and 580 �C (1020 and
1075 �F), belowAc1 of the steel to be treated. Dis-
sociation is overall lower when compared to a
nitriding process, forcing a high nitriding poten-
tial, which, in combination with the carburizing
potential, will result in fast growth of a compound
layer. The influence of process parameters on the
development of a compound layer can be taken
from Table 3. At the end of the nitrocarburizing

Table 5 Partial pressures of hydrogen and ammonia and relative nitrogen-transfer speed at
increasing furnace pressures at 570 �C (1060 �F), ammonia/dissociated ammonia
atmosphere, and a constant nitriding potential of KN = 3 1

� ffiffiffiffiffiffiffiffi
bar

p

Variable Value

KN = p{NH3}/p
1.5 {H2} = 3, bar (torr) 1 (750) 4 (3000) 8 (6000) 12 (900)

P{H2}, bar (torr) 0.33 (248) 0.94 (705) 1.57 (1178) 2.11 (1583)
P{NH3}, bar (torr) 0.56 (420) 2.75 (2060) 5.92 (4440) 9.19 (6890)
Relative nitrogen-transfer speed 1.0 3.33 5.57 7.47

Source: Ref 10

Table 6 Partial pressures of hydrogen and ammonia and relative nitrogen-transfer speed at
decreasing furnace pressures at 570 �C (1060 �F), ammonia/dissociated ammonia
atmosphere, and a constant nitriding potential of KN = 3 1

� ffiffiffiffiffiffiffiffi
bar

p

Variable Value

KN = p{NH3}/p
1.5 {H2}= 3, bar (torr) 1 (750) 0.8 (600) 0.5 (375) 0.2 (150)

P{H2}, bar (torr) 0.33 (248) 0.28 r (210) 0.19 (143) 0.09 (68)
P{NH3}, bar (torr) 0.56 (420) 0.43 (323) 0.25 (188) 0.08 (60)
Relative nitrogen-transfer speed 1.0 0.77 0.43 0.13

Fig. 10 Iron-oxygen diagram. Source: Ref 14
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stage(s), the parts will often be cooled to a temper-
ature typically below 530 �C (985 �F) for an addi-
tional postoxidation stage in order to enhance
corrosion resistivity (see also “Postoxidation” in
the section “Nitriding Processing” in this article).
Instead of furnace cooling, the parts may also

be quenched (gas or liquid) to reduce porosity

and to avoid nitride needle formation. While
slowly cooling a nitrogen-saturated lattice, the
nitrogen solubility decreases, forcing nitrogen
in supersaturated solution out of the solution
and into the grain boundaries. This structure of
intergranular nitrides takes the shape of needles
when observed in a micrograph. Because these

nitrides are much harder than the surrounding
material, they act as wedges, reducing the resis-
tance to crack propagation. Some parts, such as
ball joints or synchronizer gears, are required
to be free of intergranular nitrides to perform
in conditions where impacts are common.
Controlling the Compound Layer. Com-

pound layer thickness, composition, and poros-
ity are the normal property goals (Table 7).
According to Ebersbach (Ref 19), the corrosion
resistance of a nitrocarburized part will dramat-
ically increase if the compound layer is com-
posed of E-carbonitrides with a total nitrogen-
plus-carbon content [N + C] of at least 8.6 mass%
(Fig. 13) and with a C/[N + C] ratio between
0.02 and 0.2. Information on how to influence the
nitrocarburizing results is given in “Controlling
Diffusion Zone and Compound Layer” in the
section “Nitriding Processing” in this article.
Austenitic Nitrocarburizing. Because plain

carbon steels do not form a diffusion zone of
high hardness, this zone is not hard enough to
support the compound layer. Therefore, the gen-
eral purpose of austenitic nitrocarburizing is to
create a diffusion zone underneath the com-
pound layer with a high enough hardness to
support the compound layer to withstand Hert-
zian stresses. By raising the nitrocarburizing
temperature above Ac1 (of the nitrogen- and car-
bon-saturated diffusion zone), the diffusion zone
is transformed from ferrite to austenite. Neither
the compound layer nor the base material will
be affected. The treatment temperature ranges
between 595 and 720 �C (1100 and 1330 �F).
While cooling slowly, the austenitic structure

of low-alloyed steels will transform into the
Fe-Fe4N eutectoid, called braunite (a pendant
to pearlite in the iron-carbon system). Fast cool-
ing or quenching will result in retained Fe-N-C
austenite, which may be transformed to mar-
tensite and bainite with a hardness of 750 to
900 HV by cryogenic treatment and subsequent
tempering at approximately 300 �C (570 �F).

Other High-Temperature Processes

N-Quench (Ref 21) is a process developed
by Nihon Techno Ltd., Japan, for case harden-
ing of low-alloyed, low-carbon steels. At tem-
peratures between 700 and 800 �C (1290 and
1490 �F), the parts are exposed to an atmo-
sphere consisting of either ammonia or an
ammonia-nitrogen mixture. At these tempera-
tures, the surface layer is transformed into

Fig. 11 Micrograph of a nitrocarburized AISI 1018 D1 as the compound layer thickness, with D2 the thickness of the
porous section. The percentage of porosity (commonly referred to as porosity) is D2/D1 � 100%. Courtesy
of Nitrex Metal Inc., Canada

Table 7 Possible stresses and best-suited
compound layer properties

Work condition Composition
Thickness,

mm

Abrasion E(g0) postoxidized >10
Adhesion E(g0) >10
Liquid metal
attack

E(g0) postoxidized >10

Tribo-oxidation E or g0, postoxidized or with
high porosity to absorb

lubricants

>10

Contact fatigue E(g0) 0 to <10
Corrosion E(g0) postoxidized � >20

Source: Ref 15, 16

Table 8 Compound layer hardness for different steel groups

Steel family Example Hardness of compound layer, HV0.02

Unalloyed carbon steels Ck15–Ck60 700–900
Alloyed carburizing steels 16MnCr5 800–1000
Alloyed hardening steels 34Cr4, 42CrMo4 800–1000
Nitriding steels 31CrMoV9, 34CrAlMo5 1200–1600
Alloyed cold work steels X165CrMoV12 1200–1600
Hot work tool steels X40CrMoV5-1 1200–1600
High-speed steels S6-5-2 1300–1700
Spheroidal graphite cast iron GGG60 500–900

Source: Ref 17

Fig. 12 Nitrocarburizing diagram displaying isoconcentration lines for nitrogen and carbon, calculated according to
Kunze (Ref 18). The diagram gives the expected compound layer composition, depending on nitriding
potential and carbon activity at 575 �C (1065 �F). Source: Ref 1
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gamma phase, containing more than a wt % N.
After nitriding, the parts will be quenched to
obtain nitrogen martensite.
The material below the nitrided layer is not

hardened. Typical surface hardness exceeds

800 HV. While distortion is still comparable
to gas nitriding, the higher temperature allows
for shorter cycle times and less gas consumption.
A hardened layer of 20 mm can be achieved
within 40 min.

Typical applications include:

� Clutch plates
� Spools
� Bearing holders
� Thrust washers
� Knitting machine parts

Solution nitriding (Ref 22) aims for a diffu-
sion zone of high hardness on stainless steels,
without losing, or sometimes even improving,
the corrosion-resistance properties of the base
material (SolNit, Ipsen International).
At high temperatures between 1050 and 1150 �C

(1920 and 2100 �F), nitriding can be performed
using nitrogen gas. Following Sievert’s law,
the solubility of nitrogen (cN) in iron (Fig. 14)
is proportional to the square root of the partial
pressure of nitrogen:

cN ¼ ffiffiffiffiffiffiffiffi
pN2

p

Maintaining corrosion resistance requires chro-
mium not to be bound to nitrides or carbides
in order to form passivating chromium oxides
after the heat treatment. Depending on steel
composition, temperature and nitrogen pressure
must be controlled in such a way that the per-
centage of dissolved nitrogen does not force
the formation of chromium nitrides but still
provides maximum hardness. Figure 15 (Ref 23)

Table 9 Commercial nitrocarburizing processes

Procedure Process gases Mass% N in compound layer Mass% C in compound layer

Nitemper (Ipsen USA) 50% NH3, 50% exogas 8–10 1.7–10.5
Nitrotec (Mamesta) NH3 + exogas + air Not specified Not specified
Nitroc (Aichelin) NH3 + 50% exogas or �10% CO2 �9 �1
Deganit (Degussa) 50% NH3 + 50% exogas (1st stage)

50% NH3 + 50% endogas (2nd stage)
Not specified 1–1.7

Nitroflex (AGA) NH3 + CO/CO2 8.5–10.5 Not specified
Typical NH3 + 3–10% CO2 <10.5 0.5–1.2
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Fig. 13 The corrosion resistance of a nitrocarburized part will dramatically increase if the compound layer is
composed of E-carbonitrides and the [N + C] content in the compound layer is at least 8.6 mass%. The

graph shows how the pitting potential jumps by more than 200 mV when crossing the recommended minimum
composition. ○, gas nitrocarburized; �, gas nitrocarburized plus oxidized; D, salt bath nitrocarburized;▲, salt bath
nitrocarburized plus oxidized. Source: Ref 20

Fig. 14 Nitrogen solubility in iron as a function of temperature and nitrogen pressure

Fig. 15 Influence of chromium content on the solubility
of carbon and nitrogen in austenite at 1100 �C
(2010 �F). Adapted from Ref 23
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shows the solubility of nitrogen and carbon,
depending on the chromium content, at 1100 �C
(2010 �F). Typical furnace pressure ranges
between 0.1 and 2 bar (75 to 1500 torr). The high
process temperatures and process times of 15 to
240 min provide case depths of 0.2 to 2.5 mm
(0.01 to 0.1 in.). The development of the case
depth follows the laws of diffusion and is propor-
tional to the square root of time:

x � ffiffi
t2

p

After diffusion treatment, the load must
be quenched to prevent chromium oxide precip-
itation and therefore maintain corrosion resis-
tance. Depending on the steel composition, the
parts will be treated in a different manner. In
austenitic stainless steels, the surface will con-
sist of austenite with up to 0.9 mass% N in
solution, with a surface hardness only slightly
higher compared to the core hardness. In mar-
tensitic stainless steels, the nitrogen-saturated
surface will contain a high amount of retained
austenite that will be transformed into mar-
tensite by a subsequent cryogenic treatment
and tempering above 450 to 480 �C (840 to
895 �F). The process requires a vacuum furnace
with integrated gas or oil quench and also
able to withstand high pressures up to 2 bar
(1500 torr).
Typical applications are austenitic or marten-

sitic stainless steel parts, such as:

� Tools for plastic processing machines
� Components of gearboxes
� Bearings of jet turbines
� Pumps and valves of fluid machines
� Surgical instruments
� Cutlery
� Implants
� Sanitary accessories
� Membranes

Nitriding Processing

Cleaning. Because nitrogen transfer is
blocked by any contamination on the part sur-
face, nitriding requires thorough cleaning to
remove organic residuals prior to the nitriding
process. Part production involves various syn-
thetic additives from cutting fluids, anticorro-
sion additives, as well as remnants from
abrasive wheels containing aluminum oxide.
They all contribute to nonuniform nitriding,
flaking layers, and other surface defects.

According to Haase (Ref 24), the typical sur-
face condition of a machined part will show a
contamination layer consisting of dirt and resi-
duals, such as oil and grease but also shavings
and chippings. Below this contamination layer
is a sorption layer of water and hydrophobic
agents such as hydrocarbons. Below this film,
metal oxides and a more or less deformed base
material can be found (Table 10).
While most parts can be successfully nitrided

after vapor degreasing or cleaning in water with
specific cleaning agents, some machine-finishing
processes, such as buffing, finish grinding,
lapping, and burnishing, may produce surfaces
that retard nitriding and result in uneven case
depth and distortion.
This may require abrasive cleaning with alumi-

num oxide grit or other abrasives, such as garnet
or silicon carbide, immediately prior to nitriding.
Any residual grit must be brushed off before parts
are loaded into the furnace. From a practical point
of view, thosemethods are not used unless there is
a problem with passivated layers and surface
deformations, typical of fine blanking. However,
wet glass-bead blasting is a delicate yet effective
way of cleaning certain parts.
As a general rule, vapor degreasing does not

remove synthetic additives and water-soluble
contaminants. Water and specific industrial
cleaning agents (tensides) are used to remove
mineral and nonmineral contaminants. Some
of the cleaning agents are high pH, while ultra-
sonic cleaners often use specifically designed
neutral pH cleaning agents. Parts also should
be handled with clean gloves.
Safety Purge. Nitriding and nitrocarburizing

processes are typically carried out at tempera-
tures below the 750 �C (1380 �F) safety tem-
perature known from atmospheric carburizing.
Staying above this temperature would ensure
that all flammable species in a furnace atmo-
sphere would immediately burn, and an explo-
sive gas mixture could not form.
Because nitriding and nitrocarburizing,

except for solution nitriding, is performed
below the self-ignition temperature of the flam-
mable gases used, such an explosive mixture
may build up. Tables 11 and 12 give the lower
and upper explosion limits for various gases in
air and nitrous oxide as well as the self-ignition
temperatures of various gases.
Therefore, whenever the furnace atmosphere

is supposed to change from oxygen/air to flam-
mable gases or vice versa, the furnace must be
purged with either an inert gas, typically nitro-
gen, or the furnace must be depressurized to a

point where either the amount of oxygen or
the amount of flammable gases is low enough
to prevent explosion hazards.
According to the safety regulations given by

National Fire Prevention Association (NFPA)
86 and the safety recommendations of the Ger-
man Association for Heat Treatment and Mate-
rial Science (AWT) Committee 8, a safety
purge with inert gas requires a gas volume of
five times the furnace volume or pumped down
to a pressure below 45 mbar (AWT) or 0.1 torr
(NFPA) absolute.
Preoxidation. Nitriding and nitrocarburizing

often start with a preoxidation stage that may
be part of the nitriding process or may be done
separately in a preoxidation furnace. Note:
Water preoxidation does not burn any contami-
nation with hydrocarbons.
Preoxidation can be thought of as an addi-

tional cleaning. The preoxidation temperature
is approximately 300 �C (570 �F), above the
vaporization temperature of hydrocarbons and
cleaning agents. Therefore, the furnace is
heated with air to the preoxidation temperature
and held at temperature for approximately
30 to 45 min. Other contaminating films may
be disintegrated by iron oxide formation.
Preoxidation may also be carried out by

using water vapor with or without an additive
of weak water-soluble acid. In this case, the
preoxidation time is much shorter. Three min-
utes preoxidation with water is equivalent to
approximately 30 min preoxidation with air.
Therefore, it is favorable to heat the furnace
to preoxidation temperature in nitrogen or air
prior to injecting the water. Water preoxidation
produces exclusively Fe3O4 magnetite, whereas
air preoxidation produces magnetite and Fe2O3

hematite.

Table 11 Explosion limits for various gas-air
mixtures

Process gas
Lower explosion

limit, %
Upper explosion

limit, %

H2 in air 3.75 75.1
H2 + 40% N2 in air 3.65 37.3
NH3 in air 13.3 32.9
NH3 + 20% N2 in air 14.1 20.9
H2 in N2O (Ref 25) 3–6 84
CH4 in N2O (Ref 25) 5 50

Source: ASTM E686-98

Table 10 Typical surface condition after machining

Thickness Composition Properties

Environment . . . . . . . . .

Contamination layer >1 mm Machining residuals Adhesion, cohesion
Sorption layer 1–10 nm Rich on carbon and oxygen, water Interfacial energy, interfacial tension
Reaction layer 1–10 nm Metal oxides Topography, passivation
Deformed boundary layer >1 mm Base material Topography, microstructure, residual stresses
Base material . . . . . . . . .

Source: Ref 24

Table 12 Self-ignition temperatures of
various process gases

Process gas

Self-ignition
temperature

�C �F

Hydrogen (H2) �530 �985
Ammonia (NH3) �650 �1200
Endogas (20% CO, 40% H2, 40% N2) �560 �1040
Carbon monoxide (CO2) �610 �1130
Methane (CH4) �640 �1185
Propane (C3H8) �510 �950

Source: AWT Committee 8
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The formation of iron oxides will have some
activating effect and will promote a faster
growth of iron nitride grains on the surface at
the beginning of the nitriding/nitrocarburizing
stage (Ref 26).
Steels with higher chromium concentrations,

especially stainless steels, cannot be nitrided
after preoxidation. This type of steel requires
a special activation stage to remove chromium
oxides prior to the nitriding stage.
Activation/Depassivation. When nitriding

or nitrocarburizing steels with high chromium
content, parts must be depassivated, a process
also referred to as activation.
To remove the passivating chromium oxides

from the part surface, the oxygen partial pressure
must be maintained to a very low level. The
modified Ellingham diagram (Fig. 16) shows that
at a temperature of 400 �C (750 �F), the partial
pressure of oxygen must be controlled to less than
10�50 bar (7.5 � 10�48 torr). The corresponding
signal of an internal oxygen probe would have
to be above 1650 mV. Alternatively, the graph
also displays the partial pressure ratios of:

pH2
pH2O

at approximately 108

pCO
pCO2

at approximately 107

There have been successful attempts by using
pure carbon monoxide or extremely dry hydro-
gen, but, in most cases, an addition of acid-
forming agents is used for activation. Most of
the activation agents require special cleaning
or filtering of the exhaust gas.
Examples of activation methods include:

� U.S. Patent 5,340,412 describes the use of
fluorine or fluoride-containing gas where the
preferred agentwould be a gasmixture contain-
ing 30,000 to 50,000 ppm of NF3. The amount
of fluorine is chosen to reach good activation
but prevent the furnace material from being
exposed to an overly aggressive gas.

� EP1707646B1 describes activation by using
a mixture of carbon monoxide and ammonia
heated to at least 300 �C (570 �F) to form
cyanide (HCN) and water. The HCN breaks
the chromium oxides.

� DE19730372B4 describes the use of citric acid
(C6H8O7) for preoxidation/activation and post-
oxidation. The citric acid is less aggressive and
more suitable for the equipment.

Other possible agents used for activation are
chemical compounds containing chlorine, such
as polyvinyl chloride or ammonium chloride,
but also sulfur and phosphorus.
The EXPANITE process (international patent

WO 2011/009463 A1) uses the same agents for

activation and for nitriding/nitrocarburizing, so
there is no sharp boundary between activation
and nitriding.
Nucleation. To ensure a uniformly

nitrided layer, the surface of the parts should be
covered by a thin, closed layer of iron nitrides
at the very beginning of the nitriding process.
This layer will then act as a reservoir for further
nitrogen diffusion. According to Somers et al.
(Ref 28), nucleation starts with formation of
Fe4N g0-nitride or of dual-phase Fe4N g0 and
Fe2�3N E-nitride nuclei. Such nuclei will grow
and eventually form a closed layer.
Fast and perfect nucleation requires a high

availability of ammonia at the beginning of
the nitriding/nitrocarburizing process. This
can be achieved by filling the furnace with
ammonia, either at already comparably low
temperatures or by exchanging the atmosphere
as fast as possible at higher temperatures by a
high flow of ammonia. Figure 17 shows the for-
mation of iron nitride nuclei during the first
3 min at 575 �C (1065 �F).
Depending on component geometry, it may be

useful to heat the parts to nitriding temperature
in an inert atmosphere and then to wait for the
temperature to equalize prior to nucleation. In
particular, if parts have sections with high mass
and low mass, such as fins and so on, starting
the ammonia flow at lower temperatures would
result in overnitriding the thin sections and
undernitriding the thick sections, due to their dif-
ferent heating times.
Postoxidation. Adding a Fe3O4 magnetite

layer approximately 1 to 3 mm thick on top of
the compound layer increases the corrosion-
resistance properties and further reduces the
coefficient of friction. While the corrosion
resistivity of a 12 mm E-compound layer already
matches the 40 mm chromium plating, applying
postoxidation nearly quadruples the time in a
salt spray test (Ref 29). Figure 18 shows the
surface layer of nitrided and postoxidized
C15; the iron oxides partially close the pores
of the iron nitride structure.
Postoxidation is typically carried out in a

temperature range of 450 to 520 �C (840 to
970 �F). The furnace is cooled to this tempera-
ture and typically purged with nitrogen prior to
injecting the oxidizing agent. The duration
ranges between 30 and 45 min; the lower the
temperature, the more dense is the resulting
magnetite layer. Oxidizing agents are water
(vapor) or nitrous oxide.
Postoxidation may be controlled using an in

situ oxygen probe, where the oxygen partial
pressure is maintained to match the desired
iron-oxygen phase (Fig. 10).
Controlling Diffusion Zone and Compound

Layer. The diffusion of interstitials such as
nitrogen and carbon is described by Fick’s laws:

J ¼ �D
dc

dx
Fick’s first lawð Þ

where the flow, J, of the interstitial is deter-
mined by the diffusion coefficient, D, and theFig. 16 Modified Ellingham diagram. Source: Ref 27
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concentration gradient, dc/dx. The differential
change in concentration (dc) per time fraction
(dt) can be evaluated by:

dc

dt
¼ D

d2c

dx2
Fick’s second lawð Þ

The concentration of the interstitial after time, t,
at the position x while maintaining a concentra-
tion (c0) on the surface can be calculated by:

c x; tð Þ ¼ c0 erfc
xffiffiffiffiffiffiffiffi
4Dt

p
	 


with erfc [ ] being the complementary Gauss’
error function. The length

ffiffiffiffiffiffiffiffi
4Dt

p
is called the

diffusion length; the diffusion coefficient, D,
and the maximum solubility, cS, increase with
temperature:

D ¼ D0 exp �Q=ðRTÞ½ �

with Q being the activation energy, R the uni-
versal gas constant, and T the temperature in
Kelvin. The formation of the diffusion zone
thereby caused propagation of the precipitation

front, and therefore, the formation of total and
effective case depth is determined by time, tem-
perature, and the solubility of nitrogen at tem-
perature, affected by the alloying elements.
Nitride-forming elements such as aluminum,
chromium, titanium, and vanadium will readily
consume the diffusing nitrogen and therefore
slow down the inward diffusion of nitrogen;
according to Kunze (Ref 30), the resulting depth
of the precipitation front can be estimated by:

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

cs
cNF þ 1

2
cs
2Dt

r

with (cS) being the solubility of nitrogen in the
alpha matrix, and (cNF) the total concentration
of nitrogen bound in nitrides of nitride-forming
elements. Non-nitride-forming elements such as
nickel will lower the solubility cS of nitrogen in
the iron matrix and therefore slow down the
interstitial diffusion.
If the case depth should be doubled, the dura-

tion of the nitriding stage must be four times lon-
ger, maintaining the same temperature and
nitriding potential. On the other hand, when

staying with the same stage time, the temperature
would have to be increased by approximately 83
�C (150 �F), and the nitriding potential must be
adjusted to achieve the corresponding surface
concentration, matching the Lehrer diagram.
The influence of temperature and time on the

compound layer (Fig. 19) follows similar
effects, but, in contrast to the aforementioned
precipitation front, there is a considerable nitro-
gen flux into the diffusion layer, because iron is
only a weak nitride-forming element. Because
the flux is diffusion controlled, the relation
between compound layer thickness and time
can be estimated as:

s � p
t

To build a compound layer, the activity of
nitrogen must be high enough to force the
formation of iron nitrides, respectively iron
carbonitrides. Nitride-forming elements will
lower the activity of nitrogen unless not yet
transformed into nitrides. For this reason, for-
mation of a white layer on top of high-alloyed
steel will typically require a higher nitriding
potential and a longer nitriding time. Alumi-
num, on the other hand, will promote com-
pound layer formation, which may be
explained by its much higher diffusion coeffi-
cient in iron, creating nitrides in a very short
time compared to other nitride-forming ele-
ments, such as chromium. Table 13 gives the
diffusion coefficients in iron for some elements
at nitriding temperatures. Carbon increases
nitrogen activity and promotes formation of
iron carbonitrides at lower nitriding potentials.
Doubling the compound layer thickness

requires approximately a four times longer
nitriding stage at constant temperature and
nitriding potential. Increasing the temperature
by 10 �C (18 �F) and adjusting the nitriding
potential will promote an increase of approxi-
mately 10% on the compound layer thickness.
Table 14 gives some basic factors for adjusting
case and compound layer thickness to time and
temperature. Note that, depending on the mate-
rial, there is a maximum thickness of compound
layer that can be achieved.
Because all of the aforementioned mechan-

isms are highly dependent on temperature, tem-
perature uniformity and accuracy of
temperature control are mandatory. The preci-
sion of temperature control and uniformity
defines the class of furnace given in NFPA 86
and AMS 2750 D.
The second prerequisite is maintaining per-

fect atmosphere circulation and uniformity, so
that all parts experience the same atmosphere
potential. Atmosphere circulation also supports
uniformity of temperature.

Atmosphere Control

Dissociation Rate and Nitriding Potential.
In nitriding, dissociation rate, residual ammonia,
and nitriding potential are mainly determined by

Fig. 17 Scanning electron microscope images of the nucleation of iron nitrides on a part surface after (a) 1 min and
(b) 3 min at a nitriding temperature of 575 �C (1065 �F). Courtesy of IWT Bremen, Germany

Fig. 18 Nitrided and postoxidized C15. Oxidation just began; iron oxides partially cover the porous compound layer
below. Courtesy of IWT Bremen, Germany

Gas Nitriding and Gas Nitrocarburizing of Steels / 661



the thermal catalytic dissociation of ammonia
and the ammonia inlet flow rate. The thermody-
namic equilibrium of the reaction:

2NH3 $ N2 þ 3H2

at normal nitriding conditions is almost fully
on the side of dissociated ammonia. At atmo-
spheric pressure and a nitriding temperature

of 525 �C (975 �F), the residual ammonia per-
centage in equilibrium is less than 2% in vol-
ume. While the equilibrium depends on
temperature only, the speed that determines
how fast the ammonia will dissociate is depen-
dent on temperature and the catalytic surface
in the furnace. Tests performed in an indus-
trial-sized pit-type furnace with a volume of
approximately 2.5 m3 (96.5 ft3) showed that the

half-life of ammonia at 500 �C (930 �F) was
approximately 80 min. Raising the temperature
to 575 �C (1055 �F) shortened the half-life to
8 min (Fig. 20).
Consequently, increasing the nitriding poten-

tial (decreasing the dissociation rate) requires
increasing the ammonia flow and vice versa.
When lowering the nitriding potential by reducing
the ammonia flow, there may be a point where
the minimum flow of process gas will still be
too high to support a low potential. To overcome
this situation, the preferred procedure is to mix
the ammonia with predissociated ammonia,
maintaining a constant flow just above the mini-
mum flow required to keep the slight overpres-
sure needed to operate the furnace safely. The
use of predissociated ammonia is recommended
because the gas mixture in the furnace still fol-
lows the boundary conditions given in the
Lehrer diagram.
If dissociated ammonia is not available,

hydrogen may also be used to decrease the
nitriding potential. Nitrogen, on the other
hand, does not work in the same manner,
because the effect of nitrogen dilution mainly
changes the dynamics of the catalyst. As long
as the amount of ammonia molecules in the
furnace atmosphere is high enough to fully
cover the catalytic surface, the nitriding potential
will be slightly lowered. Once ammonia is
rarified, and parts of the catalytic surface are
no longer covered by fresh molecules, the nitrid-
ing potential begins to rise again, but not the
nitriding effect. Beyond this point, control no
longer works.

Fig. 19 Nitrocarburizing time to create a compound layer of approximately 10 mm on a microalloyed 1006 (high strength, low alloy) steel at varying temperatures. The nitriding
potential has been adjusted to match the temperature and is controlled using NH3 and dissociated NH3 with a 10 vol% CO2 addition to the process gas. The far-right
micrograph shows the typical brownish austenitic structure below the compound layer due to the high temperature. Courtesy of Nitrex Metal Inc., Canada

Table 13 Calculated diffusion coefficients of elements in iron at nitriding temperatures
Calculation based on data provided by Eckstein (Ref 31). The ratio DE/DN shows the relative diffusion coefficient of a
species compared to nitrogen in the according structure.

Element Iron phase

D, cm2	s�1 DE/DN D, cm2	s�1 DE/DN

500 �C (930 �F) 595 �C (1105 �F)

H a 3.03 � 10�4 5084 3.72 � 10�4 1603
G . . . . . . 1.31 � 10�5 76,036

C A 4.14 � 10�8 0.695 1.73 � 10�7 0.75
G . . . . . . 9.78 � 10�10 5.696

N A 5.95 � 10�8 1 2.32 � 10�7 1
G 3.03 � 10�4 . . . 1.72 � 10�10 1

Fe4N-g0 3.98 � 10�10 0.0067 . . . . . .

Fe2�3NC-E 9.96 � 10�11 0.0017 . . . . . .

Al G . . . . . . 8.30 � 10�13 4.8 � 10�3

Si A 1.62 � 10�18 2.73 � 10�11 1.30 � 10�16 5.59 � 10�10

G . . . . . . 4.94 � 10�16 2.88 � 10�6

Ti A 5.71 � 10�17 9.60 � 10�10 3.88 � 10�15 1.67 � 10�8

G . . . . . . 1.16 � 10�16 6.77 � 10�7

Cr A 3.06 � 10�17 5.14 � 10�10 2.05 � 10�15 8.82 � 10�9

G 3.61 � 10�14 . . . 4.23 � 10�15 2.46 � 10�5

Co A 4.54 � 10�18 7.63 � 10�11 3.05 � 10�16 1.31 � 10�9

G . . . . . . 3.69 � 10�20 2.15 � 10�10

Mo A 1.67 � 10�16 2.81 � 10�9 1.02 � 10�14 4.39 � 10�8

G . . . . . . 9.41 � 10�17 5.48 � 10�7

W A 2.09 � 10�23 3.51 � 10�16 3.29 � 10�21 1.42 � 10�14

G . . . . . . 1.83 � 10�24 1.07 � 10�14

Fe A 3.33 � 10�17 5.60 � 10�10 1.97 � 10�15 8.46 � 10�9

g 1.04 � 10�19 . . . 1.03 � 10�17 5.98 � 10�8
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Small furnaces typically require a higher
ammonia flow versus furnace volume ratio,
and the maximum possible flow must be
adjusted accordingly. Large furnaces have a
rather small catalytic surface-to-volume ratio
and should be equipped with a predissociated
ammonia supply if used to nitride large parts
that require a restricted compound layer.
Carburizing Potential. In nitrocarburizing,

the carburizing potential should be controlled
concurrently with the nitriding potential. In
typical installations, carbon dioxide and endo-
gas are the most popular carbon sources
used, although some applications use hydro-
carbons such as methane or propane. Similar

to carburizing, the carburizing effect of the
process atmosphere can be driven by a variety
of reactions, depending on the process gas
supply:

2CO ! Cad þ CO2 Boudouard reactionð Þ

COþ H2 ! Cad þ H2O

heterogeneouswater�gas reactionÞð

CH4 ! Cad þ 2H2 methane reactionð Þ

where Cad describes the carbon adsorbed by
the iron surface. Of these three reactions, the
heterogeneous water-gas reaction is by far the

most efficient one. Each of these reactions also
establishes its own equilibrium, depending on
temperature:

K1 ¼ f Tð Þ ¼ aC � pCO2
p2CO

K2 ¼ f Tð Þ ¼ aC � pH2O

pCO � pH2

K2 ¼ f Tð Þ ¼
aC � p2H2
pCH4

The activity of carbon (aC) can be seen as a
measure of the chemically effective concentra-
tion of carbon in the iron-carbon mixture. Rear-
ranging the equations leads to:

aC ¼ K1 � p2CO
pCO2

aC ¼ K2 � pCO � pH2
pH2O

aC ¼ K3 � pCH4
p2H2

The partial pressure ratios in the previous equa-
tions are called the carburizing potentials, KC,
for the following reactions:

KCB ¼ p2CO
pCO2

Boudouardð Þ

KCW ¼ pCO � pH2
pH2O

water gasð Þ

KC�CH4 ¼
pCH4
p2H2

methaneð Þ

Note that none of the carburizing potentials
match the carbon potentials used in carburizing
processes. Unfortunately, the carburizing poten-
tials do not match in numbers and therefore do
not cause identical changes in the part surface,
if controlled to the same number. To invoke
the same conditions, those potentials must be
adjusted by their activities. The data provided
can be straightforwardly obtained from tabulated
thermodynamic data (e.g., in Ref 33). For an
example, the reader is referred to Ref 34. The
equations were taken directly from DIN 1998
(Ref 35):

log10 aCð Þ ¼ log10 KCBð Þ þ 8817=T � 9:071

log10 aCð Þ ¼ log10 KCWð Þ þ 7100=T � 7:496

log10 aCð Þ ¼ log10 KC�O2

� �þ 5927=T � 4:545

log10 aCð Þ ¼ log10 KC�CH4

� �þ 4791=T � 5:789

Controlling the carburizing potential is
discussed using the potentials according to the
heterogeneous water-gas reaction and the Bou-
douard reaction. Figure 21 gives the KN-KCB

control range for various carburizing gases,
with KN being controlled by modifying the ratio
of ammonia to dissociated ammonia.
Both KCW and KCB are determined by CO as

the driving force and by H2O, respectively;
CO2, on the other hand, somehow acting like
brakes. It is obvious that the carbon monoxide

Table 14 Factors on how nitriding time and temperature affect diffusion zone (case depth)
and compound layer thickness
The factors given for a variation of the nitriding time require constant temperature and nitriding potential; the factors
given for a temperature variation require constant nitriding time and the nitriding potential adjusted to match the
identical position to the phase boundaries given in the Lehrer diagram (see factors on KN). The factors represent the
average factors calculated for a temperature range of 500 to 580 �C (930 to 1075 �F).

Factor on
stage time

Factor on case depth and
compound layer thickness

Temperature
variation
(DT), K

Factor on
KN in a-Fe

Factor on
KN in Fe4N

Factor on
KN in
Fe2�3N

Factor on
case depth

Factor on
compound layer

thickness

0.05 0.22 �50 1.45 1.81 1.86 0.66 0.6
0.1 0.32 �40 1.34 1.60 1.63 0.72 0.66
0.2 0.45 �30 1.24 1.41 1.44 0.78 0.74
0.5 0.71 �20 1.15 1.26 1.27 0.85 0.81
0.75 0.87 �10 1.07 1.12 1.13 0.92 0.9
1 1 0 1 1 1 1 1
1.1 1.05 +10 0.93 0.90 0.89 1.09 1.11
1.2 1.1 +20 0.87 0.81 0.80 1.18 1.23
1.5 1.22 +30 0.82 0.73 0.71 1.28 1.36
2 1.41 +40 0.77 0.66 0.64 1.39 1.51
3 1.73 +50 0.72 0.60 0.58 1.51 1.67
4 2 . . . . . . . . . . . . . . . . . .
5 2.24 . . . . . . . . . . . . . . . . . .

Fig. 20 Half-life of ammonia in a typical retort furnace with 2.5 m3 (96.5 ft3) volume at varying temperatures.
Source: Ref 32
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percentage in the process gas must be raised in
order to achieve higher carbon contents in the
part surface layer. Still, most typical nitrocar-
burizing processes use CO2 as a carbon source.
How is it possible to gain some speed while

stepping on the brakes? Due to the water-shift
reaction, CO2 is reduced to CO by forming
water vapor with the hydrogen available from
the ammonia dissociation. Nevertheless, this is
not very effective, because the maximum car-
burizing potential will theoretically be reached
by nearly closing the CO2 supply, which also
reduces the carbon availability and therefore
the carburizing effect. Tests performed by
IWT Bremen, the research institute of the Ger-
man Association for Heat Treatment and Mate-
rial Science (AWT), showed that for carbon
steels a percentage of 10 vol% CO2 in an
ammonia/dissociated ammonia atmosphere will
allow for a carbon percentage of approximately
1 to 1.2 mass% in an E-compound layer. For
certain applications, it may be favorable to
reach higher percentages.
According to Naumann and Langenscheid

(Ref 36), forming the preferred E-phase is a
function of temperature, nitrogen percentage,
and carbon percentage. In that way, it is possi-
ble to exchange the nitrogen with carbon within
certain limits. The advantage of a high-carbon
compound layer is improved temperature stabil-
ity, accompanied by a lower tendency to form
porosity. This effect is used in the SAE AMS
2759/12 nitrocarburizing specification, with a
goal of a defined percentage of porosity in the
compound layer.

To increase the carbon content in the com-
pound layer, the carburizing potential must be
raised by adding carbon monoxide. A typical
carbon monoxide source would be endogas,
with CO contents of either 20 vol% (natural
gas/air) or 23 vol% (propane/air). Because CO
does not carry an additional oxygen atom to
counterweigh the ratios of [p2{CO} 

p{CO2}] and [p{CO}p{H2} 
 p{H2O}], the
carbon potential will theoretically go infinite;
in a real process, the atmosphere will start to
soot. Controlling the carburizing potential
therefore requires a second gas with a higher
amount of oxygen. This may be air, but for
obvious safety reasons, the preferred solution
should be either an addition of carbon dioxide
or water vapor. Using endogas bears another
disadvantage; due to its high amount of hydro-
gen (40 vol% natural gas/air, 31 vol% pro-
pane/air), the nitriding potential is decreased
with increasing endogas addition, requiring a
higher ammonia flow.
The most effective and readily achieved

solution for controlling the carburizing poten-
tial is the use of a mixture of CO and CO2.
The percentage of carburizing gas [CO +
CO2] on the total process gas flow is set con-
stant, that is, to 10%, and the ratio of CO versus
CO2 is modified to adjust the carburizing poten-
tial. The nitriding potential will not be notice-
ably affected, allowing for a smooth KN-KCB

or KN-KCW control. Of course, it would like-
wise be possible to use water vapor instead of
carbon dioxide, but this either requires addi-
tional equipment to produce the steam or a

much more delicate control to inject only very
little amounts of liquid water.
Oxidizing Potential. Some processes such

as oxynitriding or oxynitrocarburizing, as well
as additional process stages such as postoxidiz-
ing, ask for control of a preferred oxidizing
potential, KO:

KO ¼ pH2O

pH2

In nitriding atmospheres, this requires the
addition of an oxygen-bearing gas. In the past,
but still today (2013), a controlled percentage
of air will be added to the process gas, thus
oxidizing hydrogen produced by thermal disso-
ciation of ammonia to water vapor. Other
applications use nitrous oxide, also known as
laughing gas (N2O), to achieve the same effect.
Both species, O2 and N2O, are highly reactive
and theoretically able to create an explosive
mixture (see the sections “Safety Purge” and
“Safety Precautions” in this article). Therefore,
newer attempts have switched from injecting
air or nitrous oxide to injecting water or carbon
dioxide. While water would be the preferred
solution, the addition of carbon dioxide basi-
cally turns the original nitriding process into a
nitrocarburizing process.
In nitrocarburizing atmospheres with carbon

monoxide and/or carbon dioxide addition,
there is automatically an oxidizing potential.
Nitrocarburizing atmospheres that exclusively
add hydrocarbons will require the addition of
an oxygen-bearing gas, preferably water.
Maintaining a too high oxidizing potential dur-
ing a nitrocarburizing process may result in an
oxidized layer that, later in the process, may
be reduced and nitrided. The resulting com-
pound layer is very fragile, of high porosity,
and will immediately break out once the part
is in use.
In a postoxidation stage, where typically

water is the only process gas injected into the
furnace, the KO may reach an uncontrolled
potential. Therefore, it is useful to also inject
a small amount of ammonia or dissociated
ammonia, with the hydrogen balancing the
water vapor.
Preoxidation or activation is typically not

yet controlled, but it may be favorable to con-
sider such a feature for future use when setting
up the control equipment. The comparably low
temperatures in a preoxidation or the activa-
tion stage require the use of a heated oxygen
probe.
Instead of the oxidizing potential, KO, oxy-

gen partial pressure (p{O2}) or log10[p{O2}]
may be used as the controlled process variable.
The iron-oxygen diagram shown in Fig. 10
gives the relation between KO, log10 [p{O2}],
and the millivolt signal of an in situ oxygen
probe as a function of temperature.
Weight-Percentage Control. Instead of

controlling KN and KC concurrently, it is also
possible to have the potentials set automatically

Fig. 21 KN-KCB control ranges at 580 �C (1075 �F) in ammonia/dissociated ammonia atmospheres with indicated
addition of carbon gases. Adding CO2 shows a reversed control behavior; increasing the CO2 percentage

in the process gas results in lower carburizing potentials. Endogas, carrying 20% CO, must be mixed with air (or CO2

or H2O) to avoid cementite formation. Using a mixture of CO and CO2 allows for a wide control range in KCB.
Source: Ref 32
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to aim for a given percentage of nitrogen
and carbon in the compound layer (Ref 37)
(Fig. 12, 22), hence defining the hot working
capabilities and the percentage of porosity to
be achieved by a nitrocarburizing process. The
relation between temperature, nitriding poten-
tial, carburizing potential, and the expected
compound layer composition on iron has been
evaluated by Kunze (Ref 18), providing the
necessary calculations.
The advantage of this target-oriented control

variant is the ability to use the desired com-
pound layer composition as a setpoint for the
KN-KC controller.
Phase Control. Another target-oriented con-

trol variant allows for nearly eliminating poros-
ity in the compound layer. The nitriding
potential will be controlled to stay parallel to
the phase boundaries to match the tempera-
ture-dependent dissociation pressure of the cre-
ated iron nitride (Ref 39) (Fig. 22).
Considering that iron nitrides may also be

formed by applying sufficient nitrogen pressure
in the function of process temperature, an iron
nitride tends to break down into iron and
molecular nitrogen, locally creating the same
pressure.
The Fe4N g0-nitride at 500 �C (930 �F) is kept

in shape by a local pressure of more than
6000 atm; fortunately, the dissociation of ammo-
nia at a nitriding potential of only 0.3 1/

ffiffiffiffiffiffiffi
bar

p
provides the same pressure. To maintain the
structural integrity of a Fe2N E-nitride, the
nitriding potential at the same temperature must

be raised to 2 1/
ffiffiffiffiffiffiffi
bar

p
, matching a nitrogen pres-

sure of more than 300,000 atm.
Consequently, during a process, whenever

the nitriding potential will no longer provide
the pressure required to maintain the surface
composition of the compound layer, such layer
will break down to an iron nitride or iron carbo-
nitride of lower order. The nitriding atom being
released will easily react with another nitrogen
atom to form molecular nitrogen by literally
ripping a hole in the compound layer, causing
porosity. Such an N2 formation preferably
occurs at energetically favorable locations in
the microstructure, such as grain boundaries,
dislocations, and so on.
Phase control maintains the appropriate pres-

sure through all stages of the process, especially
while cooling, and forms a uniform, dense com-
pound layer (Fig. 23) with nearly no porosity at
all. Applying a magnetite layer on top of the
compound layer results in extraordinary corro-
sion resistance.
Zero-Flow Nitriding. On the contrary to the

previously discussed KN control policies, zero-
flow nitriding, a process developed by Seco/
Warwick Corp., Poland, uses a unary atmo-
sphere of ammonia (Ref 40). The adjustment
of the nitriding potential is performed by tem-
porarily stopping and reactivating the ammonia
flow into the furnace; hence, the process is
the most efficient in the use of ammonia. The
amount of ammonia needed to maintain the
potential is controlled using a gas analyzer.

The control method requires tight control of
the furnace pressure to avoid a situation where
the pressure drops below atmospheric pressure,
especially while in a cooling stage.
Catalytic nitriding is based on Russian

technology and was developed by JSC Nakal
Industrial furnaces (U.S. patent 7,931,854
B2). The Nakal system uses only ammonia.
The gas is passed through a catalyst impreg-
nated in an aluminum oxide and silicon
carbide block and located inside the furnace,
in order to ionize the ammonia to create a
reactive gas (NH3

+) and to accelerate the dif-
fusivity of nitrogen into the base metal.
According to Nakal, this acceleration of reac-
tivated nitrogen atoms increases the growth
rate of the diffusion layer without affecting
the formation of a compound layer. As in
all other potential-controlled nitriding processes,
control of the nitrogen potential allows nitrid-
ing to achieve zero compound layer, exclu-
sively g0-Fe4N compound layers, or epsilon
E-Fe2–3N compound layers.
Unlike other nitriding processes, catalytic

nitriding is performed by controlling the
nitrogen potential (mass% N) measured by an
oxygen probe and calculated by a computer
system.

Measuring the Potentials

Potentials in nitriding and nitrocarburizing
are summarized in Table 15. Various methods
of measurement are done, depending on the
specification and requirements that must be
followed.
Water Burette (Pipette). As long as auto-

mated measurement and control is not required
and the process atmosphere consists of ammonia
and dissociated ammonia only, the dissociation

rate can easily be verified using a water burette
(Fig. 24).
The device consists of a water reservoir

and a cylindrical burette with a printed scale
used to measure the ammonia content of the
furnace gas. A three-way valve is used to
allow either water or furnace gas to flow
through the device. A second valve opens or
closes the exhaust of the gas cylinder. For
the measurement, the water cylinder is filled
with water, the three-way valve opened to
the gas inlet, and the exhaust valve opened.
Next, the gas cylinder is purged with furnace
gas, then the exhaust valve is closed and the
three-way valve opened to water. The water
comes in contact with the furnace gas and
reacts with the ammonia (which is hydrophilic),
creating ammonia hydroxide (NH4OH). This
causes the water to enter the gas cylinder. The
height of the water level represents the percent-
age of residual ammonia in the furnace gas.
The dissociation equals 100% minus the resid-
ual ammonia.
The nitriding potential can be derived from

residual ammonia from dissociation, assuming
the percentage of dissociated ammonia con-
sists of 75 vol% hydrogen and 25 vol%
nitrogen:

KN ¼

RNH3

� 

100%

2
4

3
5

3=4� Diss:

100%

	 
3=2

In nonatmospheric pressure conditions, the
nitriding potential must be adjusted to the fur-
nace pressure by:

KNeff
¼ KN � 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Pressure

p

Fig. 22 Lehrer diagram. (a) Weight percentage controls nitriding potential along the isoconcentration lines. (b) Phase
controls the potentials parallel to the phase boundaries. Source: Ref 7, 38
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Hydrogen Analyzer. In an ammonia/disso-
ciated ammonia atmosphere, the dissociation
and nitriding potential can be derived by mea-
suring the hydrogen percentage or hydrogen
partial pressure in the furnace atmosphere.
Most hydrogen analyzers measure the thermal
conductivity of the sampling gas. Of all gases
used in a nitriding or nitrocarburizing gas,
hydrogen has by far the highest thermal con-
ductivity (Fig. 25).
Assuming that the thermal conductivity (TC)

of nitrogen is 1 and the thermal conductivity of
hydrogen is 6.67, the percentage of hydrogen in
a H2-N2 mixture becomes (simplified, in reality
the curve is slightly bent by viscosity):

H2 : N2 ¼ 100% measured TC� 1½ �
6:67� 1

Note that this is not the real hydrogen percent-
age in a nitriding or nitrocarburizing atmo-
sphere, because the measurement will be
shifted by the presence of ammonia, water
vapor, and carbon dioxide, not having exactly
the same thermal conductivity as nitrogen.
The dissociation is:

Dissociation ¼ H2=0:75

The nitriding potential is:

KN ¼
1� H2ð Þ
75%

	 


H2

100%

	 
3=2

The impact on the measured hydrogen percent-
age caused by, respectively, the presence of
ammonia in a nitriding atmosphere and the
presence of ammonia, water vapor, and carbon
dioxide in a nitrocarburizing atmosphere is
shown in Fig. 26.
Another method to measure the hydrogen

content in a furnace uses the effect of palla-
dium or similar metals that are permeable to
hydrogen. For example, the HydroNit (Ipsen
International, Ref 41) sensor consists of a tube
of such a metal that is injected into the fur-
nace, similar to an oxygen probe. The hydro-
gen diffuses into the measuring tube until
there is equilibrium with the hydrogen content
in the process atmosphere. The hydrogen par-
tial pressure is measured by a normal pressure
gage mounted at the open end of the measur-
ing tube.
Pressure Increase. The Ivanit (IVA, Ger-

many, Ref 42) control approach uses the effect
of ammonia doubling its volume when disso-
ciating into hydrogen and nitrogen. Cyclically,
the furnace is closed on the inlet and on the
exhaust, and the pressure increase is measured.
The pressure increase is proportional to the
ammonia dissociated during the measuring
time. If the composition of the inlet gases is
known, this can be transformed into a so-called
dissociation degree and further into the nitriding
potential.
Note that the dissociation degree quantifies

the percentage of inlet ammonia being disso-
ciated and does not match the dissociation

Fig. 23 Micrographs of (a) traditionally and (b) phase-controlled compound layers. Both parts have been treated in commercial heat treating loads. Courtesy of Linde Material
Handling Systems, Germany

Table 15 Summary of potentials in nitriding and nitrocarburizing

Reaction potential and units Equation

Dissociation in terms of residual ammonia (RNH3), % Dissociation = 100% � RNH3

Nitriding potential,
ffiffiffiffiffiffiffi
bar

p
KN ¼ pNH3

pH2

h i3=2
Carburizing potential (Boudouard reaction), bar

KCB ¼ p2CO
pCO2

Carburizing potential (heterogeneous water-gas reaction), bar
KCW ¼

pCO � pH2
pH2O

Carburizing potential (methane reaction),
ffiffiffiffiffiffiffi
bar

p
KC�CH4 ¼

pCH4

p2H2
Oxidation potential

KO ¼
pH2O

pH2

Fig. 24 Water burette
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quantifying the percentage of dissociated
ammonia in the exhaust gas.
Infrared analyzers can be used to measure

nonsymmetrical gas molecules. Such molecules
act like a spring if stimulated by a signal
matching one of their resonance frequencies.
The sampling gas is fed into a measuring
chamber where typically a broadband infrared
signal is sent through the sampling gas. The
signal is picked up at the end of the measuring
path, and the loss in signal strength (amplitude)
on the corresponding resonance frequency
is proportional to the number of stimulated
molecules.
Infrared analyzers are typically used to

measure ammonia, carbon monoxide, carbon
dioxide, or hydrocarbons. The problem with
measuring ammonia is the cross sensitivity to
water vapor. Most infrared analyzers for ammo-
nia require drying the gas before entering the
analyzer. The CO-CO2 infrared analyzers are
typically not ammonia resistant.
The measured ammonia percentage can be

used to calculate dissociation and nitriding
potential. Knowing the percentages of carbon
monoxide and carbon dioxide enables calcula-
tion of the carburizing potential according to
the Boudouard reaction.
Oxygen Probe. Zirconium dioxide is perme-

able to oxygen ions. If one side of the measur-
ing cell is exposed to the furnace gas and the

other side is exposed to a reference gas with
known oxygen percentage, oxygen molecules
on the side with the higher percentage of
oxygen will be ionized to O2�. The ions will
diffuse to the other side until the electrical
potential caused by the carrier shift is in equi-
librium with the driving force of the diffusion
(Ref 43). The potential can be measured as an
electrical voltage, depending on temperature
and the partial pressure ratio of the two oxygen
percentages of the furnace gas and the reference
gas. The voltage is known as the Nernst voltage,
or emf:

emf ¼ RT

4F� ln
pO2

p0O2

" #

where R is the universal gas constant, T is the
temperature in Kelvin, F is the Faraday con-
stant, p{O2} is the oxygen partial pressure in
the furnace gas, and p0{O2}is the oxygen partial
pressure in the reference gas. Note that the sig-
nal of an oxygen probe is typically measured as
a positive voltage.
Because the partial pressures of hydrogen

and water vapor are in equilibrium with the par-
tial pressure of oxygen, the millivolt signal of
an oxygen probe with air reference can be used
to derive the oxidizing potential:

log10 KOð Þ ¼ log10
pH2O
pH2

" #

log10 KOð Þ ¼
Signal mVð Þ � 1292:2784

T
þ 0:3264

h i

0:0992

Assuming the partial pressures of carbon diox-
ide and carbon monoxide are in equilibrium
with the partial pressure of hydrogen and water
vapor following the water-gas reaction:

H2 þ CO2 $ H2Oþ CO

with

log10 KWð Þ ¼ log10
pH2O � pCO

pH2 � pCO2

" #
¼ � 1717

T
þ 1:575

and knowing the total percentage of the inlet
COx enables estimation of the carburizing
potentials according to Boudouard and the het-
erogeneous water-gas reaction. Because estab-
lishing the water-gas equilibrium will not be
instantaneous but depends on temperature
and catalytic surface, a more accurate result
can be achieved by additionally measuring car-
bon monoxide.
Lambda probes are a special form of

oxygen probes originally designed to control
the combustion in an automotive engine. As
the exhaust gas of the engine is measured at
a comparably low temperature, the zirconium
dioxide element is heated. Lambda probes
also use an air reference, and the signal
is close to the signal of an in situ oxygen
probe at 560 �C (1040 �F). Therefore, the sig-
nal must be converted to match the furnace
temperature.
Typical Combinations. Many commercially

available measuring systems combine a hydro-
gen analyzer with an in situ oxygen probe
(Fig. 27). To measure the potentials correctly,
the gas flows must be known. In combination
with a potential control, where typically flow
controllers or mass flow controllers are used,
the actual flows are automatically read and fed
into the calculation. This setup measures KN,
KC, and KO.

Fig. 26 Error of measured hydrogen percentages in (a) a nitriding atmosphere and (b) a typical nitrocarburizing atmosphere using a thermal conductivity analyzer. The presence of
ammonia shifts the reading to higher percentages; the presence of water vapor and carbon dioxide shifts the reading to lower percentages. The top lines show the error of
an H2:N2-calibrated analyzer; the bottom lines show the error of an H2:NH3-calibrated analyzer. Source: Ref 14

Fig. 25 Thermal conductivity of gases at 150 �C (300 �F), relative to the thermal conductivity of nitrogen
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A combination of two oxygen probes (Ref 44),
one measuring the millivolt signal of the
furnace atmosphere and the second measuring
the millivolt signal of the furnace atmosphere
after full catalytic dissociation of the residual
ammonia, provide the percentage of residual
ammonia by:

emfQ ¼ pH2O

pH2
furnace gasð Þ

emfE ¼
p0H2O
p0H2

fully dissociatedð Þ

where

p0H2O ¼ pH2O

1þ pNH3

h i

p0H2 ¼ pH2 þ 3
2
pNH3

1þ pNH3

h i

The relation between the signals and the disso-
ciation degree, a, and the nitriding potential, KN,
in the furnace is:

�U ¼ emfE � emfQ

¼ 0:0992� T � log10 1þ 3

2

pNH3
pH2

 !" #

with:

1

a
¼ 1þ 3

2

pNH3
pH2

 !" #

so that:

KN ¼ 1� að Þ ffiffiffiffiffiffiffiffiffiffiffi
1þ a

p
3
2
a3=2

provided the atmosphere has a certain amount
of humidity. Additional gases require correc-
tions based on mass balances.
The so-called QE sensor combines the two

measurements in one sensor having an
integrated catalyst and using the fully disso-
ciated furnace gas as reference, measuring the
change in millivolt signal otherwise derived
from two separate sensors.
The Datanit sensor (SCR SA, Switzerland)

(Ref 45) is a measuring system consisting of
a pressure gage, two hydrogen analyzers, and
a heated oxygen probe. First, it measures the
furnace pressure, the hydrogen percentage, and
the oxygen partial pressure of the furnace atmo-
sphere; then it fully dissociates the residual
ammonia using an internal catalyst and mea-
sures the hydrogen percentage after full dis-
sociation. The increase in hydrogen can be
recalculated to the residual ammonia in the fur-
nace atmosphere, with the so-derived nitriding
potential being independent from nitrogen addi-
tions to the process gas. The oxygen partial
pressure can be used to derive the oxidizing
potential and the carburizing potential, if the
gas flows are known.

Temperature Control

Close control of nitriding temperature is
essential to prevent uneven heating as well as
distortion of parts. Nitriding furnaces are typi-
cally equipped with a cascaded temperature
control. This control concept uses two control
loops (controller plus thermocouple): the main
loop to control the process temperature close
to the load, and the zone loop to control the
heat source. The heat source temperature

setpoint should be limited so that it does not
exceed a maximum temperature, usually 5 to
15 �C (10 to 25 �F) above the nitriding tem-
perature. These two control loops, in con-
junction with fan circulation, normally result
in control of furnace temperature to within
�3 to �6 �C (�5 to �10 �F). The cascaded
control also reduces the likelihood of over-
heating if the control couple fails. Bigger fur-
naces may use more than one heating zone,
in which case each heating zone is controlled
by a separate loop.

Fig. 27 H2-O2 measuring system for nitriding and nitrocarburizing atmospheres mounted on the back side of a
horizontal retort furnace. The hydrogen analyzer is mounted on top of the flange, with the oxygen probe
sticking from the back into the furnace retort. Courtesy of Process-Electronic GmbH, Germany
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Impact of Measuring Errors

Every measuring device has a specified accu-
racy and a maximum allowed for measuring
error, in other words, a certain uncertainty.
Often, the accuracy of a measuring device is mis-
taken as the resolution of the analog input used in
the analyzer electronic circuit. The specified
uncertainty, on the other hand, also takes into
account other influences such as drift, pressure
deviations, temperature deviations, and so on.
These in-built errors in measuring the

atmosphere as well as the temperature require
control of the potentials in such a way that
the expected result will stay safely within the
targeted specifications. Figure 28 displays a
Lehrer diagram with fuzzy boundaries, allow-
ing for an absolute error of �1% in an H2

measurement used for the KN control and a
temperature deviation throughout the load
of �5 �C (�9 �F).

Simulation of Nitriding Processes

There have been many attempts to predict
nitriding and nitrocarburizing results by using
mathematical models, and most of the scientific
work has been done for applying thermodynam-
ics on nitriding of pure iron (Ref 47) and binary
(Ref 48) or ternary alloys (Ref 49) of iron with
nitride-forming elements such as titanium,
chromium, aluminum, and/or carbon.
In pure iron, were the interfaces between the

distinct E and g0 nitride phases in the compound
layer as well as the maximum solubility of
nitrogen in the diffusion layer can be derived
from the iron-nitrogen phase diagram, the
accompanying nitriding conditions can be iden-
tified from the Lehrer diagram (Ref 50, 51).
Likewise, for nitrocarburizing of pure iron, sol-
ubility of nitrogen and carbon as well as the
phase boundaries between nitrides, carboni-
trides, and cementite can be derived from the
ternary Fe-N-C diagram (Ref 18) as well as
the growth kinetics of the compound layer
(Ref 51).
In steels, with the presence of alloying

elements and carbon, the growth of the diffu-
sion zone and the compound layer are likewise
affected. In particular, the pure single-phase
layers of g0 and E nitrides will be replaced
by a multiphase mixture, and, due to the pres-
ence of carbon, the E phase will predominantly
occur.
Early models based purely on thermodynam-

ics (Ref 52) and taking into account the influ-
ence of the alloying elements, including
carbon, on the maximum solubility and the dif-
fusion coefficient of nitrogen showed good cor-
relation for low-alloyed and carbon steels but
have not been able to visualize multiphase com-
pound layers. Another major problem is the
idea of using equilibrium conditions, whereas
the real process depends mainly on kinetics.
More recently developed models use advanced

mathematical and numerical approaches, such
as neural networks (Ref 53) or phase-field cal-
culations (Ref 54).
A more pragmatic approach is to use an

empirical model, based on test results of treating
real steels and using a library of parameters to
describe their behavior in varying nitriding and
nitrocarburizing conditions (Ref 55), with some
being commercially available (Ref 56).
A type of hybrid has been developed by the

Worcester Polytechnic Institute (Ref 57, 58),
which presented a nitriding model based on first
calculating the phase diagram for the particular
steel and then matching the varying nitrogen
concentration to the nitriding potentials. The
diffusion coefficients for nitrogen in the multi-
phase compound layer and the diffusion layer
have been determined by trial runs. The out-
come of this model shows very good correla-
tion for simulations of various steels.

Inspection and Quality Control

Nitrided parts typically must meet the fol-
lowing requirements:

� Core hardness
� Surface hardness
� Case depth, total or effective
� Compound layer thickness, typically

restricted
� Microstructure

Nitrocarburized parts must meet the follow-
ing requirements:

� Core hardness
� Surface hardness

� Case depth, total or effective
� Compound layer thickness, composition and

percentage of porosity
� Oxide layer thickness, if postoxidized
� Microstructure
� Corrosion resistance

Quality control is typically performed by
treating test coupons with each furnace load.
The coupons must be of the same material and
heat treated to the same core hardness as the
corresponding parts, and they should be placed
in locations that are representative of the nitrid-
ing conditions of the furnace.
The inspection may include:

� Visual inspection, where nitrided parts shall
exhibit a uniform dull-gray appearance.
Postoxidized parts shall exhibit a dark-blue-
to-black finish.

� Testing core and surface hardness shall be
performed in accordance with ASTM
A370, E92, or E384. For conversion
between scales, see ASTM E140, and for
correlation with strength, see ASTM A370.
Testing hardness of the compound layer
shall be done using microhardness techni-
ques only.

� For microstructure, the case shall exhibit a
uniform distribution of nitrides diminishing
gradually from surface to core. There shall
be no evidence of continuous nitride net-
work in the grain boundaries. Metallo-
graphic examination shall be made at a
magnification not lower than 400�.

� The presence of a compound layer on non-
austenitic steels and cast irons shall be deter-
mined by a chemical spot test. The test shall
be performed by applying a drop of copper

Fig. 28 Impact of measuring errors on phase boundaries in the iron-nitrogen Lehrer diagram, allowing for�5 �C (�9 �F)
and �1% H2. Source: Ref 46
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sulfate solution or copper ammonium chlo-
ride solution to a clean, nitrocarburized sur-
face. If, after 15 s, the spot to which the
drop was applied turns red, due to the depo-
sition of copper, a compound layer is not
present.

� The thickness of the compound layer is typ-
ically measured by metallographic methods.
A prepared cross section of the nitrided
surface is etched with an etchant that dar-
kens the case but not the iron nitride layer;
thus, this layer appears white and can be
measured microscopically. The thickness of
compound layers shall be determined in
accordance with the procedure of SAE
J423 or ARP1820 microscopic methods, at
a magnification of 500� minimum.

� The composition of the compound layer can
be evaluated by a special etching, allowing
for a distinction between g0 and E phases.
For example, when nitrocarburized speci-
mens are etched with 2% Nital and Mura-
kami reagent (20 mg KOH, 20 mg K3Fe
(CN)6 in 100 mL water) at 80 �C (175 �F),
the compound layer shows brown areas of
E-carbonitrides and white areas of g0-nitrides
(Ref 59).

� The extent of porosity of a compound layer
shall be measured as the percentage of
the distance between the surface and the
end of the dense porous zone of the total
compound layer thickness, as revealed by
etching with 2% Nital. Where observed, the
deeper-situated spikes of porosity following
the grain boundaries and jutting out in the
direction of the core shall not be taken into
account.

� The total case depth shall be the depth of the
dark-etching subsurface zone, determined
metallographically. On those alloys that do
not respond by darker etching, case depth
shall be the depth below the surface at which
microhardness is 10% higher than that of the
core, as determined by a Knoop or a Vickers
hardness traverse, in accordance with ASTM
E384.

� The effective case depth in gas nitriding is
defined as the depth where the hardness is
equal to the core hardness plus 4 HRC points
(50 HV), if not specified otherwise. Hard-
ness values are obtained in accordance with
ASTM E384.

Compound layer thickness and composition
may also be determined by glow-discharge
optical emission spectrometry analysis, if the
depth scale is externally calibrated. A Fe4N
g0-nitride layer will show a nitrogen content
of approximately 5.9 to 6.1 mass%; Fe2–3N
E-nitrides start at approximately 7.5 mass%
and can reach nitrogen contents up to 11.1
mass%. In a nitriding process, carbon will tend
to diffuse out from the base material. Because
the compound layer has a lower diffusivity for
carbon, carbon will accumulate on the interface
between the compound layer and the diffusion
zone, and the compound layer thickness can

be estimated by the position of the carbon peak
(Fig. 29).
The Fe2–3NC E-carbonitrides can form at

much lower nitrogen contents, provided the car-
bon content is high enough to support the for-
mation of the carbonitride. A good estimation
may be to take the total content of carbon and
nitrogen to be higher than 7.5 mass% for E,
and the nitrogen content dropping below
approximately 5 mass% for estimating the total
compound layer thickness (Fig. 30). Carbon
contents above approximately 3 mass% may
cause cementite formation (Fig. 31).
Suitable etchants for macroscopic and micro-

scopic examination are shown in Table 16.
Data obtained from quality inspection should

be recorded and filed with the furnace records
and data obtained during the process, such as
temperature, potentials, and/or dissociation and
gas flows.

Lab Equipment and Sample
Preparation

A minimum of equipment is needed to eval-
uate the thickness of compound layers, the case
depth, and to produce a hardness curve. The
equipment available ranges from very basic
and mostly manual instruments to very complex
systems. Basic equipment is less costly but
often requires more technical training. It also
limits the speed of evaluations, their number,
and the ability to log and transmit data such
as hardness curves and digital pictures. Com-
plex equipment usually involves a computer
with dedicated software and drivers connected

to a hardness tester. While the lab technician
may choose the areas to be tested on the com-
puter monitor, stepper motors actually move
the samples and the turret with different magni-
fications, as well as the indenter. This equip-
ment has the ability to document and log data;
its ease of use saves time, especially when large
numbers of samples must be processed for pro-
duction part approvals or quality control of cur-
rent production.
Regardless of the complexity, the following

is needed:

� Cut-off saw: Consists of a shielded disk saw,
complete with a vise to hold samples, light,
and a cooling system. It is usually manual.

� Mounting press: Consists of a hydraulic
press with integrated pressure gages and
heating and cooling systems. It can be man-
ual or automatic.

� Polishing: Automatic or semiautomatic pol-
ishing systems have interchangeable wheels,
a water spout, and a turret that applies the cor-
rect pressure on the sample being polished.
The turrets are designed to hold multiple sam-
ples. Manual polishing tables have various
abrasive strips, and the lab technicianmanually
polishes the mounted samples by rubbing on
the strips, while water is running.

� Microscope with hardness tester: as
described previously

Because of the etchants (Table 16) used and
because of the thermosetting phenol formalde-
hyde resin often used to mount the samples,
a sink with running water and a fume evacua-
tion hood are necessary.

Fig. 29 Glow-discharge optical emission spectrometry analysis of a nitrided C15. The peak in carbon indicates the
boundary between the compound layer and diffusion zone. The position of this peak may be used to
determine the compound layer thickness. Courtesy of IWT Bremen, Germany
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Hints

Choice of Sample. Unless specified or
provided by the customer, a sample representa-
tive of the load should be obtained. It must be

the same steel grade, same heat treatment, and
same surface finish. The sample should also
be cleaned in the same way as the part it is sup-
posed to represent, and it should be handled
with clean gloves.

Sample Location. Some procedures and cus-
tomers may require specific locations for parts,
or a random test. If the furnace is known to be
uniform in temperature and gas circulation, it
is good to wire the sample with a clean wire
anywhere in the load (or sampling port—some
furnaces have a port designed especially for
samples).
Cut-Off Saw. Plan the cuts before placing

the sample in the saw. The cuts must be per-
pendicular to the surface; if they are not, a
thicker or thinner case depth will be seen
under microscopic examination. This is
particularly true when evaluating a curved
surface or a radius. The cut-off saw will
“eat” approximately 3.2 mm (⅛ in.) of mate-
rial. Beware when cutting a small, round
bushing. Cutting along the diameter will
leave angled surfaces and the wrong percep-
tion of case depth and compound layer thick-
ness. This also applies to cutting a round bar
at an angle to produce an ellipse (Fig. 32).
Therefore, the position of the sample in the
vise is crucial, as is planning, which avoids
too many cuts.
The second precaution is the cutting speed.

Despite cooling, the amount of heat generated
by the abrasive disk may be enough to burn
the surface, especially in harder materials.
If sparks are visible despite cooling, reduce
the pressure exerted on the disk. It will destroy
the sample and the blade of the saw.

Fig. 30 Glow-discharge optical emission spectrometry analysis of a nitrocarburized AISI 1010, aiming for a high
carbon concentration in the compound layer. The compound layer thickness is given at the point where
the total percentage of carbon and nitrogen drops below approximately 6 mass%.

Fig. 31 Varying the compound layer composition on nitrocarburized AISI 1010, aiming for an E phase with increasing carbon contents. Nitrocarburized at 580 �C (1075 �F) for
2.5 h, furnace cooled while purged with nitrogen. Increasing the carbon content decreases the amount of porosity created while cooling. A carbon content above 3 mass%
slows the formation of the compound layer and may result in a layer with high amounts of cementite (sample 5). Source: Ref 37
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Surface Hardness Measurement

The measurement of surface hardness does
not require the sample to be mounted. The
nitrided surface must be parallel to the plate
of the hardness tester and lightly polished with
fine-grit paper (600 grit) to offer good visual
contrast.
Note: A difference in the length of the diag-

onals of the imprint means the sample is not
parallel to the testers’ table or the surface is
inclined.
The clear imprint is then analyzed by the

hardness tester. In manual or semiautomatic
models, the technician adjusts hairlines to the
diagonals of the pyramid-shaped imprint. The
resultant reading is compared by the computer
or manually by verifying the number obtained
against a reference chart where readings
obtained under each load have a corresponding,
precalculated Vickers hardness. Each reference
chart is specific to the hardness tester model
and manufacturer.
Surface hardness can be taken with different

loads. Any load over 1 N (1 kgf) may produce a
composite reading of nitrided case hardness and
core hardness. Drawings, specifications, and
other documents often specify the required load.
For example, a specific hardness requirement
under 150 N (15 kgf) will give a precise idea if
the nitrided case thickness produces the correct
gear surface hardness when combined with a spe-
cific core hardness. This is why the combination
of a minimum case depth (please note: no maxi-
mum) and a minimum surface hardness using
150 N (15 kgf) provides a floating specification,
where the nitriding process must adjust to a
higher (or lower) core hardness.
Finally, some specifications mention Rock-

well C hardness (HRC). Rockwell C is generally
not used to verify surface hardness of nitrided or
nitrocarburized samples. It uses a high load
along with a secondary load that will crush the
surface—actually through the surface—and give
a somewhat composite reading. A heat treated
H13 material will often attain 46 to 48 HRC.

When nitrided, it will reach 1100 to 1200
HV—over 70 HRC when converted. However,
the same layer will be evaluated at 49 to 52
HRC when subject to the actual Rockwell
indenter.
This is why the specifications must be con-

verted into HV by using a chart, and a Vickers
hardness tester must be used for testing. The
results may need to be reported in HRC and
therefore converted again.

Metallographic Preparation

Mounting. The sample must be placed flat
face (cut face) down on the piston of the
mounting press. Then the piston is lowered into
the cylinder, and a measured amount of mount-
ing plastic (often phenolic plastic, usually in
powder or grain form) is added with a spoon.
The cylinder is closed and starts heating/com-
pacting the powder. As the pressure and

Table 16 Selection of etchants used for lab inspection

Etchant Composition Concentration Conditions Comments

Nital Ethanol
Nitric acid

100 mL
1–10 mL

Immersion up to a few minutes Most common etchant for iron, carbon, and alloys steels and cast iron; immerse sample from
seconds to minutes

Murakami’s K3Fe(CN)6
KOH
Water

10 g
10 g

100 mL

Premix KOH and water before adding
K3Fe(CN)6

Chromium and alloys (use fresh and immerse); reveals carbides in iron and steels

Modified
Murakami’s

K3Fe(CN)6
Potassium
hydroxide
Water

30 g
30 g

150 mL

1 s to several minutes by immersing or
swabbing

Premix KOH and water before adding K3Fe(CN)6

. . . Hydrochloric acid
Selenic acid
Ethyl alcohol

20–30 mL
1–3 mL
100 mL

Immerse at room temperature for
1–4 min

Color etching; colors carbides and g0 phase in heat-resisting steels

. . . Ammonium
bifluoride
Potassium

metabisulfite
Water

20 g

0.5 g

100 ML

Immerse at room temperature for
1–2 min

Color etching; etching of austenitic stainless steel and welds

Source: Ref 60

Fig. 32 How to cut samples for lab inspection
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temperature are attained, cooling water typi-
cally cools the sample.
When the sample is ready, the top of the cyl-

inder unscrews and the piston is raised, to
remove the sample. The surface of the piston
must be kept clean for the next sample.
Mark the back of the mounted sample with

an engraving tool to identify the sample.
Polishing. This part of the process requires

the right sequence of abrasives, the right
alignment of samples with abrasive wheels or
strips, and the right pressure. When polishing
manually, it is essential to maintain the sample
surface always parallel to the polishing surface;
otherwise, the sample will become rounded and
will need constant focus adjustments under the
hardness tester.
Depending on the desired quality of the sam-

ple, polishing can have a variable number of
steps. If a fast evaluation is needed to verify
that case depth and hardness comply with a
requirement, a rougher sample will save time;
however, more work is needed to achieve a pic-
ture-perfect sample with no traces of the abra-
sive wheel from the cut-off saw. The general
sequence of polishing usually goes through the
following:

� 180-grit paper
� 320-grit paper
� 600-grit paper
� 9mm polishing fluid on a special surface
� 3mm polishing fluid
� 0.05 mm polishing fluid

At the end of every sequence, it is important to
verify if the surface is free from earlier, rougher
finish or grooves.
Note: On soft materials (carbon steel, cast

iron), it is easy to peel or split the white layer
and have nothing to evaluate. To prevent this,
the sample should be either reinforced with a
springlike metal band (sold by lab supply com-
panies; used also to maintain upright fine sam-
ples in the mounting press) or nickel plated
using a power supply and a heated solution of
nickel sulfate, nickel chloride, and boric acid.
This miniature nickel-plating system conserves
well and only needs the addition of fresh nickel
to replace the anode. Note that nickel may
intrude into pores and therefore make it more
difficult to detect the pores.
The sample should be reinforced before

being mounted, and pressure should be kept
light during polishing.

Hardness Profile

Hardness testers vary in construction and
complexity. The general rule of thumb is
to place the sample aligned and, if the steel
section is rectangular, aligned as much as
possible to the x-z axis. This will help when
navigating along the edges, say from left
to right, while continuously observing the
surface.

Hardness can be measured with loads of
0.5 to 500 N (0.05 to 50 kgf). When a sample
cross section is analyzed, a light weight is
needed, usually 1 N (0.1 kgf). A specific draw-
ing, specification, or customer request may
specify a different load. Loads in excess of
10 N (1 kgf) are usually used for superficial
hardness tests.
The profile is a compilation of hardness

readings taken at regular space intervals,
going from the surface toward the core of the
sample. Indentations are spaced so as not to
influence each other. Regardless of the pattern
chosen to prepare a hardness profile, it is
important remain perpendicular to the surface.
All hardness testers have crossing hairlines
to guide the indenting process and keep it
perpendicular.
When compiling a hardness profile, thee read-

ings taken immediately on the edge of the sam-
ple may be discarded. Often, the indent will be
incomplete, or the load will split the surface
adjacent to the edge. Also, the evaluation of
materials such as cast irons may require more
indentations, to allow the discard of results
obtained on graphite flakes, for example. Other
soft inclusions will produce similar effects.
Unexpected spikes in the profile often mean

that an indentation must be verified or redone.
Errors are common on high-hardness readings,
where a fine adjustment of the hairline—visu-
ally just touching or sitting on the end of a diag-
onal—makes a potentially big difference.
However, a hardness profile that shows, despite
corrections, a tendency for hardness to increase
toward the core before dropping off (producing
a hump) could be an indication of the presence
of intergranular nitrides forming a network at a
distance from the surface.
It takes a certain amount of training and

practice to correctly evaluate samples.

Selective Nitriding

Certain manufacturing processes or draw-
ings require masking on areas that must
remain nitriding free. While mechanical
masking works well in plasma nitriding,
gas nitriding (and ferritic nitrocarburizing)
require the use of stopoff paints or coatings.
Several types of paints are available on the
market; they are either tin/chromium oxide
base or use a proprietary mix of finely ground
ceramics.
Oil-based paints have been phased out in

favor of newer water-based formulations;
however, the latter require surfaces to be oil
free. Oil-based paints are more forgiving on
oil-contaminated surfaces. Because stopoff
paints are usually very thick, they require fre-
quent mixing before application, and each coat
must thoroughly dry before the next one is
applied. Coats of wet paint can bubble up, con-
taminating adjacent areas while reducing their
effectiveness on surfaces to be masked.

Recessed areas, bores, and holes may be pro-
tected with bolts, inserts, and masking paint
or paste.
Most masking coatings can be removed with

wire brushes. It is recommended to refer to the
material safety data sheet and the supplier’s
instructions on precautions to be taken. Often,
dust masks and industrial dust collectors are
recommended.
Some applications, mostly in the aerospace

industry, require masking by copper plating.
This form of masking also requires special cop-
per plating removal after nitriding.

Common Problems

Low Case Hardness, Shallow or Uneven
Case Depth. Steel characteristics that affect
case hardness and depth include:

� Composition unsuitable for nitriding
� Improper microstructure
� Parts not hardened and tempered prior to

nitriding
� Low core hardness
� Machining (burns, elongated grain structure)
� Smears and plastic deformation from fine-

blanking, broaching, or other cutting tools
� Remnants of remelted layers from

electroerosion
� Surface passivation, inadequate cleaning/

surface contamination, polishing pastes, or
other foreign matter

Nitriding/nitrocarburizing conditions that
affect the case hardness and depth include:

� Temperature too low, slowing down the
diffusion

� Temperature too high, exceeding pre-heat-
treatment temperature and causing a loss in
core hardness

� Nitriding potential too low and dissociation
rate too high, caused by insufficient ammo-
nia flow. Prolonged exposure of furnace
parts and workbaskets to nitriding conditions
may result in a bigger catalytic surface,
where, at one point, the maximum ammonia
flow is no longer able to support the desired
potentials.

� Insufficient circulation may result in nonuni-
form temperature or gas distribution
throughout the load.

� Insufficient time at process temperature

Discoloration of Parts. Discoloration may
be caused by:

� Improper or inadequate prior surface treat-
ment, including etching, washing, degreas-
ing, and phosphate coating

� Oil in the retort, which may be caused by
inadequate cleaning of parts (especially those
with deep holes and recesses), loss of pressure
at the seal or overheating the seal, and leakage
at the base or other parts of the furnace
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� Air in the retort caused by an inadequate
seal, leakage due to inadequate sealing
around pipes or thermocouples, or introduc-
tion of excess air

� Moisture in the retort caused by leakage
from the cooling chamber or water being
sucked in from the water bottle during rapid
cooling with inadequate gas flow

Excessive dimensional changes may be
caused by:

� Inadequate stress relieving prior to nitriding
� Parts made from a mixed material stock with

different core hardness and tempering limits
below the process temperature

� Inadequate support of parts during nitriding
� Asymmetrical masking with nitriding stop-

off paints or coatings
� Symmetrical accumulation of surface con-

taminants (e.g., dried coolant with aluminum
oxide from polishing wheels)

� Inappropriate design of parts, such as wide
variations in section thickness

� Unequal cases on various surfaces of parts,
resulting from nonuniform conditions (created
by furnace design or the manner in which parts
are arranged in the load) or variations in
absorptive power of surfaces (resulting from
stopoff practices or from variations in surface
metal removal, surface finishing technique, or
degree of cleanliness)

Cracking and spalling of nitrided surfaces
may be caused by dissociation in excess of
85% and also by (especially for aluminum-
containing steels):

� Design (particularly sharp corners)
� Excessively thick white layer
� Decarburization of surface in prior heat

treatment
� Improper heat treatment
� Contamination by cooling fluids that provide

rust protection (water based)

Compound Layer Thicker Than Permitted.
A white layer deeper than permitted may be
caused by:

� Nitriding temperature is too high
� Percentage of dissociation below the recom-

mended minimum (15%) during the first stage
� First stage held too long
� Percentage of dissociation too low during

the second stage
� Fast purging with raw ammonia instead of

cracked ammonia or nitrogen, above 480 �C
(900 �F) during slow cooling

Rules of Thumb

Rules of thumb include the following:

� Have the parts properly cleaned and
depassivated.

� Increasing the temperature will increase the
diffusion zone and compound layer thick-
ness, provided the atmosphere allows for
the formation of a compound layer, but
may lower the core hardness and effective
case depth.

� The nitriding potential must match the
desired phase on the part surface. Carbon
will shift the boundary toward E phase to
lower nitriding potentials; increasing
amounts of nitride-building elements will
shift the boundary to higher nitriding poten-
tials, respectively.

� Nitride-forming elements have a high impact
on the nitrogen flux needed to saturate the
structure; therefore, diluting the nitriding
atmosphere with too much nitrogen or treat-
ing the parts at too low a pressure will stop
the proper nitriding of high-alloyed steels
earlier compared to low-alloyed or carbon
steels.

� Increasing the furnace pressure will increase
the growth of the white layer, but this effect
will be slowed down in steels that contain
more of the nitride-building alloying
elements.

� Stamped parts may behave similar to non-
stamped parts with higher carbon content
due to surface deformation.

� Heavy surface deformation prior to heat
treating may cause lubricants such as cutting
oil and others to burn into the surface and
form a passivation layer, thus reducing the
ability of nitrogen to pass the surface.

Safety Precautions

In North America, norms specific to the
design, operation, and classification of ovens
and furnaces as well as peripheral installations
such as ammonia dissociators, piping, and so
on are encompassed by NFPA 86, “Standard
for Ovens and Furnaces.” This publication cov-
ers all aspects of equipment, including safety,
location, construction, gas use and storage,
control systems, fire protection, and so on. In
Europe, the main norm pertaining to heat treat-
ing equipment is EN 746, “Industrial Thermo-
Processing Equipment.”
The safety norms cited previously do not

exclude other local standards and regulations,
such as electric codes and machinery safety
regulations. All norms evolve to adapt to new
engineering solutions and technologies. Their
most recent version must be consulted every
time heat treating equipment is modified or
upgraded, to ensure it is up to code according
to the latest requirements. The following para-
graphs give an overview of some selected
potential hazards.
Nitriding and nitrocarburizing processes

require the use of flammable, toxic, and
suffocating gases. Transportation, storage, and
piping must be in accordance with national
safety standards and local standards and

regulations. All storage containers, valves, and
piping should be examined periodically.
Although ammonia is classified as a nonflam-

mable compressed or liquefied gas, ammonia
gas is flammable and can produce explosive
mixtures with air. Moist ammonia in contact
with air is corrosive, and leaks in any portion
of the system must be avoided.
Endogas, dissociated ammonia, as well as

ammonia partially dissociated at nitriding tem-
peratures contain high amounts of hydrogen,
bearing a high risk of fire and explosion
hazards.
Carbon monoxide, also being a part of endo-

gas, is flammable and can produce explosive
mixtures with air. Carbon monoxide is color-
less, odorless, and tasteless but highly toxic.
Carbon dioxide and nitrogen cause asphyxi-

ation; chlorine or other suffocating agents used
for activation cause intense irritation of the
bronchial tubes and lungs, resulting in pulmo-
nary edema.
Because of the concentrations of such species in

exhaust gases, these gases must be vented to the
outside atmosphere and not into an enclosed area.
For all gas supply installations, adequate

ventilation and precautions should be taken to
avoid accumulation. Despite a ventilation sys-
tem, all confined spaces are potentially danger-
ous. In addition to furnaces, this includes pits
and other structures.
Nitriding and nitrocarburizing furnaces typi-

cally operate below the so-called safety temper-
ature known from carburizing furnaces, above
which all flammable gases would immediately
burn (oxidize) when in contact with oxygen
(Table 12). For this reason it must be granted
that no explosive gas mixture is produced at
any time (Table 11). Prior to opening the furnace
to air, a safety purge must be performed to
ensure that no flammable gases come in contact
with oxygen. For the same reason, whenever
the inlet process gas is switched between flam-
mable gases and highly oxidizing gases such as
air, oxygen, or nitrous oxide, a safety purge must
be performed. In addition, it must be ensured
that no air can enter the furnace when it contains
a flammable process atmosphere, by maintaining
and securing a given overpressure.

Equipment

All nitriding and nitrocarburizing equipment
must comply with the safety standards given in
the section “Safety Precautions” in this article.

Furnaces

Several furnace designs are in common use
in gas nitriding installations. All of these incor-
porate certain essential features:

� A means of sealing the charge to exclude air
and other contaminants while containing the
controlled atmosphere
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� An inlet line for introducing atmosphere,
and an outlet line for exhausting used
atmosphere

� A means of heating and appropriate temper-
ature controls

� A means, such as a fan, for circulating atmo-
sphere and equalizing temperature throughout
the workload

The vertical retort furnace (Fig. 33) is typ-
ically placed in a pit; parts to be nitrided are
loaded into a workbasket or on a rack, which
is lowered into the heating chamber or a retort.
Heating elements in most modern furnaces
are in ambient air, while the load and the nitrid-
ing atmosphere are sealed in a retort. In retort-
less designs, radiant tubes or electric heating
elements are calculated to limit the heat emitted
and to reduce the undesirable dissociation of
ammonia. Most furnace types have a lid with
an incorporated gas circulation fan or retort
fan. The gasket between the retort and the lid
is usually made from a temperature-resistant
silicone material; however, older furnaces had
oil or sand seals. Some furnaces use special
inflatable seals.
The incoming gases are mixed into the fur-

nace atmosphere and circulated throughout the
furnace by the retort fan. Spent atmosphere is
exhausted. To improve temperature uniformity
and proper gas circulation, furnaces often use
a double wall or baffle.
Cooling may be achieved by starting a

blower to direct cool air between the heating
elements and the retort. In other designs, the
retort is moved to a cooling station equipped
with a blower. Cooling speed may be improved
by using devices such heat exchangers, where
the atmosphere from within the load area is
directed through a radiator cooled with fast-
flowing water or coolant.
Pit furnaces offer a high load ratio relative to

their cost and the space they occupy in a plant.
Horizontal retort furnaces (Fig. 34) are

very similar to pit furnaces, except for their
horizontal position. This working position
allows the furnace designers to install atmo-
sphere inlets and outlets in the back of the fur-
nace. The lid is now a door that can be opened
on a hinge or raised and lowered. The design
allows for installation in a location with a low
ceiling that does not allow pit excavation or
servicing with a crane. The load is placed hori-
zontally inside the furnace, similar to a cham-
ber furnace, and allows automatic loading
using a charge car. The weight of the load does
not rest directly on the retort of the furnace, as
it may seem, but is transferred to a support
structure. Because the furnace door/lid is fixed,
the retort is allowed to thermally expand toward
the back of the furnace.
The horizontal furnace is more complex than

the pit furnace and accommodates a smaller load
relative to its size; the load shape, being rectan-
gular, must fit into the cylindrical retort. Never-
theless, for mass manufacturing it is possible to
install several horizontal furnaces serviced by

an automated charge car. The addition of a hori-
zontal preheat furnace, able to perform preoxida-
tion, will shorten cycle times. The presence of a
horizontally loaded washing machine completes
the entire line. In this way, the horizontal
furnace is an excellent choice for high-volume
manufacturing and complete plant automation
(including the so-called lights-out plants).
Cooling, gas circulation, temperature distri-

bution, and so on are identical to the vertical
retort furnace.
The bell-type movable furnace can be seen

as an upside-down pit furnace. In this design,
the retort is lifted and the lid is now a base; this
base can support a mass that exceeds the load-
bearing capacity of most retorts. This allows
for easy loading, treatment, and unloading of
large components. The stationary base is
equipped with atmosphere inlet and outlet, con-
trol thermocouple, circulating fan, and outlets
for electric power and controls. Parts to be

Fig. 33 Vertical retort furnace. Courtesy of Nitrex Metal Inc., Canada

Fig. 34 Horizontal retort furnace. Courtesy of Nitrex
Metal Inc., Canada
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nitrided are loaded into workbaskets, which are
placed on a work support at the furnace base or,
in the case of large components, stacked
directly on the base. Once loaded, the retort is
lowered over the base. Seals are similar to the
types used in the pit furnace. The weight of
the furnace does not rest directly on any seal
but on a supporting surface. Heat is provided
by a heating bell, which is lowered over the
retort and rests at the bottom on a flat portion
of the retort. Heat passes through the retort
walls and is transferred to the workload by radi-
ation and convection as the atmosphere is circu-
lated. Cooling is achieved by replacing the
heating bell with a cooling bell, which draws
air up around the retort walls and out at the
top of the bell. This air movement is accom-
plished by a fan in the top of the cooling bell.
It is customary to provide more bases than

heating and cooling bells. This permits more
efficient use of the bells. A cooling bell is not
essential where there is no demand for rapid cool-
ing as ameans of increasing output of the base; the
quality of nitriding achieved is equivalent to that
achieved using a cooling bell, but the heat radiated
from the retort can be a source of discomfort to
persons working in the immediate area.
Box-type movable furnaces with two sta-

tionary locations for workbaskets also have
been used for nitriding. Each location is
equipped with atmosphere inlet and outlet, con-
trol thermocouple, circulating fan, and separate
controls. Parts to be nitrided are loaded into
baskets, which are placed on a heavy metal
plate at each location. A cover is placed over
the charge and settles into a groove in the
plate that is filled with fine chrome ore, thus
effecting the seal. Lugs on the cover fit into a
U-shaped holder through which pins are driven
to secure the cover to the plate.
The furnace then is moved into position over

the charge on rails, after which sliding doors at
each end of the furnace are lowered. Heat
passes through the walls of the cover and is
transferred to the load by radiation and convec-
tion as the atmosphere is circulated. When the
box furnace has been rolled into position over
the work in the basket on the second plate,
cooling is achieved for the work on the first
plate by transfer of heat to the surroundings,
either by natural or forced circulation of air.
Usually, natural air circulation is rapid enough
to permit cooling and recharging before the
box furnace is again available.
Box furnaces of similar design are in use in

which the furnace is stationary and the loca-
tions for the workloads are movable. The cover
that closes over the load is similar to the retort
used with the bell-type furnace.
Tube Retorts. In nitriding the inside diameters

of tubes, the tube itself may act as the retort after it
has been sealed (usually by welded-on covers) at
both ends. A calculated volume of ammonia is
sealed in the tube (after the tube has been purged
of air), and the tube is heated in a suitable furnace.
After the heating cycle, the tube is cooled in still

or recirculated air, and the covers are removed.
Individual parts may be sealed in tube retorts
and processed in this same manner (see the sec-
tion “High- and Low-Pressure Nitriding” in this
article).
Batch/integral quench furnaces can be

used in the same manner as horizontal retort
furnaces. These furnaces have no internal retort
and are mostly used for nitrocarburizing. Gas
distribution and temperature uniformity are
typically not as good as in retort furnaces. The
availability of an internal quench enables a sup-
pression of nitride needle precipitation.
Pusher furnaces, similar to the ones known

from carburizing, may be used for nitriding or
ferritic nitrocarburizing. For safety reasons,
these furnaces must be equipped with a sealed
loading and unloading chamber that can be
purged with nitrogen, to prevent outside air
from coming in contact with the process atmo-
sphere whenever a new load is pushed into
the furnace or a treated load is pushed out of
the furnace. Gas distribution and temperature
uniformity are typically not as good as in retort
furnaces. Pusher furnaces are exclusively used
for high-volume production where parts must
be treated identically, load after load.
Conveyor belt furnaces may be used for

nitrocarburizing of small parts. Because this
type of furnace is open to atmosphere on both
sides, the furnace pressure must stay well above
atmospheric pressure to prevent air from com-
ing in contact with the process atmosphere.
Typically, these furnaces have a long cooling
section attached to the heated section. Gas
distribution and temperature uniformity are

typically not as good as in retort furnaces. Con-
veyor belt furnaces are exclusively used for
high-volume production where parts must be
treated identically, load after load.
Continuous batch-type furnaces (Fig. 35)

are mostly devoted to high-production volumes
with short at-temperature processes. They are
composed of self-contained chambers, separated
by gastight gates, and linked together by a trans-
port mechanism. Each chamber is separately
managed with its own heating system and gas
circulation fan. Chambers can be designed for
component preheating, nitriding, ferritic (or aus-
tenitic) nitrocarburizing, gas or liquid quench, or
solely fast cooling. The control system manages
all the chambers, executes the different steps of
the recipe in sequence, and communicates with
the charge car that brings in new baskets. This
makes the continuous furnace suitable for fully
automated lights-out plants.

Fixtures

Fixtures for nitriding are similar in design to
those used in gas carburizing. Under nitriding
conditions, ammonia and dissociation products
can react chemically with materials in retorts,
fans, workbaskets, and fixtures. This reaction con-
tributes to further dissociation of ammonia, robs
the work of atomic nitrogen, and produces an
excess of hydrogen. To reduce this reaction to a
minimum, furnace parts and fixtures usually are
made of alloys containing high percentages of
nickel and chromium Under certain conditions
or after extended use, even these alloys develop

Fig. 35 Schematic view of a multichamber continuous furnace. Courtesy of Nitrex Metal Inc., Canada
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a surface that interferes with normal processing;
their usefulness can be restored, however, by heat-
ing them in an air atmosphere and holding them
for a period of time at elevated temperature, fol-
lowed by sandblasting to remove scale.
Enamel-coated carbon steel containers are

satisfactory as long as the coating remains
intact. Some alloys have been coated with
high-temperature glass to extend their usefulness.
Low-carbon steel is unsatisfactory as a con-

tainer material because it absorbs nitrogen,
and the nitrided inside surface of the container
becomes brittle. Besides embrittling the con-
tainer, the nitrided surface also catalyzes the
decomposition of the ammonia in contact with
it and thereby interferes with the proper nitrid-
ing of workpieces.

Furnace Control System

The furnace control system is typically com-
prised of a process control unit. Basic units may
rely on simple programmable logic controllers
and basic gas control with preset flow meters
and solenoid valves. More advanced controls
feature user-friendly interfaces. Their capabil-
ities include process building, process execu-
tion, data logging and encryption (required by
some quality systems and norms), and hardware
operation. Because advanced controls often
incorporate the ability to automatically adjust
the atmosphere to the desired control parameter
(such as dissociation rate or nitriding potential),
they rely on gas analyzers and more complex
gas-distribution systems. Instead of opening
and closing solenoid valves, those systems
would communicate directly with flow meters
or mass flow controllers to control, monitor,
and record actual gas flows.

Ammonia Supply

Gas nitriding makes use of anhydrous liquid
ammonia (refrigeration grade, 99.98% NH3 by
weight), which is available either in cylinders
or in bulk (tank truck, trailer transport, and
tank car). Layouts for ammonia installation and
engineering data pertaining to their operation
and maintenance may be obtained from suppliers
of ammonia.
Usually, a storage tank is situated outside the

building in which the nitriding equipment is
located. At moderate outdoor temperatures, the
liquid ammonia will absorb enough heat from
the atmosphere to vaporize and fulfill gas require-
ments. On very hot days, the pressure of the gas
may build up enough to actuate the pressure-
relief valves. On the other hand, at low tempera-
tures (below�7 �C, or 20 �F) or when very large
volumes of gas are being used, an additional heat
source or a vaporizer is needed.
Special Precautions. To avoid leaks, excep-

tionally good pipe-fitting practice must be fol-
lowed. Specific pipe-joint compounds must be

used. One type of compound contains fine pow-
dered lead, which is mixed in an insoluble, non-
setting lubricant; another type is an oxychloride
mixture with graphite, which, in setting,
expands to form a very hard seal. When prop-
erly applied, certain high-strength, corrosion-
resistant tapes also are satisfactory, as are
welded joints.
Materials used for valves, piping, gages, reg-

ulators, and flow-measuring devices are similar
for all installations; only iron, steel, stainless
steel, and aluminum can be used because
ammonia corrodes zinc, brass, and bronze.
Piping should be made of extra-heavy black
iron (except for vent lines, which may be made
of standard-weight black iron or galvanized
iron). Fittings should be made of extra-heavy
malleable iron or forged steel. Valves should be
made of steel and should be of the high-pressure,
back-seating type.
Pressure Regulation. Ammonia gas from

the supply tank or cylinder bank is under pres-
sures up to 1380 kPa (200 psi), depending on
the temperature of the gas. This pressure is
reduced to approximately 14 to 105 kPa (2 to
15 psi) by means of pressure regulators.
Another reduction may be made just ahead of

each furnace or dissociator to approximately
255 to 1015 mm (10 to 40 in.) water column,
or an adequate pressure to supply from 1 m3/h
(approximately 35 ft3/h) or more in small fur-
naces to 40 m3/h (1500 ft3/h) on very large fur-
naces. Such supply lines are arranged to feed
from a common line operating in manifold
fashion at pressures not exceeding approxi-
mately 10 kPa (1.5 psi). Equipment to obtain
this last reduction may be furnished with the
dissociator or furnace.
The flow of gas into furnaces or dissociators is

regulated by a suitable valve and is measured by a
device such as a flow meter. This device also
serves to permit a visible check that gas ismoving
through the lines. Flow and pressuremay bemon-
itored by contact points that close and sound an
alarm at predetermined settings. On very large
furnaces where high gas flows may be required,
it is desirable to manifold the gas downstream of
the flow meter and introduce it into the furnace
at several locations, to prevent a local cool spot
at a single point of entry.
Exhaust Gas. Depending on the stage of the

cycle, the exhaust gas may contain air, air and
ammonia, or ammonia plus hydrogen and nitro-
gen. Because of the variable composition of
exhaust gas and the customary use of only a
single exhaust line, the exhaust gas should be
conducted to the outside atmosphere and
released at as high an elevation as is practical.
Terminating the exhaust line inside a building
may be considered when all of the following
conditions can be met:

� Nitrogen is used as the purge gas during
heating and cooling.

� The exhaust gas is flared (burned) at the ter-
minal during the nitriding cycle.

� The building is ventilated according to regu-
lations applicable to the heat treating
industry.

Note that environmental considerations and
regulations (such as dictated by the Environ-
mental Protection Agency, or EPA) may dictate
a more sophisticated approach to handling
exhaust gas.
To provide a slight backpressure within the

furnace, an oil-containing bubble bottle or
water bubbler may be installed in the exhaust
line. As an alternative, a throttle valve installed
in the exhaust line may be used to restrict the
flow of exhaust gases and maintain a slight
backpressure in the furnace. This pressure is
indicated on a manometer (water type) and
maintained at approximately 25 to 50 mm
(1 to 2 in.) water column.
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der Wärmebehandlung, HTM J. Heat.
Treat. Mater., Vol 63 (No. 2), 2008,
p 104–114

25. U. Pfahl and J.E. Shepherd, “Nitrous Oxide
Consumption and Flammability Limits of
H2-N2O Air and CH4-N2O-O2-N2 Mix-
tures,” Explosion Dynamics Laboratory
Report FM97-16, Graduate Aeronautical
Laboratories, California Institute of Tech-
nology, Pasadena, CA

26. P.B. Friehling and M.A.J. Somers, On
the Effect of Pre-Oxidation on the Nitriding
Kinetics, Surf. Eng., Vol 16, 2000, p 103–106

27. H.J.T. Ellingham, J. Soc. Chem. Ind. (Lon-
don), Vol 63, 1944, p 125

28. M.A.J. Somers and E.J. Mittemeijer,
Model Description of Iron-Carbonitride
Compound-Layer Formation during
Gaseous and Salt-Bath Nitrocarburizing,
Mater. Sci. Forum, Vol 102–104, 1992,
p 223–228

29. H.J. Spies, Einfluss des Gasnitrierens auf
die Eigenschaften der Randschicht von
Eisenwerkstoffen, Sonderband Nitrieren
und Nitrocarburieren, 30 Jahre Studie-
neinrichtung und Institut für Werkstoff-
technik, Bergakademie Freiberg, 2004,
p 190–203

30. J. Kunze, Nitrogen and Carbon in Iron and
Steel Thermodynamics, Phys. Res., Vol 16,
Akademie-Verlag, Berlin, 1990

31. H.-J. Eckstein, Wärmebehandlung von
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Mathematisches Modell für die Nitrierung
von Weicheisen in Ammoniak/Wasserstoff-
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Liquid Nitriding of Steels*
Reviewed and corrected by George Pantazopoulos, ELKEME Hellenic Research Centre for Metals S.A.

LIQUID NITRIDING (nitriding in a molten
salt bath) employs the same temperature range
as gas nitriding, that is, 510 to 580 �C (950 to
1075 �F). The case-hardening medium is a mol-
ten, nitrogen-bearing, fused-salt bath containing
either cyanides or cyanates. Unlike liquid carbur-
izing and cyaniding, which employ baths of simi-
lar compositions, liquid nitriding is a subcritical
(that is, below the critical transformation temper-
ature) case-hardening process; thus, processing of
finished parts is possible because dimensional
stability can be maintained. Also, liquid nitriding
adds more nitrogen and less carbon to ferrous
materials than that obtained through higher-
temperature diffusion treatments.
The liquid nitriding process has several pro-

prietary modifications and is applied to a wide
variety of carbon, low-alloy steels, tool steels,
stainless steels, and cast irons.

Liquid Nitriding Applications

Liquid nitriding processes are used primarily
to improve wear resistance of surfaces and to
increase the endurance limit in fatigue. For
many steels, resistance to corrosion is
improved. These processes are not suitable for
many applications requiring deep cases and
hardened cores, but they have successfully
replaced other types of heat treatment on a per-
formance or economic basis. In general, the
uses of liquid nitriding and gas nitriding are sim-
ilar, and at times identical. Gas nitriding may be

preferred in applications where heavier case
depths and dependable stopoffs are required.
Both processes, however, provide the same
advantages: improved wear resistance and anti-
galling properties, increased fatigue resistance,
and less distortion than other case-hardening pro-
cesses employing through heating at higher tem-
peratures. Four examples of parts for which
liquid nitriding was selected over other case-
hardening methods appear in Table 1.
The degree to which steel properties are

affected by liquid nitridingmay varywith the pro-
cess used and the chemical control maintained.
Thus, critical specifications should be based on
prior test data or documented information.

Liquid Nitriding Systems

The term liquid nitriding has become a generic
term for a number of different fused-salt pro-
cesses, all of which are performed at subcritical
temperature. Operating at these temperatures,
the treatments are based on chemical diffusion
and influence metallurgical structures primarily
through absorption and reaction of nitrogen
rather than through the minor amount of carbon
that is assimilated. Although the different pro-
cesses are represented by a number of commer-
cial trade names, the basic subclassifications of
liquid nitriding are those presented in Table 2.
A typical commercial bath for liquid nitrid-

ing is composed of a mixture of sodium and
potassium salts. The sodium salts, which

comprise 60 to 70% (by weight) of the total
mixture, consist of 96.5% NaCN, 2.5%
Na2CO3, and 0.5% NaCNO. The potassium
salts, 30 to 40% (by weight) of the mixture,
consist of 96% KCN, 0.6% K2CO3, 0.75%
KCNO, and 0.5% KCl. The operating tempera-
ture of this salt bath is 565 �C (1050 �F). With
aging (a process described in the section
“Operating Procedures” in this article), the cya-
nide content of the bath decreases, and the cya-
nate, and carbonate contents increase (the
cyanate content in all nitriding baths is respon-
sible for the nitriding action, and the ratio of
cyanide to cyanate is critical). This bath is
widely used for nitriding tool steels, including
high-speed steels, and a variety of low-alloy
steels, including the aluminum-containing
nitriding steels.
Another bath for nitriding tool steels has a

composition as follows:

Component Amount, %

NaCN 30.00 max
Na2CO3 or K2CO3 25.00 max
Other active ingredients 4.00 max
Moisture 2.00 max
KCl rem

A proprietary nitriding salt bath has the follow-
ing composition by weight: 60 to 61% NaCN,
15.0 to 15.5% K2CO3, and 23 to 24% KCl.
Several special liquid nitriding processes

employ proprietary additions, either gaseous
or solid, that are intended to serve several
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Table 1 Automotive parts for which liquid nitriding proved superior to other case-hardening processes for meeting service requirements

Component Requirement Material and process originally used Resultant problem Solution

Thrust washer Withstand thrust load without
galling and deformation

Bronze, carbonitrided 1010 steel Bronze galled,
deformed; steel
warped

1010 steel nitrided 90 min in cyanide-cyanate bath at
570 �C (1060 �F) and water quenched(a)

Shaft Resist wear on splines and
bearing area

Induction harden through areas Required costly
inspection

Nitride for 90 min in cyanide-cyanate salt bath at 570 �C
(1060 �F)

Seat bracket Resist wear on surface 1020 steel, cyanide treated Distortion; high loss
in straightening(b)

1020 nitrided 90 min in cyanide-cyanate salt bath and
water quenched(c)

Rocker arm shaft Resist water on surface;
maintain geometry

SAE 1045 steel, rough ground, induction hardened,
straightened, finish ground, phosphate coated

Costly operations and
material

SAE 1010 steel liquid-nitrided 90 min in low-cyanide
fused salt at 570 to 580 �C (1060 to 1075 �F)(d)

(a) Resulted in improved product performance and extended life, with no increase in cost. (b) Also, brittleness. (c) Resulted in less distortion and brittleness, and elimination of scrap loss. (d) Eliminated finish grinding, phos-
phatizing, and straightening



purposes, such as accelerating the chemical
activity of the bath, increasing the number of
steels that can be processed, and improving
the properties obtained as a result of nitriding.
Cyanide-free liquid nitriding salt composi-

tions have also been introduced. However, in
the active bath, a small amount of cyanide, gen-
erally up to 5.0%, is produced as part of the
reaction. This is a relatively low concentration,
and these compositions have gained widespread
acceptance within the heat-treating industry
because they do contribute substantially to the
alleviation of a potential source of pollution.
Three processes, liquid pressure nitriding,

aerated bath nitriding, and aerated low-cyanide
nitriding, are described in the sections that
follow.

Liquid Pressure Nitriding

Liquid pressure nitriding is a proprietary
process in which anhydrous ammonia is intro-
duced into a cyanide-cyanate bath. The bath is
sealed and maintained under a pressure of 7 to
205 kPa (1 to 30 psi). The ammonia is piped to
the bottom of the retort and is caused to flow ver-
tically. The percentage of nascent nitrogen in the
bath is controlled by maintaining the ammonia
flow rate at 0.6 to 1 m3/h (20 to 40 ft3/h). This
results in ammonia dissociation of 15 to 30%.
The bath contains sodium cyanide and other

salts, which permits an operating temperature
of 525 to 565 �C (975 to 1050 �F). Because
the molten salts are diffused with anhydrous

ammonia, a new bath does not require aging
and may be put into immediate operation
employing the recommended cyanide-cyanate
ratio, namely, 30 to 35% cyanide and 15 to
20% cyanate. Except for dragout losses, main-
tenance of the bath within the preferred ratio
range is greatly simplified by the anhydrous
ammonia addition, which serves continuously
to counteract bath depletion.
The retort cover may be opened without

causing complete interruption of the nitriding
process. Loss of pressure within the retort
results in a reduction in the nitriding rate. How-
ever, when the retort is sealed and pressure is
reinstated through the resumption of ammonia
gas flow, nitriding proceeds at the normal rate.
Depth of case depends on time at tempera-

ture. The average nitriding cycle is 24 h,
although total cycle time may vary between 4
and 72 h. To stabilize core hardness, it is
recommended that all parts be tempered at a
temperature at least 28 �C (50 �F) higher than
the nitriding temperature before they are
immersed in the nitriding bath.
Hardness gradients and case depths resulting

from pressure nitriding of 410 stainless steel,
AISI type D2, and SAE 4140 are shown in
Fig 1, 2, and 3.

Aerated Bath Nitriding

Aerated bath nitriding is a proprietary pro-
cess (U.S. Patent 3,022,204) in which measured
amounts of air are pumped through the molten

bath. The introduction of air provides agitation
and stimulates chemical activity. The cyanide
content of this bath, calculated as sodium cya-
nide, is maintained at preferably about 50 to
60% of the total bath content, and the cyanate
is maintained at 32 to 38%. The potassium con-
tent of the fused bath, calculated as elemental
potassium, is between 10 and 30%, preferably
about 18%. The potassium may be present as
the cyanate or the cyanide, or both. The remain-
der of the bath is sodium carbonate.
This process produces a nitrogen-diffused

case 0.3 mm (0.012 in.) deep on plain carbon
or low-alloy steels in a 1½ h cycle. The surface
layer (0.005 to 0.01 mm, or 0.0002 to 0.0005 in.
deep) of the case is composed of E Fe3N and a
nitrogen-bearing Fe3C; the nitrided case does
not contain the brittle Fe2N constituent.
Beneath the compound zone of Fe3N, a dif-

fusion zone exists that consists of a solid solu-
tion of nitrogen in the base iron. Depth of
nitrogen diffusion in 1015 steel as a function
of nitriding time at 565 �C (1050 �F) is shown
in Fig 4. The outer compound layer provides
wear resistance, while the diffusion zone
improves fatigue strength.
It should be noted that only chromium-,

titanium-, and aluminum-alloyed steel respond
well to conventional bath nitriding. Plain car-
bon (nonalloyed) steels respond well to aerated
bath nitriding but not to conventional nitriding.
Thus, the aerated process should be specified
for nitriding all plain carbon steels because
test data show that plain carbon steel will
not develop adequate hardness in a nonaerated

Table 2 Liquid nitriding processes

Process identification Operating range composition Chemical nature Suggested post treatment

Operating temperature

U.S. patent number�C �F

Aerated cyanide-cyanate Sodium cyanide (NaCN), potassium cyanide (KCN) and
potassium cyanate (KCNO), sodium cyanate (NaCNO)

Strongly reducing Water or oil quench; nitrogen cool 570 1060 3,208,885

Casing salt Potassium cyanide (KCN) or sodium cyanide (NaCN),
sodium cyanate (NaCNO) or potassium cyanate (KCNO),
or mixtures

Strongly reducing Water or oil quench 510–650 950–1200

Pressure nitriding Sodium cyanide (NaCN), sodium cyanate (NaCNO) Strongly reducing Air cool 525–565 975–1050
Regenerated cyanate-
carbonate

Type A: Potassium cyanate (KCNO), potassium carbonate
(K2CO3); Type B: Potassium cyanate (KCNO), potassium
carbonate (K2CO3), 1–10 ppm, sulfur (S)

Mildly oxidizing Water, oil, or salt quench 580 1075 4,019,928
Mildly oxidizing Water, oil quench, or salt quench 540–575 1000–1070 4,006,643

Fig. 1 Results of liquid pressure nitriding on type 410
stainless steel (composition, 0.12C-0.45Mn-
0.41Ni-11.90Cr; core hardness, 24 HRC)

Fig. 2 Results of liquid pressure nitriding on AISI type
D2 tool steel (composition, 1.55C-0.35Mn-
11.50Cr-0.80Mo-0.90V; core hardness, 52 HRC)

Fig. 3 Results of liquid pressure nitriding on SAE 4140
low-alloy steel (composition, 0.38C-0.89Mn-
1.03Cr-0.18Mo; core hardness, 35 HRC)
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nitriding bath. However, the full effect of
nitriding will not be realized unless an alloy
steel is selected. See the section “Hardness of
Compound Layer” in Appendix 1 of this article.
Aerated Cyanide-Cyanate Nitriding.

Another aerated process for liquid nitriding is
a high-cyanide, high-cyanate system that is pro-
prietary (U.S. Patent 3,208,885). The cyanide
content of the fused salt is maintained in the
range of 45 to 50% calculated as potassium
cyanide, and the cyanate content is maintained
in the range of 42 to 50% calculated as potas-
sium cyanate. Makeup salt consists of a precise
mixture of sodium and potassium cyanides that
are oxidized by aeration to the mixed cyanate.
The ratio of sodium ions to potassium ions is
important in duplicating the integrity of the
compound zone and the diffusion zone.
The process is performed in a titanium-lined

container, and it produces a compound zone of
E iron nitride to a depth of 0.010 to 0.015 mm
(0.0004 to 0.0006 in.) and a diffusion zone of
0.356 to 0.457 mm (0.014 to 0.018 in.) in plain
carbon steels with a 90-min treating time, as

shown in Fig 5. The surface hardness of the
compound zone may vary between 300 HK
and 450 HK if carbon or low-alloy steels are
being treated. Surface hardness of stainless
steels treated by this process may reach
900 HK as shown in AMS 2755B, a portion
of which is reproduced in Appendix 2 of this
article.
Aerated Low-Cyanide Nitriding. Environ-

mental concerns have led to the development
of cyanide-free processes for liquid nitriding.
In these proprietary processes, the base salt is
supplied as a cyanide-free mixture of potassium
cyanate and a combination of sodium carbonate
and potassium carbonate, or sodium chloride
and potassium chloride. Minor percentages of
cyanide develop during use in these composi-
tions. The problem is overcome in one process
(U.S. Patent 4,019,928), by quenching in an
oxidizing quench salt that destroys the cyanide
and cyanate compounds (which have pollution
capabilities) and produces less distortion than
that resulting from water quenching. An alter-
nate method utilized by U.S. Patent 4,006,643
is the incorporation of lithium carbonate plus
minute amounts of sulfur (1 to 10 ppm) in the
base salt to hold cyanide formation to below
1.0%.
These low-cyanide processes have been

shown in tests to produce the same results as
those developed in the previously mentioned
liquid nitriding processes. The diffusion curves

and case depths are quite similar to those shown
in Fig 1, 2, and 3. Because a high cyanate (65 to
75% KCNO) level in the absence of cyanide
would be expected to produce iron nitride com-
pound zones slightly lower in carbon and
slightly higher in nitrogen, it is good practice
to develop new tests and operational data when
converting to one process from another.
Excerpts from the AMS 2753 specification
developed for low-cyanide liquid salt bath
nitriding are shown in Appendix 1.
Case Hardness. According to AMS 2755C,

case hardness varies markedly with the alloy
being nitrided. Hardness and other require-
ments of this specification are summarized in
Appendix 2.
Effects of Steel Composition. Although the

properties of alloy steels are improved by the
compound and diffusion layers, relatively
greater improvement is achieved with plain car-
bon steels of low and medium carbon content.
For example, the improvement in fatigues-
trength of unnotched test bars of 1015 steel
nitrided by this process for 90 min at 565 �C
(1050 �F) and water quenched (to further
enhancefatigue properties) is roughly 100%.
Improvement obtained with similarly treated
test bars made of 1060 steel is about 45 to 50%.
The diffusion of nitrogen in carbon steels is

directly affected by carbon content, as shown
in Fig 6. The nitride-forming alloying elements
also inhibit nitrogen diffusion. For example,
the inhibiting effect of chromium on diffusion
is shown in Fig 7, which compares nitrogen in
a low-carbon steel (1015) and a chromium-
containing low-alloy steel (5115).
Although the visible nitrogen diffusion zone

shown by the Fe4N needles in Fig 5 can be
measured under the microscope to a depth of
approximately 0.41 mm (0.016 in.), actual
nitrogen penetration can be measured up to
1.02 mm (0.040 in.) as shown in Fig 8. This
nitrogen is in solution, is under stress, and is
precipitated as Fe4N. It is responsible for the
fatigue improvement resulting from liquid
nitriding. The improvement is more apparent
in plain carbon steels, resulting in the substitu-
tion of these steels for high-carbon and low-
alloy steels in many applications (Table 3).

Fig. 4 Nitrogen gradients in 1015 steel as a function of
time of nitriding at 565 �C (1050 �F), using the
aerated bath process

Fig. 6 Effect of carbon content in carbon steels on the
nitrogen gradient obtained in aerated bath
nitriding

Fig. 5 Nitrided case and diffusion zone produced
by cyanide-cyanate liquid nitriding. The

characteristic needle structure is seen only after a
300 �C (570 �F) aging treatment. Depth of compound
zone about 0.01 mm

Fig. 7 Comparison of nitrogen gradients in a low-
carbon steel and in a low-alloy steel

containing chromium, both nitrided by the aerated bath
process Fig. 8 Nitrogen diffusion in AISI 1015 steel
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Case Depth and Case Hardness

Data indicating depth of case obtained in liq-
uid nitriding various steels in a conventional
bath at 525 �C (975 �F) for up to 70 h are shown
in Fig 9. The steels include three chromium-
containing low-alloy steels (4140, 4340, and
6150), two aluminum-containing nitriding steels
(SAE 7140 and AMS 6475), and four tool steels
(H11, H12, M50, and D2). All were nitrided in a
salt bath with an effective cyanide content of
30 to 35% and a cyanate content of 15 to 20%.
Case depths were measured visually on metallo-
graphically prepared samples that were etched in
3% nital. Before being nitrided, samples were
tempered to the core hardnesses indicated.
Figure 10 presents data on case hardness

obtained in liquid pressure nitriding the follow-
ing alloy steels and tool steels: SAE 7140, AMS
6475, 4140, 4340, medium-carbon H11, low-

carbon H11, H15, and M50. The various core
hardnesses, nitriding temperatures, and cycle
times were as noted in the graphs in Fig 10.
Case depth and hardness results are comparable
to those obtained in single-stage gas nitriding.
High-Speed Steels. Compared to gas nitrid-

ing of high-speed steel cutting tools, liquid
nitriding can produce a more ductile case with
a lower nitrogen content.

Operating Procedures

Among the important operating procedures
in liquid nitriding are the initial preparation
and heating of the salt bath, aging of the molten
salts (when required), and analysis and mainte-
nance of salt bath composition. Virtually all
steels must be quenched and tempered for core
properties before being nitrided or stress
relieved for distortion control. So prior heat
treatment may be considered an essential part
of the operating procedure.

Prior Heat Treatment. Alloy steels usually
are given a prior heat treatment similar to that
preferred for gas nitriding. Maintenance of
dimensional and geometric stability during liq-
uid nitriding is enhanced by hardening of parts
prior to nitride treatment. Tempering tempera-
tures should be no lower than the nitriding tem-
perature and preferably slightly above.
Depending on steel composition, the effect of

core hardness is similar to that encountered in
gas nitriding.
Starting the Bath. Case-producing salt com-

positions may vary with respect to manufac-
turers, but they are basically sodium and
potassium cyanides, or sodium and potassium
cyanates. Cyanide, the active ingredient, is oxi-
dized to cyanate by aging as described below.
The commercial salt mixture (60 to 70%
sodium salts, 30 to 40% potassium salts) is
melted at 540 to 595 �C (1000 to 1100 �F).
During the melting period, a cover should be
placed over the retort to guard against spattering
or explosion of the salt, unless the equipment isTable 3 Improvement in fatigue properties

of low-temperature liquid nitrided ferrous
materials

Steel type
Property

improvement, %

Low-carbon steels 80–100
Medium-carbon steels 60–80
Stainless steels 25–35
Low-carbon, chrome manganese steels 25–35
Chrome alloy, medium-carbon steels 20–30
Cast irons 20–80

Fig. 9 Depth of case for several chromium-containing
low-alloy steels, aluminum-containing steels,

and tool steels after liquid nitriding in a conventional
salt bath at 525 �C (975 �F) for up to 70 h

Fig. 10 Hardness gradients for several alloy and tool steels nitrided in salt by the liquid pressure process. Rockwell C
hardness values are converted from Knoop hardness measurements made using a 500 g load. Temperatures
are nitriding temperatures.
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completely hooded and vented. It is mandatory
that the salts be dry before they are placed in
the retort; the presence of entrapped moisture
may result in an eruption when the salt mixture
is heated.
Externally versus Internally Heated Salt Baths.

Salt baths may be heated externally or inter-
nally. For externally heated salt baths, startup
power should be limited to 37% of total capac-
ity until signs of melting are apparent on all
sides of the salt bath. For internally heated salt
baths, natural gas flame torches having a mod-
erate flame are effective in melting a pool of
molten salt for a conductive path between
electrodes.
Aging the Bath. Liquid nitriding composi-

tions that do not contain a substantial amount
of cyanate in the original melt must be aged
before use in production. Aging is defined as
the oxidation of the cyanide to cyanate. Aging
is not merely a function of temperature alone,
but also depends on the surface-to-volume
ratio of the molten bath. It is the surface air
(oxygen) to salt contact that oxidizes cyanide
to cyanate.
Molten salts in conventional baths should be

aged by being held at 565 to 595 �C (1050 to
1100 �F) for at least 12 h, and no work should
be placed in the bath during the aging treat-
ment. Aging decreases the cyanide content of
the bath and increases the cyanate and carbon-
ate contents. Before nitriding is begun, a careful
check of the cyanate content should be made.
Nitriding should not be attempted until the cya-
nate content has reached at least the minimum
operating level recommended for the bath.
Bath Maintenance. To protect the bath from

contamination and to obtain satisfactory nitrid-
ing, all work placed in the bath should be thor-
oughly cleaned and free of surface oxide. An
oxide-free condition is especially important
when nitriding in low-cyanide salts. These
compounds are not strong reducing agents and
therefore are incapable of producing a good
surface on any oxidized work. Either acid pick-
ling or abrasive cleaning is recommended prior
to nitriding. Finished clean parts should be pre-
heated before being immersed in the bath to rid
them of surface moisture.
A high cyanate content (up to about 25%)

will provide good results, but carbonate content
should not exceed 25%. Carbonate content can
be readily lowered by cooling the bath to
455 �C (850 �F) and allowing the precipitated
salt to settle to the bottom of the salt pot. It
can then be spooned from the bottom by means
of a perforated ladle.
To minimize corrosion at the air-salt inter-

face, salts should be completely changed every
three or four months (replacement of salt is usu-
ally far more economical than replacement of
the pot). When the bath is not in use, it should
be covered; excessive exposure to air causes a
breakdown of cyanide to carbonate and
adversely affects pot life.
The ratio of cyanide content to cyanate con-

tent varies with the salt bath process and the

composition of the bath. The commercial
NaCN-KCN bath, after aging for one week,
achieves a ratio of 21 to 26% cyanide to 14 to
18% cyanate. The bath used in liquid pressure
nitriding operates with a cyanide content of 30
to 35% and a cyanate content of 15 to 20%.
The aerated bath is controlled to a ratio of 50
to 60% cyanide to 32 to 38% cyanate. The aer-
ated noncyanide nitriding process is controlled
to a ratio of 36 to 38% cyanate to 17 to 19%
carbonate.
Oxidation products that promote unfavorable

temperature gradients must be periodically
removed from all baths. In normal operation,
overheating of any bath (above 595 �C, or
1100 �F) should be avoided.
Safety. Some of the compositions employed

in liquid nitriding processes contain sodium
cyanide or potassium cyanide, or both. These
compounds can be handled safely with proper
equipment and neutralized by chemical means
before discharge. The compounds are highly
toxic, however, and great care should be exer-
cised to avoid taking them internally or allow-
ing them to be absorbed through skin
abrasions. Contact between the compounds
and mineral acids also generates another haz-
ard: the formation of hydrogen cyanide (HCN)
gas, an extremely toxic product. Exposure to
hydrogen cyanide can be fatal.
Neutralization of Cyanide Waste. The

destruction of cyanide by chlorine is believed
to proceed in three steps, according to the fol-
lowing equations:

NaCNþ Cl2 ! CNClþ NaCl (Eq 1)

CNClþ 2NaOH ! NaCNOþ NaClþ H2O (Eq 2)

2NaCNOþ 4NaOHþ 3Cl2
! 6NaClþ 2CO2 þ 2H2Oþ N2 (Eq 3)

The first reaction (Eq 1), oxidation to cyano-
gen chloride, is almost instantaneous, occurring
at all pH levels. The second reaction (Eq 2) is
the formation of cyanate from cyanogen chlo-
ride under caustic alkaline environment. The
rate of formation is primarily dependent upon
the pH, and at a pH of 11 or higher, is virtually
completed in minutes. At pH values lower than
10.5 the rate of hydrolysis is slowed consider-
ably, and pHs below this value should be
avoided due to the toxicity of the cyanogen
chloride.
The next step (Eq 3), decomposition of the

cyanate to harmless nitrogen and carbon diox-
ide, is pH dependent and is accelerated by a
decreasing pH. At a pH of 7.5 to 8.0, about 10
to 15 min are required for the reaction to go
to completion. At a pH of 9.0 to 9.5, about
30 min are required.
In practice, about 8.0 parts of chlorine and

7.3 parts of sodium hydroxide per part of cyanide
are required for the overall reaction. Occasion-
ally, chlorination to cyanate only is sufficient

because the cyanate ion is only 1/1000th as
toxic as cyanide. About 3.2 parts of chlorine
and 3.8 parts of sodium hydroxide per part of
CN are required for the oxidation of cyanides
to cyanates.
The waste will also contain small amounts of

heavy metal cyanides in addition to the sodium
or potassium cyanide. These will be broken
down and the metal salts precipitated in reac-
tions analogous to those for the sodium cya-
nide. Some metal complexes react much more
slowly with the chlorine as oxidant. Silver cya-
nide, for instance, may require at least an hour
of retention time for complete destruction.

Equipment

Salt bath furnaces used for nitriding may be
heated by gas, oil, or electricity, and are essen-
tially similar in design to salt bath furnaces
used for other processes. Although batch instal-
lations are most common, semi-continuous and
continuous operations are feasible. Generally,
the same furnace equipment can be used for
other heat-treating applications by merely
changing the salt.
A variety of materials are used for the pots,

electrodes, thermocouple protection tubes, and
fixtures employed in salt bath nitriding, depend-
ing primarily on the salt mixture and process.
For example, low-carbon steel is sometimes used
for furnace liners although titanium is recom-
mended for one of the processes (U.S. Patent
3,208,885). Inconel 600 is presently being
applied to the noncyanide process described in
U.S. Patent 4,019,928. Type 430 stainless steel
is recommended for a low-cyanide process
described inU.S. Patent 4,006,643. Cast HT alloy
is a satisfactory fixture material, and type 446
stainless steel has been used for fixtures and ther-
mocouple protection tubes. One plant reports
the successful use of Inconel pots in liquid pres-
sure nitriding; the same plant reports also that
electrodeposited nickel performs satisfactorily
as a stopoff in the liquid pressure bath. In general,
however, nickel-bearing materials are not recom-
mended for nitriding salt baths.

Maintenance Schedules

Certain maintenance procedures should be
performed on a daily and weekly basis to
ensure optimum operation of the salt bath used
for nitriding.
Daily. The following procedures should be

done on a daily basis:

� Check temperature-measuring instruments
� Check flowmeters, if these are required for

air or anhydrous ammonia
� Check surface condition of work for desired

steel-gray color and possible pitting
� Check case depth and case hardness to deter-

mine operating condition of the bath
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Weekly. The following procedures should be
done on a weekly basis:

� Analyze salt bath composition at least once a
week; a semiweekly analysis is preferred.
Make necessary additions to maintain level

� Check air-salt interface on pot for undercut-
ting. Remove salts and recharge whenever
undercutting is observed

� Check bath for nickel content. To remove
traces of nickel, a steel plate-out panel
should be placed in the bath overnight

� Contamination in the form of Na4Fe(CN)6
(a complex ferrocyanide that forms in cyanide-
typebaths) should be removed from the bath
by holding the bath at 650 �C (1200 �F) for
about 2 h to settle out the compound in the
form of sludge

Safety Precautions

The following safety precautions should be
observed when operating salt bath furnaces for
nitriding steels:

� Operating personnel must be carefully
instructed in handling the poisonous cyanide-
containing salts

� All chemical containers must be clearly
marked to indicate contents

� Personnel should be provided with facilities
for washing their hands thoroughly to pre-
vent contamination by the cyanide salts

� Shields, gloves, aprons, and eye protection
should be worn by operating personnel

� Parts and workpiece support fixtures should
be preheated to drive off any moisture that
may be present before they are immersed
in the molten salt bath

� Proper venting of furnace and rinse tanks to
the outdoors is recommended in order to
provide safety against fumes and spattering
and to minimize corrosion in the work area

� Nitrate-nitrite salts must not come in contact
with nitriding salts in the molten state. Con-
tact will result in an explosion. Storage of
these salts should be properly labeled and
stored apart

Liquid Nitrocarburizing

In liquid nitrocarburizing processes, both car-
bon and nitrogen are absorbed into the surface.
High-cyanide nitrocarburizing baths have been in
use since the late 1940s. Initially, the sulfur-
containing variant was used to produce a wear-
resistant surface of iron sulfide (see Process 2).
A sulfur-free high-cyanide bath was developed in
the mid-1950s, now known as aerated bath nitrid-
ing (Process 1). This process and a low-cyanide
variant of it (Process 4) are commonly used.
Both Processes 1 and 2 are similar in that

components are typically preheated to about

350 to 480 �C (660 to 900 �F), and then
transferred to the nitrocarburizing salt bath at
570 �C (1060 �F). The major components of
the baths for both processes are normally alkali
metal cyanide and cyanate. Salts are predomi-
nately potassium, with sodium.
Liquid nitrocarburizing processes are used to

improve wear resistance and fatigue properties
of low-to-medium carbon steels, cast irons,
low-alloy steels, tool steels, and stainless steels.
Process 1: High Cyanide without Sulfur.

At the treatment temperature of 570 �C
(1060 �F), the process is controlled largely by
two reactions, an oxidation reaction and a cata-
lytic reaction. The oxidation reaction involves
transformation of cyanide to cyanate:

4NaCNþ 2O2 ! 4NaCNO (Eq 4)

2KCNþ O2 ! 2KCNO (Eq 4a)

Though this reaction can proceed by natural
oxidation of the cyanide bath, eventually lead-
ing to the desired cyanate content, the mecha-
nism of natural aging does not provide the
higher cyanate level made possible with aera-
tion. To provide agitation and stimulate chemi-
cal activity, therefore, dry air is introduced into
the bath.
The catalytic reaction involves breaking

down cyanate in the presence of the steel com-
ponents being treated, thus supplying carbon
and nitrogen to the surface:

8NaCNO ! 2Na2CO3 þ 4NaCNþ CO2

þ Cð ÞFeþ4 Nð ÞFe (Eq 5)

8KCNO ! 2K2CO3 þ 4KCNþ CO2

þ Cð ÞFeþ4 Nð ÞFe (Eq 5a)

As a result of this treatment, a wear-resistant
compound zone, rich in nitrogen and carbon, is
formed on component surfaces (Fig 11).
Process 2: High Cyanide with Sulfur. The

same basic oxidation and catalytic reactions of
Process 1 also occur in this process. In addition,
further reactions take place because of sulfites
in the melt. These sulfites are reduced to sul-
fides, in conjunction with the oxidation of the
cyanide to cyanate, as follows:

Na2SO3 þ 3NaCN ! Na2Sþ 3NaCNO (Eq 6)

K2SO3 þ 3KCN ! K2Sþ 3KCNO (Eq 6a)

Thus, the sulfur present in the bath acts as an
accelerator, with the result that the cyanate is
produced more readily than if the sulfur com-
pounds were absent. Consequently, external
aeration is not normally used in the process.
Potassium and sodium cyanates produced by
the reactions in Eq 4 and 6 catalytically decom-
pose at the surface of ferrous materials to liber-
ate carbon monoxide and nascent nitrogen. The
carbon monoxide dissociates to liberate active
carbon. The carbon, in conjunction with the
nascent nitrogen, diffuses into the material
being treated to form the compound zone.
The exact mechanism by which sulfur is

impregnated into the material is not clear. Var-
ious sulfides react with the component being
treated to form iron sulfide; this is the black
deposit observed on the surface of components
after treatment.
The compound layer formed on mild steel

after a 90-min treatment, followed by water
quenching, is shown in Fig 12. The compound
layer formed by cyanide salt bath nitrocarburiz-
ing treatments, and, in particular, by the sulfur-
containing high-cyanide process, contains an

Fig. 11 Metallographic appearance of salt bath nitro-
carburized mild steel after 1.5 h at 570 �C
(1060 �F) followed by water quenching

Fig. 12 Metallographic appearance of mild steel after
similar treatment to Fig 11. Iron-sulfide

inclusions in the outer region of the compound zone are
apparent after this treatment, in which sulfur acts as an
accelerator.
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outer region of microporosity. These pores,
which readily absorb oil, may assist the anti-
scuffing properties of treated components under
lubrication conditions.
Although little systematic investigation has

been done to establish the optimum thickness
of the compound layer for maximum improve-
ment in wear and antiscuffing properties, it is
believed that comparable results are obtained
provided the layer is 10 to 20 mm (400 to
800 min.) thick.
Composition and Structural Analysis of

the Compound Layer. X-ray diffraction inves-
tigations into the structure of the compound
layer formed by the two high-cyanide salt bath
nitrocarburizing processes have indicated a
variety of carbon and nitrogen-base phases.
One study of cyanide nitrocarburizing treat-

ments indicated that the best antiscuffing prop-
erties were obtained when the compound layer
consisted mainly of a hexagonal close-packed
(hcp) phase of variable carbon and nitrogen
concentration. Examination of the appropriate
isothermal section of the iron-carbon-nitrogen
ternary phase diagram (Fig 13) indicates that
this phase is the E carbonitride phase. Further-
more, it is believed that provided the E phase
was predominant within the compound layer,

small amounts of other phases, particularly
Fe4N and Fe3C, had no serious adverse effects
on antiscuffing behavior. It has been shown that
with Process 1, compound layers with less
than about 2% C and less than about 6% N
contained a mixture of the E iron carbonitride
and Fe4N. With these processing times in
excess of 3 h, the proportion of Fe4N was found
to decrease. Furthermore, when more than
2% C was in the compound layer, a compound
with the structure of cementite, Fe3(CN), could
also be detected.
In samples treated by Process 1, a high level

of oxygen within the compound layer has been
reported. But whether the presence of oxygen,
which is known to accelerate the formation of
the compound layer by promoting the cyanide-
to-cyanate oxidation reaction, is essential for
improved frictional properties has not been rig-
orously established.
Similarly, the question arises as to whether

sulfur, present in Process 2, contributes signifi-
cantly to enhanced antiscuffing properties. The
predominant presence of an E carbonitride
phase is required for enhanced antiscuffing
properties. Electron probe microanalysis of the
compound layers formed by the two processes
are presented in Fig 14.

Nontoxic Salt Bath Nitrocarburizing
Treatments

Environmental considerations and the
increased cost of detoxification of cyanide-
containing effluents have led to development
of low-cyanide salt bath nitrocarburizing
treatments.
Cyanates are the active nitriding constituent

of both high-cyanide and low-cyanide nitrocar-
burizing baths. Reduction of the cyanide con-
tent permits markedly higher cyanate
concentrations in the low-cyanide baths; this
results in greatly increased nitriding activity.
Unlike the reducing high-cyanide baths, the
nominal cyanate and carbonate composition of
the low-cyanide baths is oxidizing. The baths
are composed of primarily potassium salts with
some sodium salts. During nitriding, cyanates
yield nitrogen to the steel and form carbonates.
Cyanate concentration is maintained by the use
of organic regenerators, which supply nitrogen
to reform cyanates from carbonates.
Process 3: Low Cyanide with Sulfur. This

patented process confers sulfur, nitrogen, and
presumably, carbon and oxygen to surfaces of
ferrous materials. The process is unique in that
lithium salts are incorporated in the bath

Fig. 13 Phase diagram at 575 �C (1065 �F) of the ternary iron-carbon-nitrogen system

Fig. 14 Electronmicroprobe traces of compound layers.
(a) Nitrogen, carbon, and oxygen in the com-

pound layer formed by Process 1. (b) Nitrogen, carbon,
oxygen, and sulfur in the compound layer formed by
Process 2. Both treatments, 90 min
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composition. Cyanide is held to very low
levels: 0.1 to 0.5%. Sulfur species, present in
the bath at concentrations of 2 to 10 ppm, cause
sulfidation to occur simultaneously with nitrid-
ing. Sulfur levels near 10 ppm result in an
apparently porous compound zone (Fig 15);
the dark areas are actually iron sulfide nodules,
not voids. This compound zone is similar to the
high-cyanide, sulfur-containing nitrocarburiz-
ing process that has, however, columnar iron-
sulfide inclusions.
Bath composition can be adjusted to lower

sulfur levels (2 ppm) to form a less porous layer
with a lower iron sulfide content.

A compound layer 20 to 25 mm (800 to
1000 min.) thick forms in 90 min at 570 �C
(1060 �F) on AISI 1010 steel, compared with
the 8 to 10 mm (320 to 800 min.) layer formed
by the high-cyanide sulfur-bearing nitrocarbur-
izing process in the same time. Figure 16 shows
the thickness of the compound layer as a func-
tion of the treatment time for the nontoxic and
cyanide-based treatments.
Process 4: Low Cyanide without Sulfur.

A low-cyanide alternative to the cyanide-based
Process 1 has been developed. This process,
like Process 3, is a cyanate bath with no lithium
or sulfur compounds and very low cyanide
levels (2 to 3%). Melon, an organic polymer,
is used for bath regeneration.
When water quenching is employed, the low

level of cyanide permits easier detoxification.
Alternatively, quenching into a caustic-nitrate
salt bath at 260 to 425 �C (500 to 795 �F)
may be used for cyanide/cyanate destruction.
Processing temperature for Process 4 is 570

to 580 �C (1060 to 1080 �F); the rate of com-
pound zone formation is comparable to that of

Process 3. Metallurgical results are virtually
identical with the cyanide-based Process 1.

Wear and Antiscuffing
Characteristics of the Compound
Zone Produced in Salt Baths

The resistance to scuffing after salt bath
nitrocarburizing treatments has been frequently
tested with a Falex lubricant testing machine
(Fig 17, 18, 19). A 32 by 6.4 mm (1.25 by
0.25 in.) test piece is attached to the main drive
shaft by means of a shear pin, and two anvils or
jaws having a 90� V-notch fit into holes in the
lever arms. During testing, the jaws are
clamped around the test piece, which rotates
at 290 rpm, and the load exerted by the jaws
is gradually increased. Both test pieces and
jaws can be immersed totally in a small tank
containing lubricant or other fluid, or tests can
be carried out dry.
Table 4 lists results of a few representative

Falex tests for plain low-carbon steels both before
and after cyanide salt bath nitrocarburizing treat-
ments. The untreated low-carbon steel specimens
do not show any significant scuffing resistance
even when tested under oil-lubricated conditions.
After treatment, however, even when tested dry,
there is a considerable improvement in antiscuff-
ing properties. Specimens tested in the dry condi-
tion after salt bath nitrocarburizing generate so
much heat that they eventually become red hot
and are extruded under the applied load.
Untreated test pieces seize at relatively low loads
before becoming red hot, whereas treated

Fig. 16 Comparison of compound zone thickness pro-
duced by low-cyanide and cyanide-based
treatments containing sulfur

Fig. 15 Sample of plain carbon steel after low-cyanide
salt bath nitrocarburizing treatment (Process

3). The high level of apparent porosity is a characteristic of
high sulfur content in the compound zone; dark areas are
actually iron-sulfide nodules, not voids.

Fig. 17 Lubricant tester used to measure endurance (wear) life and load-carrying capacity of either dry solid-film lubricants or wet lubricants in sliding steel-on-steel applications.
(a) Key components of instrument. (b) Exploded view showing arrangement of V-blocks and rotating journal
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samples, even after extrusion, show no signs of
scuffing. During testing in oil, the specimens
become highly polished. Similar Falex test results
are reported for low-cyanide salt bath nitrocar-
burizing treatments.

Appendix 1*—Liquid
Salt Bath Nitriding
Noncyanide Baths

Hardening. Parts requiring core hardness
shall be heat treated to the required core hard-
ness before processing. Tempering to produce
the specified core hardness shall be at a temper-

ature not lower than 590 �C (1090 �F), except
when tempering is conducted in conjunction
with nitriding.
Stress Relief. Parts in which residual stres-

ses may cause cracking or excessive distortion
due to thermal shock or dimensional change
because of metallurgical transformations dur-
ing nitriding shall be stress relieved prior to
final machining. Stress relieving shall be per-
formed at a temperature not lower than 590 �C
(1090 �F).
Cleaning. Parts, at the time of nitriding, shall

be clean and free of scale or oxide, entrapped
sand, core material, metal particles, oil, and
grease, and shall be completely dry.
Preheating. Parts shall be preheated in air at

260 to 345 �C (500 to 650 �F) to maintain bath
temperature and to avoid thermal shock upon
immersion in the nitriding salt.
Nitriding. Parts shall be immersed in an aer-

ated cyanate bath as indicated in Table 5.

Quenching. Following treatment, parts
shall be quenched in fused salts, water, oil,
soluble oil solution, or air. Parts, except those
made of air-hardening tool steels, may be
cooled to 290 to 400 �C (550 to 750 �F) prior
to actual quenching, when permitted by the
purchaser.
Depth of compound layer shall be deter-

mined in accordance with SAE J423, micro-
scopic method, at magnification of 500�, as
indicated in Table 6.
Quality of Compound Layer. Any continu-

ous surface porosity present shall not extend
deeper than one-half the observed depth of
the compound layer, determined by examining
specimens metallographically at 500�
magnification.
Hardness of compound layer shall be

determined by microhardness measurements
in accordance with ASTM E 384 on the
nitrided surface or on metallographically

Fig. 19 Close-up view of a journal and V-block setup
ready for testing in a lubricant-testing

machine. Wear is indicated by a reduction or distortion
in the diameter of the journal as well as deformation of
the notch in the V-block. Courtesy of Falex Corporation

Fig. 18 Lubricant-testing machine incorporating a recorder to monitor the torque data used to determine wear life of the sample journal. The instrument provides both an
instantaneous readout of the torque via a digital display and a continuous permanent record of torque values during the test on a strip chart. Workpiece failure is

indicated by a torque rise of 1.1 N � m (10 lbf � in.) above the steady-state value or breakage of the shear pin, whichever failure criteria is reached first (per ASTMD 2625-83).
Courtesy of Falex Corporation

Table 4 Comparison of plain carbon steels wear tested prior to and following cyanide salt
bath nitrocarburizing

Condition of test
pieces and jaws

Testing
medium(a)

Applied load

Condition of test pieces Materialkgf lbf

Untreated SAE 30 oil 320 700 Scuffed En32 (0–15% C)
Untreated Water 270 600 Badly scuffed En32 (0–15% C)
Untreated Air 320 700 Scuffed En32 (0–15% C)
Untreated Air 205 450 Scuffed AISI 1045
Treated(b) SAE 30 oil Limit of gage,

1150
Limit of gage,
2500

No scuffing En32 (0–15% C)

Treated(b) Water 450 1000 Scuffed En32 (0–15% C)
Treated(b) Air 760 1675 No scuffing, became hot and

extruded
En32 (0–15% C)

Treated(c) Air 660 1450 Extruded AISI 1045

(a) Falex scuffing tests at 290 rpm in EN8 (0.4% C) jaws, 90 min running time. (b) Treatment 2, cyanide nitrocarburizing salt bath, with sulfur pres-
ent as an accelerator. (c) Treatment 1, cyanide nitrocarburizing salt bath

* Adapted from AMS 2753A (Jan 1985)
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prepared cross sections of the nitrided case
using Knoop or another appropriate hardness
tester, as agreed upon by purchaser and vendor
(see Table 7).

Appendix 2*—Liquid
Salt Bath Nitriding

Nitriding salts shall consist of a mixture of
sodium and potassium cyanide and other salts.
Salt Bath. The cyanate, cyanide, and iron

contents of the bath shall be controlled within
percentages by weight:

Content

Concentration, %

min max

Cyanate determined as KNCO 42 50
Cyanide determined as KCN 45 50
Iron determined as Na4Fe(CN)6 0.20

Nitriding. Parts shall be immersed in an aer-
ated cyanide-cyanate bath as indicated in
Table 8.
Quenching. Following treatment, the parts

shall be quenched in water, oil, soluble oil
solution, or air. Parts, except those made
of air-hardening tool steels, may be cooled
to 290 to 400 �C (550 to 750 �F) prior to
actual quenching, when permitted by the
purchaser.
Depth of case shall be determined in accor-

dance with SAE J423 (microscopic method) at
500� magnification as indicated in Table 9.
Case Quality. Any surface porosity present

shall not extend deeper than one-half the
observed depth of the compound layer, deter-
mined by examining specimens metallographi-
cally at 500� magnification.
Case hardness shall be determined by

microhardness measurements in accordance
with ASTM E384 on the nitrided surface
or on metallographically prepared cross sec-
tions of the nitrided case using Vickers,
Knoop, or another appropriate hardness tes-
ter, as agreed upon by purchaser and vendor
(see Table 10).

Table 5 Recommended procedures for liquid salt bath nitriding in noncyanide baths

Material

Recommended time, h Temperature

min max �C �F

Carbon and low-alloy steels 1 2 580 þ� 5 1075 þ� 10
Tool and die steels (structural) ½ 3 540–580 1000–1075
Tool steels (cutting) ½ 1 540–580 1000–1075
Corrosion- and heat-resistant steels 1 2 580 þ� 5 1075 þ� 10
Ductile, malleable, and gray cast iron 1 4 580 þ� 5 1075 þ� 10
Powder metal products (ferrous) ½ 2 580 þ� 5 1075 þ� 10

Table 6 Depth of compound layer after
liquid salt bath nitriding in a noncyanide bath

Material

Case depth(a)

mm in.

Carbon and low-alloy steels 0.0038–0.02 0.00015–0.001
Tool and die steels
(structural)

0.003–0.012 0.0001–0.0005

Tool and die steels (cutting) . . . 0.003 . . . 0.0001
Corrosion- and heat-
resistant steels

0.0038–0.02 0.00015–0.001

Ductile, malleable, and gray
cast iron

0.0038–0.02 0.00015–0.001

Powder metal products
(ferrous)

0.0038–0.02 0.00015–0.001

(a) Ranges show minimum and maximum case depth.

Table 7 Hardness of the compound layer
obtained after liquid salt bath nitriding in a
noncyanide bath

Material
Hardness, min

(HK at 100 gf load)

Carbon steels 300
Low-alloy steels 450
Tool and die steels 700
Corrosion- and heat-resistant steels 900
Ductile, malleable, and gray cast iron 600
Powder metal products (ferrous) 600

Table 8 Recommended procedures for liquid salt bath nitriding in cyanide-cyanate baths

Material

Recommended time, h Temperature

min max �C �F

Carbon and low-alloy steels 1 2 570 þ� 5 1060 þ� 10
Tool and die steels (structural) ½ 3 540–570 1000–1060
Tool steels (cutting) ½ 1 540–570 1000–1060
Corrosion- and heat-resistant steels 1 2 570 þ� 5 1060 þ� 10
Ductile, malleable, and gray cast iron 2 4 570 þ� 5 1060 þ� 10
Powder metal products (ferrous) ½ 2 570 þ� 5 1060 þ� 10

Table 9 Depth of case measurements
obtained following liquid salt bath nitriding
in cyanide-cyanate baths

Material

Case depth

mm in.

Plain carbon and
low-alloy steels

0.004–0.03 0.00015–0.001

Tool and die steels
(structural)

0.003–0.0 0.0001–0.0005

Tool and die steels
(cutting)

. . . 0.003 . . . 0.0001

Corrosion- and heat-
resistant steels

0.004–0.03 0.00015–0.001

Ductile, malleable,
and gray cast iron

0.004–0.03 0.00015–0.001

Powder metal
products (ferrous)

0.004–0.03 0.00015–0.001

(a) Ranges show minimum and maximum case depth.

Table 10 Hardness of the compound layer
obtained after liquid salt bath nitriding in a
cyanide-cyanate bath

Material
Hardness, min

(HK at 200 gf load)

Plain carbon steels 300
Low-alloy steels 450
Tool and die steels 700
Corrosion- and heat-resistant steels 900
Ductile, malleable, and gray cast iron 600
Powder metal products (ferrous) 600

* Adapted from AMS 2755C (April 1985). Process also
referred to as the “Tufftride” process
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Plasma (Ion) Nitriding and
Nitrocarburizing of Steels
Jan Elwart and Ralph Hunger, Bodycote

Introduction

Plasma nitriding (also known as ion nitriding,
plasma ion nitriding, or glow-discharge nitrid-
ing) is a method of surface hardening using
glow-discharge technology to introduce nascent
(elemental) nitrogen to the surface of a metal
part for subsequent diffusion into the material.
The key difference between gas and ion nitriding
is the mechanism of delivering nascent nitrogen
into the surface of the workpiece. High-voltage
electrical energy is used to form a low-pressure
ionized gas (or plasma) containing nitrogen ions
that are accelerated to impinge on the workpiece.
This ion bombardment heats the workpiece,
cleans the surface, and supplies atomic nitrogen
to the surface. As a variant of steel nitriding,
the nitrocarburizing of steel (Ref 1) also is done
by the plasma method.
Ion nitriding, when compared to conven-

tional (gas) nitriding, offers more precise con-
trol of the nitrogen supply at the workpiece
surface. Other advantages of ion nitriding are:

� Improved control of case thickness
� Better control of nitriding potential and

elimination of nitride networks
� Lower temperatures (as low as 375 �C, or

700 �F, due to plasma activation)
� Lower distortion
� No environmental hazard (freedom from

using ammonia)
� The capital cost of the equipment is higher

than for gas nitriding, but this can be offset
by better plant utilization due to faster pro-
cess cycles and more repeatable metallurgy.

� Reduced energy consumption
� Ability to automate the nitriding process in

production lines and integrate into cell
manufacture

� Ability to shield areas where nitriding is not
desired by simple mechanical masking or
protective pastes

Limitations of ion nitriding include:

� Inhomogeneous plasma distribution
� Limited temperature control
� Expensive equipment

Localized overheating and the potential
for arcing also are limitations for conventional
ion nitriding, where the workpieces are sub-
jected to very high voltages to create heating
from plasma conditions on the part surface.
This problem is mitigated by pulsed direct-
current plasma generators with auxiliary (exter-
nal) heating of the furnace. The relatively
recent development of active-screen plasma
nitriding (Ref 2), where the plasma is generated
on a screen surrounding the parts, also
offers improved temperature control and more
effective application of plasma nitriding
of more intricate parts or varied workloads
(Ref 3, 4).

Process History and Developments

The systematic investigation into the effect
of nitrogen on the surface properties of steel
began in the early part of the 20th century
with the independent investigation of gas
nitriding. Adolph Machlet (American Gas
Company, Elizabeth, NJ) was granted a U.S.
patent in 1913 for nitriding steels and cast iron
at temperatures above 480 �C (900 �F) in
ammonia. However, the monumental work of
Dr. Adolph Fry (Krupp Works, Essen, Ger-
many) was the key in developing special alloy
steels (containing specifically aluminum) for
case hardening. The so-called Nitralloy steels
were derived from Fry’s work and patent in
1921.
The plasma technique for nitriding was

first investigated as a metallurgical processing
tool by German physicist Dr. Wehnheldt
(1871–1944), who postulated that weak glow
discharge could be developed into glow dis-
charge with high current density for industrial
use (Ref 5). However, he was unable to control
it as a nitriding process due to the instability of
the glow discharge—referred to as a lumina
storm, such that the discharge dances away
from the high-voltage cathode. Dr. Bernhard
Berghaus (1896–1966) picked up Wehnheldt’s
idea and successfully developed the process
with a team of forty scientists, engineers, and

technicians at a research and development lab
in Berlin (Ref 5).
The process developed by Berghaus was

patented in Germany (Ref 6) and used as an
alternative to gas nitriding in Germany during
the time period of 1934 to 1943. The first
practical applications were gearings and gun
barrels several meters in length. Berghaus
(Fig. 1) later settled in Zürich to escape
Nazi persecution. Over the period 1957
to 1967, the German company Gesellschaft
zur Förderung der Glimmentledungforschung,
funded by the Regional Government of
Norderhein-Westfalen, undertook research
into the physics, chemistry, and metallurgy
of glow-discharge plasmas. The plasma tech-
nique also arrived in the United States during
the 1950s, with General Electric as one of the
first U.S. companies to recognize the usefulness
of the process on a wide variety of materials
(Ref 7).
Ionon, a private company owned by Ber-

ghaus in Köln, was responsible for the indus-
trial exploitation of the technology generated.
After the death of Berghaus, the process was
acquired by the Klöckner Steel group in 1967
and was commercialized in 1970 under the
name Klöckner Ionon. This technology formed
the basis of the international commercialization
of the technique (Ref 8). Thus, the first name in
common use was ion nitriding and also the term
ionitriding. To standardize the name within the
German Deutsche Industrie-Normen, it later
became plasma nitriding.
Direct-Current Plasma Nitriding (1970–

1980). The first industrial-designed-sized fur-
naces by Klöckner Ionon were cold-walled fur-
naces that used water to cool the furnace walls.
In comparison to other nitriding technologies,
the plasma method offered significant advan-
tages of lower operating costs (reduced con-
sumption of energy and gases), precise depths
of white layer compounds, and the nitriding of
stainless steels. Plasma nitriding also provided
safety and environmental benefits with no poi-
sonous gas emissions.
However, in the initial stages of furnace

building in 1970, modern electronic devices
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and computer systems were not available to
control the process. Therefore, the early plasma
nitriding systems required operator control with
a number of difficulties, including direct appli-
cation of plasma on the parts to be treated, the
risk of arcing, the so-called hollow-cathode
effect, and nonuniform temperature. These
issues required well-trained and highly skilled
operators.
Direct-current (dc) plasma nitriding systems

have a vacuum chamber, where the part to be
treated is placed on a conducting metal plate
(cathode) inside a metal chamber acting as the
anode of the system (Fig. 2). The chamber is
evacuated to a suitable low pressure, followed
by bleeding a controlled amount of gas (typi-
cally a mixture of N2 with some H2) until an
appropriate treatment pressure is obtained. High
voltage is applied to the cathode and the metal
part. Glow-discharge voltages are on the order
of 1000 V or perhaps more, depending on the
pressure and mixture of the gas. Hydrogen gas
is typically added to promote the cleaning
process.
Under the influence of this voltage, the

nitrogen gas is dissociated, ionized, and accel-
erated toward the workpiece (the cathode).
The positively charged nitrogen ion then
acquires an electron from the cathode (work-
piece) and emits a photon. This photon
emission during the formation of nitrogen ions
to their atomic state results in the visible
glow discharge (Fig. 3) that is characteristic
of plasma techniques. Upon impact with the
workpiece, the kinetic energy of the nitrogen
atoms is converted into heat, which can
completely (or in combination with an auxiliary
heating source) raise the load to nitriding
temperature.
Because the pressure is low, very little heat is

lost by convection from the part to the con-
tainer. If the glow completely covers the part,
the current is constant per unit area, resulting
in a very uniform case (Fig. 4). However,
cold-walled furnaces (with constant dc power
supplies) present several limitations that
include:

� Overheating, arcing, and edge effects due to
the large bias voltage applied to the
workpiece

� Difficulty in maintaining uniform tempera-
ture in components or workloads with differ-
ent mass or complex configurations

� Difficulty in nitriding closely adjacent sur-
faces (due to the hollow-cathode effect),
which places limits on the density of parts
in a workload and the nitriding of deep,
small-diameter holes

� High energy consumption to heat the part
from just plasma heating

Pulsed-Current Plasma Nitriding. Attempts
to address the shortcomings of dc plasma sys-
tems have involved the use of auxiliary heating
and the use of pulsed biased power. During the
mid-1970s, scientists at the University of

Fig. 1 Bernhard Berghaus in 1947 at his institute with a pit furnace developed for plasma nitriding of gun barrels.
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Fig. 2 Cold-walled plasma nitriding furnace and controls
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Aachen in Germany worked on better methods
of controlling the glow discharge and other
associated phenomena, such as arc discharging.
The procedure developed at Aachen was that of
pulsed-dc technology, which simply means
interrupted power to the point of power shut-
down. This technique offered many advantages

to process engineers in terms of control of the
nitriding procedure.
In the early 1980s, new pulsed plasma nitrid-

ing technologies emerged on the German mar-
ket and in Austria. The changes in the furnace
design with auxiliary heating systems and the
change from dc power supplies to pulsed-power

design improved temperature uniformity and
energy savings. The new technologies also
were much easier to handle for the operators.
In addition, new electronic devices and auto-

matic gas-flow controls, together with newly
developed computer systems, facilitated the
design of new furnaces and process improve-
ment, now offering some advantages compared
to the old technology, especially the electrical
energy consumptions. During the next 15 years,
this new type of furnace and process became
the industrial standard.
A pulsed-current ion nitriding system is

shown in Fig. 5. The parts to be nitrided are
cleaned, usually by vapor degreasing, loaded
into the vacuum vessel, and secured. The
subsequent process of plasma nitriding can be
broken down into four steps: vessel evacuation,
heating to nitriding temperature with or without
plasma, nitriding at temperatures, and a
subsequent cool-down step.
The pulsed-current ion nitriding system has

been partly successful in improving tempera-
ture control with parts of varying mass in a
load. However, applications are still limited to
relatively homogeneous loads, because high
voltage is still applied directly to the parts
being treated (Ref 11).
Active-Screen Plasma Nitriding. Active

screen invented in 1999 (Ref 2), is a technology
that has been developed and commercially used
in recent years. This is a technology that partly
resolves the difficulties of conventional plasma
nitriding in terms of temperature control, edge
effects, and the hollow-cathode effect (see
the section “Glow-Discharge Process” in this
article). This allows more capability to nitride
deep, small- diameter holes or to bulk load
many small parts close together within a furnace
load.
With the active screen, the plasma is no lon-

ger applied to the workload but rather to
a metallic screen that surrounds the parts
(Fig. 6). The parts to be nitrided are either
placed on a floating potential or a light bias is
applied. Under these conditions, plasma forms
on the screen and not on the parts. Therefore,
temperature control can be achieved by regulat-
ing the plasma power on the active screen. The
plasma heats up the active screen, and radiation
from the screen provides the heat that brings
components to the required temperature for
treatment. In this way, the whole workload
heats up to the correct nitriding temperature.
The screen also supplies the active species.

The plasma on the screen contains a mixture
of ions, electrons, and other active nitriding
species, which are then encouraged to flow
through the screen and over the workload by a
specially designed gas flow. The active-screen
method has the ability to treat parts with a large
range of geometries within one batch. As such,
very complex-shaped components can be trea-
ted. Because the plasma does not form on the
component surface, the arcing damage and the
edge effect can be eliminated. The active spe-
cies can even enter blind holes, producing

Fig. 3 Glow discharge during plasma nitriding. Source: Ref 9

Fig. 4 Uniform case from plasma nitriding. Source: Ref 10
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uniform modified layers on all parts of different
geometry and size in a heavily loaded chamber
(Ref 12, 13). In addition, the active-screen
plasma technique also provides the possibility
of treating nonelectrical-conducting materials
such as steel with an oxidized surface and poly-
meric materials that are unattainable with a
conventional dc plasma system (Ref 4).

Glow-Discharge Process

The mechanism of nitrogen atom production
and transfer from the medium to the component
surface is one of the principal differences
between plasma nitriding and gas or bath nitrid-
ing. Unlike conventional gas nitriding, the
nitriding potential of the low-pressure atmo-
sphere is essentially independent of the temper-
ature of the charge. Nascent (atomic) nitrogen
is ionized by the high voltage, such that elec-
trons are stripped from nitrogen atoms. The
electrons then accelerate toward the anode (fur-
nace wall), while the anions (positively charged
nitrogen ions) accelerate toward the cathode (or
workpiece, in the case of conventional and
pulsed-dc systems). Various mass-transfer
mechanisms occur during this process, but
atomic nitrogen enters the surfaces and com-
bines with iron and alloying elements as it dif-
fuses into the material.
Voltage-Current Conditions of Plasma

Glow Discharge. Gas atoms ionize at high
voltage. The breakdown voltage (VB) of a gas
depends on the gas pressure, gas composition,
and the distance (d ) between two parallel plates
(acting as the anode and cathode). The behavior
of breakdown voltage is described by Paschen
curves (Fig. 7), named after the person who
described this phenomenon. At a constant pres-
sure, the breakdown voltage becomes smaller
as the gap between the anode and cathode is
reduced, until a minimum is reached. After the

minimum, further reductions in the anode-cathode
gaps result in large increases in the breakdown
voltage. Alternatively, if the gap (d) is held con-
stant while the pressure (p) increases (from a vac-
uum), then the breakdown voltage first drops
dramatically as the gas pressure increases,
until the minimum is reached. After the mini-
mum is reached, further increases in pressure
result in a continuing increase of the break-
down voltage.

Ionization of a gas generates electrical cur-
rents, and the general voltage-current behavior
of an ionized gas is illustrated in Fig. 8. The
breakdown voltage (VB) is in the region of
corona discharge, where the initial onset of
glow discharge begins, as described further in
the following sections for the different regions
of plasma discharge. Each region of Fig. 8
represents different conditions or mechanisms
of current production from gas ionization.
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Fig. 6 Schematic of furnace configuration for active-
screen plasma nitriding

Fig. 5 Hot-walled plasma nitriding furnace. Examples of varying load configurations are illustrated in the chamber.
Courtesy of Plateg GmbH, Siegen, Germany

Fig. 7 Paschen curves of the breakdown voltage (VB) for various gases as a function of gas pressure (p) and separation
distance (d ) between the voltage plates
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Background Ionization Region. When voltage
is first applied to a gas and increased, the elec-
trons within that gas can be charged to the point
where an electrical ignition of the gas will occur.
This can be likened to the spark that occurs
when an automobile spark plug is charged with
high voltage. The air in the plug gap is electri-
cally charged to the point where a spontaneous
spark occurs. In the process chamber, the elec-
trons accelerate toward the anode, while positive
ions (anions) accelerate toward the cathode.
When the process voltage is increased, then an
increase of current density occurs.
Self-Maintained Region (Townsend Discharge).

As voltage increases, gas ionization progresses
into the next phase of Townsend discharge.
This region on the curve is the area in which
more electrons can be released by further gas
ionization, which generates even further gas
ionization. The area can be considered to be a
chain reaction and is thus referred to as a self-
maintained region.
Corona Discharge (Transition to Glow

Discharge). Corona discharge is an unstable
region indicating the beginning of glow dis-
charge. The discharge is unstable with high par-
tial discharge of current with drops in plasma
resistance. Current density increases with a
drop in voltage, and voltage stability cannot
be maintained within this region of the ioniza-
tion curve.
Subnormal Glow Discharge. In this region, a

more consistent and stable fuzzy glow occurs
over the surface of the cathode.
Normal Glow Region. This is the region

where the glow seam completely covers the
work. Its thickness will be determined by the
chamber vacuum pressure and the process
voltage.
Abnormal Glow Region ( for Nitriding). In

this region, the glow seam completely covers
the steel work surface uniformly, following
the geometric profile of the workpiece. This
is the region where process pressure is adjusted
to ensure penetration sufficient for current and
thickness of the glow seam to nitride blind
holes and cavities.
Arc Discharge Region. As the current density

increases, another unstable region of voltage
drop occurs, resulting in sharp increases in cur-
rent and arcing. Serious overheating, localized
melting, and pitting can occur. Arcing, similar
to a lightning strike, can be visible through
the sight glass of the process chamber.
Pressure and Gas Composition. According

to the Paschen curves (Fig. 7), the breakdown
voltage and thus the conditions for glow
discharge depend on the gas composition
and pressure. For example, if the N2 concentra-
tion of a gas mixture (with N2 to H2) is increa-
sed (while also keeping the voltage-control
setting fixed and the overall chamber pressure
fixed), then a reduction in the voltage bias
occurs. This decrease in bias voltage for a con-
stant current can be explained by a reduction
in plasma resistance as the ratio of N2 to H2

decreases.

Along with proper voltage, gas pressure is a
key variable in maintaining a suitable glow
seam. There is no ideal pressure value, but
there is a range in which the pressure can be
adjusted to suit the operating parameters of
the particular material and geometry. Higher
pressure generates a glow seam that goes within
a surface recess, while a lower pressure gener-
ates a glow seam that is foggier around features
of the cathode. Typical ion nitriding is gener-
ally performed at absolute pressure levels of
50 to 1000 Pa (0.007 to 0.14 psi).
Hollow-Cathode and Edge Effects. When

the part is the cathode and plasma is produced
directly on the surface of the part (as in conven-
tional and pulsed-dc systems), two important
effects are edge effect and the hollow-cathode
effect. The edge effect is due to electric-field dis-
tortions around the corners and edges of a part,
resulting in nonuniformity of the surface layer.
The hollow-cathode effect is another limita-

tion of conventional and pulsed-dc systems.

The hollow-cathode effect occurs when parts
are located close to each other, or if they have
adjacent surfaces (such as deep, small-diameter
holes) in close proximity. Closely adjacent sur-
faces can result in overlap of the discharge
regions of adjacent surfaces when the cathode
fall zone becomes as large as the separation
between two surfaces in close proximity with
each other (Fig. 9). In this situation, electrons
bounce back and forth, and the oscillations raise
plasma density, part temperature, and localized
overheating or even melting.
Active-screen plasma nitriding does not

have the problem of edge effects and the
hollow-cathode effect. Because the part is not
the cathode in active-screen plasma nitriding,
the problems of overheating and edge effect
are mitigated. Active-screen plasma nitriding
also allows parts to be placed in closer proxim-
ity or to have parts with more intricate geome-
tries (with adjacent surfaces in closer
proximity).
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Fig. 8 Voltage versus current characteristics of different types of discharge of an ionized gas (plasma)

Fig. 9 Hollow-cathode effect. Circled area will produce hollow-cathode effect as seen in the photo. Source: Ref 14
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Mass-Transfer Mechanisms. During the
glow-discharge process, different alloy or iron
atoms combine with the nitrogen as it diffuses
into the material, forming a hardened surface
and case. Several models have been proposed
in the past to explain the mass transfer during
plasma nitriding. The models include sputtering
and recondensation, nitrogen implantation, low-
energy NmHn

+ bombardment, nitrogen adsorp-
tion, and neutral and ion adsorption (Ref 15).
According to Li and Bell (Ref 15), the sputter-
ing and recondensation model appears to be
the most likely mechanism for nitrogen mass
transfer in both dc and active-screen plasma
nitriding.
In the sputtering-recondensation model of dc

plasma nitriding, iron atoms are sputtered
(detached) from the workpiece (cathode) from
the impact of accelerating ion species. The
detached iron atoms then enter the cathode
potential drop region and subsequently react
with active nitrogen in the plasma to form iron
nitride (Fig. 10). The iron nitride (FeN) parti-
cles then can be backscattered and deposited
on the cathode, which further can decompose
to cause the release of atomic nitrogen into
the iron ferritic lattice to form a case (Ref 16).
Reference 15 further proposes a similar process

for active-screen plasma nitriding, except that
the sputtering occurs from the active screen,
with backscattering causing the deposition and
decomposition of iron nitride on the workpiece
surface (Fig. 11).

Plasma Nitriding Furnaces

Plasma furnaces require an isolated hearth
(or support fixturing for workpieces) to ensure
electrical isolation between the anodic vacuum
vessel and the high voltage applied to either
the workpieces or the active screen as the cath-
ode surface. The isolated-hearth arrangement is
divided into three basic areas:

� High-voltage feed-through arrangement,
which carries the voltage through the vessel
wall while maintaining a good vacuum seal

� Load-support insulators, which carry the
actual load weight while providing good
dielectric qualities

� Charge plate or fixture, which has the work-
pieces placed on it or provides mechanical
masking if desired

In conventional plasma nitriding, sight ports
placed around the vessel provide a view of the
ion nitriding process and are necessary for
checking the load and ensuring that the selected
parameters are accurately maintained and that
no detrimental hollow-cathode disturbances
(overlapping glow-discharge envelopes) have
developed.
Vessel evacuation is performed by a combi-

nation of pumps such as rotary vane and root
pumps so that pressure is reduced to a level
below 10 Pa (0.0015 psi). This is necessary to
remove most of the initial air and any contami-
nants. Higher vacuum levels can be achieved
but are not necessary for most materials.
As noted, the method of load heating to the

nitriding temperature has evolved over the
years. In cold-walled furnaces, heat is generated
only by the plasma energy around the part.

A combination of wall heaters and gentle plasma
heating is the most common method used to
heat the work load. Today (2013), external
resistance heaters in hot-walled furnaces are
normally used to bring the load to nitriding
temperatures (375 to 650 �C, or 700 to 1200 �F)
with or without the help of glow discharge. Some
general process differences between cold-walled
and hot-walled (pulsed-dc) furnaces are listed
in Table 1.
During plasma nitriding, the temperature

inside the vessel may vary from 350 to
580 �C (660 to 1080 �F). After the glow-dis-
charge process, the voltage and process gas
flow are terminated, and the load is cooled.
Cooling is accomplished by backfilling with
nitrogen or other inert gases and recirculating
the gas from the load to a cold surface wall.
To improve the cycle time, a rapid cooling sys-
tem can be included.
Cold-Walled Plasma Furnaces. A cold-

walled furnace normally has no heating ele-
ments. In some cases, the furnace manufacturer
will design a furnace with supplementary ele-
ments to assist the plasma heating. These ele-
ments would most likely be found within the
furnace process chamber and usually are elec-
trically isolated to prevent them from being
nitrided.
The primary component of the cold-walled

furnace is constructed in much the same way
as a conventional vacuum furnace, consisting
of inner and outer vessels. The inner vessel, or
vacuum vessel, is usually fabricated from stain-
less steel, and the outer water jacket is usually
manufactured from carbon steel. A water-cooling
area between the two vessels conducts any
heat losses from the inner vacuum vessel to
the water and to a heat exchanger. The vessel
sidewall usually is fitted with a sight port for
observing the plasma conditions in the work
area. Electrical lines through the base feed
power to the cathode.
In cold-walled furnaces, heat is generated by

the kinetic energy developed from ionic bom-
bardment, and heating is controlled simply by

Fig. 10 Mass-transfer mechanisms during ion nitriding
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Fig. 11 Mass-transfer mechanisms during active-screen ion nitriding. Adapted from Ref 15
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voltage and current density regulation. Heating
of loads from the glow-discharge process can
present some difficulty, because moisture and
other impurities on the work surface tend to
cause arcing to the parts in the initial stages of
the heating cycle. The methods to extinguish
or prevent arcs also lengthen the heating cycle
significantly.
Hot-Walled Plasma Pulsed-dc Furnaces.

Resistance heaters in hot-walled furnaces are
normally used to bring the load to nitriding
temperatures (375 to 650 �C, or 700 to 1200 �F),
with or without the help of glow discharge.
The vessel vacuum chamber is usually a hot-
walled design (Fig. 12), but dual-walled and
water-cooled designs are sometimes used. The
vessel can be horizontally or vertically loaded
in a drop-bottom, pit, or bell arrangement. Typi-
cally, no internal insulation is required because
of the lower temperature (less than 650 �C, or
1200 �F) and the desire to create sufficient heat
loss to support a steady dc power supply output
to the workload.
Sputter cleaning is done in hot-walled fur-

naces before nitriding. After the chamber is
evacuated to the appropriate vacuum level, the
process chamber is backfilled with hydrogen
gas, and the external heating elements are
switched on to heat the workload, which is
heated by convection. Once the process temper-
ature has reached approximately 230 �C (450 �F),
the sputter cleaning procedure begins as hydro-
gen ions atomically blast the workpiece sur-
faces, a more thorough and effective method
than aqueous cleaning. Holding time at the
sputter-clean temperature is determined by the
initial surface cleanliness but generally is not
more than 20 to 30 min. If the workpiece sur-
faces are badly contaminated, a gaseous mix-
ture of up to 10% argon and 90% hydrogen
should be used. To avoid surface etching, do
not use more than 10% argon in the mixture.

Process Control

Modern ion nitriding systems use microproces-
sor systems that control or monitor parameters
such as work temperature, vessel wall tempera-
ture, vacuum (absolute pressure) level, plasma
parameters, auxiliary heating source, and gas-
mix composition. The supply of active ions is
determined largely by the discharge parameters
of voltage and current. This capability has a
number of unique advantages; for example,
materials that would lose their core strength
under conventional nitriding conditions can be
ion nitrided and still maintain core strength if
the nitriding temperature is below the temper

temperature. This also reduces distortion con-
siderably. Depending on the desired layer com-
position and case depth, process temperatures
range from 530 to 570 �C (990 to 1060 �F)
for times from 3 to 40 h.
The thickness of the glow seam can be

altered by pressure, temperature, mixture of
gas composition, dc voltage, and current. Typi-
cally, a large or thick glow envelope is created
with higher temperature, lower pressure, high
hydrogen concentration of the gas composition,
and higher dc voltage and current. Under nor-
mal conditions, 6 mm (0.25 in.) thick glow dis-
charge is desirable unless conditions exist
with small bores or gaps; in such cases, a

Table 1 General features of cold-walled and hot-walled plasma nitriding furnaces

Feature Cold wall, constant direct current Hot wall, pulsed direct current

Starting temperature of
glow discharge

Room temperature At a suitable elevated temperature, usually approximately 200 �C (400 �F)

Plasma current
requirement for
workpiece heating

Approximately 5 mA/cm2 to that of sufficient heating Approximately 0.2 mA/cm2 with auxiliary heating

Workpiece voltages for
heating

Higher current requires high voltages, which increases the risk of arcing or
localized overheating. General voltages of the cold-walled constant direct-
current system are approximately 600 to 800 V. Risk of arcing at 700 kV

Input voltage is not as high (400 to 500 V) away from the arc-discharge region.
Hot-walled furnaces also use partial-pressure conditioning with hydrogen or
nitrogen as a thermal-conductance gas.

Heating time Usually more time for heatup than hot wall Can be approximately 15 times faster than cold wall
Voltage control during
glow discharge

Applied voltage is constant. This makes temperature control more difficult (see
text for Fig. 16). A change in voltage to reduce temperature changes current
density and the cathode-fall voltage distance (glow seam).

With a pulsed voltage, high voltage can be used without risk of overheating or
arc discharge. Sensitivity to variations in conditions for proper glow-seam
conditions is easier to control.

Heating up of the furnace
wall (anode)

Scattered electrons heat the furnace wall (anode), and water cooling of the
furnace wall is needed.

Wall temperatures can safely go up to temperatures of approximately 650 �C
(1200 �F) without concern of a heat buildup. External blowers control wall
temperatures.

Glow seam in deep blind
holes

Higher pressure required for glow seam in deep holes, but increasing the
operating pressure causes a corresponding increase in current density,
followed by an increase in part surface temperature.

With the same pressure-temperature combination as a constant direct-current
system, the hot-walled/pulsed system maintains sufficient plasma power by
varying the duty cycle (pulse variation), even with a changing voltage and
current density.

Adapted from Ref 17

Fig. 12 Hot-walled plasma nitriding furnace. Arrows indicate air blowers that cool the external wall of the vessel.
Courtesy of Plateg GmbH
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thinner glow envelope is desirable to prevent
local overheating. A uniform glow-discharge
envelope also is necessary for proper case uni-
formity, especially when part geometry is
complex.
Case depth depends on the nitriding current

(proportional to the nitrogen ion flux), tempera-
ture, and process time. For the same processing
time, case depth attained with ion nitriding is
higher than gas nitriding. For example, Fig. 13
shows the results of case depth versus treatment
time for AISI 4140 steel ion nitrided at 510 �C
(950 �F) and gas nitrided at 525 �C (975 �F).
Similar results also are achieved with Nitralloy
135M steel. As in gas nitriding, higher case
depth is obtained with AISI 4140 steel than
with Nitralloy 135M. However, Nitralloy
135M produces higher surface hardness. Simi-
lar to gas nitriding, time for ion nitriding varies
with case depths and material. Figure 14 depicts
the time required for different case depths and
two gear materials.
Atmosphere and Pressure Control. After

the workload is heated to the desired tempera-
ture, process gas is injected at a flow rate deter-
mined by vessel size and surface area of the
load. A gas-mixing panel is used for blending
gases. The process gas is normally a mixture
of nitrogen, hydrogen, and, at times, small
amounts of methane or argon. In the presence
of this process gas, the load (or screen in
active-screen nitriding) is maintained at a high
negative dc potential.
The nitrogen-hydrogen ratio determines the

composition of the compound layer:

� With H2 < N2 (at ratios of 1:3 or 1:4), the
compound layer is � (Fe2–3N).� With H2 > N2 (at a ratio of 3:1), the com-
pound layer is g0 (Fe4N).� With H2 >> N2 (at a ratio of 8:1), there is
no compound layer.

A typical composition for a g0 compound
layer would be 75% H and 25% N. For � com-
pound layer only, a typical gas mixture would
be 70% N, 27% H, and 3% methane. The mix-
ing is usually done automatically by mass-flow
controllers.

Control is accomplished in two stages. First,
the amount of gas inlet is controlled by mass
flow controllers and provides a constant gas
flow. A butterfly valve on the evacuation line
between the vessel and the vacuum pump con-
trols the amount of gas being evacuated until
the desired pressure setpoint is met.
As noted, pressure is one of the principal

areas of control, along with proper voltage to
create plasma discharge. Once sufficient glow-
discharge conditions occur, the process pressure
ensures penetration of blind holes and cavities
(Fig. 15). If pressure is too low, the glow is
too broad to follow contours of the surface. If
the pressure is too high, then the glow seam
on the cathode will become intermittent, thus
requiring a higher voltage to maintain adequate
glow discharge. However, higher voltages
increase the risk of arcing in both conventional
dc and pulsed-dc systems.
Part Temperature. Perhaps even more

important than control of process temperature
is control of part temperature. Many factors
within the furnace chamber influence tempera-
ture uniformity, and therefore, part temperature
must be monitored. The part and process tem-
perature are measured by considering the thin-
nest part and the thickest part within the process
chamber. Part temperatures are usually held to
within a tolerance band of �5 �C (10 �F). If a
thermocouple cannot be attached to the work-
piece, then it should be attached to dummy
test coupons that are representative of the
workpiece cross-sectional area and the mate-
rial being treated. Radiation thermometers also
may be used to monitor part temperature, even
in the case of active-screen nitriding (Fig. 16).
Power-Supply Controls. Plasma nitriding

power supplies must provide an output voltage
from 0 to 1000 V. Typical current ratings range
from 25 to 500 A (dc), depending on the size of
the vessel and workload. The four major func-
tions of the power supply for both constant-dc
and pulsed-dc systems are:

� Create glow-discharge conditions, shown in
Fig. 8

� Ensure good temperature uniformity within
the workload area

� Heat the workload
� Prevent arc-discharge conditions

With a conventional dc power supply, fulfill-
ment of the aforementioned conditions is some-
what limited, because the first three conditions
are linked together. Figure 17(a) schematically
shows the power characteristics of a continuous
dc power supply for plasma nitriding. The gap
for nitriding glow discharge is between the
lines Pmin and Pmax, and the power of the
plasma, Pplas, must be between these values.
The area below the line Ptemp is equal to the
energy input necessary to balance the energy
losses of the system and to hold the temperature
in the workload at the desired value.
Controlling plasma power to maintain adequate
temperature thus is difficult with mixed loads of
different part geometries and sizes.
Pulsed-dc plasma systems offer a better

method of temperature control. In pulsed
systems, the time between pulses is varied to
balance the energy losses and provide sufficient
power (Ptemp) to maintain temperature. By
this method, the temperature adjustment is
separated from the other process parameters.
Typical pulse-time values are between 5 and
100 ms, while pause time can vary between
5 and 200 ms (Ref 20). The sum of the areas
under each pulse is equal to the area under the
line Ptemp (Fig. 17b). The ratio of pulse to pause
is variable over a wide range to control the
power input by the plasma in the workload,
so that it will be possible to use an auxiliary
heating system (such as external heating) for
better temperature control within the process
chamber.
Arc Detection and Suppression. Modern

plasma generators with fast arc detection and
suppression are able to handle the unstable con-
ditions at process initiation. As noted, arcing can
occur because the glow-discharge process causes
the removal of surface impurities, which are
always present. The impurities are removed in
the form of an arc, in which there is a sudden
decrease in voltage and increase in current.
Because of this, both minimum and maximum
current levels and voltage rate of change (dV/dt)
and voltage/current relationships (slope) must
be constantly monitored. When an arc is detected,
the power output is momentarily switched
off within microseconds to avoid any possible
damage.

Fig. 13 Comparison of case depth vs. process time for
ion and gas nitriding of 4140 steel. Source:
Ref 18

Fig. 14 Case depth vs. square root of ion nitriding
time for Nitralloy 135M and 4140 steel.
Source: Ref 18

Fig. 15 Effects of gas pressure on the glow seam
during plasma nitriding
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Case Structures and Formation

The case structure of nitrided steel includes a
diffusion zone with or without a compound
zone (Fig. 18). The compound zone is
the region where the g0 (Fe4N) and � (Fe2–3N)
intermetallics are formed. Because carbon in
the material aids � formation, methane is
added to the process gas when an �-layer is
desired. The compound layer is called a
white layer because it appears white on a
polished, etched cross section under a metallo-
graph. The hardness of the white layer is essen-
tially independent of alloy content, because its
constituents are only compounds of iron and
nitrogen.
Case structure depends on the type and con-

centration of alloying elements and the time-
temperature exposure of a particular nitriding
treatment. Because the formation of a

compound zone and/or a diffusion zone
depends on the concentration of nitrogen, the
mechanism used to generate nascent nitrogen
at the surface of the workpiece obviously
affects the case structure.
In conventional gas nitriding, the nascent

nitrogen is produced by introducing ammonia
(NH3) to a work surface that is heated to at least
480 �C (900 �F). Under these conditions, the
ammonia, catalyzed by the metal surface, dis-
sociates to release nascent nitrogen into the
work and hydrogen gas into the atmosphere of
the furnace. The nitriding potential, which
determines the rate of introduction of nitrogen
to the surface, is determined by the NH3 con-
centration at the work surface and its rate of
dissociation.
In contrast, ion nitriding allows the use of

nitrogen gas (N2) instead of ammonia, because
the gas dissociates to form nascent nitrogen

under the influence of the glow discharge.
Therefore, the nitriding potential can be accu-
rately controlled by the regulation of the N2

content in the process gas. This allows more
precise determination of the composition of
the entire nitrided case. Ion nitriding allows
selection of a monophase layer of either � or
g0 or total prevention of white-layer formation
(Fig. 19).
Diffusion Zone of a Nitrided Case. The

diffusion zone of a nitrided case can best be
described as the original core microstructure
with some solid solution and precipitation
strengthening. In iron-base materials, the nitro-
gen exists as single atoms in solid solution at
lattice sites or interstitial positions until the
limit of nitrogen solubility (ffi0.4 at.% N) in
iron is exceeded. This area of solid-solution
strengthening is only slightly harder than the
core. The depth of the diffusion zone depends
on the nitrogen concentration gradient, time at
a given temperature, and the chemistry of the
workpiece.
As the nitrogen concentration increases

toward the surface, very fine, coherent precipi-
tates are formed when the solubility limit of
nitrogen is exceeded. The precipitates can exist
both in the grain boundaries and within the lat-
tice structure of the grains themselves. These
precipitates, nitrides of iron or other metals,
distort the lattice and pin crystal dislocations
and thereby substantially increase the hardness
of the material.
In most ferrous alloys, the diffusion zone

formed by nitriding cannot be seen in a metal-
lograph with standard etching methods because
the coherent precipitates are generally not large
enough to resolve. In Fig. 20, for example, mar-
tensite in the diffusion zone cannot be visually
distinguished from that in the core. In some
materials, however, the nitride precipitate is so
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Fig. 17 Power characteristics during (a) continuous direct-current (dc) plasma nitriding and (b) pulsed-dc plasma nitriding. Abnormal glow discharge (Fig. 8) occurs between Pmin

and Pmax. The power required for plasma nitriding (Pplas) is in this region. The time-average power required to maintain the workload at desired temperature is Ptemp.
During pulsed-dc operation (b), the pulse widths are constant and short enough to prevent arcing. The duration of pauses between pulses is varied to control temperature, such
that the area under the pulses is equal time-average power (Ptemp) to maintain the workload at desired temperature. Source: Ref 17
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extensive that it can be easily seen in an etched
cross section (Fig. 21). For stainless steel and
standard nitriding processes, the area of chro-
mium precipitates can be seen in an etched
microsection due to the loss of corrosion resis-
tance compared to the stainless-base material
(Fig. 22).

Workpiece Factors

In general, the response of a material to
nitriding depends on the presence of strong
nitride-forming elements. Plain carbon steels
can be nitrided, but the diffused case is not
significantly harder than the core. The strongest
nitride formers are aluminum, chromium, moly-
bdenum, vanadium, and tungsten.
The premier nitriding steels are the Nitralloy

series, which combine approximately 1 wt% Al
with 1.0 to 1.5 wt% Cr. Other alloys that form
excellent diffused cases are the chromium-bearing
alloys, such as the SAE 4100, 4300, 5100, 6100,
8600, 8700, 9300, and 9800 series. Other good
nitridingmaterials includemost tool and die steels,
stainless steels, precipitation-hardening alloys,
nickel-base alloys, and titanium.
Parts made by powder metallurgy (PM) can

also be ion nitrided, but precleaning is more
critical than with wrought alloys. A baking
operation should precede ion nitriding PM parts
to break down or release agents and/or to evap-
orate any cleaning solvents.
Effect of Prior Microstructure. As with

other diffusion methods, the initial microstruc-
ture can also influence the response of a mate-
rial to nitriding. In the case of alloy steels, a
quenched and tempered structure is considered
to produce optimum nitriding results. The
tempering temperature should be 15 to 25 �C
(30 to 50 �F) above the anticipated nitriding

temperature to minimize further tempering of
the core during the nitriding process.
If the nitriding of a nonmartensitic matrix is

desired, it is important that prior heat treatment
be accompanied by fast cooling to provide a
relatively low-temperature austenite transfor-
mation and retain a high percentage of the
nitride-forming element in solution for
subsequent precipitation.
Hardness profiles for typical ion-nitrided

alloys are shown in Fig. 23. The hardness
increase of an ion-nitrided layer is virtually the
same as for any nitriding process with the same
nitrogen concentration profile. As previously
mentioned, the hardness of the diffused case
depends on precipitation hardening, while that
of the white layer depends on the type and
thickness of the compound formed. Because
the white layers are compounds of only iron
and nitrogen, the hardness of these layers is
essentially independent of alloy content.
White-Layer Properties. In general, case

depth and white-layer composition should be
selected for the predicted operating conditions
of the nitrided component. The �-layer is best
for wear and fatigue applications that are

Fig. 20 Compound layer on the ion-nitrided surface of
quenched and tempered 4140 steel. The

compound layer is supported by a diffused case, which is
not observable in this micrograph. Nital etched. Original
magnification: 500�
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Fig. 19 Typical gas compositions and the resulting metallurgical configurations of ion-nitrided steel

Fig. 21 Observable diffusion zone on the unetched
(white) portion of an ion-nitrided 416 stainless
steel. Nital etched. Original magnification:
500�

Fig. 22 Nitrided austenitic stainless steel AISI 304
(570 �C, or 1060 �F; 58 h). Nital etched.
Original magnification: 500�

Fig. 18 Factors affecting the microhardness profile of
a nitrided steel. The hardness of the

compound zone is unaffected by alloy content, while
the hardness of the diffusion zone is determined by
nitride-forming elements (Al, Cr, Mo, Ti, V, Mn). DX is
influenced by the type and concentration of alloying
elements; DY increases with temperature and decreases
with alloy concentration.
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relatively free of shock loading or high loca-
lized stresses. The g0-layer is somewhat softer
and less wear resistant but is tougher and more
forgiving in severe loading situations. The
white layer also provides increased lubricity.
In addition to mechanical properties, the white
layer, which is relatively inert, provides
increased corrosion resistance in a variety of
environments.
Fatigue strength, in addition to hardness and

wear resistance, is significantly improved by
nitriding (Fig. 24). The formation of precipi-
tates in the diffused case results in lattice
expansion. The core material, in an attempt to
maintain its original dimension, holds the
nitrided case in compression. This compressive
stress essentially lowers the magnitude of an
applied tensile stress on the material and thus
effectively increases the endurance limit of
the part.

Ion Nitriding Applications

Various alloy steel and cast iron wear com-
ponents, including gears, crankshafts, cylinder
liners, and pistons, are excellent candidates for
the plasma nitriding process. In general, case
depth and white-layer composition should be
selected for the anticipated operating conditions
of the nitrided component.
Components used in fuel injection systems

experience erosive wear from the fuel and
fatigue from rapid cycling of fuel pressure.
Ion nitriding greatly enhances the resistance to
both of these effects.

The increased lubricity of white layers com-
bined with hardness and fatigue strength has
generated significant growth of the ion process
in the tool and die industry. Hot work dies,
which usually fail by thermal fatigue and stick-
ing, have particularly benefited from ion nitrid-
ing following quenching and tempering. Also,
nitriding of cast iron stamping will replace the
environmental-critical process of hard chrome
plating.
Low-temperature nitriding processes are used

to improve mechanical properties of stainless
steel, such as resistance against cold welding
or improvement of wear resistance. Applica-
tions can be found in the oil and gas industry,
for example, ball valves, or in general industrial
applications, such as nitrided threads for nuts
and bolts, in order to prevent cold welding
effects.
Because ion nitriding is essentially a line-

of-sight process, it is possible to mask using
simple physical shields to interrupt the flow
of nitrogen-species ions. For example, the
end of a shaft can be masked by simply plac-
ing a loose-fitting sheet metal can around
it. Thus, areas of a part that may need to
stay soft either for further machining or for
welding can easily be maintained in a nonni-
trided condition.
Sputtering and Ion Nitriding of Stainless

Steels. Ion nitriding has a strong advantage
over competing processes in the case of stain-
less steels, particularly austenitic or 300-series
materials. The chromium oxide passive layer
on the surface of these materials represents a
barrier to nitriding and must be removed prior
to processing. With the gas nitriding of stainless
steels, several processes, such as wet blasting,
pickling, and chemical reduction, have been
developed to remove the oxide. With ion nitrid-
ing, however, this passive layer can be removed

by sputtering hydrogen and argon in the vessel
itself just prior to introducing the process gas.
However, sputtering is detrimental to surface
quality needed on medical parts, for example.
When good corrosion resistance is needed,

precipitation of chromium nitrides and the loss
of corrosion resistance can be avoided by
selecting appropriate treatment parameters,
especially lower temperatures and longer treat-
ment times.
Alternative to Carbonitriding for Dimen-

sional Control. Ion nitriding has become a
replacement for carbonitriding in some cases.
The growing demand in the industry for dimen-
sional control and reduction or elimination of
machining after heat treatment is the driving
force for enhancement of ion nitriding.
The distortion of carbonitrided parts occurs

in three ways:

� Heating to the austenitic range relieves
residual stress.

� Oil quenching introduces high thermal stres-
ses and some localized plastic deformation.

� The expansion of the case during martensite
formation can cause some part distortion.

Ion nitriding can be performed at tempera-
tures much lower than for carbonitriding, which
minimizes the amount of residual stress
relieved. Because loads are gas cooled, they
do not experience distortion from temperature
gradients or martensite formation.
Duplex Processes. When used in combina-

tion with physical vapor deposition (PVD)
coatings such as TiN, TiAlN, or CrN, nitriding
has been found to sufficiently improve adhe-
sion of PVD layers as well as significantly
improve tribological properties of PVD coat-
ings by helping the base material to provide
better adhesion for the coating. Nitriding and

Fig. 23 Hardness profile for various ion-nitrided
materials. 1, gray cast iron; 2, ductile cast

iron; 3, AISI 1040; 4, carburizing steel; 5, low-alloy
steel; 6, nitriding steel; 7, 5% Cr hot-worked steel; 8,
cold-worked die steel; 9, ferritic stainless steel; 10, AISI
420 stainless steel; 11, 18-8 stainless steel Fig. 24 Effect of nitriding on fatigue strength
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coating can be done in one installation but is
also often done in two steps on different instal-
lations. It is critically important to maintain
good control of the plasma nitriding process
to prevent the formation of a compound layer
that will negatively influence the adhesion of
the PVD coating.

Plasma Nitrocarburizing*

Plasma nitrocarburizing is, in essence, a var-
iant of the plasma nitriding method. Mixtures of
hydrogen, nitrogen, and a carbon-bearing gas,
such as methane or carbon dioxide, are used
for the nitrocarburizing process, which is car-
ried out at 570 �C (1060 �F) to produce a com-
pound layer of >5 mm and a surface hardness
of �350 HV (Ref 21). The microprocessor-
controlled unit ensures that the treatment sche-
dules are undertaken in the correct sequence.
Following nitrocarburizing, the workpieces are
allowed to cool under controlled vacuum
conditions.
In terms of metallurgy, the monophase

�-structure is strongly preferred with respect
to the tribological properties of nitrocarburized
steels. Unlike gas and salt bath nitrocarburiz-
ing, plasma nitrocarburizing has had problems
with controlling the quality and character
of the compound layer structure to achieve
the monophase �-carbonitride on a regular
basis (Ref 22). Accordingly, with plasma
nitrocarburizing the compound layer usually
consists of �- and g0-phases for low-carbon-level
atmospheres.
Under equilibrium conditions of gas nitrocar-

burizing, increasing the carbon level in the

atmosphere should produce the monophase
�-structure. However, under nonequilibrium ther-
modynamic conditions prevailing in the glow-
discharge plasma, an increase in the carbon
level does not automatically produce a 100%
�-structure, and yet cementite does appear
above a certain limit of the carbon level (Ref
23). Laboratory studies using methane as the
source of carbon in the plasma gas have shown
that some stabilization of the �-phase is possi-
ble, but above a certain limit (depending on
the substrate materials), the cementite always
appears and soot formation is difficult to pre-
vent. The use of controlled additions of
oxygen-bearing gases to reduce the activity of
carbon has shown some promise in stabilizing
the �-phase, and the kinetics of compound layer
growth are increased.
Experiments using 90% nitrogen/hydrogen

atmospheres with controlled additions of car-
bon dioxide (up to 2.5%) have been carried
out at 570 �C (1060 �F) for 2 h (Ref 24). It
was found that:

� With pure iron, increasing the carbon diox-
ide stabilized the �-phase, and an essentially
monophase �-structure was formed at 1%
carbon dioxide level (Fig. 25a, b). A further
increase in carbon dioxide level to 2% led to
the formation of surface oxides.

� With plain carbon steel, increasing the car-
bon dioxide level again stabilized the
�-phase, but a mixture of the �- and g0-phases
was invariably present (Fig. 26a, b).

� With a low-alloy chromium-bearing steel,
EN40B (0.20 to 0.28% C, 0.10 to 0.35%
Si, 0.45 to 0.70% Mn, 3.0 to 3.5% Cr,
0.45 to 0.65% Mo), the g0-phase was

suppressed by even 0.5% carbon dioxide,
but cementite compounds were invariably
formed (Fig. 27a, b)

These controlled laboratory experiments
clearly illustrate the lack of tolerance of
the plasma nitrocarburizing process to minor
variations in atmosphere condition. Accord-
ingly, current industrial plasma nitrocarburiz-
ing practice, although meeting engineering
mechanical property specifications, can be
anticipated to show variations in microstruc-
tural characteristics.
Nonetheless, plasma nitrocarburizing has

applications. One is nitrocarburizing of
sintered PM components. Traditionally, PM
components have been nitrocarburized using
salt bath technology. This technique usually
results in salt entrapment within the pores of
the metallic structure. Frequently, these salts
are highly toxic, and consequently there are
handling problems and safe working proce-
dures must be employed. Before PM parts
enter the vacuum chamber of the plasma unit,
lubricants added during PM processing must
be removed. A method to remove lubricants
is described in Ref 21. Using this method, it
is now routinely possible to plasma nitrocar-
burize PM parts.
Modern systems of plasma nitriding and

nitrocarburizing also are flexible. In a typical
plasma nitrocarburizing unit, many different
programs can be stored for different applica-
tions, and the equipment can be integrated in
series in a manufacturing production line. In
the equipment illustrated in Fig. 28, loads of
3000 automotive seat slider rails were nitrocar-
burized automatically for more than 5 years

* Adapted from T. Bell, Gaseous and Plasma Nitrocarburizing of Steels, Heat Treating, Vol 4, ASM Handbook, ASM International, 1991, p 425–436
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without any significant technical or metallurgi-
cal problems.
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Pack Cementation Processes

PACK CEMENTATION is the most widely
employed method of diffusion coating. In gen-
eral, diffusion coatings are deposited either by
heating the components to be treated in contact
with the powder coating material in an inert
atmosphere (solid-state diffusion) or by heating
them in an atmosphere of a volatile compound
of the coating material (out-of-contact gas-
phase deposition; or chemical vapor deposition,
CVD). The pack cementation process is a mod-
ified CVD deposition batch process that
involves heating a closed/vented pack to an ele-
vated temperature (e.g., 1050 �C, or 1920 �F)
for a given time (e.g., 16 h), during which a dif-
fusional coating is produced.
The most widely used pack coating methods

(Table 1) are those based on aluminum (alumi-
nizing), chromium (chromizing), and silicon
(siliconizing). Substrate materials include
nickel- and cobalt-base superalloys, steels
(including carbon, alloy, and stainless steels),
and refractory metals and alloys. Multicompo-
nent pack cementation coatings have been
developed from chromium/aluminum and chro-
mium/silicon processing for high-temperature
corrosion resistance.
In general, simple binary alloys, for example,

iron-chromium and nickel-aluminum, are not as
effective for oxidation resistance as a ternary
alloy using the interaction of two oxidation-
resistant elements. A variety of alloys have
been coated with chromium/aluminum (low-
carbon and alloy steels; types 410, 304, and

316 stainless steels; and nickel-base superal-
loys) and chromium/silicon (low-carbon and
low-alloy steels, types 304 and 409 stainless
steels, Incoloy 800). Each alloy requires a spe-
cific pack chemistry to obtain optimal coating
composition for superior oxidation resistance.
This article briefly reviews pack cementa-

tion processes of aluminizing, chromizing,
and siliconizing. Pack cementation processes
are also described in the articles “Boriding
(Boronizing) of Metals” and “Thermoreactive
Deposition/Diffusion Process for Surface
Hardening of Steels” in this Volume. The tra-
ditional pack consists of four components: the
substrate or part to be coated, the master alloy
(i.e., a powder of the element or elements to
be deposited on the surface of the part), a
halide salt activator, and a relatively inert
filler powder. The master alloy, the filler,
and the halide activator are thoroughly mixed
together, and the part to be coated is buried in
this mixture in a retort. When the mixture is
heated, the activator reacts to produce an
atmosphere of source element(s) halides that
diffuse into the pack and transfer the source
element(s) to the substrate on which the coat-
ing is formed.

Aluminizing

An aluminizing pack cementation process is
commercially practiced for a range of alloys,

including nickel- and cobalt-base superalloys,
steels, and stainless steels. Simple aluminide
coatings resist high-temperature oxidation by
the formation of an alumina protective layer
and can be used up to approximately 1150 �C
(2100 �F), but the coating can degrade by spall-
ation of the oxide during thermal cycling. For
extended periods of time at temperatures in
excess of 1000 �C (1830 �F), interdiffusion of
the coating will cause further degradation, and
therefore, practical coating life is limited to
operating temperatures of 870 to 980 �C (1600
to 1800 �F).
Pack compositions, process temperatures,

and process times depend on the type of base
material to be aluminized. Materials fall into
one of the following general classifications:

� Class I: carbon and low-alloy steels and
copper

� Class II: ferritic and martensitic stainless
steels and austenitic stainless steels with less
than 20% Ni

� Class III: austenitic stainless steels with 21
to 40% Ni and iron-base superalloys

� Class IV: nickel- and cobalt-base super-
alloys

As a general rule, overall aluminum diffusion
is slower as the nickel, chromium, and
cobalt contents increase. Therefore, higher
temperatures and longer process times are
required to produce greater aluminum diffusion
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Table 1 Typical characteristics of pack cementation processes

Process Nature of case

Process temperature

Typical case depth
Case hardness,

HRC Typical base metals Process characteristics�C �F

Aluminizing (pack) Diffused aluminum 870–980 1600–1800 25 mm–1 mm
(1–40 mils)

<20 Low-carbon steels,
nickel- and cobalt-
base superalloys

Diffused coating for oxidation
resistance at elevated
temperatures

Siliconizing by chemical
vapor deposition

Diffused silicon 925–1040 1700–1900 25 mm–1 mm
(1–40 mils)

30–50 Low-carbon steels For corrosion and wear resistance,
atmosphere control is critical.

Chromizing by chemical
vapor deposition

Diffused chromium 980–1090 1800–2000 25–50 mm
(1–2 mils)

Low-carbon
steel, <30;
high-carbon
steel, 50–60

High- and low-
carbon steels,
nickel- and cobalt-
base superalloys

Chromized low-carbon steels
yield a low-cost stainless steel;
high-carbon steels develop a
hard corrosion-resistant case.

Titanium carbide Diffused carbon and
titanium, TiC compound

900–1010 1650–1850 2.5–12.5 mm
(0.1–0.5 mil)

>70(a) Alloy steels, tool
steels

Produces a thin carbide (TiC) case
for high resistance wear;
temperature may cause
distortion.

Boriding Diffused boron, boron
compounds

400–1150 750–2100 12.5–50 mm
(0.5–2 mils)

40–70 Alloy steels, tool
steels

Produces a hard compound layer,
mostly applied over hardened
tool steels; high process
temperature can cause
distortion.

(a) Requires quench from austenitizing temperature



thicknesses as the base material goes from class
I to class IV.
As described in Ref 1, the pack cementation

aluminizing coating process is performed in a
pack consisting of the following mixture:

� Aluminum—in the form of a pure metal
powder or alloy powder

� Filler—a ceramic powder phase, to prevent
sintering of the mix during high-temperature
processing. Usually aluminum oxide is used

� Activator—a volatile halide, usually an
ammonium or sodium halide, to act as a
chemical transfer medium for the aluminum

The precleaned steel parts to be pack alumi-
nized are placed in a retort, or reactor vessel,
with the pack mixture. Using ammonium
halide (NH4X, where X is fluorine, chlorine,
bromine, or iodine) as the activator, a sequence
of high-temperature reactions occurs when
aluminum is deposited on the surfaces of an
iron-base alloy.
The pack cementation aluminizing process is

used to improve the performance of steels in
high-temperature corrosive environments. The
complex aluminide intermetallic coatings
formed during the process exhibit superior
resistance to oxidation, carburization, and sulfi-
dation. Table 2 provides a partial listing of
commercial applications for the pack aluminiz-
ing process. Typical applications include car-
bon steel heat-exchanger tubes used in sulfuric
acid plants, low-alloy steel pipes and fittings
used in petroleum refinery heaters, type 304
stainless steel vessels used in flue gas desulfur-
ization systems, and HK or HP cast tubing for
ethylene pyrolysis units.

Siliconizing

Siliconizing, the diffusion of silicon into
steel, occurs similarly to aluminizing. There
are pack and retort processes in which parts
are subjected to gas atmospheres that react with
the heated part surface to produce nascent sili-
con that diffuses into the substrate to be coated.
In a pure silicon pack that is activated with

ammonium chloride (NH4Cl), silicon tetrachlo-
ride (SiCl4) and trichlorosilane (SiHCl3) gases
form, which are reduced by hydrogen gas to
deposit elemental silicon on the surface of the
part. Another process involves tumbling parts
in a retort with SiC. When a temperature of
1010 �C (1850 �F) is reached, silicon tetrachlo-
ride gas is introduced, which reacts with the
part and the SiC particles to produce a concen-
tration gradient of silicon on the part surface as
the silicon diffuses into the substrate. The pro-
cess normally takes place on low-carbon steels,
and these steels develop case depths up to 1 mm
(0.040 in.) with a silicon content of 13 wt%.
Case depths developed on these siliconized
steels have hardnesses of approximately 50 HRC
and therefore can be used for wear resistance.
The presence of silicon on the surface allows
for the formation of a stable silicon dioxide
(SiO2) phase in oxidizing environments and
excellent corrosion resistance.

Chromizing

Chromium can be applied in the same man-
ner as aluminum and silicon to produce a
chromium-rich coating, and many of the same

principles of aluminizing packs apply to chro-
mizing packs. Parts are packed in chromium
powder with an inert filler such as aluminum
oxide. A halide salt activator is added that
changes to the vapor phase at the processing
temperature and serves as a carrier gas to
bring chromium to the surface of the part. Dif-
fusion coatings can be formed on nickel-base
superalloys by pack cementation using ammo-
nium chloride as a chromium-alumina act-
ivator. These coatings usually contain 20 to
25 wt% Cr at the outer surface and involve
approximately equal rates of interdiffusion
of chromium and nickel. Significant depletion
of aluminum and titanium from the alloy
surface occurs, thus producing a coating that
is a solid solution of the chromium in the
remaining nickel-base superalloy. The depos-
ited coating is usually overlaid with a thin
layer of a-chromium, which must be removed
chemically.
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Table 2 Partial list of commercial applications of pack cementation aluminizing

Industry Component Typical materials aluminized

Hydrocarbon processing Refinery heater tubes 2¼%Cr-1%Mo steel
Ethylene pyrolysis furnace tubes Incoloy 802
Hydrodesulfurizer furnace tubes 2¼%Cr-1%Mo steel
Delayed coker furnace tubes 9%Cr-1%Mo steel
Catalyst reactor screens 347 stainless steel
Catalyst reactor grating Carbon steel

Sulfuric acid Gas-to-gas heat exchanger tubes Carbon steel
Industrial furnace components Aluminum plant furnace parts Carbon steel

Heat treating pots Carbon steel
Structural members High-nickel alloy steel
Thermowells Carbon and stainless steels

Steam power and cogeneration Waterwall tubes 2¼%Cr-1%Mo steel
Fluidized-bed combustor tubes 2¼%Cr-1%Mo steel
Waste heat boiler tubes Carbon steel
Economizer and air preheater tubes 2¼%Cr-1%Mo steel
Superheater tubes 2¼%Cr-1%Mo steel

Flue gas scrubbers NOx /SOx removal units 304 stainless steel
Chemical processing Reactor vessels and tubing 304/316 stainless steel
Cement Cooler grates Stainless steel, HP, HK
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Boriding (Boronizing) of Metals*
Craig Zimmerman, Bluewater Thermal Solutions

BORIDING, also known as boronizing, is a
thermochemical diffusion-based surface-hardening
process that can be applied to a wide variety of
ferrous, nonferrous, and cermet materials. Borid-
ing is typically performed on metal components
as a solution for extending the life of metal parts
that wear out too quickly in applications with
severe wear. Boriding has often been able to
increase the usable service life of high-wear
metal components by factors ranging from dou-
ble to ten times the wear life when compared to
many conventional heat treatments and platings.
The process typically involves heating metal
components to temperatures of 700 to 1000 �C
(1300 to 1830 �F) for 1 to 12 h, in contact with a
boronaceous solid powder, paste, liquid, or gas-
eous medium. This allows boron to diffuse into
metal surfaces and form hard, wear-resistant
metal-boride compound layers. Pack cementation
boriding is the most commonly used technique
in industry; however, additional techniques, such
as gas boriding, plasma boriding, electroless salt
bath boriding, electrolytic salt bath boriding,
and fluidized-bed boriding, have been developed.
Work has also been performed to explore the use
of multicomponent boriding.
This article presents a variety of methods

and media used for boriding and their advan-
tages, limitations, and applications. Physical
and chemical vapor deposition (PVD and
CVD), plasma spraying, and ion implantation
are alternative nonthermochemical surface-
coating processes for the deposition of boron
or co-deposition of boron and metallic ele-
ment(s) onto a suitable metallic or nonmetallic
substrate material. This article briefly describes
the CVD process, which has emerged to be
dominant among the metal-boride deposition
processes.

Characteristic Features of
Boride Layers

During boriding, boron atoms are absorbed
as interstitials into the lattice of the substrate
metal. Boron atoms diffuse over time to deeper

depths below the metal surface and react with
the substrate material to form metal-boride
compounds (Ref 1–6). These compounds even-
tually form a solid continuous metal-boride
compound layer below the original surface of
the workpiece, extending to depths determined
by the amount of boron diffusion that occurs.
The resulting boride layer may consist of either
a single-phase boride or a polyphase boride
layer (Ref 7). The morphology (Fig. 1), growth
rates, and phase composition of the boride layer
is influenced by the alloying elements in the
base material. The microhardness of the boride
layer also depends strongly on the composition
and structure of the boride layer and the compo-
sition of the base material (Table 1).
Advantages. Boride layers possess a number

of characteristic features with special advan-
tages over conventional case-hardening pro-
cesses such as carburizing, carbonitriding,
nitriding, and nitrocarburizing. The main advan-
tage is that boride layers have extremely high
hardness values (between 700 and 3370 HV)
with high melting points of the constituent
phases (Table 1). The typical surface hardness

values of borided steels compared with other
treatments and other hard materials are listed
in Table 2 and shown in Fig. 2. This clearly
illustrates that the hardness of boride layers
produced on carbon steels is much greater
than that produced by any other conventional
surface (hardening) treatments; it also exceeds
that of the hardened tool steel, hard chrome
electroplate, and is equivalent to that of tung-
sten carbide and many PVD coatings.
The boride layer combination of a high sur-

face hardness with a low surface coefficient
of friction also makes a significant contribu-
tion in combating the main wear mechanisms:
adhesion, tribo-oxidation, abrasion, and sur-
face fatigue (Ref 4, 5, 11). This has enabled
mold makers and component design engineers
to substitute easier-to-machine, lower-cost
steels for the base metal while still being able
to obtain wear resistance and antigalling
properties superior to those of the original
material treated with conventional methods
(Ref 12). Figure 3 shows the effect of borid-
ing on abrasive wear resistance of borided
AISI 1045 steel (C45), titanium, and tantalum

ASM Handbook, Volume 4A, Steel Heat Treating Fundamentals and Processes
J. Dossett and G.E. Totten, editors

Copyright # 2013 ASM InternationalW

All rights reserved
www.asminternational.org

Fig. 1 Effect of steel composition on the morphology and thickness of the boride layer. Source: Ref 8

* Reviewed and revised from A.K. Sinha, Boriding (Boronizing) of Steels, Heat Treating, Vol 4, ASM Handbook, ASM International, 1991, p 437–447



as a function of number of revolutions (or stres-
sing period) based on the Faville test. Figure 4
shows the influence of steel composition on abra-
sive wear resistance. Figure 5 shows a compari-
son of wear rates during a pin-on-disk wear trial

of untreated, carburized, and borided 1018 steel
surfaces.
Besides having extremely high hardness and

wear resistance, other additional advantages of
boriding include:

� Boriding can considerably enhance the
corrosion-erosion resistance of ferrous mate-
rials in nonoxidizing dilute acids (Fig. 6) and
alkali media and is increasingly used to this
advantage in many industrial applications
(Ref 4, 5). Boride layers in ferrous materials
greatly improve resistance to corrosive
attack by hydrochloric, hydrofluoric, phos-
phoric, and sulfuric acids (Ref 4, 5, 14).

� The hardness of the boride layer can be
retained at higher temperatures than cases
formed by conventional heat treatments.
Boride layers have been used at service tem-
peratures up to 650 �C (1200 �F), where
nitrided, nitrocarburized, carburized, and
carbonitrided cases would be softened from
tempering or diffuse away over short periods
of time (Fig. 7).

� A wide variety of steels, including through-
hardenable steels, are compatible with the
processes (Ref 15).

� A wide variety of nonferrous materials, such
as nickel-base superalloys, cobalt alloys,
titanium alloys, and others, may be success-
fully borided.

� Borided surfaces have moderate oxidation
resistance (up to 850 �C, or 1550 �F) and
are quite resistant to attack by molten metals
(Ref 16).

� Borided parts have an increased fatigue life
and service performance under oxidizing
and corrosive environments (Ref 16).

� Antigalling properties are greatly improved
by boriding. Spherical balls and mating seats
that form the seals in ball valves which slide
against one another under high contact pres-
sures can have galling failures if untreated.
Boriding is an excellent treatment to prevent
galling failure of these surfaces (Ref 17).

Table 1 Melting point and microhardness of different boride phases formed during
boriding of various substrate materials

Substrate Constituent phases in the boride layer Microhardness of layer, HV or kg/mm2

Melting point

�C �F

Fe FeB 1900–2100 1390 2535
Fe2B 1800–2000 . . . . . .

Co CoB 1850 . . . . . .
Co2B 1500–l600 . . . . . .
Co3B 700–800 . . . . . .

Co-27.5 Cr CoB 2200 (100 g)(a) . . . . . .
Co2B �l550 (100 g)(a) . . . . . .

Co3B (?) 700–800 . . . . . .
Ni Ni4B3 1600 . . . . . .

Ni2B 1500 . . . . . .
Ni3B 900 . . . . . .

Inco 100 . . . 1700 (200 g)(b) . . . . . .
Mo Mo2B 1660 2000 3630

MoB2 2330 �2100 �3810
Mo2B5 2400–2700 2100 3810

W W2B5 2600 2300 4170
Ti TiB 2500 �1900 3450

TiB2 3370 2980 5395
Ti-6Al-4V TiB . . . . . . . . .

TiB2 3000 (100 g)(a) . . . . . .
Nb NbB2 2200 3050 5520

NbB4 . . . . . . . . .
Ta Ta2B . . . 3200–3500 5790–6330

TaB2 2500 3200 5790
Hf HfB2 2900 3250 5880
Zr ZrB2 2250 3040 5500
Re ReB 2700–2900 2100 3810

(a) 100 g load. (b) 200 g load. Source: Ref 3, 9, 10
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Fig. 2 Comparison of surface hardness results of various heat treatments and coatings. PVD, physical vapor
deposition

Table 2 Typical surface hardness of
borided steels compared with other
treatments and hard materials

Material
Microhardness, kg/mm2

or HV

Boride mild steel 1600
Borided AISI H13 die steel 1800
Borided AISI A2 steel 1900
Quenched steel 900
Hardened and tempered H13 die
steel

540–600

Hardened and tempered A2 die steel 630–700
High-speed steel BM42 900–910
Nitrided steels 650–1700
Carburized low-alloy steels 650–950
Hard chromium plating 1000–1200
Cemented carbides, WC + Co 1160–1820 (30 kg)
Al2O3 + ZrO2 ceramic 1483 (30 kg)
Al2O3 + TiC + ZrO2 ceramic 1738 (30 kg)
Sialon ceramic 1569 (30 kg)
TiN 2000
TiC 3500
SiC 4000
B4C 5000
Diamond >10,000

Source: Ref 3
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� Boriding can often be combined with other
heat treatments. Neutral hardening of steels
is possible after boriding to improve the core
hardness and overall strength of compo-
nents. Carburizing has also been performed
in conjunction with boriding to take

advantage of the ultrahigh hardness of the
boride layers along with the benefit of hav-
ing a deeper carburized case below the
boride layer (Ref 18). Solution treatment
and aging after boriding has been performed
on nickel-base superalloys (Ref 19).

Disadvantages of boriding treatments
include:

� Boriding techniques require immersing parts
to be treated in a boronaceous medium that
becomes consumed during processing,
which is typically costly and more labor-
intensive than other thermochemical surface-
hardening treatments, such as carburizing
and nitriding. Both carburizing and nitriding
case-hardening processes have a cost advan-
tage over boriding, mainly because carbon
and nitrogen sources are more readily avail-
able and can be safely used in a gaseous
state. Boriding is usually only selected for
applications where conventional carbon-
and nitrogen-base case-hardening processes
simply cannot offer enough wear and/or cor-
rosion resistance. In some severe wear appli-
cations, components that are case hardened
by conventional methods still wear out very
frequently and require periodic replacement.
The high cost of replacing components as
they wear out, in addition to the cost of
machine downtime as worn parts are being
replaced, can supersede the higher heat treat-
ment costs of boriding. For these high-wear
or corrosive applications, boriding is of
value because the parts can last several times
longer in service and do not require frequent
replacement and machine downtime.

� The growth (increase in volume) resulting
from boriding is 5 to 25% of the layer thick-
ness (for example, a 25 mm, or 1000 min., layer
would have a growth of 1.25 to 6.25 mm, or
50 to 250 min.); its magnitude depends on
the base material composition but remains
consistent for a given combination of material
and treatment cycle. However, it can be pre-
dicted for a given part geometry and boriding
treatment. For treatment of precision parts,
where little stock removal is permitted, an
allowance of �20 to 25% dimensional
increase of the final boride layer thickness
must be provided.

Fig. 3 Effect of boriding on wear resistance (Faville test). (a) 0.45% C (C45) steel borided at 900 �C (1650 �F) for 3 h. (b) Titanium borided at 1000 �C (1830 �F) for 24 h.
(c) Tantalum borided at 1000 �C (1830 �F) for 8 h. Source: Ref 13

Fig. 4 Effect of steel composition (nominal values in wt%) on wear resistance under abrasive wear (d
v

= thickness of
the boride layer). Test conditions: DP-U grinding tester, SiC paper 220, testing time 6 min. Source: Ref 8, 11
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� Dimensional control of ferrous parts during
boriding can be problematic. Boriding is
typically a high-temperature process, and
critical dimensional tolerances can distort
due to high-temperature creep, relieving of
stresses, and phase transformations of the
substrate material that can occur at these
processing temperatures. Postmachining or
grinding after boriding is very difficult to
perform due to the extreme high hardness
and brittle nature of the boride layer. Many

components that have tight dimensional tol-
erances are not suited for boriding because
these tolerances may not be maintained.

� Partial removal of the boride layer for closer
tolerance requirements is made possible only
by a subsequent diamond lapping or very
carefully controlled slow grinding using
hard media because conventional grinding
causes fracture of the layer (Ref 3).

� In general, the rolling-contact fatigue prop-
erties of borided alloy steel parts are very
poor compared to carburized and nitrided
steels at high contact loads (2000 N, or
450 lbf). This is why boriding treatments of

gears are limited to those screw designs
where transverse loading of gear teeth is
minimized (Ref 3).

� There is frequently a need to harden and tem-
per or solution treat and age the components
after boriding (Ref 19), which requires a vac-
uum, salt bath, or inert atmosphere to pre-
serve the integrity of the boride layer. These
additional heat treatment processes after bor-
iding are an additional source of dimensional
distortion and can only be performed after
boriding, when the parts may be very difficult
to final grind to finished dimensions.

Thermal Stability of Boride Layers at Ele-
vated Service Temperatures. Boriding is
often performed on components that operate at
elevated service temperatures, due to the ther-
mal stability of boride layers and their ability
to retain high hardness at those elevated
operating temperatures. Many carburized com-
ponents are tempered at low tempering tem-
peratures and will soften and lose their
mechanical properties if exposed to service
temperatures above their final tempering tem-
perature, which is commonly performed
between 570 and 750 �C (300 and 400 �F).
Nitriding is often selected as a case-hardening
process for parts exposed to high operating
temperatures, where carburized parts would
become tempered and soften, such as forging
dies, extrusion dies, die-casting dies, and valve
or pump components. However, nitriding is
typically performed at temperatures between
1795 and 2010 �C (975 and 1100 �F), and those
nitride layers will quickly decompose due to
nitrogen diffusing away from the surface case
if used at service temperatures above 540 �C
(1000 �F). One advantage of boriding treat-
ments is that the boride layers are stable at high
operating temperatures and can survive without
decomposition or loss of hardness at tempera-
tures up to 650 �C (1200 �F).
A study was performed to characterize the

long-term thermal stability of boride layers at
650 �C (1200 �F). Multiple samples of AISI
1018 plain carbon steel and Inconel 718 were
borided together to form a boride layer with
depths of 0.18 and 0.076 mm (0.007 and
0.003 in.) on the 1018 steel and Inconel 718,
respectively. After the boriding treatment, each
piece was held at 650 �C (1200 �F) for different
exposure times. The goal of this study was to
determine how long the boride layers could sur-
vive exposure to 650 �C (1200 �F) temperature
and if any degradation of the layers would be
observed due to diffusion of boron atoms into
the substrate or exiting the surface at that tem-
perature. After each timed exposure to 650 �C
(1200 �F) temperature was complete, each test-
piece was sectioned to expose the cross section
of the testpiece and then mounted, ground,
polished, and etched with acid solutions to
reveal the boride layer and base metal micro-
structure. Micrographs of the boride layers for
low-carbon steel and Inconel 718 are shown in
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Fig. 5 Comparison of wear resistance between (a) un-
treated, (b) carburized, and (c) borided 1018 steel

in pin-on-disk wear test. Courtesy of A. Erdemir, Argonne
National Laboratory

Fig. 6 Corroding effect of mineral acids on boronized
and nonboronized (a) 0.45% C (Ck 45)

steel and (b) 18Cr-9Ni (X10CrNiTi18 9) steel at 56 �C
(130 �F). Source: Ref 4, 5, 14
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Fig. 7 after various exposure times to 650 �C
(1200 �F) temperature. It can be observed that
no loss of boride layer depth or change in
microstructure has occurred after 30 days of
exposure to 650 �C (1200 �F) temperature.

Boriding of Ferrous Materials

The boriding process consists of two types of
reaction (Ref 8). The first reaction takes place
between the boron-yielding substance and the
component surface. The nucleation rate of the
particles at the surface is a function of the bor-
iding time and temperature. This produces a
thin, compact boride layer.
The subsequent second reaction is diffusion

controlled, and the total thickness of the boride
layer growth at a particular temperature can be
calculated by the simple formula:

d ¼ k
ffiffi
t

p
(Eq 1)

where d is the boride layer thickness in centi-
meters; k is a constant, depending on the tem-
perature; and t is the time in seconds at a
given temperature. The diffusivity of boron at
950 �C (1740 �F) is 1.82 � 10�8 cm2/s for the
boride layer and 1.53 � 10�7 cm2/s for the dif-
fusion zone. As a result, the boron-containing
diffusion zone extends more than 7 times the
depth of the boride layer thickness into the
substrate (Ref 20). It has been proposed that
a concentration gradient provides the driving
force for diffusion-controlled boride layer
growth (Ref 21).
The most desirable microstructure after bor-

iding ferrous alloys is a single-phase boride
layer consisting only of Fe2B. In some cases,
a dual-phase layer consisting of an outer
darker-etching phase of FeB and an inner
bright-etching phase of Fe2B may also be
formed. The formation of either a single- or
dual-phase boride layer in steels depends on
several factors.
Characteristics of Dual-Phase FeB and

Fe2B Layers. The formation of a single Fe2B
phase (with a sawtooth morphology due to pre-
ferred diffusion direction) is more desirable
than a dual-phase layer with FeB and Fe2B
together. The boron-rich FeB phase is consid-
ered undesirable, in part, because FeB is more
brittle than the Fe2B layer. The FeB formation
is also undesirable because FeB and Fe2B are
formed under tensile and compressive residual
stresses, respectively, due to differences in
expansion/contraction during cooling from the
boriding temperature, because they have differ-
ent coefficients of thermal expansion. Crack
formation is often observed at or in the neigh-
borhood of the FeB/Fe2B interface of a dual-
phase layer. These cracks may lead to flaking
and spalling when a mechanical strain is
applied (Ref 6) or even separation (Fig. 8)
when a component is undergoing a thermal
and/or mechanical shock.

In some cases where a dual-phase boride
layer is present, simply handling borided sur-
faces after processing can create stresses suffi-
cient to induce spalling. In other cases,
spalling can occur simply from the stresses

induced by cooling the boride layers with dif-
fering coefficients of thermal expansion from
the boriding temperature to ambient. Therefore,
the boron-rich FeB phase should be avoided or
minimized in the boride layer (Ref 6).

Fig. 7 Microstructure of boride layers after varying exposures to 650 �C (1200 �F) service temperatures after boriding

Fig. 8 Separation of dual-phase FeB (dark teeth) and Fe
2
B (light teeth) boride layer on an AISI 1045 steel (borided at

927 �C, or 1700 �F, for 6 h). Original magnification: 200�
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It has also been reported that tribological
properties depend on the microstructure of the
boride layer. The dual-phase FeB-Fe2B layers
are not inferior to those of monophase Fe2B
layers, provided that the porous surface zone
directly beneath the surface is removed (Ref
22). Alternatively, a thinner layer is favored
because of less development of brittle and
porous surface-zone formation and flaking.
Properties of FeB layers are as follows:

� Microhardness of approximately 19 to 21 GPa
(2.7 to 3.0 � 106 psi)

� Modulus of elasticity of 590 GPa (85 �
106 psi)

� Density of 6.75 g/cm3 (0.244 lb/in.3)
� Thermal expansion coefficient of 23 �

10�6 m/m per �C between 200 and 600 �C
(400 and 1100 �F) (Ref 8, 23)

� Composition with 16.23 wt% B
� Orthorhombic crystal structure with four

iron and four boron atoms per unit cell
� Lattice parameters: a = 4.053 Å, b =

5.495 Å, and c = 2.946 Å

Properties of Fe2B Layers. The formation of
single-phase Fe2B layers with a sawtooth mor-
phology is desirable in the boriding of ferrous
materials (Ref 24). A single Fe2B phase can
be obtained from a dual FeB-Fe2B phase by a
subsequent vacuum or salt bath treatment for
several hours above 800 �C (1470 �F), which
may be followed by oil quenching to increase
substrate properties (Ref 25, 26).
Typical properties of Fe2B include:

� Microhardness of approximately 18 to 20 GPa
(2.6 to 2.9 � 106 psi)

� Modulus of elasticity of 285 to 295 GPa (41
to 43 � 106 psi)

� Thermal expansion coefficient of 7.65 to 9.2
� 10�6 m/m per �C in the range of 200 to
600 �C (400 to 1100 �F) and 100 to 800 �C
(200 to 1500 �F), respectively (Ref 8, 23)

� Density of 7.43 g/cm3 (0.268 lb/in.3)
� Composition with 8.83 wt% B
� Body-centered tetragonal structure with

12 atoms per unit cell
� Lattice parameters:a=5.078 Å and c=4.249 Å

The solubility of boron in ferrite and austen-
ite is very small (<0.008% at 900 �C, or
1650 �F), according to the iron-boron phase
diagram (Ref 27). According to Brown et al.
(Ref 28) and Nicholson (Ref 29), the phase dia-
gram exhibits an a/g/Fe2B peritectoid reaction
at approximately 912 �C (1674 �F), based on
their findings of higher solubility of boron in
ferrite than in austenite at the reaction tempera-
ture. However, later work revealed a higher sol-
ubility of boron in austenite compared to that in
ferrite, thereby suggesting the reaction is eutec-
toid in nature (Ref 30).
Methods to Prevent/Eliminate Dual-Phase

FeB/Fe2B Layers during Pack Cementation
Boriding That May Result in Spalling. When
steel surfaces are borided using the most com-
mon powder pack cementation method, boron

atoms are diffused into the surface of the steel.
A large concentration of boron atoms begins to
build up just below the surface of the steel and
will start diffusing inward. As the boriding pro-
cess continues, the surface concentration of
boron will continue to rise, and boron will con-
tinue to diffuse deeper into the substrate. When
the boron concentration of a steel surface
reaches approximately 33 at.% B, enough boron
is present that Fe2B iron boride compounds will
begin to form. Over short periods of time after
commencing boriding, a continuous solid sur-
face layer of Fe2B compound will form. The
boride layer that is considered to be most desir-
able is a single-phase compound layer of Fe2B.
Longer boriding times will lead to deeper layers
of Fe2B iron boride compounds, because higher
concentrations of boron will be present at dee-
per depths below the steel surface.
However, if steel surfaces continue to be

borided for longer times to create deeper boride
layers, the surface boron concentration will
continue to rise as more boron continues to
enter into the steel surface. The boron concen-
tration at the surface will begin to approach
50 at.% B, and a different iron boride com-
pound will start to form at the surface
where the boron concentrations are highest.
This second type of iron boride compound with
a higher boron content is FeB. This layer will
form right at the surface of the steel and will
exist to a depth where the local boron concen-
trations remain above 50%. At depths where
the boron concentration falls below 50 at.% B,
an Fe2B iron boride compound layer will
be present. At deeper depths, the boron concen-
tration will fall to below 33%, where no iron
boride compounds will be present beyond that
depth.
When very long cycle times or high boriding

temperatures are employed to create a very
deep boride layer thickness, it will result in
large amounts of boron being diffused into the
surface. At some point during deeper boriding
processes, a transition may occur where the
boride layer will change from a single-phase
iron boride layer of Fe2B into a two-phase com-
pound layer with both FeB present at the sur-
face and Fe2B present at deeper depths below
the surface. The single-phase Fe2B layer is
desirable, because as the parts cool down from
the boriding process temperature, the Fe2B
layer will contract more rapidly than the steel
substrate, and at room temperature, it will be
under compressive residual stress. Two-phase
boride layers are undesirable because the FeB
layer will not contract as rapidly as either the
Fe2B or the substrate as the parts are cooled
from the boriding process temperature, and the
FeB layer will be in a state of tensile compres-
sive stress. Because Fe2B and FeB compounds
have different thermal expansion coefficients
and contract at different rates during cooling,
it is common to observe cracking between the
two layers, and the outer FeB layer will often
spall or fracture off the surface (Fig. 8). Some-
times, this cracking will occur immediately

after the parts are cooled, and spalling will be
observed as shiny, clean, silver spots where
the boride layer breaks off the steel surface
after boriding. Other times, it will not crack or
spall right away, but as the parts are stressed
or put under strains during handling or in ser-
vice, the FeB layer will start to crack off the
surface very easily.
One other factor that can affect the ease of

dual-phase layer creation is the base alloy
selection. Higher-alloy-content steels have a
lower boron diffusivity rate and will generally
slow down boron diffusion toward the core,
resulting in more boron remaining near the sur-
face. This means that the higher-alloy steels will
typically exhibit FeB beginning to form earlier,
because the boron atoms remain near the sur-
face and will have shallower total boride layer
depths at the point where FeB begins to form.
Many plain carbon steels may be borided to
have 0.10 to 0.15 mm (0.004 to 0.006 in.) deep
layers before FeB begins to form at the surface.
Sometimes, low- to medium-alloy-content steels
may be borided to only 0.05 to 0.10 mm (0.002
to 0.004 in.) boride layer depths before FeB
forms at the surface. Tool steels are typically
boronized to only 0.025 to 0.05 mm (0.001 to
0.002 in.) boride layer depth to avoid FeB for-
mation. Highly alloyed materials, such as stain-
less steels, are extremely difficult to boride
because FeB forms at the surface almost imme-
diately, due to boron remaining near the surface
and diffusing much more slowly into the mate-
rial. These highly alloyed materials are very
prone to spalling problems after boriding. On
highly alloyed materials, only very shallow
boride layers are recommended, to reduce the
possibility of spalling problems. Some of the
best candidate materials for boriding are plain
carbon or low-alloy steels, which are beneficial
because these materials are typically lower-cost
steels as well.
One problem with powder-pack boriding pro-

cesses is that the parts are in the boriding pow-
ders during the entire process, and the rate of
boron flux into the surface and the activity of
boron in the powder pack cannot be adjusted
or slowed down during the latter portions of
the process. One remedy that can be employed
is vacuum or salt bath annealing the parts after
boriding, to allow for further diffusion of boron
toward the core of the material without adding
more boron to the surface (Ref 25, 26). Anneal-
ing the steel components after boriding can
allow for additional boron diffusion toward
the core to reduce the surface concentration of
boron. This practice can be employed to dis-
solve any FeB compounds and allow them to
transform back into a single-phase layer of
Fe2B. However, it can cause other problems
because there is a volume difference between
the two iron boride compounds, and as FeB is
converted into Fe2B, it can leave voids in the
layer due to volume contraction. The other
problem with this remedy is that sometimes
the cracks and spalling occur immediately after
cooling down from the boriding process, before
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the postannealing process can be performed.
Hardening of borided steels also allows for
additional boron diffusion to occur during
subsequent austenitizing treatments that are
sometimes employed on borided components.
This problem can also be alleviated by using

alternative boriding processes instead of pack
cementation boriding. Electrolytic salt bath bor-
iding, electroless salt bath boriding, gas borid-
ing, and fluidized-bed boriding are alternative
processes where the components being treated
could be borided and then held at austenitizing
temperatures to allow further boron diffusion
from the surface to occur without the necessity
of cooling the parts between the boost and dif-
fusion steps. Pulsed boost and diffuse methods
have been developed for electrolytic salt bath
boriding to control and limit the boron concen-
tration of the surfaces being treated to prevent
FeB formation (Ref 26).
A final remedy that can be performed to

reduce the possibility of producing dual-phase
boriding layers is the use of boriding powders
with lower boron activity, which will effect
lower flux rates of boron into the surfaces of
the steel at a given boriding temperature with-
out reducing the diffusion rates of boron
through the austenite. Because many variations
of boriding powders have been developed, it is
possible to design boriding powders that will
boride more slowly. Lowering the concentra-
tion of boron sources in a boriding powder such
as B4C will result in slower boriding rates and
reduce the potential for forming the FeB phase.
One other factor that can affect boride layer

development is the geometry of the components
being treated. Components with sharp edges or
corners can have elevated surface concentra-
tions of boron due to boron fluxing into the sub-
strate from multiple angles. Elevated boron
concentration at sharp corners can result in
two-phase FeB/Fe2B boride layers in these
localized spots, where sharp edges and corners
will become more prone to spalling (Fig. 9, 10).
Care must be taken in treating parts with sharp
corners or edges, such as cutting tools, to avoid
deeper boride layers, because cutting edges
may spall off if a two-phase layer exists. Cham-
fering or rounding any sharp edges or square
corners prior to boriding is recommended, to
assist in preventing spalling at those sharp
edges. Masking one side of sharp corners to
stopoff the boriding from one face or selec-
tively paste boriding only one face can also
assist in preventing the formation of deep
boride layers with dual-phase layers prone to
spalling.
Ultimately, the best practice to ensure that a

single-phase Fe2B layer is produced is to limit
the boride layer thickness for each material to
depths where it is known that a single-phase
boride layer can be produced. Thin boride
layers have been proven to be very effective
in dramatically improving the wear and service
life of many components. In many cases, it is
unnecessary to attempt to produce thicker
boride layers, which can actually degrade the

wear performance of the boride layer. Thicker
boride layers may not always perform as well
as a thinner boride layer, due to problems with
dual-phase layer formations and spalling of
the FeB.
Ferrous Materials for Boriding. With the

exception of aluminum- and silicon-bearing
steels, boriding can be carried out on most fer-
rous materials, such as plain carbon, alloy,
structural, tool, stainless, and cast steels; com-
mercially pure iron; gray and ductile cast irons;
and sintered iron (Ref 31, 32). Because borid-
ing is conducted in the austenitic range, air-
hardening steels may be simultaneously borided
and hardened by air cooling after boriding.
Water-hardening grades are not generally

borided because of the susceptibility of the
boride layer to thermal shock during subsequent
hardening operations. Oil-hardening and salt-
hardening processes have been successfully
performed after boriding on many plain carbon
and low-alloy steels without cracking the boride
layers. Similarly, resulfurized and leaded steels
should not be used because they have a ten-
dency toward case spalling and case cracking.
Nitrided steels should not be used because of
their sensitivity to cracking (Ref 33). Stainless
steels are also not recommended unless the bor-
iding process can be controlled to produce only
single-phase boride layers of Fe2B, which can
be difficult and usually allows for only very
thin boride layers to be created.

Fig. 9 Spalling of a dual-phase FeB and Fe2B boride layer at a corner of AISI 1045 steel where outer portion of
boride layer is cracking off the surface of the corner. (borided at 927 �C, or 1700 �F, for 6h) 100�

Fig. 10 Oversaturation of boride layer with FeB phase present at tip of an AISI 4130 cutter blade. Cracking of the tips is
observed on part surfaces and in microstructure.
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Influence of Alloying Elements. The
mechanical properties of the borided alloys
depend strongly on the composition and struc-
ture of the boride layers. The characteristic
sawtooth configuration of the boride layer is
dominant with pure iron, unalloyed low-carbon
steels, and low-alloy steels. As the alloying ele-
ment and/or carbon content of the substrate
steel is increased, the development of a jagged
boride/substrate interface is suppressed, and
for high-alloy steels a smooth interface is
formed (Ref 34, Fig. 1). Alloying elements
mainly retard the boride layer thickness (or
growth) caused by restricted diffusion of boron
into the steel, because alloying elements act
as a diffusion barrier. Figure. 11 shows the
effect of alloying additions in steel on boride
layer thickness (Ref 35, 36). In highly alloyed
steels, alloying elements will slow the diffusiv-
ity of boron in austenite, preventing it from eas-
ily diffusing inward. The slower diffusion of
boron inward creates higher concentrations of
boron near the surface of these highly alloyed
steels. This explains why dual-phase boride
layers with boron-rich FeB compounds precipi-
tating at the surface are observed after shorter
boriding cycles with shallower total boride
layer depths in higher-alloyed steels compared
to low-alloy or plain carbon steels. Plain carbon
and low-alloy steels are some of the best mate-
rials for boriding because they can form deeper
boride layers before FeB precipitates begin to
form at the surface.
Carbon does not dissolve significantly in the

boride layer and does not diffuse through the
boride layer. During boriding, carbon is driven
(or diffused away) from the boride layer to
the matrix and forms, together with boron,

borocementite, Fe3(B,C) (or, more appropri-
ately, Fe3(B0.67 C0.33) in the case of Fe-0.08%
C steel), as a separate layer between Fe2B and
the matrix (Ref 37, 38).
Like carbon, silicon and aluminum are not

soluble in the boride layer, and these elements
are pushed from the surface by boron and are
displaced ahead of the boride layer into the sub-
strate, forming iron silicoborides—FeSi0.4B0.6

and Fe5SiB2—underneath the Fe2B layer. Steels
containing high contents of these ferrite-form-
ing elements should not be used for boriding
because they reduce the wear resistance of the
normal boride layer (Ref 1); they produce a
substantially softer ferrite zone beneath the
boride layer than that of the core (Ref 39). At
higher surface pressure, this type of layer buildup
results in the so-called “eggshell” effect; that is,
at greater thicknesses, an extremely hard and brit-
tle boride layer penetrates into the softer inter-
mediate layer and is consequently destroyed
(Ref 40).
A reduction in both the degree of interlock-

ing tooth structure and the boride depth can
occur with high-nickel-containing steels. Nickel
has been found to concentrate below the boride
layer; it enters the Fe2B layer and, in some
instances, promotes the precipitation of Ni3B
from the FeB layer (Ref 11, 41–43). It also seg-
regates strongly to the surface from the under-
lying zone corresponding to the Fe2B layer.
This is quite pronounced in both Fe-14Ni and
austenitic stainless steels. Consequently, gas
boriding of austenitic stainless steels appears
to be a more appropriate treatment for produc-
ing a low-porosity, homogeneous, single-phase
Fe2B layer because of the lower boron activity
of the gaseous mixture (Ref 43).

Chromium considerably modifies the struc-
ture and properties of iron borides. As the chro-
mium content in the base material increases,
progressive improvements in the following
effects are observed: formation of boron-rich
reaction products, decrease in boride depth,
and flattening or smoothening of the coating/
substrate interface (Ref 44). A reduction of
boride thickness has also been noticed in ter-
nary Fe-l2Cr-C steels with increasing carbon
content (Ref 43). Manganese, tungsten, molyb-
denum, and vanadium also reduce the boride
layer thickness and flatten out the tooth-shaped
morphology in carbon steel. The distribution of
titanium, cobalt, sulfur, and phosphorus in the
boride layer has not been well established.
Heat Treatment after Boriding. Borided

parts can be hardened in air, oil, salt bath, or
polymer quenchant and subsequently tempered.
Austenitizing should be carried out in an oxygen-
free protective atmosphere or in a neutral salt
bath (Ref 8). Any atmospheres containing
ammonia should be strictly avoided, because
nitrogen additions to the boride layer can render
the boride layers extremely brittle as boron
nitride compounds form.

Boriding of Nonferrous Materials

Nonferrous materials such as nickel-, cobalt-,
and molybdenum-base alloys as well as refrac-
tory metals and their alloys and cemented car-
bides can be borided. Copper cannot;
therefore, it provides a good masking agent
for boriding. It should be noted that when bor-
iding of nonferrous materials is performed, dif-
ferent metal-boride compounds will be formed
instead of FeB and Fe2B. Boriding of nickel
alloys is reported to form Ni2B, Ni3B, and
Ni4B3 boride compound layers. Boriding of
titanium alloys will form TiB and Ti2B boride
compound layers. Boriding of cobalt will form
CoB, Co2B, and Co3B (Table 1). Boriding of
nickel, titanium, and cobalt alloys has been per-
formed by industry for special applications.
Boriding of nickel can be performed by gas

boriding, powder-pack boriding, salt bath bor-
iding, and fluidized bed. It has been done in a
gaseous BCl3-H2-Ar mixture in the temperature
range of 500 to 1000 �C (930 to 1830 �F) (Ref
9), whereas Permalloy is pack borided with
85% B4C and 15% Na2CO3 or 95% B4C and
5% Na2B4O7 powder mixture at 1000 �C
(1830 �F) for 6 h in H2 atmosphere. Nickel
boride layers are much harder than iron boride
layers, with microhardness values typically
ranging from 1700 to 2000 HV on many grades
(Ref 9). Nickel boride layers are also more brit-
tle and prone to spalling than iron boride layers.
Boriding of nickel-base superalloys is typically
performed with very thin boride layer depths
(5 to 15 mm, or 0.2 to 0.6 mil), because thicker
boride layers are more prone to spalling.
Boriding of titanium and its alloys has been

performed using gas boriding, powder-pack
cementation, salt bath boriding, and fluidizedFig. 11 Effect of alloying elements in steel on boride layer thickness. Source: Ref 35, 36
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bed. Because titanium is more sensitive to reac-
tions with oxygen, boriding must be performed
in an ultrapure, oxygen-free environment to
form high-quality TiB and Ti2B boride layers.
Pack boriding in oxygen-free amorphous boron
in combination with high-vacuum (0.0013 Pa,
or 10�5 torr) and high-purity argon atmosphere
or gas boriding with H2-BCl3-Ar gas mixture is
preferred. Boriding of titanium has also been
successfully performed in a fluidized bed using
argon gas as the fluidizing gas and B4C and
halogen-containing boriding powder in the bed
(Ref 45). Electrolytic salt bath boriding has also
been successfully performed on titanium alloys,
where the bath is free from oxygen. The micro-
hardness readings of boride layers formed on
titanium and refractory metals are very high
compared to those formed on cobalt and nickel
(Table 1). Boride layers formed on tantalum,
niobium, tungsten, molybdenum, and nickel
do not exhibit tooth-shaped morphology as with
titanium.

Thermochemical Boriding
Techniques

Because extensive investigations have been
carried out on boriding of ferrous materials,
the following techniques focus mainly on the
boriding of ferrous materials.

Pack Cementation Boriding

Pack cementation boriding (Ref 46–48) is the
most widely used boriding process in industry
because of its relative ease of handling, safety,
the ability to change the composition of the
powders, the need for limited equipment, and
the resultant economic savings (Ref 1). The
process involves packing parts in a boriding
powder mixture contained in a 3 to 5 mm (0.1
to 0.2 in.) thick, heat-resistant steel box so that
surfaces to be borided are covered with an
approximately 10 to 20 mm (0.4 to 0.8 in.)
thick layer of boriding powder. Many different
boriding compounds have been used for pack
boriding. They include solid boron-yielding
substances, diluents, and activators.
The common boron-yielding substances are

boron carbide (B4C), ferroboron, and amor-
phous boron; the last two have greater boron
potential, provide a thicker layer, and are more
expensive than B4C (Ref 48). Silicon carbide
(SiC) and alumina (Al2O3) serve as diluents,
and they do not take part in the reaction. How-
ever, SiC controls the amount of boron and pre-
vents caking of the boriding agent. The
compounds NaBF4, KBF4, (NH4)3BF4, NH4Cl,
Na2CO3, BaF2, and Na2B4O7 are boriding
activators.
Typical compositions of commercial solid

boriding powder mixtures include:

� 5% B4C, 90% SiC, 5% KBF4� 50% B4C, 45% SiC, 5% KBF4

� 85% B4C, 15% Na2CO3� 95% B4C, 5% Na2B4O7� 84% B4C, 16% Na2B4O7� Amorphous boron (containing 95 to 97% B)

The parts conforming to the shape of the
container are packed (Fig. 12) and covered
with a lid, which rests inside the container
and is weighted with an iron slug or stone to
ensure an even trickling of the boriding agent
during the boriding treatment. It is then
heated to the boriding temperature in an elec-
trically heated box or pit furnace with open or
covered heating coils or a muffle furnace for a
specified time. The container should not
exceed 60% of the furnace chamber volume.
In principle, boriding should be accomplished
in such a way that high internal stresses are
relieved, which, in turn, eliminates cracks or
spalling. With the packing process, the pow-
der may be reused by blending with 20 to
50 wt% of fresh powder mixture. In this case,
the powder should be discarded after five or
six cycles.
Environmental Concerns with Pack

Cementation Boriding. Many of the boriding
powder mixtures use a halide-containing activa-
tor. One problem with pack cementation borid-
ing is that these halide-containing activators
melt and/or vaporize at the boriding tempera-
tures. Compounds of fluorine and chlorine are
released as vapors as the powder packs are
heated to the boriding process temperatures.
Typical by-products of heating boriding pow-
ders are BF3, BCl3, fluorine (F2), and/or chlo-
rine (Cl2), which can be highly toxic and/or
carcinogenic; however, they also play an
important role in the boriding process because
they react with the metal surfaces to transfer
boron to the substrate. Additionally, hydrofluo-
ric acid (HF) and hydrochloric acid (HCl)
vapors can be formed when the emitted gases
react with atmospheres, such as hydrogen,

endothermic gas, exothermic gas, or air, after
the vapors exit the powder pack. If large quan-
tities of boriding powder are to be used, both
indoor and outdoor air-quality testing should
be performed to ensure that all boriding gas-
eous emissions do not pose a threat to worker
safety or exceed legal limits for emissions to
the environment. A gas-capture system with a
wet or dry scrubber system is recommended to
treat and neutralize all the acid and toxic gas
before emitted gases are released. Concerns
for the by-product fluorine (F2) include:

� Toxic
� Occupational Safety and Health Administra-

tion (OSHA) permissible exposure limit
(PEL) of 0.1 ppm time-weighted average
(TWA)

� Immediately dangerous to life and health
limit of 25 ppm

Concerns for the by-product hydrofluoric acid
(HF) include:

� Highly corrosive and toxic
� OSHA PEL of 3 ppm TWA
� National Institute for Occupational Safety

and Health short-term exposure limit of
6 ppm

Additionally, the emitted gases from boriding
processes may attack and degrade the brick-
work inside a furnace, along with ductwork
that the fumes may contact. The fumes from
boriding processes are also known to form
glassy deposits on metal components inside
the furnace, such as boriding retorts, hearth
rails, radiant tubes, and other components, if
any air, water vapor, or oxygen is present in
the furnace.
Case Depth. The thickness of the boride

layer depends on the substrate material
being processed, boron potential of the boriding
compound (Fig. 13), boriding temperature, and
time (Fig. 14). In ferrous materials, the heating
rate, especially between 700 �C (1300 �F) and
the boriding temperature (800 to 1000 �C, or
1470 to 1830 �F), should be high in order to
minimize the formation of FeB (Ref 8).
It is usual practice to match the case depth

with the intended application and base material.
As a rule, thin layers (for example, 15 to 20 mm,
or 0.6 to 0.8 mil) are used for protection against
adhesive wear (such as chipless shaping and
metal-stamping dies and tools), whereas thick
layers are recommended to combat erosive
wear (for example, extrusion tooling for plastics
with abrasive fillers and pressing tools for the
ceramic industry). The commonly produced case
depths are 0.05 to 0.25mm (0.002 to 0.010 in.) for
low-alloy and low-carbon steels and 0.025 to
0.076 mm (0.001 to 0.003 in.) for high-alloy
steels. However, case depths >0.089 mm
(>0.0035 in.) are uneconomical and produce
dual-phase boride layers in highly alloyedmateri-
als such as stainless steels and some tool steels
(Ref 33).

Fig. 12 Diagram of the packing of a single geometrical
part in a pack boriding box. Source: Ref1
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Other Boriding Processes

Paste boriding is used commercially when
pack boriding is difficult, more expensive, or
only selective boriding of certain surfaces of a
workpiece is desired while leaving the balance
of the component untreated. In this process, a
paste of 45% B4C (grain size 200 to 240 mm,
or 8 to 9 mils) and 55% cryolite (Na3AlF6, flux
additive, Ref 6), or conventional boriding pow-
der mixture (B4C-SiC-KBF4) in a good binding
agent (such as nitrocellulose dissolved in butyl
acetate, aqueous solution of methyl cellulose,
or hydrolyzed ethyl silicate), is repeatedly
applied (that is, brushed or sprayed) at intervals
over the entire or selected portion of parts until,
after drying, a layer approximately 1 to 2 mm
(0.04 to 0.08 in.) thick is obtained. Subse-
quently, the ferrous materials are heated induc-
tively, resistively, or in a conventional furnace
to 800 to 1000 �C (1470 to 1830 �F) for several
hours. In this process, a protective atmosphere
(for example, argon, cracked NH3, or N2) is
necessary. Endothermic gas atmospheres
should not be used for paste boriding because
the boriding process will be disrupted due to
reactions between the endothermic gas and the
boriding vapors formed by the boriding paste.
A layer in excess of 50 mm (2 mils) thickness
may be obtained after inductively or resistively
heating to 1000 �C (1830 �F) for 20 min
(Fig. 15). This process is of special interest
for large components or for those requiring par-
tial (or selective) boriding (Ref 8).

Liquid boriding is grouped into electroless
and electrolytic salt bath processes. These pro-
cesses have several advantages and disadvan-
tages. The advantages include:

� Both electroless and electrolytic salt bath bor-
iding can be performed without the use of
halide-containing chemicals, meaning that the
processes will not emit harmful fumes of fluo-
rine, HF, BF3, chlorine, HCl, and BCl3 com-
mon to powder-pack cementation boriding.

� Single-phase layers of Fe2B are more readily
formed because the boron potential of the
electrolytic salt bath can be pulsed on and
off to allow additional diffusion of boron
toward the core for periods of time without
additional boron being added to the surface
(Ref 26).

� Direct quenching is possible from boriding
salt baths, which is not possible using

powder-pack cementation boriding for parts
that require higher core hardness. Powder-
pack boriding requires slow cooling of the
treated components, cleaning, and then
reaustenitizing in a protective atmosphere
prior to quenching.

� Electrolytic salt bath boriding can be used to
form thick boride layers in very short treat-
ment times, although care must be taken to
prevent FeB formation that can occur with
high boriding rates (Ref 26).

The disadvantages include:

� Removal of excess salt and unreacted boron
is essential after the treatment; this step may
prove to be expensive and time-consuming
and can lead to premature rusting of compo-
nents after treatment due to exposure to
salts.

Fig. 14 Effect of pack boriding temperature and time on the boride layer thickness in a low-carbon (Ck 45) steel.
Source: Ref 31, 32

Fig. 15 Linear relationship between boride layer thickness versus square root of time (
ffiffi
t

p
) for iron and steel

boronized with B4C-Na2B4O7-Na3AlF6-base paste at 1000 �C (1830 �F). Source: Ref 46

Fig. 13 Diagram showing the influence of B4C content
of the boriding powder on the proportion of

FeB phase in the boride layer of various steels borided with
pack powder at 900n �C (1650 �F) for 5 h. Source: Ref 11
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� Maintaining a constant chemistry of the bor-
iding salt baths over time is difficult,
because testing is not a simple process and
the salt bath may require periodic rectifica-
tion at frequent intervals as the boriding
agents become consumed.

� To achieve boriding reproducibility, bath
viscosity is not allowed to increase. This is
done by recharging with salt, which involves
high maintenance costs.

� In some situations, protection from corrosive
fumes may be required.

� In electrolytic salt bath boriding, fixturing
design must incorporate good electrical con-
nections, which must be maintained over
time.

� In electrolytic salt bath boriding, the
surface areas of the anodes and cathodes
(workpieces) must be known in order to cal-
culate required amperage settings for each
load, such that a desired current density
(A/in.2) is generated. As different load
sizes and workpiece geometries are being
treated, the surface areas of the loads must
be calculated or known in order to select dif-
ferent current settings for each load configu-
ration, such that each load can be processed
at the optimum current density setting
(Ref 26).

� Specialized salt bath furnaces that can with-
stand the high melting temperatures and
corrosive attacks on refractory materials
associated with molten borax salt must be
constructed.

Electroless salt bath boriding of ferrous
materials is carried out in a borax-based
melt at approximately 900 to 950 �C (1650 to
1750 �F), to which about 30 wt% B4C is
added (Ref 49). The boriding action can be fur-
ther improved by replacing up to 20 wt% B4C
with ferroaluminum, because it is a more
effective reductant. However, superior results
have been found by using a salt bath
mixture containing 55% borax, 40 to 50% fer-
roboron, and 4 to 5% ferroaluminum (Ref 50).
It has also been shown that 75:25 KBF4-KF
salt bath can be used at temperatures
below 670 �C (1240 �F) for boriding nickel
alloys, and at higher temperatures for ferrous
alloys, to develop the desired boride layer
thickness.
Electrolytic Salt Bath Boriding. In this

process, the ferrous part acting as the
cathode and a graphite anode are immersed in
the electrolytic molten borax at 900 to 1010 �C
(1650 to 1850 �F), with typical treatment times
that can range from 5 min to 4 h and using a
current density of approximately 0.15 A/cm2

(1.0 A/in.2) (Ref 26, 51). The parts are then
air cooled. In general, the parts are rotated
during the treatment to obtain a uniform
layer. A high current density produces a thin
coating on low-alloy steels in a short time. For
high-alloy steels of greater thickness, lower
current densities are required for a longer
time (Ref 26, 52). According to Kartal et al.

(Ref 53), the formation of boride layers in
either electrochemical or thermochemical bor-
iding (e.g., paste, liquid, pack, or spark
plasma sintering) is essentially identical.
The main diversity of these two boriding techni-
ques is the manner of boron reduction; in electro-
chemical boriding, the formation of atomic
boron on the cathode (substrate) is suggested to
take place as a sequence of reactions (Eq 2–5);
whereas, in thermochemical boriding, the
atomic boron on the substrate is produced as a
result of the chemical reactions between the
boron sources (B4C, or borax, etc.) and the reduc-
ing agents (SiC, or ferrosilicon, etc.). The follow-
ing step is the adsorption and subsequent
diffusion of atomic boron into the interstitial sites
to grow iron borides (Fe2B and FeB) in accor-
dance with the amount of penetrated boron as
a function of process time and temperature
as well as the composition of the steel substrate
(Ref 53):

2Na2B4O7 ¼ 2Na2B2O4 þ 2B2O3 (Eq 2a)

Na2B2O4 ¼ 2Naþ þ B2O
2
4 � ðdissociation�

ionization reactionÞ (Eq 2b)

B2O4
2�¼B2O3þ1=2O2þ2e� anode reactionð Þ (Eq 3)

2Naþ þ 2e� ¼ NaO cathode reactionð Þ (Eq 4)

6Naþ 2B2O3 ¼ 3Na2O2 þ 4B

on the cathode surfaceÞ (Eq 5)ð

Although saturation of the cathode surface
with adsorbed boron atoms is the direct func-
tion of the applied current in electrochemical
boriding, beyond a certain value of critical cur-
rent density (CCD) at which the surface of the
sample is fully occupied with boron atoms, the
thickness of the boride layer becomes indepen-
dent from the increase in current density.
The CCD (or limiting current density) has
been found to occur at 0.2 A/cm2 (1.3 A/in.2)
(Ref 53).
Other satisfactory electrolytic salt bath com-

positions include:

� KBF4-LiF-NaF-KF mixture for parts to be
treated at 600 to 900 �C (1100 to 1650 �F)
(Ref 52)

� 20KF-30NaF-50LiF-0.7BF2 mixture (by
mol%) at 800 to 900 �C (1470 to 1650 �F)
in 90N2-10H2 atmosphere

� 9:1 (KF-LiF)-KBF4 mixture under argon
atmosphere (Ref 54)

� KBF4-NaCl mixture at 650 �C (1200 �F)
(Ref 55)

� 90(30LiF + 70KF)-10KBF4 mixture at 700
to 850 �C (1300 to 1560 �F)

� 80Na2B4O7-20NaCl at 800 to 900 �C (1470
to 1650 �F) (Ref 56)

Gas boriding may be accomplished with:

� Diborane (B2H6)-H2 mixture
� Boron halide-H2/or (75:25 N2-H2) gas

mixture
� Organic boron compounds such as (CH3)3B

and (C2H5)3B

Boriding with B2H6-H2 mixture is not com-
mercially viable due to the highly toxic and
explosive nature of diborane (Ref 1, 3). When
organic boron compounds are used, carbide
and boride layers form simultaneously. Because
BBr3 is expensive and difficult to handle (with
violent reactions with water), and because BF3
requires high reduction temperature (due to its
greater stability) and produces HF fumes,
BCl3 remains the attractive choice for gas
boriding.
When parts are gas borided in a dilute (1:15)

BCl3-H2 gas mixture at a temperature of 700 to
950 �C (1300 to 1740 �F) and a pressure up
to 67 kPa (0.67 bar), a boride layer 120 to
150 mm (5 to 6 mils) thick is reported to be pro-
duced at 920 �C (1690 �F) in 2 h (Ref 57).
Recent work has suggested the use of 75:25
N2-H2 gas mixture instead of H2 gas for its bet-
ter performance, because of the production of
boride layers with minimum FeB content. The
latter phase can be easily eliminated during
the subsequent diffusion treatment before hard-
ening (Ref 58). This process can be applied to
titanium and its alloys as well.
Plasma Boriding. Mixtures of both B2H6-H2

and BCl3-H2-Ar may be used successfully
in plasma boriding (Ref 59, 60). However,
the former gas mixture can be applied to produce
a boride layer on various steels at relatively low
temperatures, such as 600 �C (1100 �F), which
is impossible with a pack or liquid boriding
process (Ref 61). It has been claimed that
plasma boriding in a mixture of BCl3-H2-Ar
gases exhibits good features, such as better con-
trol of BCl3 concentration, reduction of
the discharge voltage, and higher microhard-
ness of the boride films (Ref 62). Figure 16
shows a schematic layout of a plasma boriding
facility.
The dual-phase layer is characterized

by visible porosity, occasionally associated
with a black boron deposit. This porosity,
however, can be minimized by increasing
the BCl3 concentration. Boride layers up
to 200 mm (8 mils) in thickness can be pro-
duced in steels after 6 h treatment at a temper-
ature of 700 to 850 �C (1300 to 1560 �F)
and a pressure of 270 to 800 Pa (2 to 6 torr)
(Ref 63).
Advantages of this process include:

� Control of composition and depth of the
borided layer

� Increased boron potential compared to con-
ventional pack boriding

� Finer plasma-treated boride layers
� Reduction in temperature and duration of

treatment
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� Elimination of high-temperature furnaces
and their accessories

� Savings in energy and gas consumption

The only disadvantage of the process is the
extreme toxicity of the atmosphere employed.
As a result, this process has not gained com-
mercial acceptance. To avoid the aforemen-
tioned shortcoming, boriding from paste
(containing a mixture of 60% amorphous boron
and 40% liquid borax) in a glow discharge at
the impregnating temperature has recently been
developed, which is found to greatly increase
the formation of the surface boride layer
(Ref 64).
Fluidized-Bed Boriding. A recent innova-

tion is boriding is fluidized beds (Fig. 17),
which involve bed material of coarse-grained
silicon carbide particles, a special boriding
powder such as Ekabor WB, and an oxygen-
free gas such as N2-H2 mixture (Ref 65). When
electricity is used as the heat source, the bed
serves as a faster heat-transfer medium. This
is usually equipped with quench and tempering
furnaces.
This process offers the following

advantages:

� High rates of heating and flow, as well as
direct withdrawal of the parts, provide
shorter operating cycle times (that is, rapid
boriding).

� Temperature uniformity with low capital
cost and flexibility is ensured.

� A fluidized furnace is very tight because of
upward pressure of the gas.

� This process produces reproducibility, close
tolerances, and a very uniform finish on
mass-produced parts.

� This process can be adaptable to continuous
production and can lend itself to automation
as the parts are charged and withdrawn
intermittently.

� Quenching (and subsequent tempering) of
the parts is possible immediately after this
treatment.

� The operating cost is low (due to reduced
processing time and energy consumption)
for mass production of boronized parts.

� Cleaning problems associated with powder-
pack processing, such as powder sintering
and bonding to component surfaces, or
problems associated with salt bath boriding,
such as salt residue removal, are eliminated.

An important disadvantage lies in the contin-
uous flushing of the boriding agent within
the retort by the inert gas. The exhaust gases
containing enriched fluorine compounds must
be cleaned absolutely, for example, in an
absorber filled with dry CaCO3 chips, to avoid
environmental problems (Ref 40). Alterna-
tively, a pulsed fluidizing process can consider-
ably decrease the amount of exhaust gases
(Ref 26, 40).
Multicomponent boriding is a thermo-

chemical treatment involving consecutive or
simultaneous diffusion of boron and one or
more metallic elements, such as aluminum, sil-
icon, chromium, vanadium, and titanium, into
the component surface. This process is carried
out at 850 to 1050 �C (1560 to 1920 �F) and
involves two steps:

1. Boriding by conventional methods—notably
pack, paste, and electrolytic salt bath meth-
ods (Ref 66). Here, the presence of FeB is
tolerated and, in some cases, may prove

beneficial. Among these methods, much
work has been done on the pack method
(Table 3 and Ref 2, 66–68), which produces
a compact layer at least 30 mm (1 mil) thick.

2. Diffusing metallic elements through the
powder mixture or borax-based melt into
the borided surface. If the pack method is
used, sintering of particles can be avoided
by passing argon or H2 gas into the reaction
chamber.

There are six multicomponent boriding meth-
ods (Ref 3, 66): boroaluminizing, borosiliconiz-
ing, borochromizing, borochromtitanizing,
borochromvanadizing, and borovanadizing.
Boroaluminizing. When boroaluminizing

involves boriding followed by aluminizing,
the compact layer formed in steel parts
provides good wear and corrosion resistance,
especially in humid environments (Ref 8,
36, 66).
Borosiliconizing results in the formation

of FeSi in the surface layer, which enhances
the corrosion-fatigue strength of treated parts
(Ref 68).
Borochromizing (involving chromizing after

boriding) provides better oxidation resistance
than boroaluminizing, the most uniform layer
(probably comprising a solid-solution boride
containing iron and chromium), improved wear
resistance compared with traditionally borided
steel, and enhanced corrosion-fatigue strength.
In this case, a post-heat-treatment operation
can be safely accomplished without a protective
atmosphere (Ref 2, 69, 70).
Borochromtitanized structural alloy steel pro-

vides high resistance to abrasive wear and cor-
rosion as well as extremely high surface
hardness, 5000 HV (15 g load) (Ref 66).
Figure 18 shows the microstructure of the case
of a borochromtitanized constructional alloy
steel part exhibiting titanium boride in the outer
layer and iron-chromium boride beneath it.
Borovanadized and borochromvanadized

layers are quite ductile, with their hardnesses
exceeding 3000 HV (15 g load). This drastically

Fig. 17 Diagram of a fluidized bed for boriding. Source:
Ref 4, 5Fig. 16 Layout of plasma boronizing facility. Source: Ref 25
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reduces the danger of spalling under impact load-
ing conditions (Ref 66).

Applications of Thermochemical
Boriding

Presently, borided parts have been used
in a wide variety of industrial applications
(Table 4) because of the numerous advantageous
properties of boride layers. In sliding and adhe-
sive wear situations, boriding is applied to:

� Spinning steel rings, steel rope, and steel thread
guide bushings (made of DIN St 37 steel)

� Grooved gray cast iron drums (thread
guides) for textile machinery

� Four-holed feed water-regulating valves
(made from DIN 1.4571 or AISI 316 tita-
nium steel)

� Burner nozzles, swirl elements, and injector
tops for steel oil burners in the chemical
industry (Ref 4, 5)

� Drive, worm, and helically toothed steel
gears in various high-performance vehicle
and stationary engines (Ref 3)

� Ball valves and seats

As abrasive wear-resistance materials,
borided stainless steels are used for parts such
as screw cases and bushings, perforated and

slotted hole screens, rollers, valve components,
fittings, guides, shafts, and spindles. Borided
Ti-6Al-4V is used for parts such as leading-
edge rotor blade cladding for helicopter appli-
cations. Other applications in this category
include:

� Agricultural machinery parts
� Ground-engaging tools
� Nozzles of bag-filling equipment
� Extrusion screws, cylinders, nozzles, and

reverse-current blocks in plastic production
machinery (extruder and injection molding
machinery) (Ref 1)

� Bends and baffle plates for conveying equip-
ment for mineral-filled plastic granules in
the plastics industry

� Punching dies (for making perforations in
accessory parts for cars), press and drawing
matrices, and necking rings (made from S1
tool steel)

� Press dies, cutting templates, punched plate
screens (made of DIN St 37 steel)

� Screw and wheel gears, bevel gears (from
AISI 4317 steel)

� Steel molds (for the manufacture of ceramic
bricks and crucibles in the ceramics indus-
try), extruder barrels, plungers and rings
(from 4140 steel)

� Extruder tips, nonreturn valves and cylinders
(for extrusion of abrasive minerals or glass-
fiber-filled plastics, from 4150 steel)

� Casting fillers for processing nonferrous
metals (from AISI H11 steel)

� Transport belts for lignite coal briquettes

Borided parts also find applications in die-
casting molds; bending blocks; wire draw
blocks; pipe clips; pressing and shaping rollers,
straightening rollers, engraving rollers, and roll-
ers for cold mills; mandrels; press tools; bush-
ings; guide bars; disks; casting inserts; various
types of dies, including cold heading, bending,
extrusion, stamping, pressing, punching, thread
rolling, hot forming, injection molding, hot
forging, drawing, embossing, and so on, in
A2, A6, D2, D6, H10, H11, 02, and other tool
steels (Ref 48).
Borided steel parts have also been used as

transport pipe for molten nonferrous metals

Table 3 Multicomponent boriding treatments

Multicomponent boriding
technique Media type Media composition(a), wt% Process steps investigated(a) Substrate(s) treated Temperature, �C (�F) Reference

Boroaluminizing Electrolytic salt bath 3–20% Al2O3 in borax S Plain carbon steels 900 (1650) 67
Boroaluminizing Pack 84% B4C + 16% borax

97% ferroaluminum + 3% NH4Cl
S Plain carbon steels 1050 (1920) 68

B-Al
5% B4C + 5% KBF4 + 90% SiC (Ekabor II) Al-B

Borochromizing Pack 78% ferrochrome + 20% Al2O3 + 2% NH4Cl S Plain carbon steels Borided at 900 (1650) 2
B-Cr5% B4C + 5% KBF4 + 90% SiC (Ekabor II) Chromized at 1000 (1830)
Cr-B

Borosiliconizing Pack 100% Si B-Si 0.4% C steel 900–1000 (1650–1830) 2
Si-B5% B4C + 5% KBF4 + 90% SiC (Ekabor II)

Borovanadizing Pack 60% ferrovanadium + 37% Al2O3 + 3% NH4Cl B-V 1.0% C steel Borided at 900 (1650) 2
Vanadized at 1000 (1830)

(a) S, simultaneous boriding and metallizing; B-Si, borided and then siliconized; Al-B, aluminized and then borided
Source: Ref 3

Fig. 18 Microstructure of the case of a borochromtitanized construction alloy steel. Source: Ref 8, 66
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such as aluminum, zinc, and tin alloys (made
from DIN St 37), corrosion-resistant transport
pipe elbows for vinyl chloride monomer, grind-
ing disks (made from DIN Ck 45), die-casting
components, air foil erosion-resistant cladding,
data printout components (for example, mag-
netic hammers, wire printers), and engine tap-
pets (Ref 15).
Boronized Permalloy is used for magnetic

head applications. Boronized cemented car-
bides are used as drawing dies, guiding parts,
and dimensional measurement parts. Some
examples of multicomponent boriding include
improving the wear resistance of austenitic
steels (borochromizing), of parts for plastics-
processing machines (borochromtitanizing),
and of dies used in the ceramics industry (boro-
chromizing) (Ref 66).

Chemical Vapor Deposition

Metal boride coatings or deposition via chemi-
cal vapor deposition (CVD) of TiB2, ZrB2, rare
earth borides, and so forth on steel, refractory

metals, and alloys have been made using the
following chloride reaction:

MCl4ðgÞ þ 2BCL3ðgÞ þ 5H2ðgÞ ¼ MB2ðsÞ þ
10HClðgÞ (Eq 6)

Good deposition of some borides is
obtained under the conditions listed in Table
5. Among these boride coatings, much research
work has been directed toward the deposition
of TiB2.
The CVD process for the deposition of TiB2

or ZrB2 coatings on various substrate materials
is carried out by passing a mixture of TiCl4 (or
ZrCl4) and BCl3-H2 gas mixture over a heated
part placed in a vacuum chamber, where the
gas decomposition into atomic boron and tita-
nium (or zirconium) and subsequent deposition
of TiB2 (or ZrB2) occurs at the component
surface when the appropriate deposition tem-
perature and gas pressure are maintained
(Table 5). It is necessary to adjust the gas flow
so that the atomic ratios are:

� B/Ti = 1 to 2 and H/Cl = 6 to 10 for TiB2� B/Zr = 1.0, and H/Cl = 20.0 for ZrB2

It is further noticed that when B/(B + Cl) =
�0.4, the TiB2 deposit becomes dense with a
{1010} or {1120} preferred orientation, which
is often associated with a columnar appear-
ance (Ref 72) and microhardness values of
approximately 3300 to 4500 HV (50 g load).
For a good, adherent deposit of TiB2 on steel
and cemented carbides, it is desirable to pre-
coat the substrate with corrosion-resistant
layers of cobalt and TiC, respectively (Ref
72–74).
Advantages and Applications. This process

has several advantages, such as the high purity
of the deposit; a relatively high rate of deposi-
tion; close chemical composition control; high
resistance to thermal shock, erosion, and/or cor-
rosion at elevated temperatures; and large eco-
nomic savings for the mass production of
small parts. As a result, TiB2 coatings are vari-
ously used on cemented carbide cutting inserts
(Ref 74), on graphite electrodes in aluminum
reduction cells, and on letdown valves in coal
conversion reactors (Ref 75, 76). The ZrBr2
coatings on graphite are sometimes used as a
spectrally selective surface at elevated tempera-
tures (Ref 77).

Table 4 Proven applications for borided ferrous materials

Substrate material

ApplicationAISI BSI DIN

. . . . . . St37 Bushes, bolts, nozzles, conveyer tubes, base plates, runners, blades, thread guides
1020 . . . C15 (Ck15) Gear drives, pump shafts
1043 . . . C45 Pins, guide rings, grinding disks, bolts

St50-1 Casting inserts, nozzles, handles
1138 . . . 45S20 Shaft protection sleeves, mandrels
1042 . . . Ck45 Swirl elements, nozzles (for oil burners), rollers, bolts, gate plates

C45W3 Gate plates
W1 . . . C60W3 Clamping chucks, guide bars
D3 . . . X210Cr12 Bushes, press tools, plates, mandrels, punches, dies
C2 . . . 115CrV3 Drawing dies, ejectors, guides, insert pins

40CrMnMo7 Gate plates, bending dies
H11 BH11 X38CrMoV51 Plungers, injection cylinders, sprue
H13 . . . X40CrMoV51 Orifices, ingot molds, upper and lower dies and matrices for hot forming, disks
H10 . . . X32CrMoV33 Injection molding dies, fillers, upper and lower dies and matrices for hot forming
D2 . . . X155CrVMo121 Threaded rollers, shaping and pressing rollers, pressing dies and matrices

105WCr6 Engraving rollers
D6 . . . X210CrW12 Straightening rollers
S1 �BS1 60WCrV7 Press and drawing matrices, mandrels, liners, dies, necking rings
D2 . . . X165CrVMo12 Drawing dies, rollers for cold mills
L6 BS224 56NiCrMoV7 Extrusion dies, bolts, casting inserts, forging dies, drop forges

X45NiCrMo4 Embossing dies, pressure pad and dies
02 �BO2 90MnCrV8 Molds, bending dies, press tools, engraving rollers, bushes, drawing dies, guide bars, disks, piercing punches
E52100 . . . 100Cr6 Balls, rollers, guide bars, guides

Ni36 Parts for nonferrous metal casting equipment
X50CrMnNiV229 Parts for unmagnetizable tools (heat treatable)

4140 708A42
(En19C)

42CrMo4 Press tools and dies, extruder screws, rollers, extruder barrels, nonreturn valves

4150 �708A42
(CDS-l5)

50CrMo4 Nozzle base plates

4317 . . . 17CrNiMo6 Bevel gears, screw and wheel gears, shafts, chain components
5115 . . . 16MnCr5 Helical gear wheels, guide bars, guiding columns
6152 . . . 50CrV4 Thrust plates, clamping devices, valve springs, spring contacts
302 302S25

(EN58A)
XI2CrNi188 Screw cases, bushes

316 �316S16
(EN58J)

X5CrNiMo1810 Perforated or slotted hole screens, parts for the textile and rubber industries
G-X10CrNiMo189 Valve plugs, parts for the textile and chemical industries

410 410S21
(En56A)

X10Cr13 Valve components, fittings

420 �420S45
(EN56D)

X40Cr13 Valve components, plunger rods, fittings, guides, parts for chemical plants
X35CrMo17 Shafts, spindles, valves

Gray and ductile cast iron Parts for textile machinery, mandrels, molds, sleeves

Source: Ref 4, 5, 31, 32
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Härt.-Tech. Mitt., Vol 39 (No. 1), 1984,
p 7–15

Table 5 Chemical vapor deposition conditions for some borides

Boride Precursors

Temperature Pressure

After (Ref 71)�C �F kPa torr

HfB2 HfCl4-BCl3-H2 1400 2550 0.4 3 Gebhardt and Cree (1965)
NbB2 NbBr5-BBr3 850–1750 1560–3180 0.003–0.025 0.025–0.2 Armas et al. (1976)
Ni-B Ni(CO)4-B2H6-CO 150 300 87 650 Mullendore and Pope (1987)
SiB4 SiH4-BCl3-H2 800–1400 1470–2500 6.5–80 50–600 Dirkx and Spear (1984)
SiBx SiBr4-BBr3 975–1375 1790–2500 0.007 0.05 Armas and Combescure (1977)
TaB2 TaBr5-BBr3 850–1750 1560–3180 0.003–0.025 0.025–0.2 Armas et al. (1976)

TaCl5-B2H6 500–1025 930–1875 100 760 Randich (1980)
TiB2 TiCl4-BCl3-H2 1200–1415 2200–2580 0.4–2 3–15 Gebhardt and Cree (1965)

TiCl4-B2H6 600–900 1100–1650 100 760 Pierson and Mullendore (1980)
TiCl4-BCl3-H2 750–1050 1380–1920 100 760 Caputo et al. (1985)
TiCl4-BCl3-H2 1200 2200 6.5 50 Desmaison et al. (1987)

ZrB2 ZrCl4-BCl3-H2 1400 2550 0.4–0.8 3–6 Gebhardt and Cree (1965)

Source: Ref 71

Boriding (Boronizing) of Metals / 723



59. E. Filep, Sz. Farkas, and G. Kolozsvary,
Surf. Eng., Vol 4, 1988, p 155–158

60. A.M. Staines, Met. Mater., Vol 1, 1985,
p 739–745

61. P. Casadesus, C. Frantz, and M. Gantois,
Met. Trans. A, Vol 10, 1979, p 1739–1743

62. A. Raveh, A. Inspektor, U. Carmi, and
R. Avni, Thin Solid Films, Vol 108, 1983,
p 39–45

63. T. Wierzchon, J. Bogacki, and T. Karpinski,
Heat Treatment of Metals, 1980.3, p 65

64. S.A. Isakov and S.A. Al’tshuler, Transl.
Metalloved. Term. Obra. Met., No. 3,
March 1987, p 25–27

65. A.V. Matuschka, N. Trausner, and J. Zeise,
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Thermoreactive Deposition/Diffusion
Process for Surface Hardening of Steels
Toru (Tohru) Arai, Consultant

Introduction

The thermoreactive deposition and diffusion
(TRD) process is a heat-treatment-based method
to form coatings, with compacted layers of
carbides, nitrides, or carbonitrides, onto some
carbon/nitrogen-containing materials, including
steels. The coatings can have greater thickness
and higher bond strengths to substrates in com-
parison with coatings produced by chemical
vapor deposition (CVD) and especially by physi-
cal vapor deposition (PVD).
The TRD coatings are formed due to the

strong affinity of carbide-forming elements
(CFEs) and nitride-forming elements (NFEs)
in coating reagents to the carbon/nitrogen
atoms in substrates of the parts to be coated.
The growth of thicker coatings is realized by

continuous supply of carbon/nitrogen by ther-
mal diffusion from inside to the substrate sur-
face, caused by the concentration gradient.
The degree of affinity to carbon/nitrogen can
be judged with free-energy changes for forma-
tion of carbides/nitrides.
Carbide-forming elements include titanium,

zirconium, hafnium, vanadium, niobium, tanta-
lum, chromium, tungsten, molybdenum, and
manganese. All of these elements are also
nitride-forming elements. It has been confirmed
that carbide and nitride coatings of these ele-
ments can be formed on iron-, nickel-, and
cobalt-base materials, if a well-considered
choice of coating reagents, substrate materials,
and process parameters can be employed.
Figures 1 and 2 exhibit the in-depth variation

of x-ray intensities of the major elements in
carbide/nitride coatings formed on steels. These
coatings are almost completely composed of
carbon/nitrogen and CFEs/NFEs. Major compo-
nents of the substrates, such as iron, cannot be
observed in the coatings. Furthermore, Fig. 3
clearly exhibits the fact that growth of the car-
bide coatings begins on the outside surface of
the substrate. As shown in Fig. 4, very thick
coatings, such as 20 mm (0.8 mil), can easily
be formed by selecting substrates that have a
large carbon content in the matrix phase at the

coating temperature. For example, gray cast
irons and low-alloyed high-carbon steels treated
at high coating temperatures have a high bond-
ing strength to substrates that will perform well
in practical applications.
The active CFEs/NFEs that can work for for-

mation of coatings are generated from the
added CFE/NFE reagents mixed into other
reagents. Addition of carbon/nitrogen to the
coating reagents is not recommended, because
the added carbon/nitrogen in the coating
reagents can deteriorate the simplicity of chem-
ical reactions related to formation of active
CFEs/NFEs in the regents. Moreover, it can
compel more efforts to retain qualities such as
thickness and crystal structures and properties

such as bonding strength and so on. Coatings
that are formed only by the reaction between
the CFEs/NFEs existing in the coating reagents
and the carbon/nitrogen in substrates of the
workpieces to be coated can ensure so-called
metallurgical bonding. Thus, it is well recog-
nized that the bonding strength of coatings to
substrates by TRD is greater than that of PVD
and CVD, even with greater thicknesses such
as 5 to 20 mm (0.2 to 0.8 mil).
Adding carbon or nitrogen into the parts to

be coated is usually not recommended, because
there are numerous types of industrial irons and
steels that already contain sufficient amounts of
carbon. Furthermore, carburizing and nitriding
can easily add more carbon/nitrogen to ferrous
metals, if it necessary prior to coating.
In the nature of coated layers and their

application fields, the TRD process should be
classified as a thin hard coating together with
CVD and PVD, rather than the typical thermal
diffusion processes such as carburizing, nitrid-
ing, boriding, and so on. Equipment for TRD
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Fig. 1 In-depth variation of x-ray intensity of vanadium,
carbon, iron, and other elements in vanadium

carbide coatings formed on W1 by high-temperature
fluidized beds with the addition of 10 wt% ferrovanadium
powders. Coating temperature: 1000 �C (1830 �F); time: 2 h

Fig. 2 In-depth variation of x-ray intensity of chromium,
iron, nitrogen, and carbon in chromium nitride

coatings formed on preliminarily nitrided H13 by low-
temperature chloride baths with the addition of 20 wt% Cr
powders. Coating temperature: 570 �C (1060 �F); time:
8 h. Preliminary nitriding in salt bath: 570 �C (1060 �F);
time: 3.5 h



coating is fundamentally similar to the conven-
tional equipment used for heat treatments,
although small modifications are necessary for
TRD processing. Therefore, TRD coating
equipment is less expensive in comparison with
those for carbide/nitride coating by CVD and
PVD. Excellent adhesion strength, even with
much thicker coatings, and uniform coating
thickness, even on narrow, recessed areas, and
simultaneous core hardening and so on can be
listed as advantages over CVD and PVD.
The TRD process can be performed by use of

molten salt bath, fluidized-bed, and pack
cementation methods using solid reagent pow-
ders. The first productive carbide coating process
was developed by Toyota Central Research and
Development Labs, Inc., using the borax salt
bath immersion method (Ref 1, 2), and practical
applications started in 1969 in Japanese indus-
tries. The process is therefore popularly called
the Toyota diffusion process, the TD process,
or the thermal diffusion process. However, the
designation of TRD, proposed by the author,
is becoming more commonly used, because it
faithfully describes the growth mechanism of
the coatings, which has been clarified through
extensive research. The process has been
expanded further by Toyota to the carbide coat-
ing and the carbide/nitride coating by use of
fluidized beds (Ref 3) and chloride-based low-
temperature salt baths. Fluidized-bed carbide
coating and low-temperature salt bath nitride
coating have been practiced since 1990 and
1996, respectively.
Some papers, published before Toyota’s

achievements, reported formation of carbide
layers by use of salt baths and powder packing,
although the quality of the coatings was insuffi-
cient for current industrial demands. Most of
them (for example, Ref 4) should be in the cat-
egory of TRD.

Coating Mechanism and Types

If the CFEs and NFEs in coating reagents are
kept in contact with workpiece substrates at
raised temperatures, they instantaneously bond
chemically with carbon/nitrogen at the exposed
surfaces to make carbide/nitride grains on the
contact surfaces due to large affinity, that is,
small free-energy changes for carbide/nitride
formation.
The carbide/nitride grains thus formed

grow to thick coatings on the substrate sur-
faces by continuous reaction between the
CFEs/NFEs in the coating reagents and the
carbon/nitrogen atoms at the surface of the
coatings that are successively supplied from
deeper levels of the substrates due to thermal
diffusion. Hence, the diffusion rate of carbon/
nitrogen in substrates is one of the most
important factors for the growth rate of coat-
ings. The large diffusion rate of carbon
needed to create thick coatings is achieved
in the temperature ranges for steel hardening
but not in the range for steel tempering.
However, nitrogen can diffuse more easily
at low temperatures, such that sufficiently
thick nitride layers can be created at temper-
ature ranges normally employed for high-
temperature tempering for steels. Thus, TRD
can produce carbide coatings at austenitiz-
ing/hardening temperatures and can produce
nitride coatings at the lower subcritical tem-
pering temperatures for steels.
The TRD coating onto nitrided low-carbon

steels can produce carbonitride layers at large
growth rates because it uses both carbon and
nitrogen. Furthermore, it can reduce the possi-
bility of a hardness drop underneath carbide
coatings that could be caused by decreased car-
bon contents. In this manner, the nitride coat-
ings formed at low temperatures should be

strictly referred to as carbonitrides because they
can include carbon in addition to nitrogen.
The TRD coating produces layers of

carbides, nitrides, and carbonitrides on the
substrate metals, such as iron-, nickel- and
cobalt-base alloys. The TRD coatings can also
be produced on solid carbides and nitrides, such
as silicon carbide (SiC) and silicon nitride
(Si3N4), as long as the CFEs/NFEs in the coat-
ing reagents have a larger affinity to carbon/
nitrogen than those of the CFEs/NFEs in the
substrates (Ref 5). A solid carbon, such as
graphite, can have carbide coatings also.
The CFEs/NFEs capable of forming coatings

(active CFE/NFE) are available in molten salt
and mixtures of the CFEs/NFEs containing
material powders and activators, usually
halides, that are heated in airtight vessels
(powder-packing process) or in fluidized beds
(fluidizing-bed process).
Types of Coatings Formed. The carbide and

nitride coatings reported to form on carbon/
nitrogen-containing metallic materials, such as
steels, cobalt alloys, and nickel alloys, can be
listed as following:

Fig. 3 Optical cross-sectional views of vanadium carbide coatings formed on W1 by high-temperature borax baths
with the addition of 20 wt% V pentaoxide flakes and 5 wt% boron carbide powders at various temperatures
and times. (a) 900 �C (1650 �F), 3 min. (b) 900 �C, 30 min. (c) 1000 �C (1830 �F), 1 min. (d) 1000 �C, 30 min

Fig. 4 Optical cross-sectional view of niobium carbide
coating with remarkably large thickness formed

on D3 by high-temperature borax bath. Coating
temperature: 1000 �C (1830 �F); time: 24 h; 10 wt% Fe-Nb
powders

High-temperature borax
baths

Single and alloyed carbides of
V, Nb, Ta, Cr, W, Mo

Single and alloyed nitrides of V
and Nb

High-temperature halide
baths

Single and alloyed carbides of
Ti, Zr, V, Nb, Ta, Cr, Mo, W

Single and alloyed nitrides of
Ti, Zr, V, Nb, Ta, Cr, Mo,
W, Mn

High-temperature
fluidizing beds and
packing boxes

Single and alloyed carbides of
Ti, Zr, V, Nb, Ta, Cr, Mo,
W, Mn

Single and alloyed nitrides of
Ti, Zr, Nb, Cr, Mo, W

Low-temperature halide
baths

Single and alloyed nitrides of V
and Cr

Low-temperature fluidizing
beds and packing boxes

Single nitride of Cr and V
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Some of the carbide/nitride coatings can take
different types of crystal lattices, depending on
the ratio of the number of atoms of CFE/NFE
and carbon/nitrogen in the coatings, for exam-
ple, V2C and VC, Cr23C6 and Cr7C3, V2N and
VN, and Cr2N and CrN. However, these differ-
ences usually do not have any remarkable effect
on their performance in practical applications.
The alloyed carbide/nitride coatings (consist-

ing of, for example, vanadium and niobium, vana-
dium and chromium, or niobium and chromium)
can be formed in any coating process. However,
it has been confirmed that the compositions of
alloyed TRD carbide/nitride coatings, namely,
the concentrations of each CFE/NFE, usually
change during their growth, as exemplified in
Fig. 5, depending on coating temperature and
the mixing ratio for the CFE/NFE reagents. Also,
the type of CFE/NFE has the largest effect,
through the differences in degree of affinity to
carbon/nitrogen and the types of crystal lattices
of each carbide/nitride (Ref 6, 7).
Multiple coatings of the same and/or differ-

ent types of carbides are possible, within any
combination of vanadium carbide, niobium car-
bide, and chromium carbide, at least (Ref 8).
Remarkably large mixing of the first coating
CFEs/NFEs and the second coating CFEs/NFEs
during the second coating process has not been
observed.
Coatings can grow on CVD TiC layers and

PVD TiN layers, although there is a large risk
of peeling off caused by the poor adhesion
strength of CVD and PVD coatings.
Copper plating can stop the formation of

TRD carbide/nitride coatings, because the car-
bon/nitrogen atoms in the workpiece substrates
cannot diffuse through the plating to the surface
and react with the CFE/NFE. Therefore, copper
plating is employed for localized TRD coating.
On the other hand, TRD carbide coatings can
grow on nickel-plated and chromium-plated
steels. Carbon atoms in the workpiece sub-
strates can easily move to the plating surfaces
by thermal diffusion, changing their structures
to chromium carbide or carbon-rich nickel.
In a case where the CFE has a relatively

weak affinity to carbon, a large diffusion rate,
and large solubility limits in substrate metals,
such as chromium carbide coating onto low-
and medium-carbon steels, the formed coatings
consist of both a chromium carbide (outer) and
a chromium-iron solid-solution layer (inside),
as in the conventional chromizing process
(Ref 9, 10).
Also, TRD can make layers of compounds

between the CFE and the major elements in
substrates, in some cases. Typical examples
are NbNi3, VNi3, NbCo3, and VCo3 on nickel-
and cobalt-base alloys having relatively small
carbon contents. Preliminary carburizing on
these alloys can lead to formation of only
compacted carbide layers. Quantitative bal-
ances of the carbon and elements in substrates
should be a major determinant for the types of
coatings.

Carbide Coating Nucleation and
Growth

Growth on Metallic Phases in Substrates.
At carbide coating temperatures, the structures
of plain carbon steels and low-alloy steels
consist of mostly austenite and zero to a few
percent iron-base carbides, M3C (Fe3C). High-
carbon, high-alloy steels, on the other hand, are
composed of alloy carbides, such as M23C6,
M7C3, and MC, as well as austenite. This means
that carbon atoms existing in carbide grains can-
not be used as easily for carbide formation as
the carbon atoms in metallic phases.
The growth of carbide coatings at a very early

stage, such as in a few seconds, has been
observed by using the salt bath process (Ref 11,
12). Scanning electron microscopy observation
of the surface of very thin steel blocks revealed
that the coatings of vanadium carbide, niobium
carbide, and chromium carbide started to grow
in molten borax baths at 820 �C (1510 �F) in a
very short time, such as 5 s. The carbide grains
then grew to thick layers via three steps: pri-
mary nucleation and growth of grains smaller
than 0.1 mm (0.004 mil) (hereafter called the
first step); generation of very fine-grained car-
bide particles on the first-step layers, producing
a very smooth surface (the second step); and
growth to thick carbide layers that have colum-
nar grains with strong preferred orientations or

equiaxed grains with random orientations (the
third step). A similar growth behavior of vana-
dium carbide coatings has been reported in
powder packing (Ref 13).
As for surface roughness of the third-step

coatings, vanadium carbide coatings are supe-
rior to niobium carbide and chromium carbide
coatings. The surfaces of niobium carbide and
chromium carbide coatings formed at low coat-
ing temperatures, such as 900 �C (1650 �F),
are not as smooth as vanadium carbide coat-
ings. However, there are no big differences in
smoothness between these three coatings as
far as the higher coating temperatures are
concerned. Differences in carbide species, types
of substrates, and coating conditions have
remarkable effects on the timing of transition
to the next step for all three step behaviors.
Figure 6 demonstrates the fracture morphology
of vanadium carbide coatings formed on W1
at the coating temperature (Ref 11). The change
of carbide grain size and shape during growth
to thick coatings can be clearly recognized. It
can also be exaggerated by the extremely
higher coating temperature for a carbon steel,
resulting in too-thick coatings, such as 30 mm
(1.2 mil). Figure 7 illustrates the effect of bath
temperature on changes in preferred orientation
during growth of the vanadium carbide (Ref 11).
A similar phenomenon has been observed for
chromium carbide coatings (Ref 12). The
higher coating temperatures tend to create
equiaxed grains rather than grains with strongly
preferred orientation.
It has been recognized through laboratory

testing and practical use that surface finishing
of hard material coatings, such as carbides
and nitrides, can have a tremendous effect on
tribological properties in comparison with other
industrial materials. It is also noted that coat-
ings constructed with equiaxed grains should
have better mechanical strength compared
to coatings with columnar grains. Selection of
coating conditions should be done in consider-
ation of such information.
Growth on Exposed Carbon and Carbide

Grains on Workpiece Surfaces. Exposed car-
bide grains at substrate surfaces should have
some effect on the growth behavior of carbide
coatings and various properties of coated parts.

Fig. 6 Fracturemorphologyofvanadiumcarbide coatings
on W1 formed by high-temperature borax baths

with the addition of 20 wt% V pentaoxide flakes and 5 wt%
boron carbide powders. Coating temperature: 1000 �C
(1830 �F); time: 4 h

Fig. 5 In-depth variation of x-ray intensity of vanadium,
niobium, and iron in vanadium-niobium-alloyed

carbide coatings formed on W1 by high-temperature borax
baths with the addition of 10 wt% ferrovanadium and
ferroniobium powders. Coating temperature: 1000 �C
(1830 �F); time: (a) 1 h and (b) 8 h
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It has been confirmed that only the CFEs in coat-
ing reagents, which have a greater affinity to car-
bon, can take out the carbon atoms in the carbide
grains to contribute to TRD carbide growth, and
their growth rates were almost the same as those
on austenite (direct deposition). In case of weak
affinity, no deposition or greatly delayed deposi-
tion of the primary carbide grains was observed,
although the surface of the carbide grains can be
covered by the coating carbides by lateral growth
of the carbides that have already grown on the
austenite (indirect deposition). This phenomenon
was clarified by use of experimental cast alloys
containing extremely coarsened alloy carbide
grains (Ref 14).
The growth rates of coatings on carbide

grains by indirect deposition are smaller than
those on austenite, and therefore, the coating
surfaces formed on substrates, with large grains
of carbides for indirect deposition, tend to have
small or large dents. This can be easily
observed in the coatings on gray cast irons, as
exemplified in Fig. 8(a) and (b) (Ref 15). The
coatings of vanadium, niobium, and chromium
are generated by indirect deposition on graphite
grains in cast irons.
The small dents on the coating surface may

offer a positive effect, such as micro-oil pools
under some tribological conditions. On the
other hand, cross-sectional observation reveals
that large graphite flakes existing near the sur-
face of gray cast irons can destroy the coatings
during coating cycles and also in use.
In practical applications of industrial steels,

generation of small dents by indirect growth
has been recognized thus far only in chromium
carbide coating onto 440C (Fig. 8c), because
the carbide grains in industrial steels are usually
not so coarse. Preliminary coatings of vana-
dium carbide and niobium carbide can solve
the problem because these carbides grow on
the chromium carbide grains by direct growth
and ensure uniform growth of chromium car-
bide layers on previously coated vanadium car-
bide and niobium carbide layers.
There are some other industrial materials

with microstructures composed of both metallic
phases and grains of carbides or nitrides. These
are cemented carbides and the carbide-steel cer-
mets such as Ferro-TiC, high-carbon cobalt
alloys such as Stellite, and alloyed cast irons.
The TRD coatings are successfully applied to
these materials, with no serious problems.
The TRD carbides/nitrides can grow on car-

bide/nitride ceramics, such as silicon carbide
and silicon nitride, at growth rates similar to
those on steels (Ref 5). However, the details of
growth behavior have not yet been examined.

Nitride Coating Nucleation and
Growth

The entire surface of nitrided layers formed on
low-alloy steels is covered with iron-nitrogen
compound layers and diffusion layers underneath

the compound layers. The top surface of nitrided
layers formed on high-carbon, high-alloy steels
should have some exposed grains of carbides
that may contain some amount of nitrogen during
the nitriding cycles. The TRD nitride coatings
can grow on the iron-nitrogen compound layers
using nitrogen atoms in the compound layers.
Growth behavior of TRD coatings on carbide
grains has not yet been examined. However, the
presence of small carbide grains in industrial
steels would not seriously hinder the ability
to form nitride layers during TRD processing.
The process can be successfully applied on
high-speed tool steels.
The TRD coatings formed by the process

consist of either double layers—Cr2N (outer)
and CrN (inner), V2N (outer) and VN
(inner)—or single layers of CrN and VN. The
entire layer consists of coated nitride layers,
residual iron-nitrogen compound layers, and
the diffusion zone (Fig. 9a).

Observations of the detailed growth behav-
ior, as in carbide coating, have not been
reported. It seems to be very difficult to
obtain a similar observation because of the
very fine crystal sizes that form at low coating
temperatures. Figure 9(b) shows the fracture
surface of H13 coated for 3 h at 570 �C
(1060 �F) in chloride salt baths. After 8 h,
the coatings had grown to form a 7 mm
(0.28 mil) thick layer, of which the inner
5 mm (0.2 mil) was composed of columnar
grains and the outer 2 mm (0.08 mil) of glob-
ular grains (Ref 16). It has been noted that,
according to transmission electron micros-
copy observations, the CrN compound layer
was composed of evenly distributed nanomil-
limeter-sized CrN grains.
As for growth behavior in low-temperature

nitride coatings, detailed research has been car-
ried out in the salt bath process (Ref 17–19) and
the fluidized-bed process (Ref 20, 21). These
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Fig. 7 Variation of x-ray intensity ratio, I (111)/I (200), of vanadium carbide coatings during growth by prolonged
coating at various coating temperatures

Fig. 8 Surface and cross-sectional views of carbide coatings formed by high-temperature borax baths, showing small
dents on coated surfaces caused by indirect deposition on (a) graphite and carbide grains, (b) vanadium

carbide on ductile cast iron, 900 �C (1650 �F), 4 h, and (c) chromium carbide on 440C, 1000 �C (1830 �F), 2 h
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papers are very useful sources for further under-
standing of growth behavior. For example,
detailed observation by Cao of phase transfor-
mation in chromium nitride formation showed
that most chromium nitride coatings grew on
the surface, but chromium atoms also diffuse
deeper into substrates to nucleate chromium
nitride (Ref 19). It has been observed that,
during coating growth, chromium diffused into
the surface side of nitrided compound layers.
On the other hand, the deep side of compound
layers can change their structures, depending
on coating temperatures, nitriding temperatures,
and chemical composition of the substrates
used.

Factors Controlling the Growth
Rate of Coatings

Amount of Active CFE/NFE. As shown in
Fig. 10 to 13, coating thickness reaches its

maximum level with the addition of only a
small amount of CFE/NFE reagent, meaning
that a CFE/NFE reagent as small as 5 to
10 wt% yielded enough active CFE/NFE
to combine with all of the carbon/nitrogen
available from the substrates, regardless of the
type of coating methods and carbide species.
The amount of added reagents that yield coatings
of the saturated thickness can be referred as the
minimum required amount of CFE/NFE reagents
(MRA-CFE/NFE reagents), and the amount of
active CFE/NFE needed for the saturated thick-
ness is the minimum required amount of active
CFE/NFE (MRA-A CFE/NFE).
In the case of more than the MRA-A CFE/

NFE being present, the sole factor in deciding
growth rates of carbide/nitride layers is the
amount of carbon/nitrogen atoms that can be
obtained from inside the substrates over time.
Furthermore, in the case of high-carbon, high-
alloyed steels and high-carbon cobalt alloys
such as Stellite, the amounts of available

carbon are determined not by the carbon con-
tent in the whole substrate material but by the
carbon content in the metallic phase: austenite,
in the case of steels, and chemical composi-
tions, amounts, sizes, and distributions of
alloyed carbide grains. If the substrates consist
of cermets such as cemented carbides, the car-
bon contents in the cobalt phases as well as
the cobalt percentages in the alloys determine
the available carbon contents.
The coatings having higher CFE/NFE con-

tents, as found with V2C, Cr23C6, V2N, Cr2N,
and so on, were observed on the coatings of
VC, Cr7C3, VN, and CrN in some coating con-
ditions. It is believed that the active CFE/NFE
in excess of what is required to make V2C,
Cr23C6, V2N, and Cr2N is waiting in the coating
reagents for the arrival of carbon/nitrogen at the
surface from inside the substrates, suggesting
that the amount of carbon/nitrogen available
from the inside substrates is a determining
factor.

Fig. 9 Cross-sectional view of chromium nitride coatings formed on 1045 by low-temperature chloride baths with the
addition of 20 wt% Cr powders. (a) Optical observation of polished cross section. Coating temperature: 570 �C

(1060 �F), time: 8 h; preliminary nitriding in salt bath: 570 �C, time: 1.5 h. (b) Electron microscopy observation of
fractured section of H13. Coating temperature: 580 �C (1075 �F), time: 3 h; preliminary nitriding in salt bath: 570 �C,
time: 8 h

Fig. 10 Effect of amount of ferrovanadium powders in
borax baths on thickness of vanadium carbide

coatings formed in high-temperature borax baths. Coating
temperature: 950 �C (1740 �F); time: 4 h

Fig. 11 Effect of amount of ferrovanadium powders in
fluidized beds on thickness of vanadium

carbide coatings formed in high-temperature fluidizing
beds. Coating temperature: 1000 �C (1830 �F); time: 2 h

Fig. 13 Effect of amount of chromium powders in
chloride baths on thickness of chromium

nitride coatings formed in low-temperature chloride
baths. Coating temperature: 570 �C (1060 �F); time: 8 h.
Salt bath nitriding: 570 �C; time: 3.5 h

Fig. 12 Effect of amount of chromium powders in
fluidized beds on thickness of chromium

carbide coatings formed in high-temperature fluidizing
beds. Coating temperature: 1000 �C (1830 �F); time: 2 h
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In the case of coating nitride and carbonitride
onto nitrided steels, the thickness of the iron-
nitrogen compound layers has a determining
effect, as does their composition. The depth of
nitrogen diffusion layers also should have
minor effects.
Types of Carbide/Nitride Species. In the

case where greater than the MRA-A CFE/NFE
is present, remarkable differences have not
been observed in the growth rate of coatings
between any carbide/nitride species. It is a
legitimate consequence, because chemical
bonding at elevated temperatures usually pro-
ceeds rapidly.
Coating Temperatures and Times. As with

other diffusion treatments, the parabolic law
can be applied between coating times for
all the coatings by TRD, as exemplified in
Fig. 14 (Ref 11, 12, 15, 22).
The increased diffusion velocity of carbon/

nitrogen in substrates by higher coating tem-
peratures leads to thicker coatings, as in other
diffusion treatments. However, the effect of
coating temperatures is more remarkable in
the case of high-carbon, high-alloyed metals,
because high temperatures accelerate more
dissolution of carbide grains into austenite,
resulting in higher carbon content in the
matrix phases (Fig.15) (Ref 22). Figure 16
shows the times needed to obtain 4 and
7 mm (0.16 and 0.28 mil) thick coatings on
various industrial steels. Coating at tempera-
tures as high as 1050 �C (1920 �F) can decrease
the times greatly. However, the actual coating
operation would be almost impossible with con-
ventional external salt bath furnaces, and coating
higher than 1100 �C (2010 �F) was done in salt
baths prepared in a small heat-resisting alloy pot
thatwas dipped into conventional internal-heating
salt baths.
Chemical compositions of substrate materi-

als, matrix phases, and carbide grains have an
effect on the dissolution, composition, and size
of carbide grains. Furthermore, formation of
solid-solution layers and compound layers
should have some degree of effect on the diffu-
sion rates of carbon in matrix phases, although

it may not be so considerable as far as the
industrial materials are concerned.
Thickness of Substrates. Carbon/nitrogen

atoms for TRD coating are supplied only from
substrates. Therefore, the maximum thickness
that can be formed is limited by the thickness
and the carbon/nitrogen content of the sub-
strates. However, TRD coating can produce
coatings with thicknesses similar to those by
PVD even on substrates with thicknesses as thin
as 0.1 mm (0.004 in.) if high-carbon steels are
used as substrates. The TRD coatings have been
satisfactorily applied to razor-sharp blades for
cutting of rubber products, textile filament,
and so on.

Coating Processes

Coating Processes in General Use. Active
CFEs/NFEs can be produced either in moltenc-
salts or by generating CFE/NFE-containing
gases that are produced through the reaction
between solid halides and CFE/NFE-containing
solid particles in reaction chambers such as
powder-packing boxes and fluidizing beds.
The following methods of performing TRD

coating are recommended after considering the
ease of making high-quality coatings, the mar-
ketability of reagents, production costs, proper-
ties of coatings, and demands for the coated
products in markets. The following methods
have been successfully employed in the past
and at present and would be put into actual pro-
duction in the near future:

� High-temperature borax bath immersion, using
CFE in borax: Vanadium carbide, niobium
carbide, chromium carbide, and their alloys as
(V, Nb)C, (V, Nb, Cr)C, and so on, along with
multilayered coatings of these carbides

� High-temperature fluidized bed immersion,
using powders of CFE/NFE-containing metals,
aluminum oxide powders as the fluidizing-bed
material, and particles of halide compounds
or gaseous halides as activators: Vanadium
carbide

� High-temperature powder-packing methods,
using powders of CFE/NFE-containing
metals, aluminum oxide powders as neutral
compounds, and halide compound powders
as the activator: Vanadium carbide and
chromium carbide

� Low-temperature salt bath immersion onto
prenitrided steels, using powders of NFE-
containing metals in chloride salt: Chro-
mium nitride on the prenitrided layers

� Low-temperature fluidized-bed immersion
onto prenitrided steels, using powders of
NFE-containing metals, gaseous halide
compounds as activators, and aluminum
oxide powder as fluidizing materials: Chro-
mium nitride on the prenitrided layers

The borax bath high-temperature carbide
coating has now found substantial acceptance
in various fields worldwide. Fluidized-bed
high-temperature carbide coating has also
found acceptance as an alternative to the salt
bath process, where problems can be experi-
enced with cleaning off salt residues and
removing masses of salt that can become diffi-
cult to remove from small, long holes in work-
pieces. The chloride salt bath low-temperature
nitride coating is gradually penetrating into
applications in the casting, hot forging, and
metal stamping industries. Fluidized-bed low-
temperature nitride coating is now starting to
be employed in more applications in the same
fields, such as extrusion dies.
Various types of steels are being used as

workpiece substrates. However, cemented car-
bides, Stellite, and cast irons are also used for
special applications.

Fig. 14 Effect of coating temperatures and times on
thickness of vanadium carbide coatings

formed on W1 by high-temperature borax baths with the
addition of 20 wt% ferrovanadium powders

Fig. 15 Effect of carbon contents in matrix phase
(austenite) at different coating temperatures

on thickness of vanadium carbide coatings in high-
temperature borax baths with the addition of 20 wt%
ferrovanadium powders. Coating time: 4 h
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Fig. 16 Coating time required to form 4 and 7 mm
(0.16 and 0.28 mil) thick carbide coatings

on various substrate steels by the high-temperature
carbide coating processes in common to carbide species
and coating methods: salt baths or fluidized beds
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Selection of Coating Processes. Tables 1
and 2 show advantages and disadvantages
and characteristics of various processes. The
most important advantages of the salt bath pro-
cesses are the ease of achieving simultaneous
hardening of steel substrates by various quench-
ing methods. The process has large flexibility

not only for selection of the quenching
method but also for substrate materials, sizes
and shapes of workpieces, and treating times.
Therefore, it has great versatility for small
production tools, such as dies, molds, and vari-
ous jigs and wear parts to be used in mass
production.

In the salt bath processes, an appreciable time
is needed to remove the salt reagents solidified
within long, slender holes in the workpieces.
The fluidized-bed processes have some advan-
tages over the salt bath processes, for example,
easy control of very precise dimensions, such as
less than 10 mm (0.4 mil), due to excellent ther-
mal uniformity. However, the processes require
much more expensive coating equipment.
The greatest advantage of the low-temperature

processes is the minimized distortion problems.
However, the nitride coatings made by the low-
temperature TRD processes are inferior to the
carbide coatings in terms of coating hardness
and therefore abrasive wear resistance.
Selection of Substrate Materials and Dis-

tortion Control. Carbide and nitride coatings
can grow on a wide range of industrial materi-
als as long as they contain carbon/nitrogen,
even in very small amounts, such as 0.05 wt%.
Therefore, there is large flexibility in the selec-
tion of substrates. However, the following two
items must be kept in mind for appropriate
selection for practical applications: the load-
bearing capability of substrates and the ease of
distortion control in application of the high-
temperature TRD coating.
The TRD carbide/nitride coatings can

develop microcracking by deformation of the
substrates due to applied load during use; thus,
the substrates must have high strength. The
larger load requires a higher substrate hardness;
thus, in the case of steel substrates, the follow-
ing are typically selected: low-alloyed tool
steels and cold working die steels (D series)
for 60 HRC, high-steel tool steels for 64 HRC,
superhigh-speed steels for 68 HRC, and cemen-
ted carbides for HRC higher than 68. If thewear
problems are caused by friction, for example,
with textile fibers as in filament guides, very
small pressures are applied to the substrates and

Table 1 Advantages and disadvantages of various coating processes

Coating process Advantage Disadvantage

High-temperature salt bath
process

� Less expensive equipment

� Stable quality of coating

� Quench hardening by various methods

� Wide applicability regarding substrate
materials, shape, and size

� Bath maintenance required

� Salt reagents must be washed off

� Distortion problem

� Temperature nonuniformity

� High working environment
High-temperature fluidized-
bed process

� No need to wash off reagents

� Stable quality of coating

� Better throwing power

� Uniform coating temperature

� Tight dimensional control

� Smaller shape distortion

� Most expensive equipment

� Good equipment design required for substrate
steel hardening

High-temperature powder-
packing process

� Less expensive equipment � Unstable coating

� Possibility of reagent powder sticking

� Large distortion

� Large temperature nonuniformity

� Posthardening necessary to achieve high
hardness

Low-temperature salt bath
process

� Least expensive equipment

� No distortion

� Prenitriding required

� Bath maintenance required

� Salt reagents must be washed off (easier than
high-temperature salts)

Low-temperature fluidized-
bed process

� No need to wash off reagents

� Uniform coating temperature

� No distortion

� Prenitriding necessary

� Unstable coating quality

� Expensive equipment
Low-temperature powder-
packing process

� Less expensive equipment

� No distortion

� Prenitriding necessary

� Large temperature deviation

Table 2 Characteristics of various coating processes

Coating process Substrate hardening Cooling/quenching method Posttreatment needed Quality issues

High-temperature salt
bath process

During cooling from
coating operation

Oil, salt, air, or
nonoxidizing gas
cooling

Wash in hot water and/or polish off
the covered salt reagents

� High substrate hardness can be ensured.

� Countermeasures required for workpiece shapes likely to result in
shape distortion (thin, long, complicated geometries)

� Countermeasures required for tolerances smaller than +_20 mm
� Lengthy time requirement for removal of salt-filled deep blind

High-temperature
fluidized-bed process

During cooling from
coating operation

Gas cooling in attached
cooling chamber

Remove attached reagent powder by
brushing

� Substrate hardening cannot be done more easily than salt bath process.

� Dimensional control is easier than salt bath process.

� Removing reagent powder from deep holes can be easier.
High-temperature
powder-packing
process

No hardening or
preliminary
hardening

Usually impossible Remove attached reagent powder by
tumbling barrel

� Treatment of large numbers of small workpieces is easier.

� Unstable formation of coatings

� Labor required for picking up workpieces from coating powders

� Possible damage by impingement of reagent powders
Low-temperature salt
bath process

Preliminary hardening
and then nitriding

Not needed Wash in hot water and/or polish off
the covered salt reagents

� High-quality prenitriding required

Low-temperature
fluidized-bed process

Preliminary hardening
and then nitriding

Not needed Remove attached reagent powder by
tumbling barrel

� High-quality prenitriding required

� Possible damage by impingement of reagent powders
Low-temperature
powder-packing
process

Preliminary hardening
and then nitriding

Not needed Remove attached reagent powder by
tumbling barrel

� Treatment of large numbers of small workpieces is easier.

� High-quality prenitriding required

� Unstable formation of coatings

� Labor required for picking up workpieces from coating powders
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coatings, and only good wear resistance of the
coatings can solve the problem without requiring
a hardened substrate. The use of unhardened
steels, such as 1045, allows for reduction of cost
through less alloy content and no requirement to
harden the substrate materials.
Ease of distortion control is another important

factor that should be considered in the selection
of proper substrates, in combination with the
load-bearing capability. Steels with high harden-
ability, such as air hardening tool steels, can
decrease shape distortion. High-alloy tool steels
and D-series, H-series, and high-speed steels are
highly recommended to maximize dimension
control and maintain tolerances as tight as
+_0.05 mm (0.002 in.) by employment of high-
temperature tempering where minimal size
change can be achieved. Dimensions of the parts
made of these steels can be precisely adjusted by
use of the secondary hardening behaviors, that is,
decomposition of retained austenite, tempering
of martensite, and so on.
For use as cutting tools, high-speed steels

should be austenitized at approximately 1200 �C
(2190 �F) to obtain extremely high hardness
and superior resistance to high-temperature
softening against thermal loading. However, in
forming uses, in which resistance to high-
temperature softening is not required, powder
metallurgy high-speed steels are highly recom-
mended, because they can be hardened to 65
to 68 HRC at 1025 �C (1875 �F) coating tem-
perature, which is most popularly used in
TRD coating. Furthermore, some high-speed
steels that can be hardened to 64 to 66 HRC
at 1025 �C (1875 �F) TRD coating temperature
are gradually being introduced into practical
use. Eliminating the need for reaustenitizing to
perform hardening greatly decreases the possi-
bility of distortion problems.
High-temperature TRD coatings can be

applied to either hardened or unhardened steel
substrates, with no differences in their thick-
ness. However, a workpiece that has been hard-
ened under the conditions close to those in the
coating and finish-ground to the targeted
dimensions makes it easier to realize tight
dimensional control. It has been confirmed that
employment of annealing between preharden-
ing and coating is usually unnecessary, as long
as the coating temperatures are kept below
1050 �C (1920 �F).
It should be kept in mind that good control of

possible distortion problems, both for size
changes and shape changes, is key to the suc-
cess of high-temperature TRD coating, and the
problems have been solved satisfactorily in a
wide variety of applications, including various
tooling and machine components. For perfect
distortion control, not only expert knowledge
of heat treatment but engineering skills in
industrial production should be fully utilized.
Control of Coating Thickness. As shown

previously in the section “Factors Controlling
the Growth Rate of Coatings,” coating tempera-
ture is the largest determining factor for coating
thickness, as long as large amounts of the

effective CFEs/NFEs are kept in the coating
reagents. Therefore, well-controlled coating
temperatures are absolutely essential. How-
ever, unlike the ordinary salt bath hardening
that uses internally heated baths, borax baths
should use externally heated salt baths. This
may cause large gaps between the temperature
indications obtained with thermocouples
placed outside of the pots and the actual tem-
peratures of the baths. The salt bath tempera-
ture drops during loading of cold workpieces,
and time is needed to recover and reach the
targeted coating temperature. This recovery
time may vary with numerous factors, such as
the salt temperature before loading, the loaded
workpiece sizes, preheating temperatures for
the workpieces, furnace design, pot sizes, and
so on. Keep in mind that, unlike the conven-
tional chloride salts for hardening, TRD borax
baths have very high viscosity, and the result-
ing low fluidity even at high TRD tempera-
tures can interrupt the quick flow of heat
from the pot wall area to the center of the salt
bath. In the case of large-diameter pots (up to
several hundred millimeters), more than 10
h would be needed to heat the baths to the tar-
geted coating temperatures.
Good basket design, placement and orienta-

tion of the workpieces into the baskets, and sev-
eral movements of the baskets in the baths—up
and down and/or rotating—during each coating
cycle are highly recommended to assist in
reducing recovery time and ensuring good
temperature uniformity throughout the bath.
Temperature measuring near the baskets/
workpieces by thermocouples inserted through
small holes in the furnace lids should be very
informative and allow for better process con-
trol, although it is not simple to engineer and
operate with because of the lid design and its
need to be moved.
If the times needed for recovering bath tem-

peratures have not been added to the coating
time, from loading to unloading, the actual
times effectively worked for coating growth at
the targeted temperatures could be much
shorter than expected, and the coatings would
be much thinner than expected.
Differences between the targeted thickness

and the thickness actually obtained do not bring
serious problems, because it has been con-
firmed that the thickness of TRD coatings does
not have a serious effect on various properties
and performances in the use of TRD-coated
products. Furthermore, the length of coating
time does not have a large effect on the coating
thickness due to the parabolic law rule. The
more critical issue is the lower substrate hard-
ness of the coated workpieces caused by the
short coating times at the targeted temperatures.
The lower substrate hardness being less than
expected suggests the possibility of a smaller
load-bearing capability of the substrates and
large dimensional movements caused by a
change of structures as the amount of retained
austenite, the carbon content in martensite,
and so on varies.

Controlling Coating Reagent
Conditions

Importance of Active CFE/NFE versus
MRA-A CFE/NFE. The existence of active
CFE/NFE more than MRA-A CFE/NFE can
ensure formation of coatings with the same
thickness, as long as the coating temperatures
and times are kept unchanged. Therefore,
keeping more than MRA-A CFE/NFE should
be the primary concern for realizing a success-
ful coating operation.
The birth of new active CFEs/NFE in coating

reagents, with no rest, is vital to keeping more
than MRA-A CFE/NFE. Active CFEs/NFEs are
continuously consumed not only by coatings for-
mation but also by changing to inactive CFEs/
NFEs due to, in the case of salt bath processes,
reaction with oxygen in air and, in the case of
fluidized-bed processes, purging out by fluidizing
gases. In concrete terms, it is absolutely necessary
to maintain closed contact, with no intermission,
between each of the CFE/NFE reagent powders
and the salt reagents (salt bath process) or gas
(fluidized-bed and packing processes).
It is better to keep in mind that, in very many

cases, poor coating quality is not caused by the
entire consumption of CFE/NFE reagents added
thus far but rather by the decreased or lack of
production of active CFEs/NFEs caused by
improper maintenance. The addition of too
much CFE/NFE reagents vigorously worsens
the condition of coating reagents and often
induces serious difficulties in daily coating.
The addition of too much CFE/NFE reagents
is not only useless but also harmful.
How to Ensure Consistent Production of

Active CFEs/NFEs. Close contact of the entire
surface of each particle of the CFE/NFE
reagents with molten salts or activator gases
produces active CFE/NFE. However, the CFE/
NFE reagents in both the salt baths and flui-
dized beds are likely to migrate to the bottom
areas due to their density/gravity being larger
than those of either the salts or fluidizing
reagents. They can become agglomerated and
make a sludgelike or hard cakelike deposition,
and the reduced chances of contact with the
salts or activator gases can decrease the produc-
tion of new active CFEs/NFEs. Frequent stir-
ring (agitation) of the baths and proper
selection of particle sizes of both fluidizing
reagents and CFE/NFE reagents should be key
to eliminating the problem. Selection of CFE/
NFE particle size is also important in the salt
bath process. Large particles can sink too
quickly. Too-fine particles can stay longer on
the bath surface and become oxidized by air.
Diagnosis of Coating Ability. Recognizing

the amount of active CFEs/NFEs needed to
stay in the system is desired. However, any
tests or devices to perform quantitative mea-
surements that are suitable for production sites
have not been found. Therefore, the following
method is recommended by Toyota for know-
ing and maintaining active CFEs/NFEs greater
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than the MRA-A CFE/NFE required in the
treating medium.
It has been found that coating baths have two

different regions even after being freshly pro-
duced: the zone in which workpieces can be
coated (effective zone) and the region in which
coatings cannot be formed (ineffective zone).
The ineffective zone is first formed at the surface
area of treating baths and beds but gradually or
rapidly grows toward the bottom area, until it
finally reaches the bottombydecreasing the active
CFEs/NFEs to less than MRA-A CFE/NFE. The
effective zone and the ineffective zone are thought
to be equivalent to the zone that hadmore than and
less than MRA-A CFE/NFE, respectively.
Based on this finding, a very simple way to

measure the height of the ineffective and effec-
tive zones, on time, was employed by Toyota. It
can be called “the steel rod test.” A long carbon
steel rod is immersed for 10 to 30 min, followed
bywater quenching or air cooling, and thenwash-
ing off the salt or powders to look at the rod sur-
face color and any remaining powders. Careful
monitoring of daily changes of the depth of the
effective or ineffective zones before and after
stirring the bath is worth doing to gain the sound
judgment needed to make a determination about
whether it is necessary to add reducing reagents
or agitate the bath bottom area to make the slud-
gelike CFE/NFE reagents float upward.
The surface coated with carbides and nitrides

exhibits its own colors. Therefore, the existence
of coatings can be tested by visual observation
alone. The copper sulfate test and corrosion
tests can be helpful to define the existence of
coatings as well. Portable x-ray fluorescence
analyzers can also instantaneously show the
thickness of the coatings.

High-Temperature Salt Bath
Carbide Coating

Externally heated salt furnaces equipped
with pots of heat-resisting alloys, as shown in
Fig. 17(a), are usually employed. It is recom-
mended that furnaces with pots larger than 150
to 200 mm (6 to 8 in.) diameter have an agitator
(stirrer), as shown in Fig. 17(c). The agitator
should be designed so that it can readily move
to different positions in the pot, horizontally
and vertically, to achieve two types of tasks:
make a swirl of downward flow at the bath sur-
face, and make an upward flow near the bath
bottom, as shown in Fig. 17(b). The former is
for the easy addition of CFE/NFE reagents into
the bath. The latter is to mix up the sludgelike
salt accumulated at the bottom area into the
main salt. Large lids on top of furnaces mini-
mize heat loss from the upper side of the baths.

Preparation of Coating Bath and Its
Maintenance

Reagents. Anhydrous borax should be emp-
loyed for the main bath reagent. In comparison

with chloride salts for steel hardening, borax has
the disadvantages of higher viscosity and difficult
removal during washing in water. However, it is
quite difficult to find other reagents that can be
rated on par with borax in the stability of coating
formation. Complete or partial replacement with
chloride salts was examined by some researchers,
but it ended unsuccessfully because of unstable
coating formation.
Powders (200 to 300 mesh) of ferroalloys or

pure metals, such as ferrovanadium, ferronio-
bium, ferrochromium, and chromium, are added
as the CFE/NFE reagents in borax in the ratio
of 10 to 20 wt% at the early stage of process
development. The 200 to 300 mesh was deter-
mined to be optimal with respect to ease of
mixing into the baths and the time needed to
reach the bath bottom.
It was confirmed that oxygen in air atmo-

sphere has a harmful effect on bath lives, as in
most other metal treatments. Furthermore, the
active and inactive CFEs/NFEs in borax baths
are defined as the lower degree of CFE/NFE
oxides, such as V2O3, Nb2O3, and so on, and
the higher degree of CFE/NFE oxides, such as

V2O5, Nb2O5, respectively (Ref 23, 24). This
finding led to the use of reducing agents in the
baths, added with metal powders, and finally
the co-addition of both reducing reagents and
CFE/NFE oxides.
The co-addition of oxides and reducing

reagents brought some advantages, such as
moderate viscosity, greater ease of washing
off attached salt, and decreasing sludge at the
bath bottom.
There are a number of different materials that

can be used for the reducing reagent, but each
has various advantages and disadvantages, and
it was very difficult to make the best choice.
Powder of boron carbide, ferroaluminum

(�200 mesh), and small lumps of aluminum
are currently being used in consideration of var-
ious aspects. However, there are two possible
problems to be kept in mind. The addition of
too much reducing reagent may make borided
layers by the reduction of boron oxide, B2O3,
in borax, although this means that boriding
can be done by using the same equipment. As
shown in Fig. 18, carbide coatings are formed
within the limited ratio of the reducing reagents

Fig. 17 Schematic representation of equipment for high-temperature borax bath process
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and CFE/NFE reagents (Ref 9, 10). Scrapped
aluminum lumps are cheapest, but careful use
is highly recommended. Molten aluminum, if
it remained in the baths as drops of aluminum
melt, even after agitation, can vigorously attack
the workpieces.
Preparation of Coating Bath and Its Main-

tenance. Little by little, add the CFE/NFE
reagents and reducing reagents to the borax
bath while it is being stirred, carefully monitor-
ing the bath level due to gas bubble generation.
The salt baths, thus formed, can gain the ability
for coating formation within a half-day. How-
ever, CFE/NFE reagents start to settle toward
the bottom sooner or later, due to their larger
density. Stirring of the baths should be
continued for a few hours to keep the added
reagents floating in the baths to ensure produc-
tion of enough active CFEs/NFEs. Figure 19
shows recovery of the effective height by agita-
tion (elapsed time: 0 h) and decrease by no agi-
tation (elapsed time: 2 to 8 h).
Daily monitoring of depth changes of the

effective and ineffective zones by the steel rod
test is the cheapest, least labor-intensive way of
maintaining good bath condition. Figure 20 illus-
trates an example of recording the bath condi-
tions over approximately a month, showing
daily changes of the effective depth and the mea-
sures taken against the problem. Dropping of the
effective zone was observed almost every morn-
ing, but it was recovered by stirring at the bottom
area, not the surface area, of the bath. The
increased depth of the effective zone by only stir-
ring means that enough CFE/NFE reagents stay
in the bath to ensure that more than the MRA-A
CFE/NFE exists. If there was no effective zone
recovery at first, make sure that adequate stirring
of the bath bottom was done. If no remarkable
recovery is achieved, even with repeated agita-
tion of the bottom area, it may mean that a short-
age of CFE/NFE reagents exists in the bath.
Well-considered bath maintenance can ensure
stable operations. Some baths performed well
for years without complete replacement of the
entire bath salts.
Careful observation of the surface of the rods

after washing off the attached salt yields useful
information about the inside of the baths, such
as height of the sludge-rich zone at the bottom,
presence of hard, cakelike precipitates, and so
on. If the existence of large amounts of heavy
sludge in the bottom area was recognized, it is
recommended that the stirring conditions be
improved.
Evaluation of temperature uniformity in the

baths is obtainable by measurement of the coat-
ing thickness formed on the rods. Because of
the high coating temperature, it is not easy to
measure the temperature distribution in the
baths, even with thermocouples.

Possible Quality Issues

There is a unique quality issue that can
be caused by a special characteristic of molten

borax, that is, surface damage from the
strong capability to melt oxides that are inher-
ent in the molten borax. It can be called oxida-
tion and succeeding corrosion. During transfer
to the cooling devices, molten borax can
flow locally from the coated workpieces to
expose the coated surfaces directly or through
a very thin covering of the bath components.
The molten salt still remaining on those sur-
faces very quickly, as in seconds, can oxidize

and dissolve the exposed areas. The problem
is more frequently observed on the areas
from which the molten borax salt easily flows
down to expose the formed carbide coatings
in air atmosphere, for example, the edge por-
tions of top faces of the workpieces. Figure 21
exemplifies spotty damage at the upper edge
portion of a ring die. This type of damage can
be easily detected by observation of surface
color.

Fig. 19 Example of bath agitation effect on effective heights in a borax bath with additions of vanadium pentaoxide
flakes and boron carbide powders
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The problem can be eliminated by quenching
not in a gaseous medium but in a liquid
medium, such as a salt bath; putting steel
blocks near the places in the problem areas to
stop the downward flow of salt; and putting
steel blocks above the places in the problem
area, so that the salt dropping down from the
steel blocks can supply more salt to the problem
places.
In most cases, the damaged workpieces can

be easily recovered by a recoating operation
after polishing the damaged area to eliminate
unevenness between the damaged and undam-
aged areas.

High-Temperature Fluidized-Bed
Carbide Coating

Application of fluidized beds on carbide/
nitride coating was started by Toyota for chro-
mium carbide and some other carbides (Ref 3,
25) and tried successfully for titanium carbide
(Ref 26).
Figure 22 shows the TRD coating equipment

that was applied for small metal stamping
punches in Japan. It consists mainly of a con-
ventional fluidizing-bed reactor heated by
external electric elements, a feeder for the solid
activator, a cooling/quenching chamber, and an
exhaust gas treating device. A gas supplier
capable of precise flow rate control can be
employed instead of the pellet feeder if gaseous
activators such as HCl are used instead of a
solid activator such as ammonium chloride
(NH4Cl).
High-purity aluminum oxide powders, 100- to

120-mesh grain size, are used as fluidizing-bed
materials. As CFE/NFE reagents, powders of
100 to 120 mesh were mixed into the aluminum
oxide powders by 5 to 20 wt%. Ferrovanadium,
ferrochromium, ferrotitanium, and chromium
are typical examples. While being kept fluid,
the heavier CFE/NFE powders tend to gradu-
ally settle and accumulate on the diffusion

plates, resulting in agglomeration. Furthermore,
CFE/NFE powders and aluminum powders can
become sintered together to make hard cakes,
especially at the bottom area. Proper powder
sizes should be selected.
Disc-shaped pellets of commercial ammo-

nium chloride for fertilizers were used very sat-
isfactorily. However, they were substituted with
hydrogen chloride gas because of the availabil-
ity of the fertilizer pellets, and hydrogen chlo-
ride eliminated the problem that can be caused
by the presence of nitrogen, that is, deposition
of vanadium nitride on ferrovanadium powders
and aluminum oxide powders.
Preparation of Coating Beds and Their

Maintenance. In fluidized beds, the active
CFEs/NFEs, probably VCl2, CrCl2, and so on,
are produced through the reaction between the
CFE/NFE reagents being fluidized and the gas-
eous halide gases mixed in the fluidizing gas.
The active CFEs/NFEs are very quickly

purged from the beds, together with fluidizing
gas, unlike in the powder-packing boxes.
Therefore, large amounts of powders of CFE/
NFE reagents and activator gases should be
added to the beds, ensuring a good fluidizing
condition in which each powder can move
around in the beds without making lumps
caused by the sticking of metal to metal and/
or metal to oxide reagents. It should be kept
in mind that the addition of large amounts of
CFE/NFE reagents and activator, and the result-
ing reaction products between both, provides
more opportunity for poor fluidization. The
use of halides makes aluminum oxides stickier.
Furthermore, covering aluminum powders and
CFE/NFE reagent powders by carbides and/or
nitrides, which were formed by the reactions,
can stimulate the problem.
Therefore, optimizing all of the factors

related to formation of active CFEs/NFEs as
well as the fluidizing conditions of the beds
should be key for coating process success.
Elimination of lumps of reagents by screening
and the addition of new powders of CFEs/NFEs
is often required.

Monitoring the fluidizing condition can be
done by observing fluctuations in the fluidizing-
gas pressure underneath the gas diffuser plate
as well as the differences in the indicated tem-
peratures obtained from more than two thermo-
couples, which are placed at different positions
on the outer wall of the retort. In fluidizing beds
in good condition, no fluctuation in gas pressure
and temperatures can be observed. Poor fluidiz-
ing causes large fluctuations in both the gas pres-
sure and the temperatures.
The steel rod test is also very useful for this

process. Changes in surface appearances, such
as color, sticking of the reagent powders, and
so on, provide some information regarding the
bed condition.
The following is an example of a bed condi-

tion that was successfully operated in actual
production:

� Fluidizing reagent: aluminum oxide, 80 to
120 mesh

� CFE/NFE reagent: ferrovanadium, 100 to
200 mesh, 5 to 20 wt%

� Activator: ammonium chloride pellets or
hydrogen chloride, 0.03 to 0.08 vol% as HCl

� Fluidizing gas: argon 0.1 to 0.2 L/min (0.03
to 0.05 gal/min) for 1 cm2 (0.16 in.2) cross
section of fluidizing retort

As long as good fluidizing of the beds is kept
stable, the beds can ensure good coating quality
for several months or more. As shown in
Fig. 23, the same coating thickness can be eas-
ily maintained.
Possible Quality Issues. Unstable fluidizing

can bring serious problems, such as local over-
heating and variations in coating thickness. The
locally increased impingement effect by hard
particles, produced by inhomogeneous gas flow,
yields serious erosion damage to weak work-
piece positions, such as edge portions and thin
thickness areas. Sticking of the powdery
reagents and microscopic spalling of the coat-
ings, and the resulting poor surface quality,
are also observed in the case of poor fluidizing.

Fig. 21 Example of oxidation and succeeding corrosion
observed at the upper edge of a ring coated by

high-temperature borax baths. No carbide coatings on
spotty bright areas surrounded with black areas Fig. 22 Schematic representation of equipment for high-temperature fluidized-bed process
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Low-Temperature Salt Bath
Nitride Coating

Salt baths for quenching and high-temperature
tempering of steels can be used without any large
modifications. A simple agitator is attached in
furnaces with as large as 400 to 500 mm (16 to
20 in.) diameter pots to mix up the sludgelike salt
at the bottom area. Therefore, the equipment
needed for this coating process can be less expen-
sive, compared with any other carbide/nitride
coating processes, if equipment expense for
nitriding is not considered.
The process can make various nitrides, such

as niobium, titanium, hafnium, zirconium, man-
ganese, and so on, using powders of pure
metals or ferroalloys as NFE reagents. How-
ever, coatings of vanadium nitride (Ref 27,
28) and chromium nitride (Ref 29) are easier
than other nitrides.
Active NFEs in the low-temperature salt bath

process seem to be halogenated NFEs as CrCl3,
VCl3, and CrF that are produced by the reaction
between halogen elements and NFEs in the
baths. Consequently, a wide variety of these
materials can be listed. However, mixtures of
NFE powders and chloride-base salts, which
have widespread use in heat treating of metals,
are currently being used. Examples include
15 to 20 wt% of �200 mesh powders of metals
or alloys of NFE, such as chromium, ferrochro-
mium, ferrovanadium, and so on, and the com-
mercialized neutral salts for high-temperature
tempering of steels. The co-addition of small
amounts of chromium chloride, Cr Cl2, is also
done.
However, during the early stages of

research, it was found that the height of the
effective zone lowers very quickly toward the
bath bottom. It was easy to imagine that a
too-low chloride salt viscosity was the prob-
lem. The chloride salts have large fluidity,
unlike borax, and the added NFE powders very
quickly settled toward the bath bottom, making
a zone of poor NFE in the upper zone of the
baths. The problem has been overcome by the
addition of reagents, which can increase bath
viscosity.
It was confirmed that various reagents can

work for this purpose, and very fine graphite
powder (�1200 mesh) has been used success-
fully, with additions of 0.5 to 1 wt% (Fig. 24).
However, increasing viscosity can be achieved
only with properly sized viscosity increasers.
For example, graphite powders of 200 to
325 mesh would not work well. It has been
reported that ferroboron, boron carbide, silicon
oxide, and so on could work in appropriate
sizes. There may be chemical reaction effects
between these viscosity increasers and other
reagents; however, this has not yet been
discussed.
Preparation of the Coating Bath and Its

Maintenance. Add viscosity increaser powders
to the fused chloride bath while stirring, until
the increased viscosity of the bath is clearly

recognized. Then add NFE powders, little by
little, into the bath while agitating more vigor-
ously, so that the NFE powders disperse uni-
formly in the bath. Continue agitating the bath
for several hours with the expectation of perfect
mixing. After several hours, the bath will have
a good capability for coating, and the depth of
the ineffective zone will be minimized.
The steel rod test is highly recommended to

maintain large effective zones, as done in the
high-temperature salt bath process.
Very long bath life can be ensured without

complete bath renewal as long as good agitation
of the bath is repeated. The bath absorbed water
in the air was reused for the coating operation
after drying by heating.

Possible Quality Issues. The nitrided layer
necessary for TRD nitride coating should have
compound layers as thick as 5 to 20 mm (0.2
to 0.8 mil), because thicker compound layers
make thicker nitride coatings. Any type of com-
pound—e-Fe2-3N (up to approximately 11 wt%
N), g0-Fe4N (approximately 6 wt% N), and
B-Fe2N (approximately 11 wt% N)—is accept-
able. The depth of the diffusion layers is not
as important because of very low nitrogen con-
tent (less than approximately 0.1% N). The
largest concern is possible quality problems in
the preliminary nitriding layers made by con-
ventional nitride treaters. They usually make
only thin compound layers and are more likely
to produce various defects to obtain unusually

Fig. 23 Stable uniformity of thickness of vanadium carbide coatings in continuous operation of high-temperature
fluidized bed with addition of 10 wt% ferrovanadium. Activator: ammonia chloride pellets; D2;
temperature: 1025 �C (1875 �F); time: 0.5 h

Fig. 24 Effect of addition of graphite powders on chromium coating stability in low-temperature salt bath chromium
nitride coating. CPS, counts per second
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thick compound layers. These are microdefects
such as porosity, microcracks at the surface and
interior, uneven compound layer depth, and
very low toughness of nitrided parts, as well
as surface roughness. The surface roughness
of the TRD-coated parts, with the goal of
improving tribological properties, should be
smoother than normal nitriding. The TRD coat-
ing cannot repair any types of quality problems
caused by nitriding.

Properties of Coated Parts

The TRD coatings are composed of layers
constructed from very fine crystal grains of car-
bides/nitrides. As a result, TRD coatings are
superior not only to the conventional diffusion
surface treatments but also to PVD and CVD.
The TRD coatings improve various types of

general tribological properties (Ref 10, 12, 16,
25, 27–29) as well as process tribological prop-
erties, which deal with tribology under materi-
als processing conditions, such as sheet metal
forming, bulk forging, die casting, and so on
(Ref 9, 10, 12, 16, 22, 25, 28, 30–35). As for
abrasive wear, TRD coatings are excellent due
to their extremely high hardness. They also
reduce adhesive wear, because they have less
affinity to the metallic countermetals and thus
less fretting wear, in which both abrasive and
adhesive wear occur. Figure 25 shows an exam-
ple of an evaluation of general tribological
behaviors against steels.
The superiority of TRD coatings in materials

processing operations has been widely evalu-
ated through the use of various simulation tests,
as shown in Fig. 26 and 27 (Ref 30, 31, 35).
Excellence of process tribological properties is
specific to the carbides and nitrides themselves.

However, it is also noteworthy that TRD
coatings adhere very strongly to substrates,
because they exploit metallurgical bonding
rather than mechanical bonding, as shown in
Fig. 28 and 29. References 22 and 36 to 38 pro-
vide evaluations of bonding strength under con-
ditions that more closely simulate those for
actual use of coated parts than the scratch test.
Most carbide/nitride coatings are also

remarkably resistant to corrosion (Ref 22).
Chromium carbide/nitride coatings have

excellent resistance to oxidation (Ref 22, 28).
As for the buildup of aluminum on casting tools
under actual die-casting conditions, TRD coat-
ings of vanadium carbide, niobium carbide,
and chromium nitride have received the highest
evaluation ratings among many types of surface
treatments (Ref 1, 9, 22, 33–35, 39–42).
Applications of TRD carbide coating to

steels do not induce remarkable deterioration
of their mechanical properties. A number of
laboratory tests demonstrated that no serious

Fig. 25 Comparison of wear depth and friction
coefficient of various coatings, obtained by

Falex tester. Countermaterials: Cr-Mo structural steel;
substrate: M2; sliding velocity: 0.1 m/s (0.33 ft/s);
applied load: 400 kgf (4000 N); testing period: 4 min;
lubricant: none. PACVD, plasma-assisted chemical
vapor deposition; CVD, chemical vapor deposition;
TRD, thermoreactive deposition/diffusion

Fig. 26 Comparison of wear, scuffing, and chipping observed in sheet steel bending tests. PVD, physical vapor
deposition; TRD, thermoreactive deposition/diffusion; CVD, chemical vapor deposition

Fig. 27 Comparison of friction coefficient and wear observed in steel sheet ironing tests. CVD, chemical vapor
deposition; TRD, thermoreactive deposition/diffusion
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deterioration occurred, even with very thick
coatings of 20 mm (0.8 mil), in static and
dynamic bending strength (Ref 9, 10, 43) and
fatigue strength (Ref 6, 9, 10, 44). Furthermore,
in some circumstances, the coatings improved
fatigue strength. Large compressive residual
stresses in the coating surface can delay the ini-
tiation of cracking (Ref 36). Resistance to heat
checking also can be improved by carbide coat-
ings (Ref 42).
Most people are likely to make an unwar-

ranted assumption that cracking occurs first at
the surfaces of hard and brittle coatings and
then penetrates into the substrates to induce cat-
astrophic failure of the coated parts. However,
careful observation of the damage behaviors
of shearing punches for high-strength steels,
warm forging punches for spring steels (Ref
45), and very sharp cutting edges for hard
woods (Ref 46) suggests that deformation and
the resulting cracking of the substrates by
applied load induced the damage onto the coat-
ings. It is concluded that TRD carbide coatings,
and perhaps nitride coatings as well, are very
strong and tough.

Practical Applications

The coatings that have found practical appli-
cations in Japan and elsewhere include vanadium
carbide (V2C, VC), vanadium-niobium-alloyed
carbide (V, Nb)C), vanadium-niobium-
chromium-alloyed carbide (V, Nb, Cr)C),
chromium carbides (Cr7C3, Cr23C6) by the
high-temperature salt bath process, vanadium
carbide by the fluidized-bed process, and chromium
nitride (Cr2N, CrN) by the low-temperature salt
bath process. Chromium nitride (Cr2N, CrN) by
the low-temperature fluidized-bed process will
soon be put into practical application. The coat-
ings of chromium carbide and vanadium carbide
by powder packing and their improved processes
are being applied to some types of machine com-
ponents. These carbides/nitrides have excellent
tribological properties. Chromium carbides and
chromium nitrides feature the best resistance to
oxidation.
The TRD process has been used in practical

applications since the early1970s in Japan, just
after the development of the molten borax bath
process, which allowed simple and less expen-
sive equipment to be used in obtaining the
excellent properties of coated parts. They have
now found substantial acceptance in various
industrial fields worldwide.
Major applications include the following:

� Production tooling, such as molds and
wear parts used in materials processing, for
example, metal forging, sheet metal stamp-
ing, and metal casting (Ref 16, 28, 33,
39–41, 44, 47)

� Related wear parts for the processing of non-
metallic materials, including rubber, plastics,
clays, ceramics, papers, timbers, glass, and
synthetic fibers
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Fig. 29 Comparison of numbers of cycles at which flaking of coatings occurred in a rolling test with 10% sliding.
CVD, chemical vapor deposition; TRD, thermoreactive deposition/diffusion; PVD, physical vapor
deposition

Fig. 28 Comparison of number of repeated impacts that lead to flaking of coatings in repeated hammering with a
cemented carbide ball of 6.35 mm (0.25 in.) diameter. TRD, thermoreactive deposition/diffusion; PCVD,
plasma chemical vapor deposition; PVD, physical vapor deposition
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� Wear parts of various production machines
used in dealing with metals and nonmetallic
materials

� Parts of some consumer equipment, such as
automobiles, motorcycles, and bicycles

Tool steels and cemented carbides are
employed for the tooling and wear parts of pro-
duction equipment used in cold forging (Ref
48). For consumer equipment parts, structure
steels, including bearing steels, are usually
used. There is little demand for cast irons.
Of the various surface-treatment methods in

the heat treatment category, only TRD coatings
form compact carbide and nitride layers. Fur-
thermore, the greater adhesion strength caused
by metallurgical bonding and the higher coating
thickness has enhanced the versatility of TRD
coatings. They are suitable for use in situations
where abrasive wear and severe galling by high
mechanical loads may otherwise cause damage,
for example, in sheet metal stamping of high-
strength steels. As for the problem related to
stamping of high-strength steel that the world
automobile industry faces, very informative
reports have been published (Ref 49).
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1990, p 259–263 (in German)

14. T. Arai, Behavior of Nucleation and
Growth of Carbide Layers on Alloyed Car-
bide Particles in Substrates in Salt Bath
Carbide Coating, Thin Solid Films, Vol
229 (No. 1), 1993, p 171–179

15. T. Arai, S. Moriyama, and Y. Sugimoto,
Vanadium Carbide Layers Formed on Cast
Irons Immersed in Molten Borax Baths,
Jpn. Foundryman Soc., Vol 60 (No. 2),
1988, p 104

16. Y. Sugimoto, Y. Ohta, and T. Arai, Low
Temperature Salt Bath Chromium Carboni-
tride Coating Method, J. Surf. Finish. Soc.
Jpn., Vol 46 (No. 12), 1995, p 1119–1124

17. C. Wu, C. Luo, and G. Zou, Microstructure
and Properties of Low Temperature Com-
posite Chromized Layer on H13 Steel,
J. Mater. Sci. Technol., Vol 21 (No. 2),
2005, p 251–255

18. H. Cao, C. Wu, J. Liu, C. Luo, and G. Zou,
A Novel Duplex Low-Temperature Chro-
mizing Process at 500 �C, J. Mater. Sci.
Technol., Vol 23 (No. 6), 2007, p 823–827

19. H. Cao, C.P. Luo, J. Liu, and G. Zou, Phase
Transformations in Low-Temperature
Chromized 0.45 wt.% C Plain Carbon
Steel, Surf. Coat. Technol., Vol 201, 2007,
p 7970–7977

20. D.M. Fabijanic, G.L. Kelly, J. Long, and
P.D. Hodgson, A Nitrocarburizing and

Low-Temperature Chromising Duplex Sur-
face Treatment, Mater. Forum, Vol 29,
2005, p 77–82

21. P.C. King, R.W. Reynoldson, A. Brown-
rigg, and J.M. Long, Cr(N,C) Diffusion
Coating Formation on Pre-Nitrocarburized
H13 Tool Steel, Surf. Coat. Technol.,
Vol 179, 2004, p 18–26

22. T. Arai and S. Harper, Thermoreactive
Deposition/Diffusion Process for Surface
Hardening of Steels, Heat Treating, Vol 4,
ASM Handbook, ASM International, 1991,
p 448–453

23. H.C. Child, S.A. Plumb, and J.J. McDer-
mott, Carbide Layer Formation on Steels
in Fused Borax Baths, Proc. International
Conference Organized by the Metals Soci-
ety, Heat Treatment ‘84 (London), 1984,
p 5.1–5.7

24. S.B. Fazluddin, A. Koursaris, C. Ringas,
and K. Cowie, Formation of VC Coating
on Steel Substrates in Molten Borax,
Surface Modification Technologies VI,
Minerals, Metals and Materials Society,
1993, p 45–59

25. K. Nakanishi, H. Takeda, H. Tachikawa,
and T. Arai, Fluidized Beds Carbide Coat-
ing Process—Development and Its Appli-
cation, Congress Book of Heat & Surface
‘92, The Eighth International Congress on
Heat Treatment of Materials, Nov 17–20,
1992 (Kyoto Japan), p 507–510

26. S. Kinkel, G.N. Angelopoulos, and
W. Dahl, Formation of TiC Coatings on
Steels by a Fluidized Bed Chemical Vapor
Deposition Process, Surf. Coat. Technol.,
Vol 64, 1994, p 119–125

27. T. Arai, H. Fujita, Y. Sugimoto, and
Y. Ohta, “Vanadium Carbonitride Coatings
by Immersing into Low Temperature Salt
Baths,” Paper 8820-0001, Heat Treatment
and Surface Engineering, New Technology
and Practical Applications, Proc. Sixth
International Conference on Heat Treat-
ment of Metals, Sept 28–30, 1988 (Chi-
cago, IL)

28. T. Arai, H. Fujita, Y. Sugimoto, and
Y. Ohta, Vanadium Carbonitride Coating
by Immersing into Low Temperature Salt
Bath, Heat Treatment and Surface Engi-
neering, G. Krauss, Ed., ASM Interna-
tional, 1988, p 49–53

29. Y. Ohta, Y. Sugimoto, and T. Arai, Low
Temperature Salt Bath Coating of Chro-
mium Carbonitride, Congress Book of
Heat & Surface ‘92, The Eighth Inter-
national Congress on Heat Treatment of
Materials, Nov 17–20, 1992 (Kyoto Japan),
p 503–506

30. T. Arai and Y. Tsuchiya, Evaluation of
Wear and Galling Resistance of Surface
Treated Die Steels, Proc. First Interna-
tional Conference, Advanced Technology
of Plasticity, Vol 1, 1984, p 225–230

31. K. Dohda, S. Kashiwaya, Y. Tsuchiya, and
T. Arai, Compatibility between Tool Mate-
rials and Aluminum in Sheet Metal Ironing,

Thermoreactive Deposition/Diffusion Process for Surface Hardening of Steels / 739



Trans. North Am. Manuf. Res. Instit. SME,
Vol XXI, 1993, p 127–132

32. J.L. Anderson, K. Krebs, G. Kann, and
N. Bay, Quantitative Evaluation of Lubri-
cants and Tool Surfaces for Ironing of Stain-
less Steel, Proc. First International
Conference on Technology in Manufacturing
Processes ‘97 (Gifu, Japan), 1997, p 358–364

33. Y. Tsuchiya, H. Kawaura, K. Hashimoto,
H. Inagaki, and T. Arai, Core Pin Failure
in Aluminum Die Casting and the Effect
of Surface Treatment, Trans. 19th Interna-
tional Die Casting Congress and Exposi-
tion, Nov 3–6, 1997 (Minneapolis, MN),
North American Die Casting Association,
p 315–323

34. R. Shivpuri, S.I. Chang, Y.-L. Chu, and
M. Kuthirakulathu, An Evaluation of H-13
Die Steel, Surface Treatments and Coatings
for Wear in Die Casting Dies, T-91-OC3,
Proc. North American Die Casting Associ-
ation (Detroit, MI), 1993, p 391–397

35. T. Arai and Y. Tsuchiya, Role of Carbide
and Nitride in Antigalling Property of Die
Materials and Surface Coatings, Metal
Transfer and Galling in Metallic Systems,
Proc. Symposium Sponsored by the Non-
Ferrous Metals Committee of Metallurgi-
cal Society and the Erosion and Wear G2
Committee of ASTM, Oct 8–9, 1986
(Orlando, FL), p 197–216

36. S. Hotta, K. Saruki, and T. Arai, Endurance
Limit of Thin Hard Coated Steels in Bend-
ing Fatigue, Surf. Coat. Technol., Vol 70,
1994, p 121–129

37. Y. Tsuchiya, T. Arai, and S. Shima, Damage
Behavior of Hard Coatings under Recipro-
cating Impact, J. Jpn. Soc. Technol. Plast.,
Vol 37 (No. 429), 1996, p 1065–1070

38. T. Arai, H. Fujita, and M. Watanabe, Eval-
uation of Adhesion Strength of Thin Hard
Coatings, Thin Solid Films, Vol 154,
1987, p 387–401

39. T. Arai and N. Komatsu, Carbide Coating
Process by Use of Salt Bath and Its Applica-
tion toMetal Forming Dies,Proc. 18th Inter-
national Machine Tool Design and Research
Conference, Sept 14–16, 1977, p 225–231

40. T. Arai and T. Iwama, Carbide Surface
Treatment of Die Cast Dies and Die

Components, Paper G-T81-092, Proc. 11th
International Die Casting Congress/Exposi-
tion, Society of Die Casting Engineers,
June 1981

41. P. Hairy and M. Richard, Reduction of
Sticking in Pressure Die Casting by Surface
Treatment, Paper T97-102, Proc. 19th
International Die Casting Congress/
Exposition, Nov 3–7, 1997 (Minneapolis,
MN), p 307–314

42. T. Tsuchiya, H. Kawaura, K. Hashimoto,
H. Inagaki, and T. Arai, Paper T97-103,
Trans. 19th International Congress and
Exposition, Nov 3–6, 1997 (Minneapolis,
MN), p 315–323

43. T. Arai, Carbide Coating Process by Use of
Molten Borax, Part I: Process and Applica-
tion to Cold Forging Dies in Japan, Wire,
Vol 30 (No. 3), 1981, p 102–104

44. S. Hotta, K. Saruki, and T. Arai, Fatigue
Strength at a Number of Cycles of Thin
Hard Coated Steels with Quench-Hardened
Substrates, Surf. Coat. Technol., Vol 73,
1995, p 5–13

45. T. Arai, Tool Materials and Surface Treat-
ments, J. Mater. Process. Technol., Vol
35, 1992, p 515–528

46. C. Kato, J.A. Bailey, J.S. Stewart, T. Arai,
and Y. Sugimoto, The Wear Characteristics
of a Woodworking Knife with a Vanadium
Carbide Coating only on the Back Face,
Part II: The Influences of Tool Materials
on the Self-Sharpening Characteristics,
Mokuzai Gakkaishi, Vol 40 (No.12), 1994,
p 1317–1326

47. T. Arai, Carbide Coating Process by Use
of Molten Borax, Part II: Process and
Application to Cold Forging Dies in
Japan, Wire, Vol 31 (No. 5), 1981,
p 208–210

48. T. Arai, Substrate Selection for Tools Used
with Hard Thin Film Coatings, Metalform-
ing, June 1998, p 31–39

49. T. Katagiri, Y. Yamasaki, and A. Yoshi-
take, Efect of Tool Coatings on Galling
Prevention in Forming of High Strength
Steel, Proc. Third International Confer-
ence on Tribology in Manufacturing
Process (Yokohama, Japan), 2007,
p 41–46

SELECTED REFERENCES

� T. Arai, H. Fujita, Y. Sugimoto, and Y. Ohta,
VanadiumCarbonitrideCoating by Immersing
into Low Temperature Salt Bath, Heat Treat-
ment and Surface Engineering, G. Krauss,
Ed., ASM International, 1988, p 49–53

� T. Arai and S. Harper, Thermoreactive
Deposition/Diffusion Process for Surface
Hardening of Steels, Heat Treating, Vol 4,
ASM Handbook, ASM International, 1991,
p 448–453

� T. Arai and N. Komatsu, Carbide Coating
Process by Use of Salt Bath and Its
Application to Metal Forming Dies, Proc.
18th International Machine Tool Design
and Research Conference, Sept 14–16,
1977, p 225–231

� T. Arai and Y. Tsuchiya, Role of Carbide and
Nitride in Antigalling Property of Die Materi-
als and Surface Coatings, Metal Transfer and
Galling in Metallic Systems, Proc. Sympo-
sium Sponsored by the Non-Ferrous Metals
Committee of Metallurgical Society and the
Erosion and Wear G2 Committee of ASTM,
Oct 8–9, 1986 (Orlando, FL), p 197–216

� S. Hotta, K. Saruki, and T. Arai, Fatigue
Strength at a Number of Cycles of Thin
Hard Coated Steels with Quench-Hardened
Substrates, Surf. Coat. Technol., Vol 73,
1995, p 5–13

� T. Katagiri, Y. Yamasaki, and A. Yoshitake,
Effect of Tool Coatings on Galling Preven-
tion in Forming of High Strength Steel,
Proc. Third International Conference on
Tribology in Manufacturing Process (Yoko-
hama, Japan), 2007, p 41–46

� K. Nakanishi, H. Takeda, H. Tachikawa, and
T. Arai, Fluidized Beds Carbide Coating
Process—Development and Its Application,
Congress Book of Heat & Surface ‘92, The
Eighth International Congress on Heat
Treatment of Materials, Nov 17–20, 1992
(Kyoto, Japan), p 507–510

� Y. Ohta, Y. Sugimoto, and T. Arai, Low
Temperature Salt Bath Coating of Chro-
mium Carbonitride, Congress Book of Heat
& Surface ‘92, The Eighth International
Congress on Heat Treatment of Materials,
Nov 17–20, 1992 (Kyoto, Japan), p 503–506

740 / Diffusion Coatings



Supercarburizing
J.Y. Shi, Taiyuan University of Technology

SUPERCARBURIZING began in the 1970s
as an attempt at a new mechanism of carburiz-
ing (internal oxidation type carburizing) with
the potential to obtain microstructural and
mechanical properties better than conventional
carburizing in the carburized layer (Ref 1). Also
referred to as high-concentration carburizing
(Ref 2), carbide-precipitation carburizing, and
carbide dispersion (Ref 3), this carburizing
method can be performed without special dedi-
cated carburizing equipment suitable for mass
production. A large amount of dispersed partic-
ulate carbide, with carbon content as high as
2 to 3%, is obtained on the surface of work-
pieces. After the treatment of carburizing,
quenching, and low-temperature tempering,
the surface possesses high hardness and good
wear resistance, which can improve the abra-
sion resistance and service life of gear, tool,
and mold workpieces, and so forth. As mechan-
ical equipment becomes smaller with higher
performance requirements (Ref 4–6), the
strength, hardness, wear resistance, and other
mechanical properties obtained by conventional
carburizing has not met requirements, which in
turn has led the mechanical equipment industry
to aim for higher mechanical performance, lon-
ger service life, and increased reliability (Ref
7–9). How to further improve the quality and
lengthen the life of mechanical parts thus
remains a subject of research on the part of
materials and heat treatment workers. With the
depth of research into the morphology of mar-
tensite, as well as the influence of retained aus-
tenite and carbides on the durability of steel, a
clearer understanding has been obtained regard-
ing the carbon content of the carburized layer.
Because the role of carbon in the carburized
layer is manifested through the martensite and
residual austenite—along with the number,
shape, size, and distribution of carbides—the
carbon in the carburized layer can be made
more active by appropriate adjustment of these
microstructures.
The objective of surface hardening work-

pieces by carburizing and quenching is to
obtain a case microstructure of martensite and
perhaps some residual austenite (depending on
the application). The transformation amount of
the martensite mainly depends on the harden-
ability of the steel, the cooling rate during

quenching, and the geometric dimensions of
the workpiece. The hardness of the quenched
steel primarily depends on the amount of the
martensite as well as the supersaturated carbon
content in the a solid solution. It follows that
if 99.9% martensite is produced, the carbon
content, which corresponds to the highest hard-
ness, is approximately 0.8%. Thus, the carbon
potential (Cp) of the furnace gas usually is
adjusted to 0.8 to 0.9% in the conventional car-
burization diffusion period.
Carburizing with higher carbon potential is

performed to improve the mechanical proper-
ties of workpieces and to increase the amount
of carbide. The distribution, morphology, size,
and amount of carbide play a vital role in the
hardness, strength, and wear resistance of the
surface of the workpiece. The presence of alloy
carbide especially results in a substantial
improvement in the mechanical properties of
the parts. When carburizing with higher carbon
potential, the network carbide usually precipi-
tates along the grain boundaries of austenite.
The deterioration of the carbide morphology
leads to a significant decrease in the mechanical
properties. As such, supercarburizing has the
goal of obtaining a multiphase carburized layer
containing a large number of dispersed

carbides. The process of supercarburizing has
been researched using conventional carburizing
steel and steels developed for supercarburizing,
as briefly reviewed in this article.

Supercarburizing with Conventional
Carburizing Steel

The microstructure of the supercarburized
layer is obtained successfully by thermal
cycling carburizing, in which the carbon con-
tent of the surface is up to 3.0% (Ref 2). A steel
with the composition of A is heated to temper-
ature (T), as shown in Fig. 1. If the Cp during
carburizing is at point C (which is the intersec-
tion with the Acm line), the carbon content of
the surface is saturated austenite. If the steel is
cooled from point C to point D, the solid solu-
bility of carbon is reduced and cementite
(Fe3C) forms. The dissolved carbon concentra-
tion in austenite at point D is show by point E.
After being reheated to T, the precipitated

Fe3C in the steel is dissolved in the austenite
again. However, the Fe3C does not dissolve
completely, and some residual Fe3C still exists.
Thus, the carbon concentration of austenite
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Fig. 1 Formation mechanisms of carbide



should be between points F and C as the steel is
reheated to T again. The carbon concentration
of austenite moves to point C because the Cp

of furnace gas is point C. In other words,
the residual undissolved carbides remain
unchanged and the carbon concentration of aus-
tenite over time moves to point C. Some of the
carbides dissolve; at the same time some of
them grow. The carbide will precipitate and
grow once the temperature is cooled to point
D. If this operation is repeated, the carbide will
precipitate and grow continually (Ref 10).
In 1970, steelwas carburized at 920 �C(1690 �F)

for 4 h (Cp = 0.9%), then it was quenched in oil.
The steel then was processed by carburizing at
920 �C for 3 h (Cp = 1.2%) and then quenched
in oil. In other words, the steel was carburized
and quenched at the Cp near eutectoid composi-
tion first, then the carbide formed by the nucleus
of undissolved carbides and impurity elements
after the reheated carburizing.
Further improvement was made by Japanese

investigators (Ref 11, 12). The carburizing
was conducted to make the surface carbon con-
tent higher than eutectoid composition because
the Cp was lower than Acm. After that, when
the Cp was higher than Acm, the carbide grew
as the steel was heated to higher than Ac1 by a
speed lower than 20 �C/min ( 35 �F/min) and
then the heat was kept at a range lower than
950 �C (1740 �F).
The carburizing process of the conventional

carburizing steel had been researched by Chi-
nese materials heat treatment workers. The car-
burized layer with large amounts of round, fine,
and uniform particulate carbides was obtained
in 20CrMnTi, 12Cr2Ni4A, and 18Cr2Ni4WA
steel (Ref 13).
In the cycle carburizing conducted on

20CrMnTi steel (Ref 1), the carburized layer
contained dispersed carbides, and the carbon
content in the surface was up to 1.25%. The
high-carbon-potential solid penetration enhan-
cers and pretreatment carburizing were applied
on 35CrMo steel (Ref 14), and the result was
that the carburized layer with dispersed particu-
late carbides was obtained and the carbon con-
tent in the surface was up to 2.7%. The
circulating supercarburizing process was used
on 20Cr steel (Ref 15) and the supersaturated
carburizing layer with high carbon content
was obtained. The surface hardness of the
supersaturated carburizing layer with dispersed
particulate carbides was up to 912 HV (0.1g),
and the wear resistance of the supercarburized
steel was more than 20% compared to conven-
tional carburizing. As a result, supercarburizing
as well as workpiece strengthening can be rea-
lized on conventional carburizing steel by
controlling the nucleation, growth, and precipi-
tation of the carbides.
In the following, conventional carburizing

steel 20CrMnTi is an example to introduce the
supercarburizing process, mechanical proper-
ties, and microstructure (Ref 16). Table 1 shows
the chemical constitution and transition point of
20CrMnTi steel. After being normalized at 880

to 890 �C (1615 to 1635 �F), the 20CrMnTi steel
was processed into the standard sample for the
ML-10-type abrasive wear testing machine, and
the optical sample was 8 mm � 10 mm (0.31
in. � 0.39 in.) in size.

The carburizing equipment is a dual-chamber
box-type gas carburizing furnace with the
cooling apparatus located in the front chamber.
During the thermal cycling stage, the sample
is pulled out to the front chamber from the

Table 1 Chemical composition and transition point of 20CrMnTi steel

Composition, % Transition point, �C (�F)

C Mn Cr Si Ti S P Ac1 Ac3 Ar3 Ar1 Ms

0.19 0.96 1.22 0.29 0.087 �0.04 �0.04 760 (1400) 840 (1544) 775 (1427) 665 (1229) 374 (705)
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heating chamber. After the oil is cooled to room
temperature, the steel is heated in the heating
chamber, completing the cycle. Kerosene was
used as the carburizing agent with methanol dil-
uent. The Cp was monitored by oxygen probe.
The Cp in the furnace was controlled by adjust-
ing the carburizer drops through an automatic
control solenoid valve. The Cp in the furnace
was checked by testing the carbon content in
the pure iron foil. The process curves of carbur-
izing are shown in Fig. 2.

The isothermal section drawing of Fe-Cr-C at
850 �C (1560 �F) is shown in Fig. 3. It can be
seen that the steel will be in the two-phase
region of g + M3C at the Cp of 1.1 and the tem-
perature of 830 � 5 �C (1525 � 10 �F). At this
condition, the composition of the austenite is
not uniform and the grain size is very fine, the
solubility of carbon in austenite is very low,
and the Cp is relatively high. However, the dis-
placed atom of chromium, titanium, and so
forth in the austenite can diffuse only for a

short range, which is beneficial to obtaining a
large amount of fine carbides (Ref 17). In the
subsequent carburizing process, it provides the
favorable conditions for the formation of (Fe,
Me)3C carbide.
At the Cp of 1.1, the following two-cycle car-

burizing treatment is adopted: 925 � 5 �C !
room temperature ! 925 � 5 �C (1695 � 10 �F
! room temperature ! 1695 � 10 �F). During
the oil cooling stage (925 � 5 �C ! room tem-
perature), the supersaturated carbon atoms in
the austenite are hard to diffuse, thus the austen-
ite transforms into the a solid solution with
saturated carbons (martensite). During the heat-
ing process (room temperature ! 925 � 5 �C),
the martensite decomposes into carbide and the
carbon content decreases gradually. As the steel
is heated to higher than Ar1, the austenite begins
to form and the carbon content decreases gradu-
ally. The existing carbide begins to dissolve but
does not dissolve completely. The alloy carbides
of chromium, titanium, and so forth are espe-
cially hard to dissolve, and the irregularly shaped
carbide tends to become spherically shaped.
Simultaneously, the new carbide nucleates and
grows continually.
If this process is repeated, a large amount of

fine carbides can be obtained in the carburiz-
ing layer (Ref 18). Although repeated thermal
cycling carburizing can refine the grain size
and increase the amount of carbide effectively,
too much cycle carburizing time is not con-
ducive to improving carburizing efficiency
(Ref 15, 17). Considering the actual economic
efficiency and technical requirements in the
production process, dispersed carbides can be
formed in the carburizing layer by the applica-
tion of precarburizing and two-cycle carburiz-
ing treatment (Process A in Fig. 2a). During
the last stage of carburizing, the Cp is changed
from 1.1 to 0.9. After diffusion carburizing for
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Fig. 4 Microhardness distribution of the carburized layer Fig. 5 Abrasion characteristic curves of the carburized samples
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an hour, the distribution of the carbon con-
centration slows and the depth is expanded
further.
Compared to the conventional carburized

layer, a large amount of dispersed particulate
alloy carbides is distributed in the martensite
matrix, which results in the high hardness of
the carburized layer. The supersaturation car-
burized layer from Process A (Fig. 2a) results
in finer and more evenly distributed carbides
in the carburized layer than for Process B. The
better microstructure from Process A results in
higher hardness (Fig. 4). Figure 5 illustrates
the relationship between wear weight loss and
wear time. The microhardness of a supersatura-
tion carburized layer is up to 958 HV (0.1 g),
which is 1.1 times that of a conventional car-
burized layer (Fig. 4).
The wear resistance of a supersaturation car-

burized layer is higher than that of a conven-
tional carburized layer. At the same wear
resistance, the wear loss weight of a supersatu-
ration carburized layer is only 80% of a con-
ventional carburized layer. It can be concluded
that in the 20CrMnTi steel, after the treatment
of precarburizing + two-cycle carburizing and
quenching + low tempering, the microhardness
and the wear resistance can be improved 10
and 20%, respectively.

Steels for Supercarburizing

In order to generate carbides, the supercar-
burizing process needs a higher Cp in the fur-
nace. However, a Cp that is too high can
easily form carbon black in the production pro-
cess; therefore, steel suitable for supercarbu-
rizing should meet the following conditions
(Ref 19):

� A large amount of carbides can be formed at
the given Cp.� The carbides can be formed for a short time
at a given depth.

� The shape, size, and distribution of carbides
can be regulated.

It is hard to achieve supercarburizing if carbon
steel without alloying elements is used. How-
ever, using steel with carbide-forming elements
such as chromium, molybdenum, and vanadium
can realize supercarburizing easily.
A composition suitable for supercarburized

steel is: 0.1�0.4% C, 0.7�0.9% Si, 2.7�3.2%
Cr, 1.1�1.4% Mn, 0.4�0.6% Mo, and
0.3�0.5% V (Ref 20). The affinity of alloying
elements such as chromium, molybdenum, and
vanadium on the carbon is very strong; a large
amount of alloy carbide precipitates once the
carbon concentration exceeds the saturated con-
centration of austenite. During this process, the
carbon is hard to diffuse from the surface to the
interior of the steel, so the carbon concentration
in austenite is lower than that of the equilibrium
concentration (Ref 21).
The precipitation of chromium and molybde-

num alloying carbides during the carburizing
process can inhibit the grain growth of austen-
ite. Compared to carbon steel, the grain size
of the steel containing chromium and molybde-
num alloying elements is much finer. The finer
grains result in a large number of grain bound-
aries, which provides more channels for carbon
diffusing to be internal. Thus, the existence of
chromium and molybdenum alloying carbides
is favorable for increasing the carbon concen-
tration depth of the carburized layer (Ref 22).
Additionally, the chromium and molybdenum
alloying elements can inhibit the homogeniza-
tion of the austenite component and increase
the composition heterogeneity in the grains,
which is favorable to the nucleation of carbides
(Ref 23). If the Cp is enhanced appropriately,
the dispersive carbides can be formed success-
fully in this alloy steel using the same technol-
ogy. Supercarburizing this steel can be realized
easily using simple carburizing technology.

In recent years, steel suitable for supercar-
burizing has been investigated by many
researchers. The carburized layer with disper-
sive carbides was obtained in Cr12 steel in
Ref 9. In investigation of 25W3Mo4Cr2V7Co5
steel (Ref 24), uniformly distributed particulate
carbides were obtained using supercarburizing
technology at 1050 �C (1920 �F) for 8 h. The
average size of carbides obtained was approxi-
mately 4 to 6 mm (157 to 236 min.), and the
largest size was only 10 mm (394 min.). Carbur-
izing was conducted on three sections of
W6Mo5Cr4V2Al high-speed steel in Ref 25,
and the carbon content in the surface was up
to 3.2%. Investigation of Cr3MoMnSi steel
(Ref 26) resulted in a 1.8% C content on the
surface and an HRC 66 surface hardness by
quenching at 800 �C (1470 �F) followed by
cold treatment at –70 �C (–95 �F) and temper-
ing at 150 �C (300 �F). The supercarburizing
also was achieved in H13 steel (Ref 27), with
Cr7C3 carbides formed, and the size of these
carbides being between 200 and 300 nm (8 to
12 min.). In addition, alloy steel suitable for
supercarburizing was investigated (Ref 28).
The surface hardness of Fe-0.48%V and Fe-
1.49%V steel can reach 1000 HV under the
conditions of Cp = 1.4, carburizing 5 h at
950 �C (1740 �F), followed by water quench-
ing. The shared characteristics of these steels
are that all of them contain strong carbide-
forming elements such as chromium, molybde-
num, vanadium, and so forth; however, the car-
burizing technology used is very simple.
By using solid-state electronic theorywith pro-

gramming based on matrix theory, the compo-
nent design experience formula for multiples of
carbon in low-alloy steel was established (Ref
29). Based on the results of that research, a new
supercarburizing steel, 35Cr3SiMnMoV, was
investigated (Ref 20). This type of supercarburiz-
ing steel has been applied in cold drawn steel tube
molding. In the following sections, the supercar-
burized steel composition, the carburizing char-
acteristics, mechanical properties testing, and
microstructure analysis are discussed for
35Cr3SiMnMoV steel (Ref 23).
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Table 2 Composition of experimental steel

Composition, wt%

C Mn Si Mo Cr P S V Fe

0.35 1.37 0.90 0.40 3.20 0.020 0.025 0.50 bal
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The 35Cr3SiMnMoV steel was smelted by a
medium-frequency coreless furnace. The com-
position is shown in Table 2. After the normal-
izing treatment at 880 �C (1615 �F), the
35Cr3SiMnMoV steel was machined to pro-
duce an optical sample and a wear test sample.
The carbonization was done in a drip-type

gas carburizing furnace with. acetone as the
carburizing agent and methanol as the diluent.
Oxygen probe was used to control carbon
potential. The quenching medium chosen
was 5% polyalkylene glycol (PAG) water-
soluble quenching liquid. Figure 6 shows the
supersaturated carburization process curves
of 35Cr3SiMnMoV steel and the conventional
carburization process curves of 20CrMnMo,
20Cr2Ni4 steel.
The supersaturated carburization sample of

35Cr3SiMnMoV steel was selected. After sur-
face cleaning by ultrasonic means, the micro-
structure was observed by scanning electron
microscope (SEM), as shown in Fig. 7. The
phase analysis of the supercarburized layer
was conducted by x-ray diffraction (XRD) ana-
lyzer. The XRD pattern of the carburized layer
on 35Cr3SiMnMoV steel is shown in Fig. 8.

The microstructure of the supercarburized
layer is tempered martensite, carbide, and
retained austenite, as shown in Fig. 7. The
amount of carbide is approximately 30 to
40%, and the fine particulate carbides
distributed uniformly. The shape of some of
the carbide is wormlike. The existence of strong
carbide-forming elements chromium, molybde-
num, and vanadium in steel can seriously hin-
der austenitic component homogenization. The
austenite at the peak area of constituent fluctua-
tions will be in the supersaturated state once the
carbon concentration exceeds the supersatu-
rated carbon concentration. At this peak area,
the austenite will be at a nonsteady state for
the large lattice distortion. If the partial lattice
distortion energy induced by the carbide precip-
itation is larger than that of the increase of free
enthalpy, the carbide will precipitate disper-
sively. By XRD, as show in Fig. 8, it can be
seen that M7C3 and M2C alloying carbide with
short curing speed is formed, thus a large
amount of fine particulate carbide can be
obtained in the Fe3C. The austenitic grain
boundary still is the priority position for carbide
precipitation. Figure 7 shows that some 3 to

6 mm (118 to 236 min.) rod carbides were
distributed at the austenitic grain boundaries.
It was thought to be the result of coalescence
of fine carbides. Silicon, as a non-carbide-
forming element, has a tendency toward grain-
boundary segregation. The silicon at grain
boundaries can inhibit the carbide precipitation,
thus greatly reducing the possibility of the forma-
tion of themesh carbide. Additionally, silicon can
reduce the aggregation growth rate of carbides
by inhibiting the diffusion of carbon. The
35Cr3SiMnMoV steel contains both strong
carbide-forming elements (chromium, molybde-
num, vanadium) and non-carbide-forming ele-
ments (silicon), which is the reason for being
able to obtain a supercarburized layer with dis-
persive carbides using simple carburizing
technology.
The carburized workpiece is required to have

a certain hardness and depth of a carburized
layer. The hardness distribution of supercarbur-
ized layer of 35Cr3SiMnMoV steel and con-
ventional carburized layer of 20CrMnMo and
20Cr2Ni4 steel is shown in Fig. 9.
The microhardness of a supercarburized

layer of 35Cr3SiMnMoV steel is higher than
that of a conventional carburized layer. At the
depth of 175 mm (6900 min.) from the surface,
the microhardness of a supercarburized layer
is up to 1025 HV (0.1 g), which is approxi-
mately 20% higher than a 20CrMnMo and
20Cr2Ni4 conventional carburized layer.
Figure 10 shows the wear curves of the car-

burized layer. It illustrates that the abrasion
resistance of a supercarburized layer is higher
than for a conventional carburized layer. Under
the same testing conditions, the mass loss of
a supercarburized layer is only approximately
60% of a conventional carburized layer. It
demonstrates that the dispersive particulate car-
bides at the matrix of cryptocrystalline martens-
ite not only improves the microhardness of a
carburized layer but also increase its abrasion
resistance.
Originally, the cold drawn steel tube mold

was treated by thermal refining and cyaniding.
Then they switched to Cr12MoV steel treated
by quenching and tempering, but its mechanical
properties and service life were not satisfactory,
so the cost ultimately was higher. The
35Cr3SiMnMoV steel treated by supercarburiz-
ing, quenching, and low tempering was applied
to the stainless steel tube production line by
Taiyuan Iron and Steel (Group) Co. The cold
drawing process of the stainless steel is shown
in Fig. 11. After drawing more than 72 tonnes
(72 metric tons, or 80 tons) of various materials
of stainless steel pipe, the face of the mold was
bright and only slight wear was found by mac-
roscopic examination. No obvious change in
size occurred and the mold could be used
continually.
After the treatment of supercarburizing,

quenching, and low tempering, the microhard-
ness and abrasion on the surface of 35Cr3SiMn-
MoV steel is very high. Durability also is very
high. Compared to Cr12MoV steel (treated by

Fig. 7 Scanning electron microscope images of (a) the surface, and (b) the inside of the supercarburized layer treated
by quenching and tempering
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Fig. 8 X-ray diffraction pattern of the carburized layer on 35Cr3SiMnMoV steel
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quenching and tempering) and 45# steel (trea-
ted by thermal refining and cyaniding), the
35Cr3SiMnMoV steel (treated by supercarbur-
izing, quenching, and low tempering) not only
exhibits high mechanical properties but also
has lower cost and has overcome the cyanide
pollution problem. During the process of
improving practical engineering applications,
service life of supercarburized steel has been
improved significantly, as shown in Fig. 12.
As a result, the application of supercarburized
steel can produce good economic and social
benefits.
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  dirt catching (wash and filter) 272 

  Fourier transform infrared (FTIR) 272 

  gravimetric measurement test 272 

  laser-induced breakdown spectroscopy 272 

  overview 272 

  Raman spectroscopy 272 

 resource recovery 273 

 safety  273–274 

 substrate considerations 267 

 surface contaminants on heat treated parts  266–267 

Cleaning methods 

 abrasive blast cleaning 268 

 acid cleaning 270 

 alkaline cleaning 269–270 

 alkaline descaling 270–271 

 electrolytic alkaline cleaning 271 

 electrolytic pickling 271 

 emulsion cleaning 269 

 overview 267 

 pickling 270 

 salt bath descaling 270 

 solvent cleaning 269 

 supercritical fluid (SCF) cleaning 270 

 tumbling 268–269 

 ultrasonic cleaning 270 

 vapor degreasing 270 

Cleaning system 265–266 

Climax Molybdenum calculator 48 

Closed-loop recycling 273 

CMC. See Carboxymethyl cellulose (CMC) 

Cold drawing process 745–746 

Cold treatment of steel 

 advantages of 383 

 cold treating versus tempering 382 
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Cold treatment of steel (Cont.) 

 hardening and retained martensite 382 

 hardness testing 382 

 overview 382 

 precipitation-hardening steels 382 

 process 382 

 process limitations 382 

 Rockwell C hardness (HRC) readings 382 

 shrink fits 382 

 stress relief 382–383 

 time at temperature 383 

Compressed Gas Association 431 

Computational fluid dynamics (CFD) modeling 192 

Conduction 160 

Consecutive cuts method 523–524 

Continuous carbide network 517 

Continuous cooling transformation (CCT) curves 20 62 96 

Continuous cooling transformation (CCT) diagrams 

 heat transfer, during quenching 162 

 heat treatment 20–21 

 principles of computational hardenability 60 

 quenching, metallurgical aspects 96–97 

Continuous EB interaction (CI technique) 465 466 470 472 

    473 

Continuous precipitation (CP) region  632 633 

Continuous transformation (CT) 290 

Controllable delayed quenching 213 215–218 

Convection 160 

Conventional heat treatment (CHT) 485–486 

Cooling curve test 

 cooling curve analysis 109–110 

 cooling curve data acquisition 105–106 

 cooling curves 105 

 overview 104–105 

 the probe 106–109 

Copper alloys 277 

Copper plating 399–400 554 
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 annealing 300 301 

 boriding 710 711 720 722 

 carburizing 518 540 572 

 cleaning, steel 266 267 270 272 

 cryogenic treatment 383 

 flame hardening 428 429 

 flame hardening heads 429 

 gas nitriding/gas nitrocarburizing 647 648 649 650 

    656 657 

 laser surface hardening (LSH) 476 478 481 482 

    483 484 491 

 liquid carburizing and cyaniding 575 

 liquid nitriding 680 684 685 

 masking 518 

 molten metal quenchants 125 148 

 nitrided parts 669 

 nitriding 620 

 nitriding processing 659 

 pack cementation processes 707 708 

 phase control, nitriding 665 

 plasma (ion) nitriding 699 700 

 postoxidation 660 

 probes  106 

 solution nitriding 658 

 stress-relief heat treating 275 

 surface hardening 389 393 396 

 tempering 345 

 TRD  733 737 

CP. See Continuous precipitation (CP) region 

Cracking 

 due to hardening 22–23 

 induction heating 460–461 

 nitrided surfaces 674 

 tempering, in processing 346–347 

Cryogenic Society of America 383 
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Cryogenic treatment of steels 

 equipment for 384–385 

 overview 382 383 

 treatment cycles 383–384 

 uses of  384 

Curie temperature 

 alpha iron 5 

 eddy-current distribution 444 

 GM Quenchometer test 104 

 magnetic properties of steel 441–442 

 magnetic-wave characterization 445–446 

Cut-off saw 671 

Cyanide 

 cyanide salts, precautions in use of 577–578 

 overview 565 

Cyanide wastes, disposal of 

 chemical treatment 578 

 electrochemical treatment 579–580 

 overview 578 

 treatment equipment 578–579 

Cyanide-containing liquid carburizing baths 

 combination treatment 566 

 high-temperature cyanide-type baths 566 

 light case/deep case, use of terms 565 

 low temperature/high temperature, use of 

   terms 565 

 low-temperature cyanide-type baths 565–566 

 overview 565 

Cyaniding (liquid carbonitriding) 

 bath composition 567 

 cyanided parts, washing 576 

 overview 566–567 

 process control 

  bath composition, control of 571–572 

  daily maintenance routines 572 

  externally heated salt baths 571 

  graphite cover 572 

  internally heated salt baths 571 
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  restarting 572 

  shutdown 572 

  time and temperature 571 

D 

DANTE computer program 199 

Datanit sensor 668 

DC. See Discontinuously coarsened (DC) 

   microstructure 

Decarburization 

 austempered steel 354 

 carburization, as complication in 516–517 

 carburizing 510 512 

 case depth, measuring 407 

 consecutive cuts method 523 524 

 copper plating 399 

 cracking and spalling, nitrided surfaces 674 

 cracking in processing 346 

 electron beam (EB) process 462 

 flame hardening 435 

 fuel gases 421 

 furnace atmospheres 296 

 gas carburizing 529 547 551 

 gas nitriding 649 

 hardness testing 522 

 induction surface hardening 457 

 martempering 371 

 noncyanide liquid carburizing 567 

 oxynitriding 655 

 pack carburizing 561 

 polyacrylates 150 

 powder metallurgy (PM) parts 459 460 

 stop-off paints 400 

 surface decarburization 460 

 tubular products 286 

Deep cryogenic treatment (DCT). See Cryogenic 

   treatment of steels 
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Deformation-induced martensitic transformation (DIMT) 321 

Delayed quenching 

 inverse hardening 213 219 

 PAG test 213 

Delayed quenching, controllable 213 215–218 219 

Desorption atmospheric pressure chemical 

   ionization (DAPCI) 272 

DET. See Divorced eutectoid transformation (DET) 

Dewpoint measurement 511 

DHCP. See Direct heat-conduction problem (DHCP) 

DI. See Ideal critical diameter (DI) 

Diffusion 

 carburizing modeling 536 

 plasma carburizing 593–594 

Diffusion coatings 

 boriding 396 

 introduction 396 

 titanium carbide 396 

Diffusion path 619 629 631 

Diffusion zone 

 aerated bath nitriding 681 

 aerated cyanide-cyanate nitriding 682 

 austenitic nitrocarburizing 657 

 boriding, ferrous materials 713 

 case structure, nitrided steel 698 

 classical nitriding 651 652 

 controlling 660–661 

 gas nitriding 647 648 670 674 

 high- low-pressure nitriding 653 

 liquid nitriding 682 

 low-temperature nitriding 649 

 nitride coating nucleation and growth 728 

 nitrided case 698–699 

 nitriding and nitrocarburization  620 629 632 635–641 

 nitriding process, simulation of 669 

 oxynitriding 655 

 plasma (ion) nitriding 698–699 

 solution nitriding 658 
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Dilatometer method 17 

DIMT. See Deformation-induced martensitic 

   transformation (DIMT) 

Direct convection cooling 198 200 201 203 

Direct heat-conduction problem (DHCP) 168 169 172 173 

Direct solid probe mass spectrometry 272 

Direct-current plasma nitriding 

   (1970–1980) 690–691 

Discontinuously coarsened (DC) 

   microstructure 632 

Displacement plating 478 

Distortion 

 carburization 513 

 control, press quenching 255–256 

 due to hardening 22–23 

 flame hardening 432–433 

 gas carburizing 555 

 gas nitriding 648 

 gas nitrocarburizing 648 

 induction heating 460 

 IQ process 207 

 pack carburizing 560 

Divorced eutectoid transformation (DET) 293 

Doppler effect 193 

Dual-phase FeB and Fe2B layers 713–714 

Dual-phase steels 

 annealing 300 

 bake-hardening steels 299 

 DP 780, forming 319 

 DP 980, dynamic tensile properties 319 

 DP 980, forming 319 

 DP 980, shear fracture behavior 320 

 DP 980, springback behavior 320 

Durofer process 570–571 

Dusinberre numerical method 538 

Dwell time 208 209 210 234 
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 idler gears 228–229 

 internal ring gears 229 

 overview 228 

Dynamic vapor blanket 259 260 261 

E 

EB hardening. See Electron beam hardening (EBH) 

EBSD. See Electron backscatter diffraction (EBSD) 

ECD. See Effective-case depth (ECD) 

Eddy-current distribution 

 Curie temperature 444 

 current cancellation 445 

 magnetic-wave characterization 445–446 

 overview 443 

 reference depth from skin effect 443–445 

Eddy-current tests 413–414 

Edge effect 

 active-screen plasma nitriding 692 

 direct-current plasma nitriding (1970–1980)  691 

 glow-discharge process 694 

 hollow-cathode and 694 

 induction surface hardening 459 

 low-pressure carburizing (LPC) 585 

 probes  107 

 stop-off paints 403 

Effective-case depth (ECD) 205 

Electroless plating 478 

Electromagnetic testing 

 effectiveness 527 

 limitations 527 

 magnetic-comparator testing 527 

 overview 527 

 standards 527 

 test procedures 527 

Electron backscatter diffraction (EBSD) 322 
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Electron beam (EB) 

 generation 462–463 

 heat transfer 464 

 interaction with material 463 

 overview 462 

 thermal processes 462 

Electron beam (EB) facilities 

 facilities 470–471 

 manufacturing systems with integrated 

   EB facility 470 471 

 overview 469–470 

Electron beam (EB), processing techniques 

 beam-deflection technique 464–465 

 continuous EB interaction (CI technique) 465 

 electron beam flash technique 465–466 

 multifield EB-deflection technique 466 

 multiprocess technique 466 

Electron beam flash technique 465–466 

Electron beam hardening (EBH) 

 advantages 462 

 characteristics 466 

 component specifics 469 

 facilities 470–471 

 introduction 395–396 

 manufacturing systems with integrated EB 

   facility 470 471 

 microstructure 466–467 

 overview 469–470 

 surface properties 467–469 

Electron beam hardening (EBH), applications 

 camshafts 472 

 characteristics 471–472 

 connecting rods 472 

 injector boxes 473 

 pump cams 472 

 shafts  473 

 slotted shafts 473 

 valve seats 473 
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Electron beam surface hardening. See also Electron 

   beam (EB); Electron beam hardening (EBH); 

   Electron beam hardening (EBH), applications 

 laser beam hardening (LBH) 462 

 overview 462 

 short-cycle heat treatments 462 

Electroplating 476 478 

Embrittlement 

 blue brittleness 341 

 temper embrittlement (TE) 339–341 

 tempered martensite embrittlement (TME) 341–344 

Endothermic carburizing atmospheres 534–535 

Endothermic carrier gas (endogas) 

 annealing 296 

 carburizing 393 

 gas carburizing 520 530 534 

 nitrocarburizing 663 664 674 

Environmental Protection Agency (EPA) 273 569 677 

Equilibrium transformations 5 

Erosion 

 CVD process 722 

 EB generator 470 

 flame hardening heads 428 429 

 high-temperature fluidized-bed carbide 

   coating 735 

 LH   484 

 LSH  476 478 

Etchants 

 austenitizing 315 

 case depth, measuring 409 413 

 masking 518 

 nitriding 670 672 

Etching 

 acid etching 458 

 boriding, ferrous alloys 713 

 carbon content 523 553 

 carburized hardenability test 38 

 diffusion zone, nitrided case 698 
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Etching (Cont.) 

 hot-walled plasma pulsed-dc furnaces 696 

 microscopic visual procedures 412–413 

 nitriding 670 673 

 quenching 99 

 SEM, Q&P steel 321 

Eutectoid reaction 

 austenite formation 312 

 bainite  9 

 defined 9 

 pearlite 9 19 

 proeutectoid cementite 11 

 proeutectoid ferrite 11 

 substitutional alloying elements 19–20 

Eutectoid transformation, time-temperature 

   effects of 17 

Exothermic gas 296 

EXPANITE process 660 

F 

Face-centered (fcc) crystal structure 3 

Falex testing 687–688 737 

Falex tests 687 

Fatigue strength 

 aerated bath nitriding 681 

 austempering 357 

 borosiliconizing 720 

 carburizing 357 505 

 contact 613 

 cooling curve test 104 

 excessive surface decarburization 516 

 LPC  586 

 LSH, aluminum alloys 493 

 nitriding 652 700 

 shear  509 

 transformation hardening 397 

 TRD coated parts 738 

FDM. See finite-difference method (FDM) 
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FEA. See Finite-element analysis (FEA) 

Ferrite 

 carbon control, evaluation in carburized 

   parts 522 

 overview 9 

Ferrous alloys 

 alkaline descaling 271 

 atomic volumes of 4 

 boriding 713 719 

 diffusion zone, nitriding 698–699 

 hardenability, measuring 62 

 induction heating 440 

 Jominy testing 62 

 laser alloying 482 

 laser cladding 482 

 laser glazing 482 

 LH of  490 491 

 quenching treatments 146 

Ferrous materials 

 boriding 713–716 

 electroless salt bath boriding 719 

 electrolytic salt bath boriding 719 

Fick’s first law 535 536 626 634 

    660 

Fick’s second law 511 536 633 639 

    640–641 661 

Film boiling (FB) 92 

Film boiling process 201 207 

Finite-difference method (FDM) 187 

Finite-element analysis (FEA) 62–63 

Finite-volume method (FVM) 187 

Fixturing 

 electrolytic salt bath boriding 719 

 gas carburizing 555 

 induction heating coils 454 

 liquid carburizing 574 

 martempering 363 380 

 plasma nitriding furnaces 695 
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Fixturing (Cont.) 

 restraint fixturing 151 

 selective tempering 346 

Flame annealing 436–437 

Flame hardening 

 advantages 419 

 air-fuel gas burners 425 

 burners 423 

 burners, materials for construction of  425–426 

 dimensional control 433 

 disadvantages 419 

 example: flame hardening versus induction 

   hardening 435 

 flame annealing 436–437 

 fuel gases 421–423 

 hardness, depth and pattern of 427–428 

 high-velocity convection burner 425 

 introduction 395 

 martensitic critical cooling velocity 419 

 overview 419 

 oxy-fuel gas flame heads 423–424 

 preheating 427 

 problems and causes 432–433 

 process selection 433–435 

 radiant-type burner 425 

 related equipment 425 

 safety precautions 431 

 surface conditions 433 

 tempering, flame-hardened parts 

  flame tempering 433 

  overview 433 

  self-tempering 433 

Flame hardening, equipment maintenance 

 air-gas type burners 429 

 carbon deposit 428–429 

 corrosion 429 

 electrical components 429–430 

 erosion 429 
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Flame hardening, equipment maintenance (Cont.) 

 mechanical components 429 

 oxy-fuel gas type flame heads (nonferrous)  428 

 piping  431 

 spindle and movable holding fixtures  430–431 

Flame hardening, material selection 

 alloy steels 436 

 carbon steels 436 

 cast iron 436 

 other materials 436 

 overview 435–436 

Flame hardening, methods 

 combination progressive-spinning method  421 

 overview 419–420 

 progressive method 420 

 spinning method 420–421 

 spot (stationary) method 420 

Flame hardening, operating procedures and 

   control 

 coupling distance 426 

 example: 1045 steel bar 426 

 examples: flame-hardening procedures 427 

 flame head, speed of travel of 426 

 flame velocity 426 

 gas pressures 426 

 hardening temperatures 426–427 

 operating variables 426 

 overview 426 

 oxygen-to-fuel ratio 426 

Flame hardening, problems and causes 

 distortion 432–433 

 excessive depth of hardening 433 

 excessive scaling 433 

 hardness below minimum required 432 

 overheating 432 

 shallow depth of hardening 433 

 spotty or uneven hardening 432 
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Flame hardening, quenching media 

 forced air 432 

 immersion quenches 432 

 overview 432 

 self-quenching 432 

Flame hardening, quenching methods and equipment 

 overview 431 

 quenching after progressive heating 431 

 quenching after spin heating 431–432 

Floe process 652 

Fluid flow 

 measurement 

  effective pressure 193 

  heat-based flow measurement 193–194 

  overview 192 

  velocity measurement by correlation 

   methods 193 

  velocity measurement, using thermal 

   probes 194–195 

  velocity measurement—means of lasers 193 

  volumetric measurement 192–193 

 overview 192 

 in quenching 192 

Fluidization 238 

  See also fluidized-bed quenching. 

Fluidized beds 

 annealing 303 

 CFEs/NFEs 732 

 high-temperature fluidized-bed carbide 

   coating 735 

 martempering 365–366 

 TRD  726 

Fluidized-bed, design of 

 bed cooling and temperature control  238–239 

 container 238 

 gas distributor 238 

 overview 238 

 plenum 238 
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Fluidized-bed boriding 720 

Fluidized-bed quenching 

 advantages 242–243 

 aluminum oxide (Al2O3)
 240 

 continuous quenching 244 

 conventional batch quenching 243–244 

 cooling rates 239–240 

 fluidization 238 

 fluidized-bed, design of 238–239 

 heat-transfer coefficients 240 

 important features 243 

 limitations of 243 

 processes 243 

 quenching power, factors affecting 

  bed pressure 241–242 

  bed temperature 241 

  fluidization velocity 241 

  fluidized particles 240–241 

  fluidizing gas 241 

  geometry of parts and their configuration  242 

  overview 240 

 silicon carbide (SiC) 240–241 

 two-step batch quenching 244 

Fluid-Quench Sensor 195 

Flux leakage 455 

Fog cooling 259 

Forced convection 160 

Forgings, normalizing 

 axle-shaft forging 284 286 

 furnaces 284 

 locomotive-axle forgings 286 

 low-carbon steel forgings 286 

 multiple normalizing treatments 286 

 overview 284 

 processing 284 

 structural stability 286 

Fourier transform infrared (FTIR) 272 

Fourier’s law 160 167 
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Fourier’s second law of heat conduction 31 

Free convection 160 

Full-film boiling. See also Vapor blanket 

   (full-film boiling) 

 cooling curve analysis 110 

 cooling curves 105 

 first heat-transfer mode 94 

 Leidenfrost temperature 92 

 mathematical models of second heat-transfer 

   mode 111 

 probe shape 107 

 quench severity 100 

Furnace temperature and atmosphere control, (gas carburizing). See Gas 

   carburizing, furnace temperature and 

   atmosphere control 

Furnaces 

 annealing 295–297 

 bar and tubular products 286–287 

 batch furnaces 538 608–609 

 batch/integral quench furnaces 676 

 bell-type movable furnace 675–676 

 box furnaces 563 

 box-type movable furnaces 676 

 carbonitriding 606–609 

 car-bottom furnaces 563 

 castings 287 

 catenary furnaces 288 

 cold-walled plasma furnaces 695–696 

 conditioning 540 

 continuous batch-type furnaces 676 

 continuous furnaces 538 609 

 conveyor belt furnaces 676 

 conveyor-type 287 

 direct-current plasma nitriding 

   (1970–1980) 690–691 

 drip-type carburizing furnace 745 

 dual-chamber box-type gas carburizing 

   furnace 742–743 
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Furnaces (Cont.) 

 gas carburizing 538–540 

 gas nitriding 674–675 

 horizontal retort furnaces 675 

 hot-walled plasma pulsed-dc furnaces 696 

 internal pressure 538–539 

 medium-frequency coreless furnace 745 

 nitriding 668 674–676 

 nitrocarburizing 674–676 

 normalizing, sheet and strip 287 

 pack carburizing 562–563 

 pit furnaces 538 563 

 plasma carburizing 591 595–596 

 plasma nitriding furnaces 695–696 

 pusher furnaces 676 

 salt bath furnaces 345 

 sealed-quench furnaces 538 

 single-chamber furnaces 222 223 224–225 

 temperature and atmosphere control 540–544 

 tube retorts 676 

 vacuum 520 

 vacuum furnaces 367–368 

 vertical retort furnace 675 

FVM. See Finite-volume method (FVM) 

G 

Galling 

 boriding 710 

 carburizing steels 392 

 dimensional stability 549 

 TRD coatings 739 

Gas boriding 719 

Gas carburizing 

 carbon sources and atmosphere types 

  CO level, selection of 533–534 

  endothermic carburizing 

   atmospheres 534–535 

  overview 532–533 
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 overview 528 

 thermodynamics and kinetics 

  carbon potential via shim stock, 

   validation of 530–531 

  equilibrium gas composition, 

   calculation of 528–529 

  gas carburizing reactions 528 

  gas carburizing reactions, kinetics of 529 

  measurement of carbon potential, 

   calculation of 529–530 

  steel alloy composition, effect of 531–532 

Gas carburizing, carbon-transfer mechanism 

 analytical solutions 537–538 

 carbon diffusion, in austenite 536 

 carburizing modeling and case depth 

   prediction 536–538 

 mass-transfer coefficient 535–536 

 numerical approach 538 

 overview 535 

 preoxidation, effect of 536 

 surface finish, effect of 536 

Gas carburizing, carburizing cycle development 

 atmosphere-control set-points, 

   selection of 546–547 

 carburizing cycle, design of 545–546 

 carburizing process parameters 544–545 

Gas carburizing, case depth evaluation 

 carburized case depth 557–558 

 case depth measurement 556–557 

 effective case depth (hardened depth) 557–558 

 overview 556 

Gas carburizing, dimensional control 

 distortion, factors affecting 555 

 distortion control, methods for 

  fixturing 555 

  marquenching 555 

  overview 555 
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  press quenching 555 

  straightening 555 

 overview 555 

Gas carburizing, equipment for 

 batch furnaces 538 

 burnout 539 

 continuous furnaces 538 

 furnace conditioning 540 

 furnace internal pressure 538–539 

 overview 538 

 sooting 539–540 

Gas carburizing, furnace temperature and 

   atmosphere control 

 atmosphere carbon potential control, 

   implementing 542–543 

 atmosphere introduction and uniformity 541 

 atmosphere-control system type, selection of  542 

 control-system features 541–542 

 gas sampling 543–544 

 overview 540 

 quenching uniformity 541 

 temperature control and uniformity 540–541 

Gas carburizing, process planning 

 alloy selection 551–552 

 case depth/hardened depth relationship 548 

 decarburization 551 

 direct hardening versus reheat 

   hardening 552–553 

 intergranular oxidation 550–551 

 overview 547 

 parts for carburizing 548 

 quenchants 553 

 residual stress 551 

 retained austenite 548–550 

 selective carburizing 55 
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Gas carburizing, process planning (Cont.) 

 surface nonmartensitic transformation 

   products (NMTP) 551 

 tempering 553–554 

Gas nitriding. See also Nitriding 

 atmosphere control 661–665 

 inspection 669–670 

 introduction 647–648 

 low-temperature nitriding 649–651 

 measuring errors 669 

 quality control 669 

 quenching 648 

 reasons for 647 

 rules of thumb 674 

 safety precautions 674 

 selective nitriding 673 

 simulation of process 669 

 temperature control 668 

 terminology 648–649 

Gas nitriding, common problems 

 compound layer thicker than permitted 674 

 cracking and spalling, nitrided surfaces 674 

 discoloration of parts 673–674 

 excessive dimensional changes 674 

 low case depth 673 

 shallow case depth 673 

 uneven case depth 673 

Gas nitriding, equipment 

 ammonia supply 677 

 fixtures 674–676 

 furnace control system 677 

 furnaces 674–676 

 overview 674–675 

Gas nitriding, lab equipment and sample control 

 cut-off saw 671 

 hardness profile 673 

 mounting 672–673 

 overview 670 
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Gas nitriding, lab equipment and sample control (Cont.) 

 polishing 673 

 sample, choice of 671 

 sample location 671 

 surface hardness measurement 672 

Gas nitriding, measuring the potentials 

 combinations 667–668 

 hydrogen analyzer 666 

 infrared analyzers 667 

 lambda probes 667 

 overview 665 

 oxygen probe 667 

 pressure increase 666–667 

 water burette (pipette) 665 

Gas nitrocarburizing. See also Nitriding; 

   Nitrocarburizing 

 atmosphere control 661–665 

 inspection 669–670 

 introduction 647–648 

 low-temperature nitrocarburizing 649–651 

 measuring errors 669 

 quality control 669 

 quenching 648 

 reasons for 647 

 rules of thumb 674 

 safety precautions 674 

 selective nitriding 673 

 simulation of process 669 

 temperature control 668 

 terminology 648–649 

Gas nitrocarburizing, common problems 

 compound layer thicker than permitted 674 

 cracking and spalling, nitrided surfaces 674 

 discoloration of parts 673–674 

 excessive dimensional changes 674 

 low case depth 673 

 shallow case depth 673 

 uneven case depth 673 



Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

Gas nitrocarburizing, equipment 

 ammonia supply 677 

 fixtures 674–676 

 furnace control system 677 

 furnaces 674–676 

 overview 674–675 

Gas nitrocarburizing, measuring the potentials 

 combinations 667–668 

 hydrogen analyzer 666 

 infrared analyzers 667 

 lambda probes 667 

 overview 665 

 oxygen probe 667 

 pressure increase 666–667 

 water burette (pipette) 665 

Gas quenching. See High-pressure gas quenching 

   (HPGQ) 

Gas sampling 543–544 

Gas-flow reversing 227–228 

Geldart group A powders 241–242 

Geldart group D powders 241 

German Association for Heat Treatment and 

   Material Science (AWT) 659 664 

Gibbs energy 622 632 636 637 

Gibb’s phase rule 629 

Global crude steel production (2012) 158 

Glow-discharge optical emission spectroscopy (GDOES) 407 527 

Glow-discharge plasma 393 591–592 690 

Glow-discharge process 

 edge effect 694 

 hollow cathode effect 694 

 mass-transfer mechanisms 695 

 overview 693 

 pressure and gas composition 694 

 voltage current conditions 693–694 

GM Quenchometer test 143 

Gravimetric measurement 272 

Green function method 110 
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Grinding 

 boriding 712 

 carbonitriding 605 

 case depth, measuring 408 

 cold treatment of steel 382 

 cracks  394 

 EBH process 472 

 flame hardening 434 

 martempering 363 373 380 

 nitriding 659 

 pack carburizing 561 

 pitot tube 118 

 quenching 113 

 selective carburizing 554 

 as source of residual stress 275 

 steel, cleaning for heat treatment 265 267 

 tempering 612 

 tempering, carburized components 347 

 void formation 605 

Grinding cracks 382 394 612 

Grinding fluids 266–267 270 

Grossmann charts 35 

Grossmann method 65 86 100–101 103 

Grossmann number 30–33 

H 

Hardenability, defined 60 

Hardenability, factors affecting 45–46 

 alloying elements 45–46 

 carbon content, effect of 45 

 ferrite stabilizers 45 

 synergistic combinations 46 

Hardenability bands 49 50 99–100 392 

Hardenability calculation of carbon and low-alloy 

   steels with low or medium carbon 

 Caterpillar hardenability calculator 

   (1E0024) 64–71 

 introduction 60 
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Hardenability calculation of carbon and low-alloy (Cont.) 

 principles of computational hardenability  60–64 

 regression analysis of hardenability 

   in Europe 71–79 

Hardenability correlation curves 33–35 

Hardenability requirements 

 depth of hardening 41–43 

 overview 41 

 quenching media 43–45 

Hardenability tests 

 air hardenability test 39 

 carburized hardenability test 36 38 

 hot-brine test 39 

 Jominy test 35–36 

   See also Jominy 

   end-quench testing 

 low-hardenability steels 39–40 

 surface-area-center (SAC) test 39–40 

Hardness and hardenability 

 air hardenability test 39 

 carbon content, effect of 26 

 carburized hardenability test 36 38 

 Carney empirical correlations 35 

 hardenability, defined 26 

 hardenability, factors affecting 45–46 

 hardenability correlation curves 33–35 

 hardenability requirements 

  depth of hardening 41–43 

  overview 41 

  quenching media 43–45 

 H-steels 

  classified by hardness at end-quench 

   positions 51–58 

  hardenability limits and 50–51 

 ideal critical diameter 33 

 introduction 26 

 Jominy data sets, variability in 46–47 

 Jominy end-quench testing 26–30 
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Hardness and hardenability (Cont.) 

 Jominy equivalence charts 40–41 

 Jominy test 35–36 

 low-hardenability steels 

  hot-brine test 39 

  surface-area-center (SAC) test 39–40 

 quench severity 30–33 

 steel hardenability, calculation of 47–48 

 steel selection for 48–50 

Hardness testing 382 522 612–613 

HAZ. See Heat-affected zone (HAZ) 

Heat transfer, during quenching 

 active heat-transfer boundary condition  167–173 

 boiling heat transfer 160 

 CCT diagrams 162 

 forced convective boiling 161 

 heat-transfer basics 159–160 

 liquid quenching heat transfer 162–163 

 Liscic-Nanmac probe 159 

 microstructural evolution, heat generated by 162 

 overview 158–159 

 physical phenomena during quenching 158–159 

 pool boiling 160–161 

 rewetting 164–167 

 thermal field 167 

 time-temperature transformation (TTT) 

   diagrams 162 

Heat treated steel, phases of 

 bainite  10 

 cementite 12–13 

 iron-carbon phase diagram 7–9 

 martensite 13–16 

 overview 7 

 pearlite 9–10 

 proeutectoid ferrite 10–12 

Heat Treating, Volume 4 of ASM Handbook 1991 542 
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Heat treatment 

 after boriding 716 

 continuous cooling transformation (CCT) 

   diagrams 20–21 

 cracking, due to hardening 22–23 

 defined 3 

 distortion due to hardening 22–23 

 heat treated steel, phases of 7–16 

 introduction 3–4 

 iron, constitution of 4–7 

 isothermal transformation diagrams 16–20 

 residual stresses  21–23 

 thermal stresses 21–23 

 transformation diagrams 16 

Heat-affected zone (HAZ) 

 laser cladding 481 482 

 laser heat treatment 484 

 laser welding 323 

 metal active gas (MAG) welding 324 

Heat-conduction equation (HCE), finite-volume 

   method for 

 FVM, control volumes for 187 

 implicit finite-volume method 187–188 

 implicit iterative computation of temperatures  188 

 time and space discretizations 187 

Heat-extraction dynamics 

 overview 213 

 quench analysis 213–214 

 temperature fields displayed 214–215 

Heat-transfer basics 

 boiling heat transfer 160 

 conduction 160 

 convection 160 

 Fourier’s law 160 

 heat flow 160 

 heat source/sinks 160 

 Liscic-Nanmac probe 159 

 mechanisms of 160 
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Heat-transfer basics (Cont.) 

 Newton’s law of cooling 160 

 overview 159–160 

 pool boiling 160–161 

 radiation, heat exchange by 160 
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 applied energy case hardening 432 

 aqueous salt (brine) solutions 124 

 austempering 126 357 359 

 bright quenching oils 136 

 carbonitriding 505 521 599 

 carburizing steels 392 

 CCT diagrams 97 



Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

Oil quenching (Cont.) 

 cleaning for heat treatment 265 

 continuous furnaces 538 

 Fe2B layers 714 

 fluidized-bed quenching 242 243 

 gas quenching 221 

 hardness and hardenability 26 

 HPGQ  229 230 

 inverse hardening 214 

 ion nitriding 700 

 IQ process 200 204 207 211 

 large probes, industrial quenching 

   processes 189 

 liquid carburizing and cyaniding 575 576 

 low-pressure carburizing (LPC) 582 

 maintenance schedule 121 

 martempering 364 370 371 373 

    377 

 powder metallurgy (PM) parts 614 

 press quenching 252 254–255 

 proeutectoid cementite 12 

 propeller agitation 116 

 tanks  118 145 

 through-hardening steels 204 

 versus water quenching 44 

Open-coil annealing 301 

OSHA. See Occupational Safety and Health 

   Administration (OSHA) 

Oxidation 

 carburization 511 

 intergranular oxidation 518 

Oxy-fuel 

 flame hardening 426 435 

 gas flame 422 

 oxy-fuel gas type flame heads  423–424 425 429 

 oxy-fuel gas type flame heads, non-ferrous  428 

Oxynitriding 655 

Oxysulfonitriding 648 655 
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Pack carburizing 

 advantages 560 561 

 carburizing compounds 561 

 carburizing containers 563–564 

 carburizing medium 561 

 depth of case 560 

 disadvantages 560 561 

 distortion 560 

 furnaces for 562–563 

 introduction 560 

 packing 

  overview 564 

  procedure 564 

  process-control specimens 564 

  work-load density 564 

 process control 

  carburizing rates 562 

  case depth 562 

  example 562 

  overview 562 

  surface carbon content 562 

 selective carburizing 560 

 steel composition 560 

Pack cementation boriding 717 

Pack cementation processes 

 aluminizing 707–708 

 chemical vapor deposition (CVD) 707 

 chromizing 708 

 overview 707 

 siliconizing 708 

PAG. See Poly(alkylene glycol) (PAG) copolymer 

Paschen curves 592 593 693 694 

Pass/fail test 271 

Paste boriding 718 

Patenting  303 357–358 360 

   See also Wire patenting 
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 carbon control, evaluation in carburized 

   parts 522 

 heat treated steel, phases of 9–10 

 overview 9–10 

Permalloy 716 722 

Petroleum quench oils, safe use of 

 explosions or fire, source of 145 

 extinguishing oil fires 146 

 overview 144 

 quench tanks, types 145 

Physical vapor deposition (PVD) 476 700–701 725 

Pickling  270 271 

Pitot tube  118 

Plain carbon steels 

 aerated bath nitriding 681–682 

 aerated cyanide-cyanate nitriding 682 

 annealing 289 298 

 applied energy methods 395 

 as-quenched hardness 450 

 austempering 354 

 austenitic nitrocarburizing 657 

 austenitization 446–447 

 bake-hardening steels 299 

 blue brittleness 341 

 boriding 714 716 

 carbide coating nucleation and growth 727 

 case depth prediction 536 

 Curie point 442 

 flame hardening 435 436 

 gas carburizing 552 

 hardenability calculation 60–79 

 hardness testing 522 

 induction hardening 457 

 IQ process 200 

 liquid nitriding 682 

 magnetic properties 441 

 modified austempering 341 
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 nominal subcritical annealing 

   temperatures 305–306 

 normalizing temperatures 282 

 plasma (ion) nitriding 699 

 quenching, transformation time 233–234 

 spheroidizing 302 

 steel selection for hardenability 49 

 surface hardening 395 

 tempering 328 331 336–337 

Plasma (ion) nitriding 

 advantages 690 

 applications 

  dimensional control, as alternative to 

   carbonitriding 700 

  duplex processes 700–701 

  overview 700 

  stainless steels, sputtering and ion 

   nitriding of 700 

 case structure and formation 698 

 diffusion zone, nitrided case 698–699 

 furnaces. See Plasma nitriding furnaces 

 gas nitriding, difference between 690 

 glow-discharge process 693–695 

 introduction 402 690 

 limitations of 690 

 process control 

  arc detection and suppression 697 

  atmosphere control 697 

  overview 696–697 

  part temperature 697 

  power-supply controls 697 

  pressure control 697 

 workpiece factors 

  hardness profiles 699 

  overview 699 

  prior microstructure, effect of 699 

  white-layer properties 699–700 
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 active-screen plasma nitriding 692–693 

 direct-current plasma nitriding 

   (1970–1980) 690–691 

 pulsed-current plasma nitriding 691–692 

Plasma boriding 719–720 

Plasma carburizing 

 advantages 594 

 application example 596–597 

 carbon input, influence of pulse 

   length on 595 

 carburizing reaction in 593–594 

 diffusion characteristics 593–594 

 disadvantages 594 

 furnaces 595–596 

 loading requirements and limitations 596 

 mechanical masking 595 

 overview 591 

 principles of 

  coverage 593 

  glow-discharge plasma 591–592 

  glow-discharge plasma, range of 592 

  limitations of 592 

  overview 591 

  voltage levels 592–593 

  wrap-around effect 593 

 process parameters 596 

  atmosphere/gas flow rate, composition of  596 

  current density 596 

  pressure 596 

  pulse—power density 596 

  surface condition 596 

  temperature 596 

  voltage density 596 

 production equipment 595–596 

 sinter metals 595 

 sputter plasma 595 

 stainless steels 595 
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 cold-walled plasma furnaces 695–696 

 hot-walled plasma pulsed-dc furnaces 696 

 overview 695 

Plasma nitrocarburizing 690 701–702 

Plate 

 annealing 303 

 carburizing, quality assurance 515 

 Jominy equivalence charts 41 

Plenum.  238 

Polyacrylates 149–151 

Polyalkylene glycol 

 control measures 149 

 cooling characteristics 148–149 

 overview 148 

Poly(alkylene glycol) (PAG) copolymer 147 213–214 218 

Polycyclic aromatic hydrocarbons (PAHs) 144 

Polymer quenchants 

 overview 146 

 polyacrylates 149–151 

 polyalkylene glycol 148–149 

 polymer primer 146–147 

 polyvinyl alcohol (PVA) 147 

 polyvinyl pyrrolidone (PVP) 149 

 thermal separation/inverse solubility 147 

Poly(sodium acrylate) (PSA) 147 

Polyvinyl alcohol (PVA) 148 

Polyvinyl pyrrolidone (PVP) 149 

Pool boiling 160 161 

Porosity. See also Carbonitriding 

 carbonitrided case 393 

 compound layer, controlling 657 

 compound layer growth, kinetics of 635 

 controlled nitriding 624 

 copper plating 399 577 

 gas boriding 716 

 iron-nitrogen phase diagram 621–622 

 laser cladding 482 
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 liquid carburizing and cyaniding 577 

 liquid salt bath nitriding noncyanide 

   baths 688 689 

 nitrided parts 669 670 

 nitriding 628 629 653 

 nitrocarburizing 631 656 657 664 

    665 

 pack carburizing 561 

 plasma boriding 719 

 powder metallurgy parts 459 

 TRD coated parts 737 

Postoxidation 648 654 656 657 

    660 664 

Potassium nitrate (KNO3)
 232 

Powder metallurgy (PM) parts 

 carbonitriding 614 

 induction surface hardening 459–460 

 ion nitrided 699 

Prandtl number 239 248 

Preoxidation 

 gas nitriding 674 

 horizontal preheat furnace 675 

 nitriding 653 659–660 

 nitrocarburizing 664 

 prior to carburizing 536 

Press quenching 

 distortion control 255–256 

 equipment 252–255 

 gas carburizing 555 

 oil-quenching process 254–255 

 overview 252 

 pulse feature 256 

Pressure nitriding 654 

Prior austenite 

 austenite grain growth 315 

 austenitizing 315 
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 normalizing of steel 280 

 use of term 315 

Prior austenite grain boundaries 

 carbides 517 

 continuous carbide network 517 

 intergranular oxidation 550 

 isothermal transformation (IT) diagrams 19 

 martensite 13 

 NMTP  601 

 TE   340 

 temper embrittlement (TE) 340 

 TME  342 

Probes 

 Datanit sensor 668 

 Lambda probes 667 

 nondispersive infrared (NDIR) analyzers 530 535 542 543 

    544 

 oxygen probe 667 

 QE sensor 668 

 salt quenching 235 

 thermal 194 

 wire patenting 261 

 Wolfson probe 106 

 zirconia oxygen probe 511–512 530 

Probes, industrial quenching processes 

 axially symmetrical workpieces, prediction of 

   hardness distribution 183–184 

 critical heat-flux densities of liquid quenchants 

  first critical heat-flux density 179–180 

  initial heat-flux density 179–180 

 heat-transfer coefficient, calculation based on 

   laboratory tests 

  inverse heat-conduction method 178 

  lumped heat-capacity method 178–179 

 IHCP, numerical solution of 

  HCE, finite-volume method for the  187–188 

  heat-transfer coefficient, calculation of 186–187 
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  overview 184–185 

  simplified 1-D temperature distribution 

   model 185–186 

 laboratory tests and characterization of industrial 

   quenching processes 179 

 for laboratory tests and resultant curves  176–178 

 laboratory tests, scope of 178 

 Liscic/Petrofer probe 181–183 

 simulation examples 

  oil quenching 189 

  overview 189 

  polymer quenching 189–191 

 smoothing, measured temperatures 188–189 

 temperature gradient method 180 

 workshop designed test, requirements for 179 

Production IQ systems 

 batch-type systems 208 

 continuous-type systems 208–209 

 overview 207–208 

 single-part-processing systems 209–210 

Production part approval process (PPAP) 587 

Proeutectoid ferrite 

 acicular 13 

 heat treated steel, phases of 10–12 

 isothermal transformation (IT) diagrams 19 

 patenting 303 

 Q&P steels 318 

 wire patenting 258 

Programmable logic controllers (PLCs) 541 

Propeller-driven flow meter 193 

Propellers 

 agitation equipment 115 116–118 

 batch quenching systems 233 

 fluid flow measurement 193 

 IQ-2 systems 210 

 mild steel IQ tank 208 

 oil quenching 575 
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Pulsed-current plasma nitriding 691–692 

Pure iron 

 ferrite and austenite in 5–6 

 iron nitrides in 645–646 

Q 

QE sensor 668 

QT. See Quenched and tempered (QT); Quenching 

   temperature (QT) 

Quench aging 9 

Quench cracking 

 alloy steels 50 

 austempering 352 353 

 carburizing 392 

 geometric stress 23 

 hardenability 43 44 45 

 induction surface hardening 448 461 

 intensive quenching 198 

 selective tempering 345 

 surface condition 113 

 tempering 336 346 

Quench oil bath maintenance 

 cooling curve characterization 143 

 overview 139 

 physical property characterization 

  acid number 142 

  Bacon bomb fluid-sampler thief (Bacon bomb) 140 

  flash point 141–142 

  induction-coupled plasma analysis  142–143 

  overview 139 

  sampling 139–140 

  saponification 142 

  viscosity 140–141 

  water content 141 

Quench process sensors 

 Fluid-Quench Sensor 195 

 overview 192 

 quenching, fluid flow in 192 
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Quench severity 

 Jominy end-quench test 101–103 

 Jominy hardenability to round bar hardness 

   transformation—Rushman approach 103 

 molten salt 127 

 overview 100–101 

 quenching media 43–44 

 salt quenching 234–235 

 steel  120–121 

Quench severity, in hardenability evaluation 30–33 

Quenchants 

 bismuth 125 

 enabling controllable delayed quenching 218 

 gas carburizing 553 

 gravity fall 116 

 hot oil quenchants 126–129 

 lead  125 

 liquid, critical heat-flux densities of 179–180 

 liquid, database of cooling intensities 184 

 molten metal quenchants 125–126 

 molten salt quenchants 126–129 

 oil fires, extinguishing 146 

 oil quench system monitoring 144 

 oil quenchants 129–139 

 petroleum quench oils, safe use of 144–146 

 polymer quenchants 146–151 

 quench oil bath maintenance 139–143 

 selection 120–121 

 temperature, effect of 94 

Quenched and tempered (QT) 327 

Quenching 

 air-quenching media 122 

 aqueous salt (brine) solutions 122–125 

 as-quenched hardness 450–451 

 brine quenching 122 

 carbonitriding 610–611 

 cold die quenching 151 

 delayed. See Delayed quenching 
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 empirical methodology 159 

 fixtures 

  cold die quenching 151 

  overview 151 

  restraint fixturing 151 

 flame hardening 431–432 

 fluid flow in. See Fluid flow 

 fluidized-bed. See Fluidized-bed quenching 

 gas (quenching). See Gas quenching 

 gas carburizing 555 

 gas nitriding 648 

 gas nitrocarburizing 648 

 gas quenching 610–611 

 goal of  159 

 gravity fall 116 

 hot oil quenchants 126–129 

 ideal quench 61 

 induction hardening and tempering 448–451 

 intensive. See Intensive quenching (IQ) 

 jet. See Jet quenching 

 liquid carburizing and cyaniding 574–575 

 liquid quenching heat transfer 162–167 

 mechanism of 91–93 

 media, tests and evaluation of 

  cooling-power tests 103–104 

  hardening-power tests 103 

  overview 103 

 metallurgical aspects 

  carbon content and hardenability 97–99 

  hardenability bands (H-steels) 99–100 

  overview 95–97 

 molten metal quenchants 125–126 

 molten salt quenchants 126–129 

 oil fires, extinguishing 146 

 oil quench system monitoring 144 

 oil quenchants 129–139 

 oil quenching 122 189 
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 overview 91 

 petroleum quench oils, safe use of 144–146 

 physical phenomena during 

   quenching 158–159 

 polyacrylate quenchants 150 

 polymer quenchants 146–151 

 polymer quenching 189 

 press(quenching). See Press quenching 

 quench cracks 448 

 quench oil bath maintenance 139–143 

 quench severity 120–121 

  Jominy end-quench test 101–103 

  Jominy hardenability to round bar 

   hardness transformation—Rushman 

   approach 103 

  overview 100–101 

 salt. See Salt quenching 

 as source of residual stress 275 

 spray (quenching). See Spray quenching 

 step quenching 233 

 systems 118–122 

 Tensi classification of surface-cooling modes 

   of heat transfer 93–94 

 thermal field 167 

 water quenching 122 610 

 water-quenching media 122 

Quenching, heat-transfer coefficient calculations 

 cooling rate calculation 112 

 cooling-time calculation 112 

 examples 112–113 

 general approach of solving inverse-heat 

   conduction and mass transfer problems  111 

 Green function method 110 

 inverse method 110 

 mathematical models of second heat-transfer 

   mode 111–112 

 overview 110 
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Quenching, heat-transfer coefficient calculations (Cont.) 

 regular thermal condition theory 111 

 simplified methods 111–112 

 statistical regularization method 110 

 Tikhonov regularization method 110 

Quenching, mechanism of 

 cooling curves 92–93 

 factors involved 91 

Quenching, process variables 

 agitation 94 114–115 

 equipment 115–118 

 flow velocity, measurement of 118 

 mass effects 114 

 Mead turbine velocimeter 118 

 overview 94 

 quenchant temperature 94 

 section size effects 114 

 surface condition 113–114 

 workpiece temperature 94 

Quenching and partitioning (Q&P) steel 

 annealing process 318 

 application properties 

  hole-expansion ratio (HER) 319 

  shear fracture behavior 320 

  springback behavior 320 

 applications 319 

 chemical composition 317–318 

 defined 317 

 dynamic tensile properties 319 

 forming 319 

 mechanical properties 319 

 microstructure 318 

 overview 317–318 

 phase diagram 318 

 retained austenite 

  mechanical properties 320–321 

  microstructure evolution with strain  321–322 
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  transformation 321 

 thermal profile 318 

Quenching and partitioning (Q&P) steel, welding 

   properties 

 laser welding 323–324 

 metal active gas (MAG) welding 324 

 overview 322 

 Q&P 980 steel 322 

 resistance spot welding 322–323 

 transformation-induced plasticity 

   (TRIP) steel 317 

Quenching installations, maintenance of 

 brine quenching 122 

 for oil quenching 121–122 

 for water quenching 122 

Quenching media 

 air-quenching media 122 

 aqueous salt (brine) solutions 122–125 

 flame hardening 432 

 hardenability requirements, determining  43–45 

 hot oil quenchants 126–129 

 liquid carburizing and cyaniding 574–575 

 molten metal quenchants 125–126 

 molten salt quenchants 126–129 

 tests and evaluation of 

  cooling curve test 104–110 

  cooling-power tests 103–104 

  GM Quenchometer test 104 

  hardening-power tests 103 

  interval test 103–104 

  magnetic test 104 

  overview 103 

 water-quenching media 122 

Quenching methods 

 direct quenching 91 

 fog quenching 91 

 selective quenching 91 
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 spray quenching 449–450 

 time quenching 91 

Quenching systems 118–122 

 overview 118 120 

 quench severity 120–121 

 quenchant selection 120–121 

Quenching temperature (QT) 318 327 334 338 

R 

Radiation, heat exchange by 160 

Raman spectroscopy 272 

Refroidissement 289 310 

Regression analysis of hardenability in Europe 

 derivation of formulas 73 

 formulas, assessment of 73–74 

 formulas, using 74–76 

 overview 71–73 

 Steel Institute VDEh 72–73 

Residual stresses 

 carburization 506–508 513 

 gas carburizing 551 555 

 intensive quenching 205 

 introduction 21–23 

 retained austenite, effect of 549 

Resistance spot welding 

 microhardness 323 

 microstructure 323 

 overview 322 

 spot weld strength 323 

 weld lobe 322 

Retained austenite 

 aerospace applications 586 

 annealing 291 

 austenite 523 

 austenitizing 309 312 

 automotive applications 586 

 carbonitriding 605–606 613 
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 carburized components 347 

 carburized hardenability test 38 

 carburizing 508 513 514 515–516 

 cold treatment of steel 382 383 

 cryogenic treatment 383 384 

 decarburization 516 

 and dimensional stability 549–550 

 direct hardening versus reheat 

   hardening 552–553 

 electron beam surface hardening 467 

 flame hardening 419 

 furnace atmospheres 606 

 gas carburizing 532 547 548–550 

 gas carburizing, quenchants 553 

 gas carburizing, tempering 553–554 

 hardening and 382 

 hardness testing 522 

 heat transfer during quenching 162 

 high-carbon (plate) martensite 515 

 high-carbon steels 80 

 Hollomon- Jaffe method 333 

 induction surface hardening 450 461 

 laser surface hardening (LSH) 482 487 488 489 

    490 

 liquid carburizing and cyaniding 566 

 low-pressure carburizing (LPC)  581 584 586 

 martensite formation 14 

 martensite start temperature 506 

 mechanical behavior and stability of  320–322 

 multiple tempering 345 346 

 noncyanide liquid carburizing 568 

 performance, effect on 550 

 quenching and partitioning (Q&P) steel 317 318 319 

 refrigeration 329 

 solution nitriding 659 

 steel quenching 97 121 

 supercarburizing 741 745 



Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

Retained austenite (Cont.) 

 surface hardening 391 393 

 surface nonmartensitic transformation 

   products (NMTP) 551 

 tempered martensite 15 16 

 tempered martensite embrittlement (TME)  343 

 tempering 327 328 330–332 

 tempering, cracking in processing 346 

 tempering, dimensional change during  336–338 

 TRD  732 

Rewetting 

 active heat-transfer boundary condition 170 

 bath agitation 164 

 cooling curves 92 

 film boiling 167 

 hollow/non hollow cylinders 165 

 jet quenching 248 

 Leidenfrost temperature 164 

 Newtonian cooling 164 

 non-Newtonian cooling 164 

 nonuniform rewetting 165 

 orientation, effect on wetting front 166–167 

 probe geometry, effect on heat extraction 165 

 quenching into a vaporizable fluid without 

   the use of additives 91 

 quenching into vaporizable liquids 107 

 SAE 304 steel rings 165–166 

 Tensi classification of surface-cooling 

   modes of heat transfer 93 94 

 vapor blanket 164 

 wetting front kinematics 164–165 

 wetting front velocity 164 

 wetting kinematics, influence of 183 

Reynolds number 118 239 248 

Rockwell C hardness (HRC) readings 382 

Rockwell hardness 

 carburized hardenability test 38 

 case depth, measuring 409–411 
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 Jominy test 36 

 prediction of hardenability in steels 63 

Rolled wire 526 

Rotating-bending fatigue 360 368 369 508 

Rushman approach 103 235 

S 

SAE J 406 hardenability predictor 63 

Salt, as martempering media 364–367 371 378–379 380 

Salt baths. See also Cyaniding (liquid 

   carbonitriding); Liquid nitriding 

 electroless salt bath boriding 719 

 electrolytic salt bath boriding 719 

 high-temperature salt bath carbide 

   coating 733–735 

 liquid salt bath nitriding 689 

 liquid salt bath nitriding noncyanide 

   baths 688–689 

 low-temperature salt bath nitride 

   coating 736–737 

 nontoxic salt bath nitrocarburizing 

   treatments 686–687 

 salt bath descaling 270 

 salt quenching 233–234 

   See also Molten salts; 

   Salt quenching 

 salt system maintenance 378–379 

 TRD  730–731 

 washing the work 380 

 wear and antiscuffing characteristics of 

   the compound zone 687–688 

Salt quenching 

 environmental and safety considerations 

  handling, molten salts 236 

  parts washing 236 

  reclamation, salt 236 

  salt disposal 236 
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  storage, molten salts 236 

 equipment for 

  batch operation 233 

  continuous operation 233 

  mass of the quench 233 

  step quenching 233 

 molten salts 232–233 

 overview 232–233 

 probes  235 

 Rushman approach 235 

 systems, critical characteristics for operation of 

  agitation and water additions 234–235 

  composition of quenchant 234 

  contaminants 234 

  handling systems 235 

  loading systems 235 

  preventive maintenance 235 

 time and temperature considerations 

  nitrite-nitrate quench tanks 233 

  quenching temperature range 233 

  transformation time 233–234 

 water, addition of 234–235 

Salt removal (washing) 575–576 

Saponification 147 270 272 

Saybolt universal seconds (SUS) 

 agitation equipment 117 

 conventional quenching oils 132–133 

 kinematic velocity or cSt, converting to 141 

 oil quenching installations, maintenance of  122 

 quenching oils, washing problems 380 

 re-refined paraffinic baseoils 131 

Scanning electron microscope (SEM) 257 258 313 

SCC. See Stress-corrosion cracking (SCC) 

Scuffing  687–688 737 

Secondary hardening 

 alloy steels capable of 327 

 bainitic steels 347 
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 defined 16 

 gas carburizing 552 

 tempering, effect of composition 336 

 tempering stages 329 330 

 tempering time and temperature 332 

 TRD  732 

Selective carburizing 

 ceramic coatings 554 

 copper plating 554 

 liquid carburizing and cyaniding 577 

 overview 554 

 partial immersion 577 

 stopoffs 554 

SEM. See Scanning electron microscope (SEM) 

Shear stress 

 carburizing 509 513 516 

 hardenability 50 

 stop-off paints 403 

 stress relief 382 

Sheet and strip 

 annealing 297–301 

 normalizing 287–288 

Sheet steels, annealing for automotive applications 

 bake-hardening steels 299 

 commercial-quality 298 

 deep-drawing-quality 298 

 drawing-quality 298 

 dual-phase steels 300 

 interstitial-free (IF) steels 298–299 

 microalloyed high-strength low-alloy 

   (HSLA) steels 299 

 open-coil annealing 301 

 overview 297–298 

 solution-strengthened steels 299 

 tin mill products 300–301 
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 analysis of 524–526 

 validation of carbon potential via 530–531 

Shim stock test 512 

Shock-film boiling 92 105 163 

Shot/sand blasting 400–401 

Shrink fits 382 

Silicon 

 alkaline cleaners 269 

 austenitizing temperatures 305 

 boriding 716 

 carbonitriding 613 

 carburizing cycle development 536 

 case depth, measuring 411 

 Curie point, effect on 441 

 fluidized-bed boriding 720 

 gas carburizing 531 

 hardenability and tempering of steels, 

   effect of 46 

 hardness, effect on 334 336 

 intergranular oxidation 550 

 interstitial-free (IF) steels 299 

 laser hardening (LH) 488 

 liquid boriding 719 

 multicomponent boriding 720 

 multiplying factors (MF) 80 82 83 84 

    86 

 nitriding 651 

 nominal subcritical annealing temperatures  305 

 pack cementation boriding 717 

 pack cementation processes 707 

 preoxidation 536 

 Q&P steels 317 318 320 

 silicone-based defoaming agents 548 

 solution-strengthened steels 299 

 spheroidizing 292 

 stop-off paints 401 

 supercarburizing 745 
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 surface nonmartensitic transformation 

   products (NMTP) 551 

 TME, effect on 343 

 vertical retort furnace 675 

Silicon carbide (SiC) 240–241 

Siliconizing 708 

Single-pass heat treatment (SPHT) 484 

Sinter metals 595 

Skin effect 443–445 

Smoothing, of measured temperatures 

 exponential C1 splines 188–189 

 monotone smoothing 188–189 

 monotone smoothing, of measured 

   temperatures 189 

 ordinary smoothing without constraints 188 

 overview 188 

Snap draw treatment 347 

Sodium nitrate (NaNO3) 232 

Sodium nitrite (NaNO2) 232 

Solution-strengthened steels 299 

Sooting  539–540 

Spalling 

 air-gas type burners 429 

 boriding, ferrous materials 714–715 

 boriding, nonferrous materials 716 

 borochromtitanized structural alloy steel 721 

 dual-phase FeB and Fe2B layers 713 

 high-temperature fluidized-bed carbide 

   coating 735 

 nitrided surfaces 674 

 nitriding 394 

 pack cementation boriding 714–716 717 

Specifications 

 Aerospace Standard AS 1260 98 
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Index Terms Links 

 

This page has been reformatted by Knovel to provide easier navigation. 

Specifications (Cont.) 

 AMS 2753, Liquid Salt Bath Ferritic 

   Nitrocarburizing Non-Cyanide Bath 682 
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 ASTM 10, grain size 64 

 ASTM 11, grain size 64 

 ASTM 12, grain size 64 
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   Class F 286 

 ASTM A255 

  Jominy end-quench test 101 

  Standard Test Methods for Determining 

   Hardenability of Steel 26 62 

 ASTM A255-10, Standard Test Methods for 

   Determining Hardenability of Steel 65 

 ASTM A370 

  Standard Test Methods and Definitions for 
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   procedure 141–142 

 ASTM D94, Standard Test Methods for 
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   Viscosity 140 
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 ASTM D6200 
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 ASTM D6549 
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 ASTM D6549-06, Standard Test Method for 
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  Standard Guide for Evaluation of 

   Hydrocarbon-Based Quench Oil 143 

  Standard Guide for Evaluation of 
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 ASTM E48, hardness conversion table 338 

 ASTM E92, core and surface hardness testing  669 
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   Tables 669 

 ASTM E384 

  core and surface hardness testing 669 
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 ASTM E1019-11, Standard Test Methods for 
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   and Fusion Techniques 524 530 
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