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Introduction and Perspectives

Carbon case hardening, through natural evolu
tion, commercialism, and economics, has be
come a process for which the possible number of
variables is so large that it is hardly likely that
any two companies will process exactly the same.
There will always be some difference in choice
of materials, equipment, or technique, and there
will often be differences in the quality of the
product. There may even be conflict of opinion
regarding what is good practice and what is bad,
and what is a valid test and what is meaningless.
For each component treated, there is an optimum
material and process combination, but who
knows what this is for any given component?
Most conflicts stem from there being too great a
choice of materials or process variables and from
the wide range of components that are required
to be case hardened.

Despite all this, what the carburizing processes
have in common is that they produce at the sur
face of the component a layer of carbon-rich
material that after quenching, by whichever
technique, should provide a surface that is hard.
Regrettably, this is no indication that the case
hardening process has been successful. Additional
microstructural features may exist along with, or
instead of, the aimed-for martensite, and these in
deed can significantly influence the properties of
the component, thereby affecting its service life.

The microstructural features referred to are in
ternal oxidation, decarburization, free carbides,
retained austenite, and microcracks in the
martensite.

Further modifications to the martensite in par
ticular can be effected by tempering, and the pro
portions of austenite and martensite can be al-

tered by subzero treatment after quenching. Cold
working by either peening or rolling can modify
the surface microstructures and have significant
bearing on the life of the component, as too can
surface grinding.

One must not overlook the value of the
microstructure and properties of the core or of
the influence of inherent features such as
microsegregation, cleanliness, and grain size.

The aforementioned structural variants are the
subject of this review, and where possible, exam
ples of their effect in terms of properties are
given. Those properties mainly referred to are
bending-fatigue strength, contact-fatigue resis
tance, hardness, and wear resistance. These
properties were chosen because it is to promote
one or more of these properties that the carburiz
ing treatment is employed. A gear tooth is a good
example in which each of these must be consid
ered. Some significance has been placed on the
residual stresses developed during carburizing
because these are additive to the applied stresses.

Why Carburize Case-Harden?

With some through-hardening steels, it is pos
sible to develop hardnesses equal to the surface
hardnesses typical of case-hardening parts; how
ever, machine parts (for example, gears) would
not be able to transmit as much load as would
case-hardened parts. This is because case hard
ening produces significant compressive-residual
stresses at the surface and within the hard case,
whereas with through hardening, the residual
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2 I Carburizing: Microstructures andProperties

stresses are much less predictable. Furthermore,
high-hardness through-hardened steels tend to
lack toughness; therefore, in general , through
hardened and tempered steels are limited to
about 40 HRC to develop their best strength-to
toughness properties. To produce compressive
residual stresses to a reasonable depth in a
through-hardening steel, one must resort to a lo
cal thermal hardening process , such as induction
hardening, or an alternative chemicothennal treat
ment, such as nitriding.

When induction hardening is used for gears,
for example, the preferred hardness distribution
is generally to have about 55 HRC at the surface
and 30 HRC in the core (Ref 1); consequently,
parts so treated do not have a contact strength or
wear resistance that are quite as good as in car
boozed and hardened parts. The induction hard
ening process is useful for large parts that need
to be surface hardened but would distort or grow
excessively if carburized and hardened. Typical
gear steels surface hardened by induction are
4140 and 4340 (initially in the hardened and
tempered condition), and typical case depths
range from 1.0 to 3.0 rom.

Nitriding is a means of producing a hard sur
face with high surface compressive-residual
stresses. It is a subcritical temperature process,
and consequently, it is an essentially distortion
and growth-free process. The degree of hardening
relates rnainly to the chromium content of the
steel so that a carbon steel will nitride harden
only a little . Steel 4140 will harden to about 600
to 650 HV, and a 3% Cr-Mo-V steel will
achieve more than 800 HV. Unfortunately, the
cases that can be achieved due to nitriding are

shallow (0.3 to 0.6 mm, effective), even with long
processing times, for example, 80 hours. The shal
lowness of the case limits the range of application
of nitrided steels . For gears, the limiting tooth
size is about 2 rom module (12.7 dp) without
downgrading. However, within its safe range of
application, the case shallowness provides good
bending fatigue, contact fatigue, wear, and scuff
ing resistance.

Carbon case hardening can be employed to
achieve a wide range of effective case depths (up
to greater than 4 rom) in a wide range of steels
(limiting core carbon is normally 0.25%) with
surface carbon contents of approximately 0.9%
and hardnesses of about 60 HRC . The contact
fatigue and bending-fatigue strengths are regarded
as superior to induction-hardened surfaces and to
nitride-hardened surfaces (above a certain size
limit). The drawbacks with carbon case harden
ing are distortion, growth, and costs. Distortion
and growth are controlled as much as possible
during heat treating (by the use of dies and plugs)
and finally corrected by a limited amount of grind
ing. The costs are justified in the product to ob
tain a high power-to-weight ratio and durability.

An indication of the advantages of case hard
ening, compared with through hardening, is
shown in the torque-speed plots of Fig. 1 (Ref 2).
Here, the safe operating zone for case-hardened
gear sets is much greater than it is for through
hardened steels. This means that to transmit the
same power at a given speed, a set of case-hardened
gears can be significantly smaller and/or lighter
than a set of through-hardened gears. Alterna
tively, size for size, the case-hardened gear set
will be much more durable.
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Variability

Over the past several decades, the steelmaking
industry has moved from basic open-hearth steel
manufacturing to processes such as VIMNAR;
consequently, the quality and consistency of
steels have improved appreciably. Heat-treatment
furnaces have improved, as have atmosphere and
temperature control systems. Additionally, the
gas-metal reactions, carbon diffusion, and other
processes that take place during the carburizing
and hardening of steels have become much better
understood. Add to these factors the introduc
tion of quality systems that favor process and
product consistency, and, all in all, there has
been considerable improvement (a far cry from
the days of pack carburizing). Having said that,
absolute precision is not attained because,
among other reasons, exact steel compositions
are impossible to achieve, and atmosphere con
trol during carburizing is, at best, often only able
to produce surface carbon contents of ±O.05%of
the target value. Therefore, some metallurgical
variability must be tolerated.

The grade of steel for a given machine compo
nent design, the carburized case depth, and the
target values of surface carbon adopted by a
manufacturerlheat treater are based on experi
ence, design procedures, and guidelines provided
in national or international standards, and per
haps on adjustments indicated by laboratory
test results. It is difficult to determine the opti
mum metallurgical condition for a given situa
tion; what is optimum in terms of surface carbon
or case depth for a gear tooth fillet is different
from what is optimum for a gear tooth flank. In
fact, even if the optimum condition is known
for any given situation (and this can vary from
situation to situation), the heat treater probably
could not provide it due to the variability de
scribed in the previous paragraph and the fact
that most heat treaters are happy to get surface
hardnesses within a fairly wide 58 to 62 HRC
range, and effective case depths within a 0.25 mm
range. Further, without considering section size,
the previously mentioned composition variabil
ity could give batch-to-batch core-strength varia
tions within a 20 ksi band. Hence, the ideal and
the achievable are often different. Gear standards
cater to different classes of gears, and these dif
ferent classes require different degrees of dimen
sional precision and finish, as well as different
standards of inspection. It is unlikely, however,
that the heat treater will be lax for the lowest
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grade and fastidious for the precision gear. In
most cases, the heat-treatment procedures will be
to the same standard, and the heat treater will
perform in the best way possible every time.

Laboratory Tests

Laboratory tests to determine the effect of
metallurgical variables, for example, carbides,
retained austenite, and core strength, are very
useful and have contributed appreciably to the
understanding of the influences of metallurgical
features on material properties. However, there
are problems associated with laboratory testing
that must be recognized and, where possible, al
lowed for. One problem is that the test specimen
and method of loading often bear little relation
ship to the machine part and service conditions
they are supposed to represent. Apart from that,
test pieces are often small in section so that the
proportion of case to core can be high, and the
microstructure can be martensitic throughout the
test section. The effect of these factors on the re
sidual stress distribution and on the contribution
of metallurgical features can limit the value of
the test findings. Another problem is isolating
the metallurgical feature to be studied; generally,
when conducting a test to determine the effect of
a process variation or metallurgical feature on
some property, the researcher attempts to isolate
that test subject. Sometimes this is easy, for ex
ample, when determining the effects of temper
ing or subzero treatment. Other times, it is not so
easy. For example, to determine the influence of
retained austenite on bending-fatigue strength, a
large batch of test pieces are prepared. Half are
left as carburized and hardened with a high re
tained austenite content at the surface; the other
half is refrigerated to transform much of the
surface retained austenite. This is a common
method of arriving at two retained austenite lev
els, but what exactly is being studied? Is it the ef
fect of retained austenite, or is it the effect of
subzero treatment? It is agreed that there are two
austenite levels. Is it the difference in austenite
levels that causes a difference of fatigue strength,
or is it the effect of the new martensite and its as
sociated short-range stresses induced by refriger
ation that are responsible for the difference? The
manufacture of batches of test pieces that are
identical apart from the presence or absence of
network carbides is another example. One can
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4 / Carburizing: Microstructuresand Properties

standardize surface carbon content and vary the
heat treatment, or one can standardize heat treat
ment and vary the surface carbon content. Either
way, there will be differences other than the car
bide network. Nevertheless, laboratory testing
provides trends and indicates whether a metallur
gical feature will have a small or a large effect on
the property under study.

Design Aspects

Laboratory test pieces are designed and loaded
to fail. Machine parts, on the other hand, are de
signed and loaded not to fail. The basic allow
able stresses used by gear designers have been
conservative in order to acknowledge that design
procedures are not precise enough to cater to the
very wide range of gear designs, and that mate
rial variability and process variability do exist.
These basic allowable stresses are derived from
actual gear tests and areset at a lower value than
that of failure stress. For example, in Fig. 2, the
surface-hardened test gears failed due to tooth
pitting at contact stresses of 1400 to 1500 MFa.
These tests represent nitrided marine and indus
trial gears that have, in this instance, a design
limit of about 1000 MFa (Ref 3). Comparable
gear tests have been conducted for case- hard
ened automotive gears and aerospace gears.
From these tests, appropriate allowable stress val
ues (for both bending fatigue and contact fa-

tigue) have been derived that are somewhat less
than the actual failurevalues.The basic allowables
are published in the gear standards (e.g.,
ANSIJAGMA 2001 or ISO 6336) (Table la and
b). One should consider that for full-scale gear
testing, the metallurgy of the tested gears might
be typical of one heat treater's quality, which
could rate either high or low against other heat
treaters' qualities. This is another reason for set
ting the design allowables lower.

Designers also incorporate into a design safety
factors that will account for any adverse effects
of material and manufacturing variability. 'There
fore, there areprobably numerous case-hardened parts
performing satisfactorily in service with surface
microstructures that contain adverse metallurgi
cal features. For example, the high-temperature
transformation products that accompany internal
oxidation tend to be frowned upon, yet there are
numerous case-hardened gears in service with un
ground roots that, therefore, contain degrees of
internal oxidation. If the test gears from which
the basic allowable stresses were derived had un
ground roots and fillets, then internal oxidation
will be accounted for anyway. A metallurgical
feature might indeed lower the strength of a part
(according to laboratory test results), but the ap
plied service stresses must be high enough for
that feature to be significant and cause failure. If
the basic allowable stress and the gear designer's
safety factor together reduce the service stresses
to, say, half the failure strength of the part, but

0.005 0.01 0.015 0.02

Ratioof effectivecase depth (500 HV)
to relativeradiusof curvature

Fig. 2 The results of full-scale gear tests (failure by
tooth pitting) and the typical design stresses used for in
dustrial and marine gears. DNV, Det Norske Veritas.
Source: Ref3
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gears, ISO6336·5 1996
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Introductionand Perspectives / 5

the heat treatment has induced a serious adverse
metallurgical feature with a strength reduction
potential of, say, 30%, there still might not be a
problem (Fig. 3). However, if something should
go wrong, for example, if a bearing begins to de
teriorate or the gear is slightly misaligned, in
creasing the tooth stress, then failure is more
likely to occur.

It is not suggested here that one should ignore
the metallurgical condition, or that quality con
trol should be relaxed because design, to some
extent, accommodates metallurgical variability.
On the contrary. It could be that on many occa
sions the designer's generosity has, in effect,
"saved face" for those responsible for the metal
lurgical quality. If the metallurgical variability
could be reduced across the board, and improved
quality and quality consistency could be guaran
teed, then perhaps the basic allowable stresses
could be increased a little. If nothing else, prod
uct reliability would be improved. Designers
strive to improve their design procedures, manu
facturers aim to produce levels of accuracy and
finish the designer specifies, and lubrication en
gineers seek to improve their products. Together
these efforts will lead to better power-to-weight

ratios and, hopefully, reduced costs. Therefore,
the metallurgists and heat treaters must continue
to contribute to the cause.

Currently, it is believed that the limitations of
the conventional case-hardening steels are fairly
well understood. Any other gains must be made
through design and process refinements (consis
tency and accuracy) sufficient to enable revision
of the design allowables.

The future might never provide a case
hardening steel that is superior in all respects to
the conventional grades. Even if it did, the cost
of the steel might limit its use to very specialized
applications. However, it is possible to design a
steel that is superior with respect to one property.
The newer grades of special-purpose aerospace
gear steels for use at high operating speeds and
temperatures exemplify this designing for pur
pose. Examples of such steel are Pyrowear Alloy
53 (Carpenter Technology Corp., Wyomissing,
PAl, CBS-lOOOM VIM-VAR (Tirnken Latrobe
Steel Co., Latrobe, PAl, CBS-600 (Tirnken Co.,
Canton, OH), Vasco X2-M, and Latrobe
CFSS-42L, for which the steel compositions and
heat-treatment operations depart sufficiently
from the conventional. Previously, SAE 9310
steel was preferred by the aerospace industry for

Table 1(b) Basic allowablestressnumbersfor
gears,AGMA 2001-C95

Stresses are shown in MPa.and all hardness values are converted to
HV. Designers should refer to the appropriate standard. This table is
for spur and helical gears. (a) Depends on bainite content. (b) Varies
with core hardness and/or strength
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Fig. 3 Theoretically a "safe" gear design can accom
modate the presence of an adverse metallurgical feature;
however, there may be other adverse factors involved
that also erode the difference between the fracture stress
and the allowable stress.
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6 I Carburizing: Microstructures andProperties

gears, but its limitations (questionable hot
strength, for example) inhibited design progress.
The high-temperature limitationsof lubricants for
high-speed, high-temperature gearing is another
factor to consider. The new grades of steel are
designed to maintain their strength at operating
temperatures and resist scoring and scuffing,

which have a high potential to occur in
high-speed, high-temperature gearing (Fig. 1).
This resistance may, to some extent, make up for
the limitations of the lubrication.

Metallurgy is only one factor in a bigger
picture that includes machine and component
design, manufacturing accuracy, machine
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Fi~. 4 Effect of core strength and case depth on the rolling-contact fatigue limit of gear steels. Tests in
voTvedtwo 4 in. disks driven by a 2 in. roller. Testpiece may have been either one of the disks or the roller.
Relative radius of curvature, 2/3. SH units = Ib/in. of face width divided by the relative radius of curvature.
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assembly, lubrication, application, machine use
or abuse, and maintenance (or lack of it). This
book considers some of the current knowledge
regarding the metallurgy of case-hardened steel
parts and what effects or trends the various met
allurgical features have on the properties of such
parts. However, it focuses on conventional
case-hardening steels and processing and, there
fore, might not be as helpful to designers and us
ers of new alloy grades.

Case-Depth Specifications

At the dedendum-pitch line area of a gear
tooth, there is a smaller radius of curvature than
at locations above the pitch line. Consequently,
the contact band there tends to be narrower than
at the addendum so that for a given load, the con
tact stresses will be higher. For that reason, the

chosen case depth must be adequate to resist the
stress at the dedendum-pitch line area.

The contact stress increases with transmitted
load so, strictly speaking, the case depth should
be determined by the load. Using the shear-fatigue
strength (ultimate tensile strength x 0.34) of the
material as opposed to shear stresses due to load
ing appears to give some conflicting results;
therefore, it is not clear on which shear stresses
the case depth requirement should be based. For
example, if the 45° shear stresses ('tyz) are con
sidered in conjunction with the test results shown
in Fig. 4, it is found that, for the 80 hour-nitrided
surfaces, the predicted fatigue limit is about half
of the value determined by testing. On the other
hand, the fatigue limits for the carburized, hard
ened, and tempered surfaces (100 to 200 "C) and
for induction-hardened surfaces are better pre
dicted (Fig. 5). The orthogonal shear stresses
('tortho)' however, predict fairly well the fatigue

120 r--....-----,r_--.------r---r----,.--~-__r_--r_-_r_-____,-_____,

Nltrkled steels
(seealsoFig. 6)

20~-_+--I-- 0215 ksi core
• Maraging
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o~___:~:::--_::_::=___:::-===__-:-:!:_:_:___:_~,.___=-:':=__=_=__:=_=_:__::_::=___:::_:_::=___::_!7:___:__:'.o 0.010 0.020 0.030 0.040 0.050 0.060 0.070 0.080 0.090 0.100 0.110 0.120

Distancefrom surface,in.

Process Predicted roUp_limit, SH Actual roUp_limit, SH

Carboncase hardened,untempered
Temperedat 100°C
Temperedat 150°C
Temperedat 200 °C
Temperedat 250°C
Inductionhardened
Nilridedsteels

24,000 18,000
24,000 22,000
24,000 23,000
22,000 25,000
20,000 26,800
18,000 -18,000

Predictionequalsaboutone half of actual

Fig. 5 Plots of shear-fatigue strength (from hardness) against plots of shear stresses, "tyz, in rolling-contact
tests. Predicted and actual fatigue limit values are in close agreement for carburized steels but not for the four
nitrided steels. Relative radius ofcurvature, 2/3. SH units = lb/in. of face width divided by the relative radius of
cucvature.
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sidual stresses were not measured in either in
stance, it is nevertheless likely that the roller
tempered at 250 °C had the lowest compres
sive-residual stress in the case, and the untem
pered roller had the highest (see Fig. 7.12). This
implies that compressive-residual stresses
might not be beneficial where rolling contact is
involved-where the fatiguing actions are
subsurface but still in the case. Therefore, this
further complicates arriving at a theoretical solu
tion for determining adequate hardness profiles
and case depths. Fortunately, there is still the
well used case depth-to-tooth diametrical pitch
relationship to fall back on, even if it is not
strictly correct (Fig. 7).

Interestingly, with rolling-contact fatigue tests
of shallow-cased surfaces (i.e., when the depth of
maximum hertzian shear stress is deeper than the
effective case depth), there is no work hardening
at the case-core junction up to the fatigue limit.
At stresses above the fatigue limit, work harden
ing does occur, and the extent of the working
(hardness and depth) increases with the contact
stresses.

100 f---f--+-'"

Predicted Actual

Process fatigue limit, S8 fatigue limit, SH

Carbon case hardened >31,000 20,000-24,000
Induction hardened 27,000 18,000
(a)Nitrided for 80 h, 25,000 25,000

215 ksi core
(b)Nitrided for 80 h, 16,500 14,000

maraging steel
(c)Nitrided for 80 h, 14,500 15,000

145 ksi core
(d)Nitrided for 80 h, 7,000 7,000-9,000

110 ksi core

201-------i1--------i---+--=.....-'=-"""-'"--l

Fig. 6 Plots of shear-fatigue strength against plots
of shear stresses, 'artha' in rolling-contact tests. In con
trastto Fig. 5, predicted and actual fatigue limit values
are in good agreement for the fournitrided steels but not
the other steels. Relative radius ofcurvature, 2/3. Shear
fatigue strength is ultimate tensile strength x 0.34. SH
units = lb/in. offace width divided by the relative radius
ofcurvature.

0.010 0.020 0.030 0.040 0.050

Distance from surface, in.

120,..---.,---.,-----r----r------,

limits for the nitrided surfaces but overestimate
the fatigue limits for the case-hardened and the
induction-hardened surfaces (Fig. 6). From these
apparently conflicting results, it is difficult to
draw any meaningful conclusions that would
help determine the appropriate hardness profile
and case depth for a given application.

The relationship of residual stresses to rolling
contact fatigue is also unclear. The table in Fig. 4
shows that for the case-hardened tests, the un
tempered roller produced the lowest fatigue
limit, and the roller that had been tempered at
250 °C produced the highest value. Although re-
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Eutectoid Carbon Content

The requirements and information in any stan
dard are, in general, readily understandable and
realistic, as they should be. Unfortunately, there
are exceptions. For example, the surface carbon
requirement for carburized gears as set out in
ISO 6336-5 1996 is "Eutectoid carbon %
+0.20%, -D. 1%." The standard does not justify
the use of the term eutectoid. It does not provide
a list of case-hardening steels along with a repre
sentative value of eutectoid carbon for each steel,
nor does it provide an empirical formula for de
termining the eutectoid carbon. It is, therefore,
unhelpful and unworkable as it stands. However,
it is understood that the standard is to be revised
to correct the problem.

The term eutectoid carbon content refers to
the carbon content that produces only a pearlitic
matrix microstructure as a result of an extremely
slow cool through the AC3 or ACcm to ACl tem
perature range. A steel with less than the
eutectoid carbon content (hypoeutectoid) con
tains pearlite with some ferrite, whereas a steel
with more carbon than the eutectoid carbon con
tent (hypereutectoid) contains some carbide
along with pearlite, again due to very slow cool
ing. Each steel grade has its own eutectoid car
bon content, and considering the whole range of
conventional case-hardening steels, the eutectoid
carbon contents could easily vary between 0.45
and 0.8%. In case-hardening practice, the cool
ing rates employed, even slow cooling from car
burizing, are much faster than the cooling rates
researchers would use to determine the eutectoid
carbon for an equilibrium diagram. Rapid cool
ing, typical of commercial quenching, can sup
press the formation of ferrite in lean-alloy steels
within about 0.2% C less than the eutectoid and
suppress the carbide formation in that steel when
the carbon is up to about 0.2% above the
eutectoid. Suppression of ferrite or of carbide
means that the carbon will be in solution in the

Introduction and Perspectives / 9

martensite and in any retained austenite. Consider
then: is a eutectoid carbon martensite the best to
provide all the properties sought for a given appli
cation? Or is it the best carbon content for holding
the retained austenite to a low value or for develop
ing a better case toughness? Would a case-hard
ened 9310 steel gear with a surface carbon content
of 0.55% be regarded as fit for service even
though it might satisfy the case carbon require
ments oflSO 6336-5 (1996)?

To establish where the eutectoid carbon con
tent figures in deliberation regarding property
optimization for case-hardened parts (and indeed
it may have a place), there is little alternative but
to establish eutectoid carbon data for each steel.
For this, it may not be necessary to go through
the complex procedure of determining accurate
equilibrium diagrams. Instead, a set procedure
could be devised in which, for example, a 30 mm
bar is carburized to, say, greater than 1% surface
carbon content and cooled, or heat treated to pre
cipitate the excess carbon as carbides. The bar is
then cut into two: one half is used to determine
the carbon gradient and the other is used as a
metallographic sample to determine the depth of
carbide penetration. The two sets of data are then
brought together to give a value of carbon at
which, under the set conditions, carbides just ap
pear. This could then be referred to as the "ap
parent eutectoid." Only with such information
could the merits of the case carbon requirement
of the ISO 6336 standard be assessed.
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Chapter 1

Internal Oxidation

The presence of internal oxidation at the
surfaces of parts that are case hardened by
pack or gas carburizing has been known of for
fifty years or more. The high-temperature
transformation products (HTTP), which can
form as a direct consequence of internal oxi
dation, have subsequently been found to have
adverse influences on certain strength proper
ties of affected parts; therefore, these prod
ucts are of some concern to metallurgists 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 popular
method of case hardening, and its use will con
tinue for many years. Thus, the problems related
to internal oxidation will persist as long as the
conventional process lives. Therefore, it is
important to understand how internal oxidation
comes about, what its likely effects are on mate
rial properties, and what should be done about it,
bearing in mind that it has generally been toler
ated in the past.

Factors Promoting Internal Oxidation

Endothermic Atmosphere. Gas carburizing is
normally carried out at a temperature within the
range of 900 to 950°C using an endothermic
carrier gas generated by the controlled combus
tion of another gas (such as natural gas, liquid
propane gas, or towns gas) with air in the pres
ence of a catalyst at a high temperature. Prepared
from natural gas (methane), the endothermic at-

mosphere has a typical composition of 40% H,
20% CO, 0.46% CH4, 0.27% CO2, and 0.77%
H20 (vapor; dew point, 4°C), with a balance of
nitrogen. Such a mixture will have a carbon po
tential for iron of approximately 0.4% at 925°C;
therefore, in order to effect the carburization of
steel components to the required surface carbon
levels, endothermic gas must be enriched by
controlled additions of a suitable hydrocarbon,
such as propane or methane.

The balance of the component gases ensures
that the endothermic atmosphere is reducing to
iron, the parent metal of the steel, noting that the
steel will be in the austenitic state at the tempera
ture for carburizing. However, for those alloying
elements in solid solution in the steel that have a
greater affinity for oxygen than iron does, the at
mosphere is potentially oxidizing.

Elements That Oxidize. Water vapor and
carbon dioxide are the offending component
gases in the endothermic atmosphere that pro
vide the oxygen for the internal oxidation pro
cesses. The oxidation potentials of the main ele
ments used for alloying can be derived from the
ratios of partial pressures of the oxidizing and re
ducing constituents in the atmosphere, that is,
pH20 to pH2 and pC02 to pCO. The results of
such calculations, as presented by Kozlovskii
et al. in Ref 1 for a temperature of 930°C, are
shown graphically in Fig. 1.1. This diagram
shows that of the elements studied, titanium, sili
con, manganese, and chromium are likely to
oxidize, whereas iron, tungsten, molybdenum,
nickel, and copper will not oxidize. This, of
course, refers to elements that are not combined
(i.e., those in solid solution). 1\\'0 possibly im
portant omissions from this diagram are alumi
num and vanadium, both of which are common
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12 / Carburizing: Microstructures and Properties

additions to steels. According to Fig. 1.2 (Ref
2), these elements will oxidize in an endother
mic atmosphere; thermodynamically, alumi
num appears to be slightly more ready to oxi
dize than does titanium, whereas vanadium
will have an oxidation potential somewhere
between those of silicon and manganese. It

can be seen that elements favoring internal
oxidation are generally necessary to the steel
to impart characteristics such as harden
ability, toughness, and grain refinement; but
ironically, in some cases, their function is to
assist in the deoxidization process during
steel melting and casting operations.
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Fig. 1.1 Oxidation potential of alloying elements and iron in
steel heated in endothermic gas with an average composition of
40% H 2, 20% CO, 1.5% CH 4 , 0.5% CO 2, 0.28% H 20 (Dewpoint,
10 0C), and 37.72% N2• Source: Ref 1
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Fig. 1.2 Critical requirements for the oxidation of selected metals with indicated temperatures in atmospheres contain
ing (a) water vapor and hydrogen and (b) carbon dioxide and carbon monoxide. Source: Ref 2
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The Internal Oxidation Process
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FiK. 1.4 Depth of the oxidized zones vs.
caiburizing time at different carburizing tem
peratures for SAE 1015. Source: Ref 6

compounds unless the carbon potential is unduly
high enough to form carbides. When the carbon
potential is high enough to form carbides at the
surface, the oxidation of elements, such as chro
mium, titanium, and manganese, takes place
within the carbide particles or at the car
bide-austenite interfaces (Ref 5).

The Depth of Oxidation. In commercial
case-hardening steels, the depths at which the
oxides are detected by conventional optical mi
croscopy are typically less than 25 um (i.e., for
carburized total case depths of 1 to 2 mm).
Deeper cases will produce deeper penetrating
oxides; for example, an 8 mm total case depth in
a Cr-Ni-Mo steel would likely have an oxide
penetration depth of75 to 100 urn.

As Fig. 1.3 indicates, the depth of oxygen pen
etration is much greater than the depth to which
the oxides form. In this instance, the depth of ox
ygen penetration is about three times as great;
the oxides formed in the first 25 urn, (i.e., in that
layer where there is a high oxygen plateau). If
oxides had formed at a greater depth, they were
too small to be resolved optically.

The depth of oxide penetration is influenced
by a number of variables. For example, the depth
of oxidation increases with the case depth, and
for a given carburizing time, it increases with the
temperature of carburizing. The depth of oxida
tion also increases with a lowering of the carbon
potential (i.e., with an increase of carbon dioxide
and water vapor), and also with an increase of
the grain size. A most influential factor is, of
course, the chemical composition of the steel.

Oxide Morphology. Metallographically, two
oxide morphologies generally form. That oxide
nearest to the surface (typically to a depth of 8
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Fig. 1.3 Qualitative distribution of oxygen in the
surface of a Cr-Mn-Ti steel (25KhGT) after carburiz
ing in an endothermic atmosphere. Source: Ref 3

Oxygen Penetration. Oxygen is an interstitial
element in iron, having an atomic size approxi
mately 33% smaller than that of iron (noting that
carbon atoms are -34% smaller than iron atoms).
However, iron has a low solubility for oxygen,
and the diffusion oxygen through the ferrous ma
trix is relatively slow (1<r9 cm2/s). As Fig. 1.3 il
lustrates, the depth of total penetration of oxygen
due to 6 hours at 930°C in a typical endothermic
atmosphere is only about 75 urn. This figure
suggests that from about a 5 urn depth there is a
steady fall in the oxygen content. On the other
hand, a second high oxygen peak some distance
from the surface has been observed (Ref 4, 5);
for example, the second peak has been found at
17.5 urn (Ref 4).

At a given temperature, the oxygen content
~d the depth of oxygen penetration are strongly
influenced by the oxygen potential of the atmo
sphere (the limiting oxygen potential being that
at which iron begins to oxidize). However, as the
carbon potential rises, the oxygen potential falls;
consequently, with high-carbon potential carbu
rizing, the oxidizing effect is reduced depending
on the duration of carburizing. The relationship
between time and temperature, with respect to
internal oxidation, is shown in Fig. 1.4.

In the oxidation process, oxygen atoms, re
leased by the gas-metal reactions that take place
during carburizing, are adsorbed onto the metal
lic surface. From there, the oxygen atoms diffuse
inward along grain and subgrain boundaries and
into the lattice. Once there, they can chemically
combine with available substitutional elements
that have a high oxidation potential and form ox
ides. Meanwhile, carbon and hydrogen, the other
interstitials released by the gas-metal reactions,
similarly penetrate the surface to diffuse more
quickly inward because they do not react to form
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urn) appears as globular particles of about 0.5
urn in diameter. This oxide resides mainly in the
grain and subgrain boundaries and, to a lesser
extent, within the grains themselves. Sometimes
it occurs along the surface. Within this surface
zone, the grains are likely to be subdivided into
volumes of 0.5 to 1 urn across, although diame
ters of 2 to 4 um have been quoted (Ref 3). The
second type of oxide resides at typical depths of
5 to 25 um and mainly occupies the prior austen
ite grain boundaries where it appears as a contin
uous "dark phase" (Ref 7), dark enough to re
semble a void.

One can envisage that, as the oxygen gradient
begins to develop during the carburizing process,
the globular precipitates will start to form at the
boundaries nearest to the surface and continue to
grow as adequate quantities of reactants are
brought together. However, Van Thyne and
Krauss (Ref 8) have shown that the formation of
the globular boundary oxides takes place by a
discontinuous, lamellar growth process ; that is,
rods of the oxide form, each separated from the
next by a band of alloy-depleted austenite. These
rods tend to grow in the direction of the oxygen
gradient. The oxides appear as rows of spheres
when, in reality, the cross sections of rods are be
ing viewed. At greater depths within the oxi
dized layer, the oxides appear to be continuous
and at the prior austenite grain boundaries (Fig .
1.5).

The grain size at the surface of the steel is
thought to influence oxide formation in that as
the grain size decreases, the probability of form
ing oxides within the grains increases (Ref 3).
However, it is suggested that the effect of tem
perature on penetration depth, as illustrated in
Fig. lA, might also be affected by grain size
(Fig. 1.6). One can imagine for a given oxidizing
potential of the atmosphere that the more grain
boundaries there are at which to distribute the
available oxygen, the less the penetration will be.

Thus, steel composition and grain size are in
volved in the internal oxidation process. But
what about carburizing conditions? What is cer
tain is that when carburizing in an endothermic
atmosphere containing 20% CO and 0.2 to 1%
CO2, the format ion of internal oxidation is un
avoidable. Dawes and Cooksey (Ref 10) est
imate that 0.2% would be the maximum value of
CO2 that could be tolerated to prevent the inter
nal oxidation of a 1% Cr steel, and that 0.01%
CO2 would be the limit for a 1% Mn steel.
Mitchell , Cooksey, and Dawes illustrate how in
ternal oxidation increases with manganese con
tent and add that the severity of attack is related
to the total case depth (Ref 11). Chatterjee-Fischer
agrees with this, stating that samples having
comparable case depths, arrived at by carburiz
ing at two entirely different temperatures, would
have the same depth of internal oxidation, even
though the morphology of the oxides might dif
fer somewhat (Ref 6). For a given temperature,
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Fig. 1.5 Internal oxid ation of a Ni-Cr steel carburized in a laboratory furnace, showing both
grain boundary oxides and oxide precipitates within grains. SSOx
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the increase of depth of internal oxidation is pro
portional to the square root of the carburizing
time. Edenhofer found that when carburizing a
16MnCr5 steel with the carbon potential and car
burizing duration each held essentially constant,
doubling the carbon monoxide content from 20
to 40% doubles the depth to which internal oxi
dation penetrates (Ref 12).

The Oxidation of Two-Component Alloys. Where
as Fig. 1.1 indicates which elements of a steel
are likely to oxidize during carburizing , it gives
no clues regarding how much of anyone ele
ment is needed for the oxidation reaction to
take place. Employing pure two-component al
loys, for example Fe-Si, Fe-Mn, and Fe-Cr,
Chatterjee-Fischer confirms that those alloys
containing elements with a propensity to oxidize
do indeed oxidize, provided that a sufficient
amount of that element is present (Ref 6). Figure
1.7 summarizes her results and provides infor
mation regarding atomic number and size. It can
be noted that the elements with the larger atomic
sizes, or smaller atomic number, need only be
present in amounts of less than 0.1 vol% to pro
mote oxidation, whereas significantly more is
needed of those elements whose atoms are of a
similar size to that of iron. Alloy contents in
amounts greater than those threshold values

shown in Fig. 1.7 will lead to more of the oxide
being produced. An increase in the silicon con
tent, everything else being equal, will influence
the depth of oxide penetration in a negative way
and will increase the amount of grain-boundary
oxide formed. In this respect, it was shown that
increasing the silicon content of the iron-silicon
alloy from 0 to 1.83% produced isolated fine
precipitates to a depth of -20 um when the sili
con was equal to 0.09%; dense globular and
grain-boundary oxides were produced to a
depth of only -10 urn when silicon was equal to
1.83% (Ref 6). Between these two amounts of
silicon, the quantity of oxide increased with
silicon content, but the depth at which it formed
decreased.

The Oxidation of MulticomponentAlloys. With
multicomponent alloys (and commercial grades
of carburizing steels), the situation is rather more
complicated. In such alloys the silicon content to
cause internal oxidation is about half that for a
straight iron-silicon alloy (i.e., 0.05%), which is
well below the 0.2 to 0.3% silicon content typi
cal of case-hardening steels. This suggests that
while these typical silicon contents are used, in
ternal oxidation during conventional gas carbu
rizing will be impossible to prevent. It does
seem, however, that by limiting the manganese
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Fig. 1.6 Influence of carburizing temperature on the depth of oxide penetration and penetration fre
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Okasaki, in steels with up to 0.1% titanium, the
oxygen, carbon, nitrogen, and sulfur, which in
hibit grain growth, combine with titanium to free
the grain boundaries (0.1% titanium having the
maximum effect). More titanium is needed to
repin them (Ref 14). Therefore, a titanium
content in excess of 0.1% would be expected to
support the internal oxidation reaction. Vana
dium is not normally added to case-hardening
grades of steel for the purpose of, for instance,
hardenability or strength, for which something in
excess of 0.1% would be expected. For grain re
finement, the amount could be much less than
that, but whether or not it would be below the
threshold for oxidation is not known.

The Oxidation of Commercial Case-Hardening
Alloys. With commercial grades of steel, the ob
servations regarding internal oxidation are at
times confusing, which is not too surprising
when one considers that different researchers
have employed different steel compositions and
carburizing conditions.

Arkhipov, employing a 18Kh2N4VA steel,
found that the silicon and manganese did not ox
idize, whereas the chromium did (Ref 15). The
chromium content in this case was 1.65%, the
silicon was 0.28%, and the manganese only
0.4%; with another nickel-chromium steel where
the chromium content was 0.8%, however, the
internal oxidation was less extensive. In yet an
other study by Arkhipov, this time using a
Cr-Mn-Ti steel, the larger oxides observed in the
surface (up to 6-8 urn) contained manganese,
chromium, and silicon; at greater depths, how
ever, only the oxides of silicon persisted (Ref 7).
Essentially the same observations were made by
Murai et al. (Ref 16) and Chatterjee-Fischer (Ref
6). Figure 1.8 shows a typical distribution of ox
ides.

This reflects on the fact that the composition
of an oxide phase at any depth from the surface
is primarily governed by its energy of formation,
and the higher this energy is, the deeper the zone
is in which that particular oxide will form.
Again, for energy reasons, some oxides tend to
form at the grain boundaries while others tend to
form at sites within the grains, grain size perhaps
having an influence.

With regard to the quantity of an oxidizable el
ement, Mitchell et al. showed in Ref 11 that with
C-Mn-B alloys carburized at 925 EC for 48
hours, internal oxidation was light to a depth of
-20 urn when the manganese content was 1 to
1.5%. Internal oxidation was heavy and to a

10
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and chromium to less than 1% in total, the depth
of oxide penetration will be essentially that due
to the silicon content.

The other elements with atomic numbers less
than that of iron should be considered. Alumi
num, for deoxidization and grain size control, is
usually present in soluble form in amounts of ap
proximately 0.01 to 0.06%. Though hardly
enough to cause oxidation in an iron-aluminum
pure alloy, this could well be enough to do so in
a commercial grade, according to the behavior of
silicon. To be effective as a grain refiner, tita
nium must be in excess of 0.1%. According to

o
-1Q2 -1Q4 -106 -10B -1010 -1012

pC02"PCO

Source: Ref 13

1.3

1.2

1.1

1.0

0.9

~ 0.8

E 0.7
Gl

~ 0.6
ill

Fig. 1.7 The limiting amount of added element (of
atomic number less than that of iron) to promote internal
oxidation. See also Fig. 1.2(bl. Adapted from Ref6
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Surface

Nt

Undetectable
Undetectable

<0.1

Mn

11.3

COII1positioO, "
Cr

15
7.5

15

2
2
2

Source: Ref 17

Table1.1 Electronprobe analysisof certain
internal oxides

icon oxide penetrated to a greater depth than did
the manganese-chromium precipitates. In an
other study, the near-surface, grain-boundary
precipitates were identified as (Crz Mnh04, with
SiOx at a greater depth, confined to the fine grain
boundaries (Ref 16). In Ref 19, Preston identi
fied chromium, manganese, and vanadium in the
internal oxidation of a 0.6% Cr, 0.7% Mn, 0.07%
V steel in which silicon, titanium, and aluminum
were also present. However, in Ref 20, Dowling
et al. found MnzSi04 in a carburized SAE 4615
steel and something akin to MnZCr30g in a car
burized SAE 8620 steel.

Composition Gradients. The metal-oxygen re
actions that lead to the precipitation of oxides
must produce local composition gradients of the
participating elements between the oxidized and
unoxidized layers. This is because the atoms of
the elements involved feed down the gradient in
an attempt to compensate for those that have
been utilized to form the oxides. Such an effect,
involving both chromium and manganese, has
been reported by a number of researchers (Fig.
1.9) (Ref 17, 18, 21, 22). However, it is not al
ways the case that chromium and manganese
composition gradients are present together. In
Ref 17, Gunnerson determined the composition
of the oxides at the surface of a carburized
15CrNi6 steel and came up with three different
results (Table 1.1). This suggests that manganese
and chromium can jointly or independently form
oxides; much depends upon their respective
quantities in the steel as a whole, or locally due
to microsegregation. Ifonly the oxide of one ele
ment forms, it is reasonable to assume that the
matrix of the steel will be locally depleted of
only that element. Arkhipov, using a 3Y2%
Ni-Cr-W steel, determined that whereas the
chromium migrated toward the surface, the
nickel and tungsten migrated into the body, and
it was observed that in a discrete zone, the nickel
content exceeded 5% (Ref 15). Manganese ap
peared to diffuse only a short distance to the
grain-boundaries. Robinson observed negative
composition gradients involving chromium and

Si
oxides

<Il

D
CIl

~ <Il §
E "a

'-- s '0
Cr z- l!?

oxides '" a.
"0c

Mn
:>
.8

oxides c
.~

o

L..--

.
Fig. 1.8 Distribution of oxides at the surface of a
Cr-Mn alloy steel carburized at 930°C for 5 h.
Adapted from Ref6, 7

depth of -40 urn when the manganese content
was 1.5 to 2%

The Composition of Oxides. The actual compo
sitions of the oxides have been variously quoted.
Employing chromium-manganese steels, KaIner
and Yurasov, who detected oxides to a depth of
30 urn, identified them to be of a complex com
pound that contained at least two metallic ele
ments with a spinel structure: nFeOMZ03 (where
M is either manganese or chromium) (Ref 3). It
was found that the total M content of the oxide
was, according to Table 1.1, up to 15% Cr or
11.3% Mn. It was also found that some part of
the M could be replaced by small amounts of ti
tanium and molybdenum in those steels which
contained them. This latter observation is clearly
of interest because titanium is present in
case-hardening grades of steel in amounts of less
than 0.1%, and molybdenum is one of those al
loying elements regarded as being unlikely to be
involved in the oxidation process. Perhaps the
atomic sizes of titanium and molybdenum com
pared with that of iron (Ti, +36%; Mo, +10%)
makes their inward or outward diffusion rates
sluggish. The same authors observed that with
samples of the same steel, carburized in the same
heat, one sample produced the chromium oxide,
whereas the other sample produced manganese
oxide. The reason for this difference in behavior
was not established, although it was considered
that alloy segregation differences or the presence
of varying amounts of carbide might have been
responsible. Agreeing with KaIner and Yurasov,
~un Yitang also identified the oxide as FeDerZ03
10 a 20CrMnTi steel (Ref 4). The oxide Si Oat
grain boundaries and (Crx Mny)nO as pC:Cipi
tates were detected in a carburized Mn-Cr-B
steel (Ref 18), and again it was found that the sil-
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Nl

0.55
0.57

Mo

0.18
0.14

Compositloo, ..
Cr

0.79
0.52

Position

Surface
Subsurface

Source:Ref23

molybdenum at the surface of an SAE 8620 steel
(Table 1.2) (Ref 23), whereas Colombo et al.
found that there were no diffusion gradients as
sociated with the internal oxidation in a carbu
rized SAE 94B17 steel (Ref 24).

It is understood that much of an element mi
grating to the surface is utilized in forming the
oxide, and that the matrix material in the vicinity
of the oxide remains, if not completely depleted
of that element, substantially below the average
for the steel in question.

Apart from what happens to the alloying ele
ments of a steel during the oxidation process, it
may be found that the carbon content is also af
fected. In Ref 1, Kozlovskii et al. related that a
sample of a carburized 25KhGT steel exhibited a
low carbon content in the layer of internal oxida
tion (Fig. UOa). Other samples of different steel
compositions used in the same investigation did
not show the same decarburization effect, which
makes it tempting to believe that this was a case
of normal decarburization. However, using an
SAE 94B 17 steel, Colombo et al. determined the
carbon content within the layer of internal oxida
tion (i.e., within the outermost 20 urn) to be
0.53% (Fig. 1.10b) (Ref 24). Shcherbedinskii
and Shumakov also suggested that there was a
reduced carbon content in the oxidized layer
(Fig. 1.11), but only where the oxides have
formed (Ref 5). These researchers considered
that internal oxidation took place within the car
bides, or at the carbide-austenite interfaces,
which implies that a high carbon potential is a
necessary requirement of the oxidation process.
Other researchers have shown that a low carbon
potential (high-carbon dioxide atmosphere) most
favors internal oxidation. It also favors
decarburization (see Chapter 2).

Table 1.2 Analysis of the surfacematerial in SAE
8620steelcarburizedinendothermicgaswith
naturalgasadditions
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Fig. 1.9 Composition gradients associated with internal
oxidation. (a) Electron probe microanalysis of manganese,
chromium, and nickel within the surface zone of 15C4rNi6
steel. Source: Ref 17. (blChromium and manganese concen
tration gradients beneaththe internally oxidized surface of a
20MnCrB5 steel. Source: Ref 18 and 22. (e) Chromium and
manganese profiles measured bymicroprobe analysis ofsteel
SIS 2515.Source: Ref 21

Effect on Local Microstructure

As yet, only the formation of the actual oxides
has been discussed. However, a consequence of
internal oxidation and the composition gradients
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Fig. 1.10 Examples of low-carbon surfaces associated with internal oxidation. (a) Source: Ref 1. (b)
Source: Ref24

that develop during oxide formation is that the
material adjacent to the oxides will have its
transformation behavior modified. Thus, instead
of the expected martensite, high-temperature
transformation products (HTTP) can develop
(Fig. 1.12). The nonmartensitic microstructures,
which occupy the same area affected by internal
oxidation, are variously described as pearlite or
quenching pearlite, or either or both lower and
upper bainites, or mixtures of all of them. It is
likely, however, that the hardenability of the
layer and the cooling rate are each significant. A
lean-alloy steel or heavy section will tend toward
a surface containing pearlite, whereas a more al
loyed steel or lighter section will tend toward a
bainitic microstructure being formed on quench
ing. The situation is to some extent confused by
the presence of oxides that offer substrates on
which new phases can nucleate, and by any local
stresses that develop during the quench. Which
ever nonmartensitic microstructure is formed, it
will be comprised of ferrite and carbides, and the
rate of cooling will dictate how the carbides pre
cipitate. There is a chance that no HTTP will
form when the cooling rate is high or when there
are sufficient amounts of nickel and molybde
num in the matrix adjacent to the oxides. An ex
ample of this was provided by Dowling et al.

who found that the HTTP associated with the in
ternal oxidation in a carburized SAE 8620 steel
consisted of both pearlite and bainite. Neither of
these, only martensite, was observed in the sur
face of a carburized SAE 4615 steel (Ref 20).
Table 1.3 indicates the extent of alloy depletion
within the matrix of the internally oxidized lay
ers of these two steels.

The hardenability effect is illustrated for a
17CrNiM06 steel in Fig. 1.13(a). This steel has a
good case hardenability and is recommended for
use in "driving pinions and high stressed cog

Distance fromsurface ~

Fi~. 1.11 Example of the relative distributions of
carbon and oxygen at the surface of a carburized,
highly alloyed steel that contains a high density of
carbide phase in the outer case. Source: Ref5

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



20 I Carburizing: Microstructures and Properties

wheels" (Ref 25). The illustration indicates that
even with a section equivalent to a 50 mm diam
eter bar, some bainite will form if the manganese
and chromium are reduced to half of their origi-

nal amount as a result of internal oxidation. This
excludes the likelihood of the internal oxidation
providing favorable sites for the nucleation of
HTIP.

-_. "",-'. ....~ , "

•

(8)

.'• I

•

..

(b)

Fi~. 1.12 Etching to reveal the presence of high-temperature transformation products associated
with internal oxidation. (a) Unetched. 500x (b) lightly etched in 2% nita!' 500x (c) Medium etched in
2% nita!' 500x
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If the carbon content is reduced to 0.5%, for
example, as it was in the case-hardened sample
examined by Colombo (Ref 24), then for the
17CrNiM06 steel in question, the largest section
to avoid bainite formation in the low-carbon sur
face layer is 100 mm (4 in.) (Fig. 1.13b). If the
low-surface carbon content is accompanied by a
50% reduction of both manganese and chro
mium, the limiting section will be approximately
37 mm (I~ in.). If, however, the manganese and
chromium are completely removed to form ox
ides, even light sections will likely have bainite
associated with the internal oxidation. In this in
stance, the pearlite nose will be in excess of 1000
seconds.

Figure 1.13(c) considers the situation where
both manganese and chromium are removed
from solid solution by oxide formation, and how
this affects the ruling section when the carbon is
also reduced. The indication here is that below
-0.25% C, some ferrite will be produced at the
surface in all except the very lightest sections.
Note that with normal transformation behavior,
this steel would be unlikely to form pearlite at
the cooling rates being considered.

To complete the set, Fig. 1.13(d) illustrates the
effect that different levels of surface decarbur
ization will have on the steel transformation
characteristics when no manganese and chro-

Internal Oxidation / 21

mium depletion takes place. This suggests that
with carbon contents over -0.15%, free ferrite is
unlikely to be produced in sections equivalent to
-400 mm (16 in.), but low-carbon bainite will
form.

Many case-hardening steels have harden
abilities less than that of the steel used for com
piling Fig. 1.13, and therefore will have more of
a tendency to form HTTP adjacent to any inter
nal oxidation formed at the surface, including the
formation of ferrite . Figure 1.14 depicts the con
dition for a carburized lean-alloy SAE 8620 steel
with manganese and chromium depletion and
degrees of surface decarburization. By compar
ing this with Fig. 1.13(c) it can be seen that the

Table 1.3 Semiquantitative analysis of elements
in material adjacent to oxides

Composition, 'I
Sled Cr Mn Si

8620(8)

Casemartensite 0.67 1.04 0.3
Bainite (at oxide ) 0.37 0.6 0.2
Pearlite (at oxide) 0.24 0.26 0.3

4615(b)

Case martensite 0.2 0.51 0.4
Martensite (at oxide) 0.1 0.22 0.3

(a) 0.92% Mn. 0.5% Cr. 0.11% si, 0.38% Ni. 0.16% Mo. (b) 0.52%
Mn. 0.12% Cr, 0.24% Si, 1.75% Ni, 0.54% Mo . Source: Ref20

Fig. 1.12 (continued) (c) M edium etched in 2% nital. SOOx
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Fig. 1.13 Effect of composition variations on the transformation behavior of a case-hardening steel 17CrNiMo6. (al
Variations in Mn and Cr contents with composition 0.7 C, 1.5 Ni, 0.3 Mo. (b)Variations in Mn and Cr contents with compo
sition 0.5 C, 1.5 Ni, 0.3 Mo. (c) Variations inC content with composition 1.5 Ni, 0.3 Mo, OCr, 0 Mn. (dlVariations inC con
tent with composition 1.5 Ni, 0.3 Mo, 1.5 Cr, 0.6 Mn

num reduced the amount of HTTP (Table 1.4)
(Ref 26).

• Section size and the quench severity, both of
which influence the cooling rate. The faster
the cooling rate is, the better the chance of
suppressing the formation of HTTP.

• Increase in carburized case depth, possibly.
This is the case if an increase in case depth
leads to a more complete depletion of alloy
ing elements.

Alloy Depletion and the Eutectoid Carbon
Content. The reduction of hardenability due to
manganese and chromium depletion may not be
the only consideration. The removal of manga
nese and chromium, or either one on its own,
would be expected to raise the eutectoid carbon
content in the alloy-depleted layer shown in Fig.
1.15, which means that the solubility for carbon
will locally increase. Therefore, if the carbon
content of the surface is at C I, and it is sufficient
to produce free carbides in the absence of any al
loy depletion, then where alloy depletion has oc
curred and the eutectoid carbon content has been
raised, there will be more carbon in solution,
and, hence, less free carbide. Figure 1.16 depicts

0.5%C

F,lerrite
P, peart~e
B, bainite
M,martensite

~

~
~ 400 F"'----+--+--+-\--4-f-=------j

~
E
{!!. 200

800r----,----r---...,..----,

o'--;-__--'- ...L.-__--.l..,....-_--.J

10- 1 10 1()2 103

Time, S

Fig. 1.14 Effect of alloy depletion and carbon content
on the continuous cooling transformation behavior of an
SAE 8620 steel with composition 0.5 Ni, 0.2 Mo, 0 Cr,0 Mn

leaner grades of steel are the more likely to form
pearlite at an oxidized surface. It is evident that
the HTTP (ferrite, bainite, or possibly pearlite)
associated with the internal oxidation depends
upon:

• Steel composition and the quantities of ele
ments remaining in solid solution following
oxidation, including carbon. It was confirmed
by the work of Arkhipov et al. that molybde-
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Table 1.4 Effect ofdepth of nonmartensitic layeron hardness, residual stress,and bendingfatigue
strengthincase-hardened and tempered4 mmmodulus gears

Depth ofnon- MJerohardne••
Casedepth, Macrohardness, HRC martensidc intooth roots, Residual stressat adepth orl0 flIR Bending fatigue limit

Steel Process(a) mm Surfa"" Core Layer,URl HVO.2 kg/mm1 MPa kgLmmz MPa
25KhGM CN 1.0 59/61 39/44 6 560m O 77 753
20KhNM C 1.2 57/60 32136 7 5901760 0-5 0-50 71 695
25M0 5Kh05 CN 0.7 58/60 24128 3 525nOO 0 0 68 665

C 1.2 60162 22126 6 510/575 66 646
18KhGT(l ) C 1.0 59/62 32136 16 415/440 26-44 253-432 61 598
30KhGT CN 1.1 60162 40143 15 415/510 9-12 89-119 55 540

C 1.0 60162 38144 30 375/440 14-19 139-185 55 540
18KhGT(2) C 1.2 58160 32136 17 380/500 54 532
18Kh2N4VA C 1.0/1.1 58/59 40/43 17 265/575 49 482
35Kh CN 0.7 59/62 34137 100 3201510 24-45 234-441 42 412

(a) C. carburized; CN. carbonitrided. Source: Ref26, 29

such a situation where the absence of carbides in
a narrow band adjacent to the oxidized layer,
which might be attributed to decarburization,
could in fact be due to a shift of the eutectoid
carbon, there being no loss of carbon.

Influence on Material Properties

It is not clear whether internal oxidation on its
own is especially deleterious, or if it simply be
haves much in the same way as does surface
roughness, bearing in mind that the effect of sur
face roughness may be offset by the presence of
compressive residual stresses in the underlying
steel. Having said that, it is clear that any
nonmartensitic microstructures, that is, HTIP,
associated with the internal oxidation can have a

The chemical and microstructural effects so
far described are concerns due to their potential
influence on the properties of the carburized part.

Fig. 1.16 Represen tation of a microstructure showing
interna l oxidation with associated high-temperature
transformat ion produ cts at the surface and spheroidized
ca rbides some distance from the surface
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Fig. 1.15 Shiftof eutectoid ca rbon content due to alloy
depl etion associated with internal oxidation
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deleterious effect on the strength properties of a
part.

Influence on Hardness. Specified surface hard
ness values for carburized, hardened, and
low-temperature tempered components generally
fall in the range 58 to 62 HRC (the actual inter
mediate range used depends upon the size of the
component and its application). To achieve hard
ness values of this order, it is necessary to pro
duce an as-quenched microstructure of high
carbon martensite. However, a consequence of
internal oxidation is that nonmartensitic micro
structures are likely to be formed in a narrow
zone adjacent to the oxides, resulting in a soft
"skin," even though Rockwell macrohardness
tests might not indicate anything other than satis
factory hardening. A file test, on the other hand,
would detect its presence.

When a sample of the carburized steel is sec
tioned and prepared for metallographic examina
tion , the presence of internal oxidation and of
HTTP is clearly determined. Microhardness tests
in the surface regions of the sample will then
measure the extent of softening due to the HTTP.
An example is shown in Fig . 1.17, where the
structure at the surface was probably bainite, or
predominantly bainite. Whereas the microstruc
tures in the nonmartensitic layer may be mixed,
or of a low or variable carbon content, the micro
hardness will give a clue as to the type of struc
ture present in the layer. Figure 1.18 provides an
indication of hardness against carbon content for
different types of microstructures. From this the
following is derived:

• Ferrite: due to decarburization; C - <0.2%;
microhardness, 200 to 250 HV
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Fig. 1.17 Microhardness traverses through the inter
nany oxidized layer of a carburized Cr-Mn-Ti steel
(30KhGT). Source: Ref 7

• Mixed ferrite and pearlite: decarburization
with intermediate carbon; 200 to 300 HV

• Pearlite: thought to exist in the HTTP of
some steels; 300 HV

• Mixed pearlite and bainite: possibly of inter
mediate carbon; 300 to 400 HV

• Bainite: probably predominates in most
HTTP layers; 400 HV

Influence on Residual Stresses. The oxides of
chromium, manganese, and silicon that form in
the surfaces of components during their carburi 
zation (at temperatures typically in excess of 920
DC) will likely be in compression when the tem
perature falls to room temperature. This is be
cause their volume thermal contraction over the
temperature range 920 to 20 DC will be less than
that of the steel in which they reside.

The HTTP associated with those oxides will
be in tension. This is partly due to the presence
of "compressed" oxides but also due to the vol
ume mismatch between the HTTP itself and the
underlying high-carbon martensite; note that the
HTTP is probably the first material to transform,
while the adjacent martensite is the last to trans
form.

The residual stresses through the roots of
case-hardened gear teeth have been determined
for a number of steels (Ref 28), and the trend to
ward tensile residual stresses at the surface is
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Fig. 1.18 Effect of carbon on the hardness of variou s
microstructures observed in plain carbon and lean-alloy
steels . Source: Ref27
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confirmed (Fig. 1.19). Additional work on the
same gears showed that the greater the tensile re
sidual stresses were, the lower the fatigue
strength tended to be (Table 1.4) (Ref 26). Naito
et al. observed a similar residual stress distribu
tion for carburized ns SCM415 steel with inter
nal oxidation and HTTP at the surface (Ref 29).
Dowling's results are of particular interest be
cause they compare the residual stresses in two
case-hardened surfaces: one in which pearlite
and bainite formed due to internal oxidation and
one where no HTTP formed (Fig. 1.20) (Ref 20).

Influence on Bending Fatigue. Internal oxida
tion on its own does not appear to have a great
influence upon the bending fatigue strength of
case-hardened parts (Ref 20, 30). If anything, it
may have an effect similar to a small degree of
surface roughness. If, however, the internal oxi
dation is accompanied by HTTP (bainite or
pearlite), the bending fatigue strength will be sig
nificantly reduced.

It was earlier believed that there was a thresh
old value of 13 urn for the depth of HTTP below
which it had no adverse effect, and that with less
than 13 um of HTTP, surface carbon content was
the dominant variable (Fig. 1.21) (Ref 1, 31).
The idea that there is a threshold might not be in
correct, though other work has indicated that the
presence of less than 13 urn of HTTP has led to a
reduction of fatigue strength (Ref 32); 11 urn of
HTTP obtained a 15% reduction of fatigue
strength. It could be that smaller amounts of

HTTP do cause reductions of fatigue life, but the
amount is sufficiently small to be regarded as in
significant. Also, there may be a size aspect
where, for instance, 15 urn of HTTP affects a
small test piece but has a smaller effect on a
larger test piece.

The existing test data indicate that in the
low-cycle region of the S-N plots, there is a gen
eral trend toward a small adverse effect (0 to
12% reduction of strength at 1()4 cycles) due to
the presence ofHTTP (Ref?, 17,20,23,29,32).
In the high-cycle region, the fatigue life can be
reduced by as much as 45% due to the presence
of HTTP, though 20 to 35% is more common;
the amount depends upon the depth, the
microstructural content, and hence, the hardness
of the HTTP layer.

The influence of case hardness on the rotating
bending fatigue strength of carburized steels was
studied by Weigand and Tolasch (Ref 33), and
they showed that there was a progressive fall of
bending fatigue strength as the case hardness fell
below -680 HV5 (Fig. 1.22). Their work dealt
with test pieces where the measured hardness
values represented the maximum hardness at, or
close to, the surface. With internally oxidized
parts, only the "skin" is soft; the underlying ma
terial is martensitic and hard. Nevertheless, the
trend is the same, as Fig. 1.23 suggests. From
this, a guide to the potential loss of bending fa
tigue strength can be estimated (Table 1.5). This
might suggest that two carburized steels with dif-
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Fig. 1.19 Residual stresses at the base of the teeth in carburized
and carbonitrided gears. Source: Ref28
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Fig. 1.20 Residual stress profiles for both 4615 and 8620 materi
als. Source: Ref20

ferent alloy contents can have very different fa
tigue lives in the absence of HTTP, but very sim
ilar fatigue lives in the presence of HTTP. The
results of Brugger's study, for example, showed
that the fatigue limits for case-hardened
20MnCr5 and 15CrNi6 were 680 and 780 MPa,
respectively, when there was no HITP present at
the surface (Ref 34, 35). When HTTP was present
in similar amounts, the fatigue limits of the two
steels fell in the range 520 to 540 MPa.

Gunnerson found no difference in high-cycle
fatigue limit between samples that had HTTP
reaching to a depth of 15 to 17 11m, and samples
internally oxidized to -15 11m without HITP
(achieved by inhibiting the formation of HTTP
with ammonia additions late in the carburizing
cycle) (Ref 17). This finding is contrary to other
reported results. Unfortunately, many of Gunnerson's

test pieces failed with subsurface fracture
initiation points and, therefore, were not really
relevant to the study of a surface condition; these
test pieces said more about the subsurface
properties. After replotting the data using only
those points that represented surface initiated
failures, a distinct difference was noted in the
upper finite life part of the S-N curve, shown
in Fig. 1.24(a); it is suggested that the fatigue
curve representing the specimens with HITP at
the surface might have a double knee. Naito et
aI. also observed a possible double knee effect
for the samples having HTTP at their surfaces
(Fig. 1.24b) (Ref 29). These are interesting
observations, the significance of which is not
clear, apart from the fact that both projects em
ployed rotating beam test pieces. However, what

20 200
200 400 600 800 1000

Hardness, HV5

Fig. 1.22 Rotating beam fatigue strength of case
hardened 12 mm diam specimens, notched and
unnotched. The line for carburized gears shown in Fig.
1.23 is superimposed (converted to rotating bending fa
tigue). Source: Ref 33
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Fig. 1.21 The effect of internal oxidation on the fa
tigue strength of carburized 25KhGT steel. With this steel,
internal oxidation in accompanied by a decrease in sur
face carbon. Source: Ref 1
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as not being detrimental, and even beneficial, to
contact durability under slide-roll test conditions.
Figure 1.25 presents the contact fatigue life as a
function of the amount of material removed from
the surface of the test disks prior to testing. It
shows that there was generally no loss of contact
fatigue resistance until the internal oxidation and
nonmartensitic microstructure had been re
moved, the depth of HTTP penetration being 25
to 37 urn, Where the soft layer had been com
pletely removed, lower values of fatigue were re
corded. As a result of supporting tests, these re
searchers considered that plastic deformations
within the HTTP layer, which would bring about
a more favorable distribution of contact load,
could only account for part of the difference
shown. In tests where the slip was about 30%
and the contact load was 2390 MPa (347 ksi),
they found that the unground surface had a lower
coefficient of friction than the ground surface did

Table 1.5 Loss of fatigue strength

the two sets of results do seem to suggest is that
up to, or at, about 1()4load cycles there would be
essentially no difference between the samples
with and without HTTP.

With respect to grain size, it is interesting to
note the findings of Pacheco and Krauss in Ref
30: "Fine grained gas carburized specimens tol
erate the presence of inter-granular oxidation and
have better fatigue resistance than a coarse
grained specimen without surface oxidation." In
their work, which compared plasma- and
gas-carburized test pieces, the gas-carburized
specimens contained internal oxidation to a
depth of -13 urn without the HTTP associated
with internal oxidation; this supports the idea
that, on its own, internal oxidation is not particu
larly damaging.

Influence on Contact Fatigue. Most case
hardened gears are precision ground before go
ing into service; therefore, the effect of internal
oxidation on contact fatigue durability need not be
considered for them. There are, however, a few
types of gears and a number of other components
that enter service in the unground, or perhaps in
the lightly lapped, condition for which the influ
ence of internal oxidation is pertinent. Unfortu
nately, there are little data available on the sub
ject, and these tend to conflict. Adverse effects
have been reported in Ref 3, whereas in Ref 36
Sheehan and Howes, working with case
hardened SAE 8620, regarded internal oxidation
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Fig. 1.25 Contact fatigue life in relation to the amount
of material removed from carburized SAE 8620 samples
prior to testing. The hatched band represents the depth of
internal oxidation beneath the original surface of speci 
mens . Source : Ref36
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seem to yield results that are significantly influ
enced by the presence of internal oxidation and
any accompanying HTIP.

Kozlovskii et aI. stated that there was no nega
tive effect of on the impact strength of case
hardened steels due to HTIP and indicated that
there was no clear separation of bend test results
whether the HTIP was more or less than 13 urn
(Ref 1). Diesburg et aI. concluded that fracture
was independent of the structure state in the
outer 0.25 mm of the case and was more depend
ent on the residual stresses and microstructure
away from the surface (Ref 37). Tests showed
that fracture toughness increased with distance
from the surface (Ref 38), and that crack initia
tion was influenced by case hardenability (the
ability to produce martensite throughout the
case); crack propagation, however, was more
influenced by the core properties and composi
tion (Ref 39). Feu agreed that composition was
important with respect to bending and impact,
the resistance to these being enhanced by nickel
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Fig. 1.24 Effectof internal oxidation and high-temper
ature transformation products on the high- and low-cycle
bending fatigue strength. (a) Fatigue data on rotating
beam tests, 6 mm outside diameter test section, quench
860 DC into oil at 200 DC. Steel composition: 0.75 Mn,
0.86 Cr, 1.48 Ni, 0.04 Mo. Samples with HTIP: 7 failed at
surface, 4 ran out , 16 failed subsurface. Samples without
HTIP: 10 failed at surface, 2 ran out , 23 failed subsurface.
Replotted from Ref 17. (b) Fatigue data for samples with
and without internal oxidation, quenched from 850 DC
into oil at 70°C, temper at 180°C. Steel composition:
0.74 Mn, 1.01 o.0.18 Mo. Source: Ref29
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(0.068 and 0.080 respectively) ; they reasoned,
however, that this difference was not large
enough to account for the differences in fatigue
strength that were observed. It was concluded,
although the test did not really confinn it, that it
was likely that an "as-heat-treated" surface
would develop a more stable oil film than either
a ground or electropolished surface.

Influence on Bending and Impact Fracture
Strength. The fracture testing of case-hardened
samples by slow bending or by impact (plane,
notched, or precracked specimens) does not
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and chromium (Ref 40). Others, however, con
sidered that static bending and impact strength
were related to the case depth (Ref 41). Ono et
aI., using unnotched impact and bend tests,
showed that 930°C direct-quenched, gas
carburized test pieces with 15 um of HTIP per
formed better than did 1040 EC vacuum
carburized test pieces with no internal oxidation
or HTIP (Ref 32). A 930 EC reheat-quenched,
vacuum-carburized set of test pieces produced
even better results (Fig. 1.26). Unfortunately, no
data were provided for any reheat-quenched,
gas-carburized samples, so a real comparison
could not be made. Nevertheless, the results im
plied that factors other than internal oxidation
and the presence of HTIP were more significant
with respect to bending and impact fracture tests.

Influence on Wear Resistance. The deteriora
tion of a surface by wear can be due to either or
both of two processes: adhesive wear and abra
sive wear. Adhesive wear, as the name suggests,
is adhesion that occurs when the pressure and
heat generated during sliding cause small areas
of one of the surfaces to chemically bond to the
other surface. The relative motion breaks the
bond, but not necessarily (perhaps rarely) at the
original junction; therefore, metal is transferred
from one surface to the other. What happens to
the transferred particle then depends upon a
number of factors. It may remain adhered to the
other surface, or it may separate to become loose
debris.

Terms for adhesive wear include scoring,
scuffing, galling, and seizure. Fretting is a form
of adhesive wear for which the relative move
ment is minute, as in the vibration between a key
and keyway, for example. Abrasive wear, or nor
mal wear, involves the removal of particles from
the mating surfaces by asperity shearing due to
asperity collisions or collisions with loose debris
passing between the sliding surfaces. Wear pr0

cesses are appreciably influenced by any lubri
cant present, its quality, and its condition.

When internal oxidation is present on its own
at a case-hardened surface, one would expect it
to inhibit the adhesive wear due to its
intermetallic nature. Also, as Sheehan and
Howes suggested in Ref 36, the oxide could as
sist in the lubrication process; as it is, the oxide
will lower the coefficient of friction. The oxide,
however, might favor abrasive wear and eventu
ally crumble under the action of sliding, thereby
producing loose particles (debris). In such an in
stance, the depth of wear will likely be only the
depth of internal oxidation: 10 to 20 urn.

When the internal oxidation is accompanied
by the HTTP, the situation in terms of wear
resistance changes. Both adhesive and abrasive
wear resistances are related to the surface
hardness (Fig. 1.27, 1.28). As the hardness
falls, the wear rates will increase, considering
that HTTP will work harden, and martensite
will soften a little as pressure and temperature
conditions approach those that cause adhesive
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and chromium (Ref 40). Others, however, con
sidered that static bending and impact strength 
were related to the case depth (Ref 41). Ono et 
al., using unnotched impact and bend tests, 
showed that 930 °C direct-quenched, gas-
carburized test pieces with 15 \ua of HTTP per
formed better than did 1040 EC vacuum-
carburized test pieces with no internal oxidation 
or HTTP (Ref 32). A 930 EC reheat-quenched, 
vacuum-carburized set of test pieces produced 
even better results (Fig. 1.26). Unfortunately, no 
data were provided for any reheat-quenched, 
gas-carburized samples, so a real comparison 
could not be made. Nevertheless, the results im
plied that factors other than internal oxidation 
and the presence of HTTP were more significant 
with respect to bending and impact fracture tests. 

Influence on Wear Resistance. The deteriora
tion of a surface by wear can be due to either or 
both of two processes: adhesive wear and abra
sive wear. Adhesive wear, as the name suggests, 
is adhesion that occurs when the pressure and 
heat generated during sliding cause small areas 
of one of the surfaces to chemically bond to the 
other surface. The relative motion breaks the 
bond, but not necessarily (perhaps rarely) at the 
original junction; therefore, metal is transferred 
from one surface to the other. What happens to 
the transferred particle then depends upon a 
number of factors. It may remain adhered to the 
other surface, or it may separate to become loose 
debris. 

Terms for adhesive wear include scoring, 
scuffing, galling, and seizure. Fretting is a form 
of adhesive wear for which the relative move
ment is minute, as in the vibration between a key 
and keyway, for example. Abrasive wear, or nor
mal wear, involves the removal of particles from 
the mating surfaces by asperity shearing due to 
asperity collisions or collisions with loose debris 
passing between the sliding surfaces. Wear pro
cesses are appreciably influenced by any lubri
cant present, its quality, and its condition. 

When internal oxidation is present on its own 
at a case-hardened surface, one would expect it 
to inhibit the adhesive wear due to its 
intermetallic nature. Also, as Sheehan and 
Howes suggested in Ref 36, the oxide could as
sist in the lubrication process; as it is, the oxide 
will lower the coefficient of friction. The oxide, 
however, might favor abrasive wear and eventu
ally crumble under the action of sliding, thereby 
producing loose particles (debris). In such an in
stance, the depth of wear will likely be only the 
depth of internal oxidation: 10 to 20 urn. 

When the internal oxidation is accompanied 
by the HTTP, the situation in terms of wear-
resistance changes. Both adhesive and abrasive 
wear resistances are related to the surface 
hardness (Fig. 1.27, 1.28). As the hardness 
falls, the wear rates will increase, considering 
that HTTP will work harden, and martensite 
will soften a little as pressure and temperature 
conditions approach those that cause adhesive 
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(b)

Fig. 1.27 Relationship between surface hardness and
seizure. (a)Relationof hardness, HV, with maximumcon
tact stress, am,x, when destructive seizure occurs for
through hardened or induction hardened steels. Source:
Ref42. (b)Variationofseizing load with microhardnessof
the ?uter layer of carburized and carbonitrided samples.
Radiusof curvature, 2.5 cm; slip speed, 1.05 m/s; rolling
speed 2.28 mls;specific slip, 1.7; gage width of roller,0.5
em. Source: Ref43

wear. In case-hardened parts, high-carbon
martensite at over 700 HV offers the best resis
tance to wear. Other phases, such as proeutectoid
ferrite or austenite, can be tolerated in the mar
tensite without adverse effects, provided those
phases are indeed in small quantities, are fine and
well distributed, and don't significantly reduce the
hardness (Ref 42). If the lITfP is bainite at -400
HV or ferrite at, for instance, 250 BY, then the
wear resistance of the case-hardened layer will be
seriously affected. Whether or not the wear pro
cessesstopor slowdownonce the lITfP has been
removed by wear depends on the actual system in
which the damage is taking place. Wear processes
can virtually stop.

1200

x White cast iron
• Nodular iron
• Steelbefore wear
• Steelafter wear

• •

~. ""-.

0.020r---------------.

0.018

7: 0.016
o

~~:~::
CD
§ 0.010

~ 0.008

0.006

O·OO4r-."k;;.---.....-k..------,;*"-"*"-~~_...,~

° 200 400 600 800
Hardness . HV

Fig. 1.28 Effect of hardness on wear. Note that wear
resistance of the steel sample only fits the general pattern
if the hardness of the work-hardened surface is consid
ered. Ref44

Measures to Eliminate or
Reduce Internal Oxidation

It is more or less impossible to control the en
dothermic carburizing atmosphere to eliminate
the formation of internal oxidation at the sur
faces of case-hardened parts. The use of alterna
tive oxygen-free atmospheres or of vacuum
carburizing or plasma-carburizing processes
might not be economically viable or as flexible
and convenient as the conventional process. Con
sequently, the endothermic generator will con
tinue to provide the carrier gas for the carburiz
ing process for many years to come . The
problem of internal oxidation will, therefore,
persist. What can be done about it? The ap
proaches can involve steel design, process con
trol, mechanical or chemical removal, or design
of components that acknowledge its presence.

Steel Design. The formation of internal oxida
tion is related to the presence of certain alloying
elements and their quantities in solid solution
within the steel. The problem is that silicon is
used to kill case-hardening grades of steel, and
the nominal0.25% siliconcontent by farexceeds
the maximum required to produce internal oxi
dation. It also lowers the maxima for the other
elements, such as manganese and chromium.
The replacement, or partial replacement, of oxide
forming elements with elements that have atomic
numbers greaterthan that of iron couldcontribute
to reducing the effect. Such elements are nickel
and molybdenum, and maybetungsten.

The basic alloy, therefore, would contain:

• Carbon: to adjust the core strength, though
not enough to adversely affect the develop-

200 300 400 500 600 700 800

Hardness, HV

200 400 600 800 1000

Surface microhardness, HV(100 9 load)

,/ ~Jf ~
-

~
Vo V

°OJ

~V V0

00 .4 C steel
.0.4 C, 0.1 Cr

-

I I I

/ P-
oi .....

/ 0 01
• .£

/ • . /•
/ ,I

/ /
V oCarburized -

0 •
0 • Carbonitrided _

• • I I

'0

~
Ol
c
'N
'CD
(J)

18

16

~ 14

"" 12
§ 10

(8)

E 500

~
""~ 400
:ll

!.
j300

~ 200
c
8
E 100
:::l

.~
~ 00

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



ment of favorable residual stresses or to en
courage unwanted distortion or growth

• Nickel: to contribute primarily to the tough
ness of both the case and the core

• Molybdenum: to provide case and core
hardenabilities, and also to suppress any
HTIP should internal oxidation occur

Added to these, optimum amounts of deoxidizing
and grain-refining elements must be included,
bearing in mind that these may be elements with
atomic numbers lower than that of iron.
Hardenability can be assisted further with moder
ate additionsof manganese and chromium, but less
than 0.5% of each should be added when silicon is
present in amounts typically 0.25%. The aim is to
accept that internal oxidation will occur to some
extent but avoid the formation of significant com
position gradients.

According to Kozlovskii et al. in Ref I, nickel
at 1% appears to be incapable of providing the
hardenability necessary to inhibit bainite forma
tion at the boundary regions when internal oxida
tion and diffusion gradient have occurred. The
effect of nickel on the hardenability of a steel
picks up somewhat when its content exceeds
-1.5%, especially in the presence of molybde
num. When nickel content is higher and direct
quenching techniques are used, unacceptable
quantities of austenite can be retained in the
outer part of the case. With reheat quenching, on
the other hand, higher nickel content values can
be tolerated, although a downward adjustment of
the surface carbon content might be prudent.

Internal oxidation has been reported in
chromium-molybdenum steels, but in such cases
the molybdenum content has generally been low
(-0.2%). The introduction of 0.5% (or more)
molybdenum is claimed to be very beneficial, es
pecially in those steels where molybdenum has
been sensibly balanced with elements having a
positive oxygen affinity that also impart neces
sary hardenability. For example, internal oxida
tion to a depth of 14 to 20 urn was observed in
steels with molybdenum to chromium ratios of
up to 0.4, but not in steel with a molybdenum to
chromium ratio of 1 (Ref 1). With a nickel
molybdenum steel where the molybdenum to
chromium ratio was 0.4 and the nickel content
was over 1%, element impoverishment (indi
cated by dark etching constituents in the
metallographic sample) was only observed with
a reduced carbon concentration in the case.
Therefore, it would seem that high-carbon sur
faces are less prone to oxidation, bearing in mind
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that as the carbon potential rises, the oxygen
content of the atmosphere decreases. Contrary to
this, KaIner and Yurasov found that with the
lean-alloy steels they studied, 0.5% molybdenum
did not prevent or reduce the internal oxidation
of chromium or manganese steels (Ref 3).
Chatterjee-Fischer tends to believe that as long
as the accepted norm for silicon content is pres
ent in the steel, internal oxidation will occur irre
spective of how the other elements are adjusted
(Ref 6). Nevertheless, the presence of any alloy
ing element must be beneficial if, for the section
sizes being considered, it can inhibit the forma
tion of HTIP.

Process Control. Prior to the heat-treatment of
parts in an endothermic atmosphere, precautions
should be taken to ensure that the surfaces are
free from metal oxides (scale or corrosion prod
ucts) and certain lubricants. Such surface impuri
ties can contaminate the furnace atmosphere;
they appear to influence the amount of oxide
subsequently formed and the depth to which it
penetrates (Ref 3). Furthermore, the quality of
the machined surface can have a bearing on how
well a surface responds to carburizing. Machining
with sharp tools, along with the use of good qual
ity cutting lubricants, makes for uniform machin
ing and uniform carburizing (Ref 45).

Although it is clear that internal oxidation
takes place during the carburizing operation, it
can nevertheless be intensified during any
high-temperature tempering cycle (carried out in
air to facilitate intermediate machining opera
tions) (Ref 15); it can also be intensified during
reheating operations, normally under atmo
sphere, prior to quenching. Heating in air, espe
cially to the quenching temperature, will cause
scaling to occur, which might be found to scale
off the internally oxidized layer. Subsequent shot
blasting would then remove both types of oxide.
This approach to internal oxide removal, while
possible, is not really recommended due to the
difficulty of precise process control and the risk
of inducing decarburization if the reheating pe
riod is lengthy.

As stated previously, internal oxidation on its
own might not be particularly damaging to fa
tigue resistance, whereas the presence of the
HTTP can be harmful. The aim, therefore,
should be to suppress the formation of HTIP. By
increasing the cooling rate during the quenching
operation, it may be possible to achieve this aim
and thereby have only martensite associated with
the oxides. Increasing the cooling rate during
quenching could lead to distortion or growth
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who reduced or eliminated near-surface bainite
by increasing the carbon potential to 0.9 to 1.2%
during the last 20 minutes of carburizing (Ref
48). The method, it seems, does not form new
carbides but raises the carbon content of the solid
solution and, therefore, the hardenability of the
outer surface.

Oxide Removal. The knowledge that internal
oxidation will occur, and its confirmation by
means of suitable test pieces that have been car
burized and hardened along with the components
they represent, enables a manufacturerl
heat -treater to develop an acceptable method for
removing the oxide and HTfP that have formed.
Such methods as electropolishing, electrochemi
cal machining, honing, grinding, grit blasting,
shot blasting, or peening might be considered.
Which method is used will depend upon what is
available and what the negative effects might be;
for example, grinding to remove oxides can in
duce tensile residual stresses of a magnitude in
excess of the tensile stresses associated with in
ternal oxidation.

If it is essential to have an oxide-free surface,
but its removal is unacceptable for some reason,
then it will be necessary to consider the use of al
ternative carburizing processes, for example,
vacuum or plasma carburizing. Nitrogen-base at
mospheres and exothermic-based atmospheres
would be expected to reduce the amount of oxi
dation but would not eliminate it.

Part Design. It is difficult to say how the results
of tests involving samples with test sections of 6
to 8 mm and case depths of 0.5 to 1.5 mm trans
late to real-life components. However, these cur
rent assumptions are not unreasonable: conven
tional gas carburizing produces internal
oxidation, Internal oxidation will likely be ac
companied by HTfP, and fatigue strength will be
approximately 25% lower than for an oxide-free
counterpart. Designers may cope with these out
comes, as gear designers have done for many
years, by having conservative basic allowable
design stresses, or by accounting for the poten
tial of this surface condition in their calculations.
(Internal oxidation is acknowledged in gear stan
dards like AGMA 2001, C95, or ISO 6336-5.2
[1995], where acceptable amounts in relation to
tooth size are given. These amounts probably re
fer to the depth of the HTfP.) One should con
sider that processes, such as vacuum carburizing
and plasma carburizing, while capable of pro
ducing carburized surfaces that are free from in
ternal oxidation, can produce surfaces in which
the austenitic grain size is coarse and the quan-
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problems, however. The critical cooling rates
have been established for a number of steels and
the optimum quenching parameters for those
steels were determined (Ref 46). Unfortunately,
as the size of the component increases, it be
comes more difficult to achieve the cooling rates
necessary to ensure the suppression of HTfP.
For example, Fig. 1.29 indicates the cooling time
to 400 °C for the fillets of gear teeth of different
sizes (Ref 27). When these are used in conjunc
tion with the continuous cooling transformation
(CCT) diagrams of Fig. 1.13 and 1.14, one can
loosely assess how component size might restrict
the option to increase cooling rate to suppress the
formation of HTfP.

Surface hardenability and strength can be re
stored by the introduction of ammonia into the
carburizing chamber for a short period at the end
of the carburizing cycle. Gunnerson suggested a
5 to 10% ammonia addition for ten minutes be
fore the end of carburizing (Ref 17). Using the
same guidelines, Kozlovskii et al. determined
that a nitrogen content of 0.1 to 0.2% was
achieved in the outer 0.05 mm of surface (Ref 1).
That was effective in removing the tendency to
form HTfP in all but the leanest steels, and for
the leanest steels only when they were fine
grained. Gu et al. determined that a nitrogen con
tent of 0.1% in the outer 1 mm was the optimum
amount (Ref 47); when nitrogen exceeded 0.1%,
the crack-growth rate property increased. An al
ternative action was used by Zinchenko et al.,

Fig. 1.29 An indication of cooling times for gear
shapes. (a) Time for gear tooth fillet surface to cool from
800 to 400 °C during oil quenching. (b) Time for gear
tooth center on the root circle diameter to cool from 800
to 400°C during oil quenching. (e) Time for rim or body
center to cool from 800 to 400°C during oil quenching.
Source:Ref27
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Summary

High-Temperature
Transformation Products

tity of retained austenite is excessive (Ref 30).
The designer may have to allow for these also.

Grade 1 has no specification. Recovery by shot
peening is acceptable with agreement of the cus
tomer. Note that ISO 6336-5.2 is similar to this
(ANSI!AGMA 2001-C95). The equivalent grades
are ML, MQ, and ME.
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• Preprocess considerations: Consider a steel
grade with sufficient matrix alloy in the de
pleted layer to give martensite on quenching.

• In-process considerations: A late increase of
carbon potential, or a late addition of ammo
nia to the furnace chamber can offset the ef
fect. Employ a faster quench to suppress
HTTP formation, but watch for distortion.

• Postprocess corrections: Grinding, grit blast
ing and/or shot peening can be used to re
move HTTP.

• Effect on properties: HTTP is soft and has an
adverse effect on surface residual stresses and
bending fatigue resistance-up to about 35%
reduction in extreme eases. If shallow, HTTP
might have a positive effect on the contact fa
tigue of unground surfaces.

• Standards: No specification or guideline. As
sume that HTTP should not exceed the maxi
mum depth of internal oxidation as judged
metallographically. See "Internal Oxidation."

Case depth

<0.030 in.
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Grade 3
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0.0007 in.
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0.0015 in.
0.0020 in.
0.0024 in.

When associated with internal oxidation,
high-temperature transformation products
(HTTP) are a surface effect. The formation of in
ternal oxidation products locally denudes the
matrix of certain elements. When HTTP are
present, they often extend deeper than the inter
nal oxidation, especially with leaner steel grades.
HTTP can be avoided or controlled.

Internal Oxidation

Internal oxidation is a surface effect due to the
oxidation of certain elements in the steel (mainly
Mn, Cr, and Si) during carburizing. It is unavoid
able in conventional gas carburizing, but can be
avoided in vacuum carburizing processes.

• Preprocess considerations: Choice of steel
grade, a small uniform grain size (normal
ized), and essentially clean parts are factors.

• In-process considerations: The depth of oxi
dation relates to case-depth, and the composi
tion of the carburizing atmosphere.

• Postprocess considerations: Internal oxida
tion can be removed by grit blasting and/or
shot peening.

• Effect on properties: Internal oxidation possi
bly has a minor negative effect on bending fa
tigue, and a positive effect on contact fatigue.
See also "High-Temperature Transformation
Products."
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Chapter 2

Decarburization

Decarburization, as the term implies, is a loss
of carbon atoms from the surface of the
workpiece, thereby producing a surface with a
lower carbon content than at some short distance
beneath the surface. If carburization promotes a
positive carbon gradient, then decarburization
promotes a negative carbon gradient.

The useful properties developed by carburiz
ing and hardening will not be realized if the
working surface of the component becomes
decarburized. Therefore, decarburization is an
unwanted metallurgical feature. The optimal
amount of decarburization is regarded as being
zero, but in reality, a small amount will likely oc
cur. A small amount of decarburization may be
tolerable if it is partial decarburization and pene
trates no deeper than any HTTP associated with
the surface internal oxidation and it is within any
specification for decarburization.

In well-run carburizing and hardening facili
ties, the decarburization of case-hardened sur
faces does not seem to be a problem. This suc
cess reflects the use of good, well-maintained
equipment and good process operating procedures.
Nevertheless, with case hardening, the gas
mixtures employednecessarily containdecarburizing
agents. As long as these agents are present, there
is always the possibility that a loss of furnace at
mosphere control, for whatever reason, will lead
to decarburization of the parts being treated.

Decarburization Processes

Decarburizing reactions can occur at tempera
tures above about 700 °C and when, in the fur
nace atmosphere, decarburizing agents are avail
able to react with the carbon in the metal surface.
The decarburizing agents used in furnace atrno-

spheres for carburizing and reheating are carbon
dioxide (COz), water vapor (HzO), hydrogen
(Hz), and oxygen (Oz). Under certain conditions,
these gaseous molecules can react with the car
bon atoms at the gas-metal interface and thereby
extract them from the surface of the metal. This
extraction is an attempt to establish some mea
sure of equilibrium between gas and metal. The
chemical reactions involved are:

When these reactions proceed from left to
right they are decarburizing, and when they go
right to left they are carburizing. There seems to
be some disagreement regarding the third reac
tion (involving methane) and whether it is able to
proceed in both directions as reported in Ref 1. It
has been reported as being able to proceed in one
direction only (Ref 2). If the latter is the case,
then any hydrogen released by this reaction must
combine with other component gases before it
can be an effective decarburizing agent. By com
bining with any oxygen in the furnace atmo
sphere, it will produce water vapor at the metal
surface and thereby enter into the second of the
reactions shown, in a left to right direction.

Decarburizing Conditions. During carburizing,
there are numerous carburizing and decarburizing
reactions occurring simultaneously, with more
carburizing than decarburizing reactions taking
place (i.e., the reactions proceed from right to
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words, the carbon potential will be reduced (Fig.
2.1).

Typical CO2 contents during a carburizing cy
cle are shown in Fig. 2.2, where an endothermic
carrier is used throughout and is enriched for the
carburizing part of the operation. Normally, the
atmosphere at the end of the process, just prior to
the quench, will still be carburizing or at least of
a high carbon potential. If, however, the catalyst
is inefficient and, therefore, the generator gas
contains more CO2 than it should, then some
decarburization is possible.

When the reheat quench process is being used,
matching the atmosphere to the as-carburized
surface carbon content might not be very precise,
and a minor lowering or raising of the surface
carbon can occur. This practice is normally ac
cepted.

Following are some reported examples regard
ing the occurrence of decarburization during
high-temperature heating.

Gutnov et al. (Ref 5) observed that samples
placed in a furnace at the beginning of an 800 -c
heating cycle decarburized appreciably, whereas
those introduced into the furnace halfway
through the heating period did not decarburize
(Fig. 2.3). Gutnov et al. concluded that moisture
in the furnace had been responsible for the dif-

1000900800

o"- ....I- ...L.. --'

700

0.81----\--\\'\-\--\--\--+------1

left). Changes of temperature, flow rate, or com
position of the atmosphere can shift the balance
so that the number of decarburizing reactions
outstrips the number of carburizing reactions
(i.e., the reactions proceed from left to right), and
the overall result is decarburization.

In an endothermic gas generator, for example,
if the catalyst is in good order, the methane of the
output gas will be <2%. The carbon dioxide and
water vapor will be present in only small
amounts, and these amounts are dependent on
the actual air/fuel ratio employed. If, on the other
hand, the efficiency of the catalyst is impaired by
an accumulation of soot, for example, then the
gas produced will contain greater amounts of
methane, carbon dioxide, and water vapor (Ref 3).
This increase in the proportion of decarburizing
agents will lead to a reduction in the number of
carburizing reactions taking place at anyone
time and, concurrently, an increase in the number
of decarburizing reactions taking place. In other

% CO2 + % CO= 20

1.6 t---rl-\+I-H<-'~---;-+-----\

Temperature, ·C

Fig. 2.1 Temperature and percentage of carbon
dioxide for equilibrium conditions with carbon
steelsof various carbon contents. Source: Ref 1
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u
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Fig. 2.6 Decarburization asa function of holding
time at different temperatures. Solid lines, samples
with protective coating; dashed Iines, samples with
out protective coating. Source: Ref 7
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Fig. 2.5 Depth of decarburization of a cold-work steel
in a fluidized bed in air. Source: Ref 6
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scaling of an SAE 8620 steel after heating for 2 h
in a nitrogen-4% natural gas atmosphere (Fig.
2.7). Such work underlines the importance of
equipment maintenance, in this instance with re
spect to leaks and air ingress.

Ambrus and Pellman (Ref 8), investigating
nitrogen-base atmospheres for the heat-treatment
of 4340 and 300M steels, found that the three at
mospheres (pure nitrogen, methanol CAP-air,
and methanol CAP-C02) produced some partial
decarburization as well as some internal oxida
tion (Table 2.1). The interesting result of this
work is that, for a given steel, the depth of
decarburization was similar for all three atmo
spheres (300M steel, -69 urn; SAE 4330, -52
urn), whereas the internal oxidation was signifi
cantly less when pure nitrogen was used.

Sagaradze and Malygina (Ref 9) showed that
heating in a salt bath (50% NaCl + 50% KCl)
caused decarburization. The effect became worse
as the salt bath aged, and deoxidation of the bath
failed to overcome the problem.

Dew point. OF
20 40 60

0.1 '---'---'---........................................._.u..J,----J

-30 -20 -10 0 10 20 30 40
Dew point. °C

Fig. 2.4 Variation of carbon potential with dew
point for an endothermic-based atmosphere con
taining 20% CO and 40% H2 in contact with
plain-carbon steel at various workpiece tempera
tures. Source: Ref 1

Int?oduced halfwa
throughthe 0

• 0.8 soak at \
?J' 800 °C Introducedat the
g 0 start of the heat treatment
e
~

ference. With an excess of moisture in the fur
nace atmosphere (i.e., an increased dew point),
the carbon potential would fall in accordance
with Fig. 2.4.

Virta (Ref 6) presented the time-temperature
relationship for decarburization of a 0.9% tool
steel during reheating in air in a fluidized bed
furnace (Fig. 2.5). Thus, decarburization to a
depth of 200 urn (0.008 in.) was induced by heat
ing in air at 900 °C for about 2 h. Kileeva et al.
(Ref 7), studying methods of coating to protect
against the decarburization of high-carbon sur
faces during normalizing at 890°C, observed
that the surface carbon would fall to under 0.4%
in 1 h in air at 900 °C (Fig. 2.6).

Stratton (Ref 2), whose work considered atmo
sphere contamination in general, showed the in
fluence of air leakage onthe decarburization and

0.2 0.4 0.6 0.8 1.0 1.2
Depth.mm

Fig. 2.3 Decarburization due to moisture in the fur
nace fireclay lining. Source: Ref 5
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to that steel. Theoretically, an endothermic car
rier gas, perhaps with a slight enrichment (e.g.,
0.5% C potential), should have been adequate.
The tests showed that to obtain the best results
the atmosphere had to be carburizing. Anything
less resulted in a reduced hardness and residual
tensile stresses at the surface (Table 2.2).

The Physical Metallurgy of Decarburization. If
a carburized steel is in the austenitic condition at
a temperature above the AC3 (e.g., 900 "C) and if
the furnace atmosphere is decarburizing (i.e., the
reactions proceed from left to right), then carbon
atoms will leave the surface in an endeavor to re
store equilibrium with the surrounding furnace
atmosphere. A negative carbon gradient is pro
duced with carbon atoms feeding down the gra
dient. The surface carbon content is determined
by the carbon potential of the atmosphere. If the
potential is low, the surface carbon content will
be correspondingly low. The depth of the
decarburized layer is determined by the length of
time that the part resides in the outlined furnace
conditions. At temperatures below the AC3 and
above the ACt, including those used for reheating
and quenching (800 to 840°C), the
decarburizing reaction is somewhat different
(Ref 11). At these temperatures, the carbon con
tent of the immediate surface (originally A in
Fig. 2.8 and 2.9a) rapidly falls to the value
shown by B. Any further lowering of the carbon
content must result in a material of carbon con-

,
I

I
I

I
I

Partial
decarburization

Variableresults
due to oxidation

,,,,,,
8

6 Total
decarburization

;II.
.:«

4

0.1 0.2 0.3
Depth of carburization. mm

Fig. 2.7 Effect of leak rate on the decarburization of
SAE 8620 after 2 h at 850°C in a nitrogen/4% natural gas
atmosphere. Source: Ref 2

The choice of atmosphere carbon potential for
reheating prior to quenching is most important.
Naisong et al. (Ref 10), with a 52100 steel
(-1.02% C) and a reheating temperature of 810
°C, employed endothermic atmospheres with
carbon potentials between 0.15 and 0.9% to de
termine which carbon potential was best suited

Table 2.1 Laboratory results: effectofatmospheres on high-strength steels
Depth ofdecarhurizalion."m (ilL) Deplh ofinlergranularaltack,,,m(jJilL) Average lensile s1renglh,

Almosphere Average Siandarddevialion Average Siandarddevialion MPa(ksl)

4330

Nitrogen 48(0.0019) 20.3 (0.00080) 0.5 (20) 0.5 (20) 1627(236)
MethanolCAP-air 58(0.0023) 7.9 (0.00031) None visible None visible 1658(240.5)
MethanolCAP-CO2 51 (0.0020) 7.9 (0.00031) 11.2(440) 1.0 (40) 1612(233.9)

300M

Nitrogen 66(0.0026) 19.8(0.00078) 1.0(40) 2.5 (100) 2013 (292)
MethanolCAP-air 69(0.0027) 0 4.1 (160) 1.0(40) 2015 (292.3)
Methanol CAP-CO2 69(0.0027) 0 5.8 (230) 0.8(30) 2025 (293.7)

Source:Ref 8

Table2.2 Effect ofcarbonpotential on microstructure, hardness, and residual stresses ofa 52100steel
(1.02%C)duringreheating priorto quenching
Atmospherecarbonpotentialzeyo Relained auslenite, % Carbides, % Hardness(a), HK Surface residualslresses, MPa
0.9 17.4 16 820 -40
0.7 9.8 12 811 +10
0.5 6.2 8.5 751 +140
0.3 2.5 7 695 +270
0.15 2.0 7 626 >270

Reheated10 810 DC for I h, oil quenchedat 55 DC, temperedat 150DC for 2 b. HK,Knoop hardnessnumber.(a) I kg load. Source:ReflO
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tent C being formed in equilibrium with material
of carbon content B. Therefore, because the at
mosphere is decidedly decarburizing in nature, a
further lowering of the average surface carbon
content must result in the development of ferrite
containing carbon to the equilibrium value C
(curve 2, Fig. 2.9a). This layer, once it becomes
continuous, reduces the rate of decarburization
because, in the low-carbon ferrite layer, the car
bon activity is reduced. Further, because the fer
rite can have only a shallow gradient across it,
the rate of flow of carbon atoms through the
layer is also reduced. As the ferrite layer in
creases in thickness, the decarburizing rate is
further reduced due to the decreasing effective
ness of the driving force responsible for moving
carbon atoms through the layer. Behind the fer
rite layer, the carbon gradient in the austenite be
comes more gradual with time as carbon feeds
down to the interface with the ferrite layer (curve
3, Fig. 2.9a).

l!!ae
Q)
a.
E
{!!

Carbon,%

Fig. 2.8 Iron-carbon equilibrium diagram used to ex
plain decarburization

Ar-;;zr'7""'-----.....,

Increasingtime

B
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When a controlled atmosphere is employed
with a carbon potential of some value between A
and B (Fig. 2.8), such as D, then a ferrite layer
cannot form, Instead, a gradient is produced be
tween carbon contents A and D (curve 1, Fig.
2.9b). With time the gradient becomes flatter
(curves 2 and 3, Fig. 2.9b) until eventually no
gradient to the surface exists (curve 4, Fig. 2.9b).

The two-stage carburizing method utilizes this
gradient depletion process. In the first stage, a
high carbon potential is employed to produce a
high-carbon surface (e.g., 1.2% C). For the sec
ond stage, the carbon potential is reduced to pro
duce the specified surface carbon content (e.g.,
0.85% C). Carbon diffuses both inward and out
ward, and the end result is a carbon gradient with
a surface carbon plateau at 0.85%. Too short a
duration or too high a CO2 content for the sec
ond stage results in a carbon gradient with a neg
ative slope at the surface (Fig. 2.10). A negative
carbon gradient formed in this way does not lead
to a rejection, provided the surface carbon con
tent and the surface hardness are each within
their specified range. Nevertheless, detection of
this problem should lead to a reassessment of ap
propriate process parameters. A negative carbon
gradient of this type could produce an acceptable
martensitic microstructure at the surface with a
subsurface microstructure that contains excessive
amounts of carbides or retained austenite.
Whether or not such a combination of micro
structures is accepted depends on the applica
tion.

Testing

Testing for Decarburization. Heat-treatment
operators go to great pains to avoid classical
decarburization because of its adverse effects. Its

time

C CL...- -I .... ---J

Depthbelowsurface Depthbelowsurface

Fig. 2.9 Effect of carbon potential on the surface carbon of a
decarburized surface. (a) Atmosphere decarburizing: carbon po
tentialless than B.(bl Atmosphere decarburizing: carbon potential
equals D
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(b)

Fig. 2.11 Micrographs showing different degrees of
decarburization. (a) Total decarburization caused by se
vere furnace leak during gas carburization of 1018 steel
(l % nital etch, 500x). (b) Partially decarburized speci
men. 190x

(a)

HTIP only. With still more surface carbon (say,
0.4-0.5%), the microstructure of the decar
burized layer might be martensitic. However, this
martensite, having a low carbon content, will
nital etch to be more gray in color than would a
high-carbon martensite, and, therefore, this level
of decarburization should be detectable metallo
graphically. For a given loss of surface carbon,
the final microstructure will depend on the alloy
content of the steel and the cooling rate. (See Fig.
1.13a and b and Fig. 1.14 for examples.)

1.4

EN32A(0.029%AI)3

5

Carburizingat 925 'C

1 For 16 h at 0.16% CO2
2 For 8 h at 0.1%C02+ 1.25h at 0.175%C02:-'l"~~

3 For 8 h at 0.1% CO2 +2.5 h at 0.175%CO2 --,:--t-;;----,;----t

4 For 8 h atO.1% CO2 +4 h at 0.175%CO2
5 For8hatO.1%C02+1 hatO.25%C02
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Depth belowsurface. mm

Fig. 2.10 Typesof carbon profiles. Source: Ref 12

detection, through macrohardness and/or micro
hardness testing, metallography, carbon analysis,
or all three, will lead to the need to rework or
more probably the rejection of the affected com
ponents. An occurrence of decarburization might
be suspected if something untoward happened
during the heat-treatment sequence. Such a sus
picion precipitates action to determine if the
heat-treated parts suffered as a result of the oper
ating problem.

Soft surfaces, determined during routine qual
ity testing of the components (by file or hardness
test) or of test pieces that accompany the furnace
load, will only indicate that something is wrong.
Soft surfaces can occur due to high-temperature
transformation products (HTIP) that accompany
internal oxidation, excessive retained austenite,
nonmartensitic structures resulting from either a
"slack" quench or a steel with an uncharacteristi
cally low hardenability (extremely fine-grained),
or decarburization. The first action taken must
determine exactly which of the possibilities
caused the soft skin effect.

The Metallography of Decarburization. Decar
burization is classified as either total or partial.
Total decarburization refers to the removal of es
sentially all the carbon from the immediate sur
face; the polished and etched surface micro
structure is ferritic (Fig. 2.11a). It will likely
have a layer of partial decarburization beneath it.
Partial decarburization is any surface carbon loss
that is not sufficient to produce total decar
burization (a condition somewhere between
curves 1 and 2 in Fig. 2.9a). Many consider par
tial decarburization to be that which occurs when
metallography detects HTIP and grain-boundary
ferrite at the surface of the part (Fig. 2.11b). For
such a microstructure, the surface carbon content
would be quite low. With a little more surface
carbon, the microstructure might consist of

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



The surfaces of quenched parts that have suf
fered partial decarburization will likely be
bainitic or even martensitic depending on the al
loy content. A bainitic structure at the surface is
distinct compared to the underlying martensite.
Although in a well tempered structure (dark etch
ing), it might not be too apparent at first sight.
Low- to medium-carbon martensites in a quenched
and tempered surface (through the microscope) ap
pearto be more gray thanthe higher-carbon mate
rial beneath the affected layer.

Any indication that a surface is decarburized
justifies a microhardness traverse being carried
out. Small amounts of decarburization might not
be too obvious, metallographically or in terms of
a microhardness traverse. However, a good dense
martensitic surface layer with free carbides or
fair amounts of retained austenite beneath it is an
indicator of a negative carbon gradient (upper
curve, Fig. 2.12b). It is then necessary to conduct
chemical analysis to confirm any suspicions of
this condition.

Influence on Material Properties

Influence on Hardness. Shallow decarburization,
or a minor reduction of the surface carbon con
tent, does not greatly influence the surface
macrohardness of a case-hardened part. In such

Decarburization / 43

an instance, the hardness could be either in
creased or decreased by some small, and
possibly insignificant, amount. Hardness in
creases are obtained when decarburization is re
sponsible for lowering the retained austenite
content consequently increasing in the
martensite produced; the carbon gradient for this
is similar to the upper curve of Fig. 2.12(b).
Hardness reductions are obtained when low-car
bon martensites or bainites are produced from a
carbon gradient such as Fig. 2.12(a). If the re
duced hardness resembles a "skin" effect, it
might not be detected by macrohardness testing.
Microhardness testing, however, is expected to
determine the presence of such microstructures.
For the relationship between hardness and car
bon content for the different microstructures, see
Fig. 1.18.

With severe decarburization, even if proeutec
toid ferrite is not formed, appreciable amounts of
other low-carbon transformation products occur
at the surface. This presence of decarburization
can be detected by macrohardness testing. How
ever, it should be remembered that surface soft
ness can also be caused by high levels of re
tained austenite or excessive amounts of H1TP
associated with internal oxidation, in which case
it is necessary to utilize metallography to deter
mine the cause. Having said that, for a given
depth of H1TP associated with internal oxida-
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Fig. 2.12 Influence of decarburization on hardness profiles. F, ferrite; B, bainite; M, martensite; A, aus
tenite. (a) Severe decarburization. (b) Slight decarburization. (c) No decarburization
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Influence on Residual Stresses. When a carbu
rized surface without decarburization is
quenched, transformation progresses inward then
outward from the case/core interface (Fig. 2.13).
When a decarburized component is quenched
and some high-temperature transformation prod
uct is formed at the surface, transformation (be
sides progressing inward then outward from the
case/core junction) will take place prematurely at
the surface (Fig. 2.14). The decarburized layer,
in this example, contains almost 50% bainite,
and the volume expansion is less than that of the
underlying martensite. Consequently, when the
whole of the case has eventually transformed, the
surface will be in less compression, or even in
tension, compared with a fully martensitic
microstructure.

An example of the influence of decar
burization on residual stresses within a carbu
rized surface is shown in Fig. 2.15. With no
decarburization present and a surface carbon
content of about 1%, the residual compressive
stresses at the surface are in excess of 392 MPa
(40 kg/mm 2). When sufficient decarburization
occurs to lower the surface carbon content to
0.64% and to penetrate to an estimated depth of
0.3 mm, the residual stresses at the surface are
virtually zero. When decarburization causes the
surface carbon content to fall to 0.35% and the
decarburized layer is about 0.5 mm deep, the re
sidual stresses at the surface are tensile to 226
MPa (23 kg/mm-). Tests on the decarburization
of a 52100 bearing steel (Ref 10) suggest that

626 808
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4
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2 3
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DIlll Carbide ~ Pea~lte
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Development of structure during quench

----- Temperature,·C ----n

tion and the same depth of HTTP due to
decarburization, the effect on other properties
might not be all that different.

Fig. 2.13 Progression of transformation in carburized EN36A (655M13) steel. (a) Transformation occurs first in the
core region before any martensitic transformation in the case region. The final structure in the case is predominantly
martensitic with some retained austenite. Ruling section: 125 mm; heat treatment: oil quenched from 820°C; case car
bon: 0.8% at surface. (b) Carbon and hardness profiles. Source: Ref 13
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surface (Table 2.2). These examples imply that
through hardened high-carbon surfaces are per
haps more sensitive to small amounts of
decarburization than are carburized surfaces.

Influence on Bending Fatigue Strength. A con
sequence of decarburization and of reducing sur
face hardness and developing unfavorable resid
ual stresses is to impair the bending fatigue
strength of the components. Gunnerson (Ref 14),
using rotating bending fatigue specimens, found
that decarburization and heavy internal oxidation
reduced the fatigue limit from -81 to 53 kg/mm-,
Reductions of fatigue limit exceeding 50% were
obtained by decarburizing the surface of a
case-hardened Cr-Mn-TI steel to 41 to 42 HRC
(Fig. 2.16) (Ref 15). Figure 2.16 also shows that
decarburization can nullify the benefits of carbu
rizing by reducing the fatigue limit to approxi
mately that of a core containing approximately
0.19% C with a hardness of 30 HRC. Sagaradze
and Malygina (Ref 9), with a 20Kh2N4A steel,
obtained -50% reduction in bending fatigue by
reducing the surface carbon from about 0.8 to
less than 0.35%; the respective fatigue values
were 784 MPa (80 kg/mm-) and 353 MPa (36
kglmm2) . The corresponding residual stress dis
tributions are presented in Fig. 2.15. Fatigue

662 nl
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~ h- n.lli.

0.5 1.0 1.5
Distance from surface, mm

(a)

Development of structure during quench

----- Temperature, DC ----ll

Final structure at ambient (30 DC)

only small reductions of surface carbon are suffi
cient to produce tensile residual stresses at the

Fig. 2.14 Transformation sequence in decarburized EN34 (665M17) steel. (a) Surface decarburization causes trans
formation to initiate at the surface in addition to at the case/core interface. This effect reduces not only surface hardness
by the presence of bainite, but it also reduces the level of surface residual compressive stress (possibly even into the ten
sile range) by the change in transformation sequence. Predictions are based on the following input data: ruling section,
100 mm; heat treatment, austenitized at 925°C and direct oil quenched from 820 °C; case carbon, 0.8% falling to 0.5%
at the surface. (b) Carbon and hardness profiles. Source: Ref 13
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Core carbon, %

Fig. 2.16 Effect of decarburization on the bending fa
tigue strength of a Cr-Mn-Ti steel of varying core carbon.
Source: Ref 15
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Fig. 2.17 Effect of decarburization in carburized
EN36 0.16% Ni, 0.9% Cr) steelon (a)microhardness and
(b) bending fatigue strength

decarburized surface would be detrimental to the
contact durability of a carburized and hardened
part. In the absence of test data, it is impossible
to determine what would happen if a
decarburized part were to enter service. Natu
rally, it greatly depends on how much rolling and
sliding are involved, what the contact pressure is,
and how severe the decarburization is.

Consider a SAE 8620 part manufactured to
function as a case-hardened part, which has a
decarburized surface carbon content of only
0.45% and a penetration depth corresponding to
maximum shear. Early contact cycles deform the
softer surface layers and thereby quickly contrib
ute to a good load distribution. At the same time,
the soft material work hardens to improve its re
sistance to wear. However, it can only be de
formed so much before it becomes overworked
and the amount of spreading gives rise to ex
treme tensile residual stresses. These stresses oc
cur in a narrow zone somewhere within the
decarburized layer and possibly close to the in
terface with harder underlying carburized mate
rial. The outcome of that circumstance is surface
spalling, which involves flakes of work hardened
surface being detached from the surface. The
time to failure would not be long.

If the amount of decarburization was confined
to the outermost 75 urn, for example, then the
adverse effects of decarburization might not be
great. See the corresponding section in Chapter
1, "Internal Oxidation," with attention to the
work of Sheehan and Howes.
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Fig. 2.15 Effect of decarburization on the residual
stresses developed in carburized and hardened plates.
The carbon content at 0.002 mm was estimated to be 1%
(curve 1),0.64% (curve 2), and 0.35% (curve 3). Source:
Ref 9

tests, using notched test bars that simulated a 13
mm modulus gear (-2 diametrical pitch),
showed that the fatigue limit was reduced by al
most 40% on those samples decarburized to a
depth of 0.22 mm (Fig. 2.17). Kileeva et al. re
ported reductions of fatigue strengths of 19% in
one case and 35% in another case from the decar
burization that occurred during post-carburizing
normalizing or hardening heat treatments (Ref
7). The microstructure of the decarburized layer
has the most influence on the fatigue strength;
the depth of decarburization (within reason) and
the microstructure of the underlying material are
probably not very significant.

Influence on Contact Fatigue. Contact fatigue
resistance is related to the shear strength of the
material; therefore, it would be expected that a
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Influence on Bending and Impact. Decar
burization does not necessarily reduce the static
bending strength of case-hardened surfaces (Ref
9). As Table 2.3 shows, bend strength peaks
when the surface carbon content is 0.6%, despite
the almost zero residual stresses at the surface.
Presumably, this corresponds to the highest car
bon content that produced only martensite.

Influence on Wear. The adhesive and abrasive
wear resistance of a case-hardened surface is ad
versely affected by decarburization to a degree
relating to the surface hardness (see Fig. 1.27).

Control of Decarburization

Severe decarburization of case-hardened parts
occurs only rarely, especially with modem atmo
sphere monitoring systems and when furnaces
can be nitrogen purged at the first signs of trou
ble. Even improvements in health and safety
monitoring mean safer handling ofparts, so there
is less risk of accidents occurring during transfer
of parts from furnace to quench. The risk of en
countering decarburization is further reduced by
having good plant maintenance, good supervi
sion, and sound process control.

The less obvious type of decarburization (i.e.,
caused by too short a diffusion stage or an incor
rect atmosphere adjustment in the boost/diffuse
method) is fairly easy to correct. It is important
to be able to detect that there is a problem.

Table 2.3 Effectof decarburization on the fatigue
and bending strength of case-hardened 20Kh2N4A
steel
Surfacecontent, Fatiguestrell&th Bendstrength
% (atmosphere) (o-I),MPa (0 hend),MPa

Normallzed(a)

1.04 (not normalized) 80 319
0.8 (gas furnace) 81 355
<0.8 (nitrate salt) 77 318
0.6 (chloride bath. 20 min) 60 407
0.35% (chloride bath. 160 min) 39 318

Not normallzed(b)

0.16 45 276
0.51 50 343
0.63 49 412
0.84 57 350
1.05 51 307

(a) Carburized, normalized at 890 °C. high-temperature tempered and
quenched from 800 "C, then tempered to 140 "C. (b) Carburized,
high-temperature tempered. heated in chloride bath for various times
to decarburize, oil quenched at 800 °C, then tempered to 140 °C.
Source: Ref9
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Rectification of components once they are
found to be decarburized depends on a number
of factors. Questions must be asked and an
swered. For example, does the amount of decar
burization measured render the part useless? Is
the item to be stressed to its undecarburized limit
in service, or is there a fair safety margin built
into the design? If the decarburization is shallow,
can it be grit blasted in the critical areas to re
move the affected layer and shot peened to en
sure surface compression? If the decarburization
is deeper than what can be reasonably grit blasted
and shot peened, can the part be recovered by
reclamation heat treatment (Ref 16)? It must be
kept in mind that any reheat treatment could in
duce additional shape and size changes (distor
tions) that on their own could warrant a rejection
of the part.

Each incident of decarburization must be as
sessed on its own; what might work for one part
design might not be applicable to another. The
economics of encountering decarburization is
obviously an important consideration. Whatever
action is taken to recover the situation, the pri
mary consideration should be with respect to the
component and its eventual fitness for service.

Summary

Decarburization can occur when surface car
bon is slightly lower than at depth due to an in
correct diffuse stage of a boost-diffuse carburiza
tion program. Surface carbon is adequate if
acceptable hardness is achieved. This condition
is not serious. When surface carbon is moderate
to very low, decarburization is detectable by
hardness test and by metallographic methods.
This condition is unacceptable, as it may result
in a failure.

• Preprocess considerations: Good mainte
nance of equipment is essential. Decarbu
rization might signify an equipment failure.
Long reheating times in air are not recom
mended.

• In-process considerations: Atmosphere moni
toring system might indicate a problem. Re
heating in air is not recommended.

• Postprocess considerations: Post-process cor
rections depend on the degree of decarbur
ization. For shallow partial decarburization,
consider shot-peening. For deeper total or
partial decarburization, consider restoration
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48 / Carburizing: Microstructures andProperties

carburizing if added distortion can be toler
ated.

• Effecton properties: Significantdecarburization
leads to incorrect surface microstructures and
low hardness values. If surface carbon is
greater than 0.6%, the surface hardness
should be acceptable. If surface carbon is ap
proximately 0.6% or less, all the main proper
ties will be adversely affected, for example,
bending fatigue could be reduced by 50%.

• Standards: ANSJlAGMA 200I-C95: no speci
fication for grade I. For grade 2 and grade 3,
no partial decarburization is apparent in outer
0.13 mm (0.005 in.) at 400>< except in un
ground TOOts. IS06336-5.2: for MQ and ME
grades, the reduction of surface hardness due
to decarburization in the outer OJ mm (0.004
in.) should not exceed 2 HRC on the test bar.
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Chapter 4

Retained Austenite

In steels, austenite is stable at temperatures
above the AC3 and ACcm phase boundaries (see
Fig. 3.2). On cooling from such temperatures, it
becomes unstable and decomposes to some new
constituent depending on the chemical composi
tion of the steel and the rate of cooling. When the
transformation involves diffusion processes (i.e.,
processes to form ferrite, pearlite, or bainite), the
reaction is essentially complete and no austenite
survives. These resulting products are referred to
as high-temperature transformation products be
cause they form at relatively high temperatures.
For example, for low-carbon steels, these trans
formations take place at temperatures between
the AC3 and about 400 °C. Martensite, on the
other hand, is a low-temperature transformation
product. For a typical low-carbon lean-alloy
steel, the martensite transformation range is
from 450 to 200 °C, whereas a high-carbon ma
terial typical of a case-hardened surface has a
martensite transformation range from 200 °C
down to about -100°C. If, on quenching, part
of the martensite transformation range lies be
low the temperature of the quenchant, the trans
formation of austenite to martensite will remain
incomplete; austenite will be retained in the
final microstructure. Figure 4.1 represents a
high-carbon surface where a part of the
martensite transformation range (M, to Mf) lies
below 20°C. Therefore, the presence of retained
austenite is to be expected and indeed is shown
in Fig. 4.1(b). However, small amounts of re
tained austenite have been detected in quenched
steels even when their Mf temperatures are above
ambient (Fig. 4.2). Such austenite tends to reside
at interlath boundaries rather than as volumes
typical of a higher-carbon plate martensite.

Austenite Formation

Austenite Stabilization. Retained austenite can
become stable. If a part with a high-carbon sur
face layer is quenched into a refrigerant (i.e., it is
cooled straight through the M, to Mfrange), vir
tually all the austenite will be transformed to
martensite. Conversely, if a part is quenched to
about room temperature, held there for some
time, and then refrigerated to below the Mf,
some of the austenite will transform isothermally
to martensite and some will survive. This surviv
ing austenite is referred to as thermally stabilized
austenite, and it requires a fair amount of energy
to destabilize it.

Thermal stabilization involves a strain aging
process (Ref 3), where the strain is provided by
the accommodation of the martensite and the
presence of any tensile residual stresses. Stabili
zation requires the presence of interstitial atoms
(e.g., carbon) and sufficient time for these at
oms to segregate to dislocations or to the
martensite embryo/austenite interfaces, thereby
pinning them (Ref 4). Once the segregation and
dislocation pinning have taken place, the aus
tenite is stiffened somewhat, and the growth of
martensite is inhibited. In high-carbon austenite
typical of a carburized surface, interstitial atom
segregation takes place rapidly. Whereas stabili
zation becomes more complete due to an iso
thermal hold, a slow cool through the M, may,
nevertheless, be adequate for some stabilization
to occur. In Fig. 4.1, the most rapid cool pro
duced an austenite content of 50%, whereas a
slower cool produced 60%.

The permanence of stabilization depends on
the extent to which the strain aging process has
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Fig. 4.1 CCl diagram with related hardness and percentage of
microstructural constituents for a 20Ni-Mo-6Cr steel carburized to
1.14% C. Austenitized at 930°C for 30 min. Source: Ref1

This formula is reasonably accurate for steels con
taining up to 0.5% C. In higher carbon contents,
the efficiency of carbon to lower the M, is reduced,
and the correction curves ofFig. 4.3 are required to
obtain a truer M, value. If this complication is ig
nored for the moment, the elements in the formula
do lower the M, according to their quantity in the

more complete degree of stabilization. Refrigera
tion, while transforming some austenite to
martensite, also makes any remaining austenite
more ready to transform into bainite during
low-temperature tempering.

The Relationship between Ms and Retained
Austenite, A consequence of developing a carbon
gradient in the surface of a steel component is
that the M, falls as the carbon content increases.
An indication of the efficiency of carbon to mod
ify the M, can be obtained from several sources,
but here the Steven and Haynes formula (Ref 5),
which determines the M, from the chemical
composition of a steel, will be used:

M, (0C) = 561 - 474C - 33Mn - 17Ni
-17Cr-21Mo

been allowed to proceed and on what subsequent
thermal (heating or cooling) or mechanical ac
tions are brought to bear. The clusters of intersti
tial atoms can either be dispersed or encouraged
to precipitate (overaging).

Mechanical working can cause some desta
bilization by inducing further transformation to
martensite, and tempering at temperatures above
about 150°C can also destabilize austenite by
transforming it to bainite. Room temperature ag
ing and tempering below about 150°C favors a

O~_~~~~~~~o 0.2 0.6
Carbon, %

Fig. 4.2 Influence of carbon content on retained aus
tenite content. Source: Ref2

20'---------------~
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Retained Austenite / 79

Fig. 4.3 Correction curves for use with the Steven and
Haynes formula with author's modifications to original
curves shown by dashed lines. When carbon content is
less than 0.9%, an 830°C soak of over 2 h should pro
duce a fully austenitic structure. Source: Ref 5

steelandthe respective factor. Forexample, thefac
tor for carbon is 474; therefore, a 0.1% C increase
lowers the M, by 47°C (progressively less as the
carbonlevelincreases above0.5%).Foralloying el
ements to havethe sameeffectrequires an increase
of 1.5%Mn,nearly3%Nior Cr,or slightly over2%
Mo. 'Therefore, carbon up to about 1% is much
more influential for lowering the M, through the
case than otheralloying elementstypical of thecar
burizing gradesof steel. Figure4.4 showstheeffect
of carbonfor a carburized 3%Ni-Crsteelwheretwo
quenching temperatures are considered.

The Mf temperature, at which the martensite
reaction ceases, lies approximately215°C below
the M, (Ref 5). However, the amount of transfor
mation between M, and Mf is not linear, and
about 90% of the austenite to martensite trans
formation takes place during the ftrst 110 °C be
low the Ms. Nevertheless, at high carbon levels
and assuming that the differencebetween M, and
Mf remains essentially constant, incomplete
transformation results when some part of the
transformation range lies below the temperature
of the quenchant. The amount of transformation
or, alternatively, the volume of untransformed

500 Base steel com sition, %
C Mn Ni Cr

Min 0.12 0.30 3.0 0.60
Max 0.18 0.60 3.75 1.10
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Thus, methods are available whereby the M,
can be determined from chemical composition
and the quantity of untransformed austenite may
be approximatedfrom the Ms.Together they pro
vide the ability to estimate the retained austenite
content from chemical composition. This estima
tion permits the assessment, in terms of retained
austenite, of actual and hypothetical steels when
subjected to different quenching situations. The
approach has been tested against experimentally
obtained and published data, which show that
90% of the calculated points fall within ±6% of
the measured austenite values and that 80% fall
within ±5% (Fig. 4.6). Figure 4.7 further demon
strates how much the retained austenite might
vary within one specifted composition range and
just how significant is the quenching temperature.

An appraisal of the several empirical formulas
for determining M, showed the Steven and
Haynes formula to be the most accurate (Ref 7).

Fig. 4.4 Effect of carbon on the M s temperature. Calcu
lated for the upper and lower extremes of the com
posional specification for a carburizing steel at two
quenching temperatures

austenite (Vy) is therefore related to both the M,
and the quenchant temperature (Tq). This rela
tionship, deftned by Koistinen and Marburger
(Ref 6), is shown in Fig. 4.5:
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Austenite Layering. In case-hardened surfaces
containing retained austenite, the quantity of re
tained austenite is often lower at the surface than
at some greater depth beneath the surface. Figure
4.8 shows that the calculated austenite contents
agree with those measured away from the sur
face. The lower surface austenite content is gen
erally attributed to either changes in the surface
chemistry, caused by decarburization or internal

oxidation (Ref 8), or to a reduced matrix carbon
content brought about by the precipitation of car
bides (Ref 9). However, even when there is ap
parently neither a reduction of surface carbon
nor of free carbides at or near the surface, the
surface retained austenite content may still be
lower than at some small distance below the sur
face. Plastic deformation of the surface during
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prior machining may be influential, although a
more likely explanation relates to macrostraining
during the transformation stage and/or, perhaps,
a degree of austenite stabilization.

Macrostraining can occur during cooling from
the austenitic condition. During the quench of a
carburized part, transformation takes place in
the low-carbon core material while the high
carbon surface is still austenitic. Therefore, at
temperatures approximating M, for the surface
material, tensile residual stresses develop in
the still austenitic surface; the greatest amount of
tension is at the surface. At about the M, of the
surface, plastic deformation can take place at
stresses well below the yield stress of the core
material, and the martensite reaction can be
stimulated. For example, Ankara and West (Ref
10), using a homogeneous 4%Ni-Cr steel,
showed that, with free coaling between the
M, and (M, - 2 "C), 7% martensite transformed
from the austenite. When stresses of 70, 140,
and 1035 MPa (10, 20, and 150 ksi) were ap
plied, the amount of martensite produced in
creased to 10, 20, and 40%, respectively. There
fore, tensile residual stresses developed at the
surface of a case-hardened part near the M,
could lead to more austenite being transformed
than a little deeper in the case where the tensile
stresses are lower. At still lower temperatures be
low the Ms, after a fair amount of martensite
transformation occurs and the surface residual

1.0 f---t---+--+-:-+dl---A----4

0.9 t----t----+---*~C1--

eft 0.8 ~--+--A~~:y.fIlJ-----l---+
c:oe
Cll

o 0.7 t---t-lN'~--Itl~f---+----l---4

0.6 f---t---NId-J'------+----l---4

+. x Observed
o Calculated values

stresses have reversed and become compressive,
further martensite transformation is inhibited.
The remaining austenite is protected to some
extent by the presence of compressive residual
stresses.

The potential contribution of thermal stabiliza
tion to austenite layering is implied in Fig. 4.1.
The steel has a fixed carbon content and, there
fore, a fixed M, to Mf range, and yet the amount
of retained austenite varies (e.g., 50 to 60%). The
major difference between samples producing 50
and 60% is the rate at which they cooled; a
slower rate, in this instance, gives the higher re
tained austenite value.

This layering aspect of austenite is discussed
because it occurs in case-hardened surfaces,
though perhaps not in every instance; and it
could have a bearing on both crack initiation and
crack propagation under load.

Austenite in the Microstructure

In microscopic examination of as-quenched
carburized surfaces, retained austenite is a white
etching constituent, as are any free carbides, and
even martensite is a light etching. Consequently,
differentiation of these structural features can
be difficult without special etchants. Fortu
nately, tempering, which is applied to most
case-hardened parts, causes fine carbides to pre
cipitate within the martensite enabling it to etch
more rapidly. Thereby, a much greater contrast
'between the austenite, which remains white etch
ing, and the martensite is produced (Fig. 4.9).
Usually the dark etching martensite makes it eas
ier to see any carbides, especially the network
carbides.

The white etching austenite volumes are angu
lar; their shape is determined by the plates of
martensite that subdivide each austenite grain.
The size, or coarseness; of austenite volume re
lates to the prior austenite grain size and the
amount of austenite in the structure, which in
tum are mainly determined by the carbon con
tent, the alloying element content, and the
quenching temperature.

5040302010
0.5 L-_---'-U---_-'-__...L-_---'__-'-

o
Austenite. %

Fig. 4.8 Relationship between percentagesof carbon
and austenite for carburized components where mea
surements of each were made at the surface and at a
depth of 0.375 to 0.5 mm (0.015 to 0.020 in.) from the
surface. Calculated values are also shown.

Effect on Material Properties

Influence on Hardness. Retained austenite is
relatively soft, although it is saturated with car
bon. Its coexistence with hard martensite reduces
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00 ~

Fig. 4.9 Retained austenite (white) and martensite in the surfaces of carburized and hardened Ni-Cr steel test pieces.
(a) -40% austenite. (b) -15% austenite. Both 550 x

4.11a), the approximate carbon level needed for
austenite to influence the hardness of an
as-quenched steel can be determined. The first
deviation from an essentially straight line (at
-0.35 to 0.4% C) indicates where retained aus
tenite begins to affect hardness. For direct
quenching, the maximum hardness (800 to 880
HV) of the martensite/austenite mix is attained at
between 0.6 and 0.75% C, depending on the steel
grade. However, the potential hardness is higher
still, though probably at around 0.75% C. At yet
higher carbon levels, austenite has a marked ef
fect on hardness, especially with direct quench
ing, as is shown by the sharp decline of hardness
(Fig. 4.11).

Influence on Tensile Properties. The room tem
perature tensile strength and the yield strength in
tension decrease as the retained austenite content
increases (Table 4.1, Fig. 4.12). However, high
levels of strain can induce some austenite to
martensite transformation, and the amount of
austenite reduction due to 1% strain was ob
served to be -7.5 to 10% (Ref 14). Strain in
duced transformation raises the mean compres
sive stress, and the martensite produced is more
ductile than that from thermally induced trans
formation (Ref 13). Conversely, Yen et al. (Ref
15) claim that strain induced martensites in
crease brittleness, and Franklin et al. (Ref 16)
provide a reminder that it is untempered, highly
strained, and potentially harmful.

Influence on Residual Stresses. The failure of
any austenite to transform during quenching
means that the volume expansion that should
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......... It:~~
..........

"~<,
- ...........

~~<,r-Lower band---,3.5% Ni
steel (martensite + austenite) N t..:0

<,

900

800

200

100
o 10 20 30 40 50 60 70 80 90 100

Retained austenite, %

Fig. 4.10 Influence of retained austenite on the sur
face hardness of carburized alloy steels. Reheat
quenched and tempered at 150 to 185°C
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the overall macrohardness of a structure to below
that of a structure containing only martensite and
related to the proportions of the two constituents
(Fig. 4.10). Figure 4.10 shows carburized, hard
ened, and tempered production samples, made
from nickel-chromium steels with surface carbon
contents of about 0.8%. With a wider coverage
of steels and conditions, however, it would not be
unusual to obtain hardness values above the up
per limit of the band as shown.

Austenite is retained in small amounts at quite
low carbon levels (see Fig. 4.2), and as the car
bon content increases so too does the retained
austenite content, everything else being equal.
By relating the hardness to carbon content (Fig.
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Fig. 4.11 Hardnesslcarbon relationship for untempered martensite in four
case-hardened steels. Source: Ref 11

have accompanied the austenite to martensite
reaction did not take place. Therefore, in carbu
rized and hardened surfaces, the development of
residual stresses is in some way related to the
amount of austenite not transformed. Koistinen
(Ref 17) made this point and states that both the
distribution and magnitude of the residual

stresses are determined by the extent and
sequence of the martensite transformation. Max
imum compression, therefore, occurs at some
distance from the surface where the proportion
of martensite to austenite is very high, but lower
values of residual compression occur at the sur
face when the proportion of martensite to aus-

Table 4.1 Tensile test results on through carburized, hardened, and180 O( tempered 4320 steel
Offset yield strength, MPa (ksi)

Condition Retained austenite, %

4320 (core)
Carburized 32.6
Liquid nitrogen quench 15.0

796 (115.5)
604(87.6)

(a)

Ultimate teIBiIe streDgth,
0.02% 0.01% 0.001% MPa(ksl)

523 (75.8) 473 (68.6) 366 (53.0)
522 (75.6) 456 (66.2) 435 (63.0) 1304 (189.1)

1293 (187.5) 1085 (157.4) 577 (83.7) 1503 (218.0)

Carbon content. 1.1%. (a) Strain, <0.002. Source: Ref 12
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Retained austenite. %

Fig. 4.12 Dependence of stress for first detectable
plastic strain (-0.0001) on retained austenite content.
QQ. oil quenched; T, tempered; AQ, air quenched.
Source: Ref 13

tenite is low (Fig. 4.13). In Fig. 4.l3(b), the peak
compression coincides with a carbon content of
-0.55%. However, Salonen (Ref 18) determined
a value of 0.6% C at peak compression, whereas
others (Ref 19) agreed with Koistinen.

The magnitude of the residual stresses and the
residual stress distribution are influenced by
chemical composition (including carbon content)
and quenching method (including cooling rate).
In Fig. 4.14, two steels are compared. One steel
has a martensite/austenite outer case, and the
other steel also contains some bainite.

Influence on Fatigue Resistance. Fatigue crack
initiation and early propagation at and in a
case-hardened surface are strongly influenced by
the inherent strength of the material and the pre
vailing residual stresses. High values of com
pressive residual stresses are favored to negate
applied tensile stresses. The presence of retained
austenite, however, reduces both the strength (as
implied by hardness) and the compressive resid
ual stresses. Therefore, it would be expected to
lower the fatigue resistance to a degree depend
ent on the relative proportions of martensite and
retained austenite. This tendency is established
by Wiegand and Tolasch (Ref 21), who state that
the bending fatigue limit of unnotched
case-hardened test pieces decreases as hardness
falls below about 680 HV. With notched sam
ples, the fatigue limit progressively falls as the
hardness decreases (Fig. 4.15). In terms of actual
austenite contents, Razim (Ref 22) obtained a
25% reduction of bending fatigue strength from
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specimens with a surface austenite content of
80%, and Brugger (Ref 23) observed that, when
the austenite contents of a case-hardened
15Cr-16Ni steel were 40 and 20%, the bending
fatigue limits were respectively 16 and 4% below
the essentially austenite-free condition. Pacheco

600

150
50 6040302010

\

\
\

\
\

o4076oo&T \
I- A4098AQ&T

04012600 & T \f- • 40126 00 +
liquid nitrogen & T \.4012600

I I I20
o

30

80

g,j 70

~
CD 60
iii

I 50
~
"iii
<:
{!!. 40

90

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



Retained Austenite / 85

I +
50HRC

V
L.-----,V /-

SAE4140

I I
0 0 5 45 -100
I I I I I

88 78 80 45 0
I I I I I I

12 22 15 10 0

Microconstituent content, vol%

Distance from surface, mm

1412100806

Distance from surface, mm

04

47 80 90 100
I I I I

47 20 10 0
I I I I

6 0 0 0

Microconstituent content, vol%

02

1+
50~RC

[....---I--
1/

/
II

!\ J
SAE 1526

V
I I

o
o

-250
Bainite 32 22 20

I I I

-50

III
0.
::!:

-100gf

~
iii -150~

'C
'0;
Ql
II:

-200

Martensite 60 70 72
LI--..I.I_LI-l._.l.---l...---lL-.l.--l.---lL-...l.---l_J--l.---l

Austenite 8 8 8

121.0080.60.40.2o
o

-100

-400

-500
Bainite

I

Austenite

Martensite
I

(a) (b)

Fig. 4.14 Residual stress distributions in two oil-hardened carburized gears. Source: Ref 20

Bml Through-hardeningand tool steels
125011ll1l Throu~h hardened steels-notched

120 Case- ardened steels-notched

'"
&iii Case-hardening steels

E 1000 Ol~OlE
~ :2.£0,

~ ~~ 80 .,£
750 .cOl.c£

g>~g>g>
~~ ~(;)
1Il- e: .,e: III 500 ~ ~
~ Ql 2.Q)
.l!l~ <i:]!
<i:j'

250

0 0
100 300 500 700 900 1100

Hardness, HV5

120
Testpiece diameter 12 mm

1000or Constant torque III
OlE OlD.

=5~
.£: :2
"g.c-

e:~ 80 750 .,-
~.c .cOl

.~~
g>~

1U~
~1i)

500 e: .,
e:- ~ ~~ III

~g~~ 40
«Ol «$

~ 250

0 0
0 1000

Hardness,HV5
Fig. 4.15 Rotating beam fatigue strength of case-hardening, through- hard
ening, and tool steels as a function of surface hardness. Source: Ref 21

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



86 / Carburizing: Microstructures and Properties

o

440 MPa
(45 kglmm2)

605 MPa (62 kglmm2)
o 0

30 40 50 60 70

Retained austenite.%

Fig. 4.17 Effect of retainedausteniteon the impact-fatigue
resistance of a 1.45C-ll.5Cr steel.Source:Ref26

145

261 .,
• Plasmacarburizing i

o
• Gas carburizing '5105

232 lii
.Q

E
:::l
C

~ 0 0
'iii c

203 "": J!!

~
.~ 104
l!!

Q) Q)

:::l :::l

.2l ..g»
1ii S

174 u;
~
Co

.§ 103

0 10 20

ASTM grain size1000

1600

1800 ~----'T---r---.....-----,

8!.
:::ii 1400

l
Q)
:::l

~
If 1200

Retainedaustenite.%

Fig. 4.16 Fatigue limits of plasma and gas-carburized
specimens as a function of retained austenite content.

and Krauss (Ref 24) confirmed that not only
should the austenite be minimal but it should be
tine and evenly distributed (Fig. 4.16). It is,
therefore, generally accepted that retained aus
tenite is detrimental to the bending fatigue limit
(low-stress, high-cycle fatigue) and probably
also to the torsional fatigue limit.

At high applied stress levels (high in the finite
life part of the S-N curve), on the other hand, it is
possible that retained austenite is beneficial by
slowing down the crack growth rate. The rate of
crack growth slows when the strain ahead of a
crack tip (propagating in an austenite containing
surface) induces the austenite to martensite reac
tion, thereby raising the strength and increasing
the compressive residual stresses (Ref 25).

At relatively low stresses close to the fatigue
limit, there is insufficient strain to induce the
austenite to martensite transformation. It is only
high applied cyclic stresses that bring about that
transformation, which equates to fatigue lives of
less than about 1 x 1()4 load cycles. These points
appear to be confirmed by Kozyrev and Toporov
(Ref 26), who isolated the effect of austenite on
the impact fatigue resistance using a high-carbon
12% Cr alloy steel. The quenching temperature
was varied to produce different austenite con
tents without influencing the grain size. They es
tablished that at high levels of applied stress the
impact fatigue resistance increases with increas-

104
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Fig. 4.18 5-N curves for case-hardened 9310 steel
(untemperedl. Source: Ref 27

AISI E 9310 carburized
and quenchedfrom 843°C

in oil at 60°C

ing austenite content. At intermediate stress lev
els, the austenite content has no effect. At low
values of stress, an increased austenite lowers the
fatigue resistance (Fig. 4.17).

The results of Panhans and Foumelle (Ref 27)
do not altogether agree with the findings of
Kozyrev and Toporov. Whereas Panhans and
Foumelle (Ref 27) did find austenite to be bene
ficial at less than 1 x 1()4cycles, they also found
it to be beneficial at more than 1 x 1()6 cycles
and marginally inferior between the two (Fig.
4.18). This contradiction is difficult to explain on
the basis of either plastic deformation of the aus
tenite or the formation of strain-induced
martensite. Brugger (Ref 23) did not find austen-

403020
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ite to be beneficial at any stress level, nor did
Pacheco and Krauss (Ref 24).

To confuse the issue a little more, Szpunar and
Bielanik (Ref 8), studying the crack propagation
characteristics of case-hardened steels, report
that the two steels studied had different crack
propagation behaviors. Steel 20HNMh (SAE
8620) exhibited a maximum crack propagation
rate when the retained austenite content was
23%, after which the crack propagation rate de
clined (Fig. 4.19a). Figure 4.19(a) indicates that
over 40% retained austenite appeared to be effec
tive in dulling the crack or even preventing its
growth. The 18HGT (Mn-lCr-Ti) steel, on the
other hand, showed little change of the crack
propagation rate for retained austenite contents
up to about 30% (Fig. 4.19b). Above about 30%,
the behavior depended on which of the three load
amplitudes was used. At a higher load amplitude,
the crack propagation rate increased with in
creasing austenite content. Whereas at a lower
load amplitude, the crack growth rate decreased
as the austenite increased with no growth when
the austenite content was about 80%. Therefore,
the energy absorbed to induce the austenite to
martensite reaction could not be available for
crack propagation.

Influence on Contact Fatigue. In bending fa
tigue situations, any benefits of retained austen
ite appear because of the austenite-martensite re
action. However, in rolling contact situations, the
cold working property of the material is more
likely to be important, that is, its ability to plas-
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tically deform under rolling contact pressures. In
rolling contact disc tests, normally the more
highly loaded surfaces have longer lives than
those tested at intermediate load levels. This re
sult means that the plotted test data have a ''C''
shape rather than the more familiar S-N plot
(Fig. 4.20). The effect has been observed in
case-hardened steels with and without retained
austenite and in high-strength nitrided steels with
no retained austenite. Having said that, an aus
tenite containing case-hardened surface deforms
more readily than a wholly martensitic surface or
a martensite/bainite surface, thereby contributing
more toward improved durability at higher stress
levels.

Regarding the influence of contact stressing on
surface hardness, case-hardened surfaces with up
to about 20% retained austenite and tempered at
less than 150°C harden by rolling contact in a
range of 85 to 120 HV, whereas those surfaces
tempered at 150 to 250°C harden by only -35
HV. Razim (Ref 28) noted that in surfaces con
taining -50% austenite hardness increases, in
general, from 500 to 1000 HV due to rolling,
whereas surfaces containing no austenite are
hardly, if at all, affected. The increased hardness
in this case is primarily the result of working;
both slip lines and induced carbide precipitation
were observed. These data provide a rule of
thumb measurement of the effect of austenite
content (in case-hardened surfaces) on the hard
ness increases caused by fairly heavy rolling
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Fig. 4.19 Average propagation rate of fatigue cracks in carburized casesof (a) 20 HNMh and (b) 18 HGT
steel depending on percentage of retained austenite and on load amplitude. Source: Ref 8
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60

containing surfaces are superior to those contain
ing only small amounts. Diament also showed
that as the contact fatigue tests progress the re
tained austenite content within the case was al
tered and the residual stress distribution was
modified.

Vinokur (Ref 31, 32) examined the effect of
quenching a 0.96% C alloy steel from tempera
tures within the range 730 to 930°C (in 20°C
increments) and found that as the quenching
temperature increases, the amount of carbide in
the final microstructure decreases, and the re
tained austenite content increases. The best con
tact fatigue resistance is achieved by quenching
from the ACm (810 °C for the steel in test), fol
lowed by tempering at 150°C for 2 h (Fig. 4.22).
The maximum resistance to contact fatigue re
lates not only to the austenite content but also to
the amount of martensite (65 to 70%) and the
near absence of carbides in the structure (matrix
carbon 0.8%). The retained austenite was 32%
before testing and -24% after testing, and the
optimum structure for fatigue resistance more or
less coincided with the initial peak hardness.

The surface residual stresses developed during
case hardening can play a part in the contact fa
tigue life of a component. Barczy and Takacs
(Ref 33), after quenching carburized planet pins
into a hot quenchant, found a sharp tensile peak
residual stress 0.2 mm beneath the surface, and
this near-surface stress peak was responsible
for surface spalling after a very short life. By
raising the surface carbon content and the aus
tenite content (15%), the tensile stress peak400
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Fi~. 4.21 Effectof austenite on the pitting resistanceof
caiburized gears. Taken at 107 cycles, which approxi
mates to the "knee" of the S-N curve. Source: Ref 28
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contact (i.e., for each 20% austenite, the hard
ness increases by about 130 HV).

The contact fatigue tests carried out by Razim
(Ref 28) showed that the surface fatigue resis
tance increased as the retained austenite content
increased (up to about 55%). Further, in compar
ison with other microstructures likely to be de
veloped during case hardening (e.g., carbides),
those containing austenite gave the most favor
able results (Fig. 4.21) at all stress levels. The
whole of the fatigue curve was raised as austen
ite increases. Balter and Throvskii (Ref 29) and
Diament et al. (Ref 30) agreed that high austenite

Loadcycles

Fig. 4.20 Rolling contact fatigue plots for carburized
and hardened 3Ni-Cr steel discs. SH = (Ibfin. of face
width}f{relative radius of curvature)
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Table4.2 Effectof quenching temperature on bend and impact strength of case·hardened 15Cr-6Ni steel
QueD<h temperature, ·C Bend strength, MPa Impact strength, MPa Impact fatigue strength, MPa

900
860
820
790

40
20
o
o

57
59
61
61

1500
1420
1390
1250

2500
2500
2500
2800

670
770
790
800

Source: Ref23

Retainedaustenite, %

Fig. 4.23 Effect of increasing retained austenite on
crack initiation strength. Source: Ref 35

austenite (and nickel content) increases, the ini
tial crack strength also increases (Fig. 4.24). The
bend and impact test results for direct quenched
specimens are shown in Fig. 4.25. The results for
the double quenched condition (with a finer
grain size) generally produced even better val
ues, particularly when the nickel content ex
ceeded about 2 to 3%. Tempering was especially
beneficial with respect to the bending strength.

In terms of fracture toughness tests (Ref 37),
the KIc value, which decreases with increasing
carbon content, tends to increase with nickel
content and with retained austenite content (Fig.
4.26). Here, the critical crack size increases with
the nickel content. Consequently, a steel with
more than 3% Ni is regarded as having a high
initial crack resistance, in keeping with Ref 36.

Influence on Wear Resistance. For straightfor
ward abrasive wear situations, a high surface
hardness is the main property requirement. This
surface hardness entails developing a surface
microstructure of high-carbon martensite with,
perhaps, some spheroidized carbides and mini
mum retained austenite. The influence of re
tained austenite on the adhesive wear of
case-hardened surfaces is complicated by the re-

10080604020

._~

.~

~
~~
~~

- 20NiCrMo6 ~•••• 15CrNi6
I- ....... 16MnCr5

- 20MoCr4
I I500

o

2000

1000

1500

~ 2500
c:e
tl
c:
o
~
:-s
-'"

~o

3500

3000

shifted to 0.4 mrn below the surface, and the ser
vice life improved. Further increase of the car
bon content raised the austenite content to 30%
and flattened the residual stress distribution to
virtually zero. The outcome was that the service
life was appreciably improved. In this instance,
compressive residual stresses resulting from heat
treatment did not help, and the adverse effect
of the sharp tensile peak dominated events.
Compressive residual stresses, whether caused
by heat treatment or plastic deformation and
strain-induced martensite, are thought to be ben
eficial because they can "squeeze" a crack,
which increases the crack-face friction that, in
tum, slows down the crack propagation rate
(Ref 34).

It seems, therefore, that retained austenite is
beneficial under rolling and rolling with sliding
conditions, assuming the contacting surfaces re
main reasonably separated throughout the work
ing temperature range by adequate lubrication.

Influence on Bending and Impact Fracture
Strength. Whereas Brugger's fatigue tests (Ref
23) found no merit in having retained austenite
in the carburized case, the accompanying bend
tests showed that samples with the highest aus
tenite content produced better results (Table 4.2).
This result might be a reflection on the ability of
austenite to yield at high surface stresses caused
by bending. In these tests, however, the different
austenite contents were achieved by using differ
ent quenching temperatures. As a consequence,
the results might be influenced more by the con
dition of the material at the core rather than by
the presence of austenite at the surface. The im
pact strength did not seem to be affected by the
presence of surface retained austenite, which is
in agreement with other works (Ref 19).

Razim considered that case toughness is indi
cated by the initial crack strength of notched test
pieces (Ref 35) and showed that as the retained
austenite (and carbon content) increased, the ini
tial crack strength decreased (Fig. 4.23). On the
other hand, Thoden and Grosch (Ref 36), work
ing with samples carburized to a surface carbon
content of 0.65%, showed that as the retained
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erated by plastic deformation and friction en
courages carbide precipitation (primarily from
within the martensite) and softening, which can
reduce wear resistance. Heat generated at a
working surface can also impair the efficiency of
the lubricant, favoring the adhesive wear process.

Surface roughness is regarded as detrimental
to the efficiency of the lubricant, because surface
asperities can penetrate the lubricant film and

5

16Ni18

4

3000 Direct quench 925°C in oil
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o • Eht = 1.0 mm
t l Tempered
L As-quenched

I
"'"
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6>
c:
'6
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Ol
III

spective instabilities of austenite and martensite
in the microstructure.

Under contact loading, which may involve
both rolling and sliding, austenite can be plastic
ally deformed and strengthened, resulting in a
greater resistance to wear. Conversely, heat gen-

(8) (b)

Fig. 4.25 Bending (a) and impact (b) strengths of four carburized and direct quenched steels. Source: Ref 36
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Table 4.3 Effect of retainedausteniteon the scuffing tendencyofsteel
Steel Retained austenite, % Ratl!ll!(a) AGMA2001-C95welding factor, Xw

Stainlesssteel 100 0.32
Case-hardenednickel steel >20 0.80
Through-hardenedsteel and -20 1.00

case-hardenedchromiumsteel
Case-hardenednickelor chromiumsteel <20 1.20

0.45
0.85 (>30%1r)

1.00(20-30% 1r)

1.15

(a) The higher the rating is, thegreater thescuffingresistancewill be. Source:Ref 38

make contact with similar asperities on the mat
ing surface. The removal of surface asperities
caused by wear or deformation (probably as
sisted by the presence of retained austenite),
therefore, is considered to be a favorable if not
crucial happening. It redistributes the load and
reduces the frictional effects, provided reason
able lubrication is maintained. Further, with the
surface asperities removed, the local contact
pressure peaks within the mating surfaces are
also removed as well as the risk of microflaking.
There are instances, however, where highly pol
ished surfaces can be difficult to lubricate, and a
loss of lubricant in such circumstances could
lead to adhesive wear.

In their approach to predicting the scuffing
tendencies of gears, Niemann and Seitzinger
(Ref 38) introduce an Xw factor to account for
the potential adverse influence of austenite
(Table 4.3). However, the low Xw factor given
to stainless steel and attributed to 100% aus
tenite may, in fact, be caused by the nickel con
tent and the absence of carbide precipitates, as
shown in Fig. 4.27 (Ref 39). Roberts (Ref 40)
points out that both the nickel and the chro
mium austenitic stainless steels are notoriously
difficult to lubricate. Roberts (Ref 40) goes on
to assert that there is no direct relationship be-

tween scuffing resistance and retained austenite
content.

Grew and Cameron (Ref 41) suggest that aus
tenite has a lower affinity than martensite for the
surface-active compounds contained in lubricat
ing oils; therefore, it will be more difficult to lu
bricate. In their tests, which relate the coefficient
of friction to the frictional temperature, a carbu
rized and hardened 4%Ni-Cr-Mo steel with 5%
retained austenite remained fairly stable,
whereas with 25% austenite some instability oc
curred at 150°C. Following a 180°C temper, the
instability of the surface originally containing
25% austenite did not occur until a 180°C fric
tion temperature was reached (Fig. 4.28). The
observed instabilities relate to the addition of
surface active compounds, and yet, coincidence
or not, the observed instabilities seem to relate to
the already known thermal instability of austen
ite. The second stage of tempering commences at
about 150°C, and for an already tempered sur
face, the second stage of tempering recom
mences at temperatures above the original tem
pering temperature. As a reminder, the second
stage of tempering involves the transformation of
retained austenite to bainite (ferrite with carbide
precipitates).

10
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Fig. 4.27 Effect of alloy content in Fe-' %C materials
on the critical temperature ofa mineral oil. Data in paren
theses indicate percentage retained austenite content.
Source: Ref 39
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Fig. 4.26 Effect of carbon and nickel contents on frac
ture toughness. Source: Ref 37
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Laboratory tests to determine the effect of
austenite on scoring resistance of case-hardened
surfaces give conflicting information. For ex
ample, Kozlovskii et al., using a low- to me
dium-speed roller test, concluded that a high re
tained austenite content increases the scoring
resistance by virtue of the high capacity of aus
tenite to work harden. On the other hand, hard
low-ductility surfaces containing only small
amounts of retained austenite are more likely to
suffer scoring damage at lower pressures (Fig.
4.29) (Ref 42). Supporting that view to some
extent, Manevskii and Sokolov produced results
from case-hardened and carbonitrided test
pieces suggesting that the hardness for best sei
zure resistance is approximately 580 to 600 HV;
harder surfaces tended to score at lower pres
sures (Ref 43). Terauchi and Takehara stated
that with surfaces of less than 500 HV, the sur
face hardness increases with repeated rolling,
whereas with martensite- only microstructures,
the hardness diminishes during testing if it
changes at all (Ref 44). They concluded, how
ever, that martensitic surfaces have the highest
scoring resistance, and that the scoring resis
tance decreases as the austenite content in-

creases (Fig. 4.30). It was observed that when
there are small quantities of retained austenite
in the microstructure, initial seizure occurs by
shearing at an austenite volume and spreads
from there as the load increases. When the sur
face has a high retained austenite content, the
surface plastically deforms to spread the load;
destructive seizure, when it occurs, then takes
place across the whole contact area, that is,
there is no initial seizure point.

Retained austenite and its contribution to the
adhesive wear process could relate to how the
mating surfaces are "run-in" and to the response
of the material to the running-in process. For
example, experience with aluminum bronzes
for worm-wheel applications indicated that a
material initially in a soft condition work hard
ened during roll/slide tests to a final hardness
level without any signs of scuffing. For such a
condition, the load carrying capacity was good.
On the other hand, when material was made
with an initial hardness equal to the final hard
ness of the softer alloy, scuffing readily oc
curred without their being much in the way of
work hardening. If the same trend applies to
the scuffing behavior of case-hardened sur-
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faces, then just sufficient retained austenite to
assist the running-in process would seem to be
in order. The question then is, what is "just suf
ficient"?

Control of Retained Austenite

The retained austenite content at the surface of
a carburized steel is influenced by the alloy con
tent of the steel, the surface carbon content, and
the quenching temperature, all of which deter
mine the Ms. The temperature of the quenchant
also contributes to the as-quenched retained aus
tenite content. Primary control, therefore, must
be by manipulation of these variables.

Considerations Regarding Properties. Whereas
certain standards quote maximum retained aus
tenite contents, there is some latitude for the
manufacturer to adjust the amount within those
limits (i.e., 0 to 35% American Gear Manufac
turers Association). Before deciding on the sur
face carbon content and the quenching tempera
ture for a chosen steel grade, it is necessary to
establish what level of retained austenite can be
tolerated. Making these decisions requires some
knowledge of how the component functions and
how it will be loaded in service. In dealing with
gears, each type of loading, or action, must be
considered. For example, if the safety factor for
tooth bending is small compared to surface pit-

ting, the austenite content should be kept to a
minimum (preferably without refrigeration). If
the converse applies, then a retained austenite
content approaching 35% is more appropriate. If
occasional tooth bending overloads are expected,
then to deter initial cracking it might be prudent
to aim for an austenite content of about 25%. Ifa
life of less than I x IQ4 cycles at high loads is re
quired, then much higher austenite contents can
be considered. If, on the other hand, adhesive
wear (scoring, scuffing) is the more likely failure
mode, then it is necessary to lower the austenite
content.

Heat Treating. It should be apparent that no
single value for retained austenite content will
satisfy all requirements of a gear tooth. The
foregoing discussion is very nice in theory, but
in practical terms it is not altogether realistic. If
a designer had the time to determine the best
austenite content for a particular gear, could the
heat treater comply? In commercial heat treat
ment, the best an operator can do, given a steel
grade and quenching method, is adjust the sur
face carbon content to obtain a retained austen
ite content within the recommendation of the
standard.

Post case-hardening refrigeration is an effec
tive means of reducing retained austenite, but it
can have drawbacks in its influence on material
properties. Therefore, carburizing and hardening
processes should avoid the formation of exces
sive amounts of austenite in the first place. If a
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subzero treatment is unavoidable, then a shallow
rather than a deep freeze should be considered,
as too should both prior and post tempering op
erations. The subject of refrigeration is covered
in more depth in Chapter 7, "Postcarburizing
Thermal Treatments."

Surface Working. The properties of surfaces
containing retained austenite can be favorably
modified by mechanical methods that induce
plastic deformation, such as shot peening or
surface rolling. Retained austenite, being rel
atively soft, is work hardened by these pro
cesses with the added benefit that the surface
residual stresses are made more compressive.
It is important, however, that the balancing
tensile residual stresses do not peak just be
neath the worked layer. Correctly executed
surface working is capable of not only over
coming any adverse effects 'of retained aus
tenite but also of raising the fatigue strength
of the part to well above that obtained solely
by thermal means.

Summary

Retained austenite is more or less unavoidable
in quenched carburized steels. The amount of re
tained austenite is determined by the carbon con
tent, quenching, and quenchant temperatures.
For most applications some retained austenite is
acceptable; if in excess, it can lead to grinding
problems.

• Preprocess considerations: It is normal to se
lect steel for a component based on size and
eventual duty. Therefore, the possibility of
producing high retained austenite contents at
the surface can be anticipated.

• In-process considerations: Carbon-potential
control and quenching methods are means of
controlling the austenite content. Generally,
lean grades of steel are direct quenched, and
the more highly alloyed grades are reheat
quenched.

• Postprocess considerations: If retained austen
ite is unacceptably high, consider requenching
from a lower temperature (watch distortion as
pect). Alternatively, use shallow refrigeration if
the adverse effects of the process can be toler
ated.

• Effect on properties: Retained austenite re
duces hardness, abrasive wear resistance, and
bending-fatigue strength, but it is thought to

benefit contact fatigue. Conflicting data exist
regarding adhesive wear. In all cases, the aus
tenite and accompanying martensite should
be fine and evenly distributed.

• Standards: For the lower quality grade neither
ANSI!AGMA nor ISO provides a specifica
tion. For the middle and the highest grades,
ANSI!AGMA quotes 30% maximum retained
austenite, whereas ISO calls for 25% maxi
mum.
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Chapter 5

Influential Microstructural Features

Microstructural features observed within
case-hardened steels include grain size,
microcracking, microsegregation, and nonmetal
lic inclusions. Although these microstructural
constituents are not considered in the same detail
as those presented in the first four chapters, their
significant influence on properties justifies their
review.

Grain Size

For optimal properties, it is essential that the
grain size of a carburized and hardened compo
nent is both uniform and fine. Generally, the
starting point is a grain-refined steel having an
ASTM grain size from No.5 to 8, though subse
quent mechanical and thermal processing can
change the final microstructure to be either more
coarse or fine.

At one time, grain size control was very much
in the hands of the heat treater who, supplied
with coarse-grained steels, employed double
quenching treatments to ensure that both case

and core of the carburized item were refined.
However, the advent of grain refinement by al
loying obviated the need for carburized compo
nents to be double quenched. Now, the majority
of heat treaters either employ direct quenching or
single reheat quenching to harden their products.
Figure 5.1, coupled with Table 5.1, illustrates
different thermal cycles used to effect hardening
and generally ensure a fine-grained product, pro
vided the carburizing temperature for all pro
grams except D is not excessive. Much of the
flexibility for process cycles must be attributed
to the availability of grain-refined steels.

In addition to the process cycles shown in
Fig. 5.1, some cycles include a subcritical an
nealing, or a high-temperature tempering opera
tion, between the carburizing and hardening
stages. By slow cooling from the carburizing tem
perature then annealing or tempering from 600 to
650°C, the part is rendered suitable for any inter
mediate machining needed. Another use of the
high-temperature tempering involves a version of
the double quenching program (D in Fig. 5.1).
The first quenching operation is into a medium

FEDCBA_ ~rb~iz~g ~m~ra~re_

r ~------C'!""-@""-'l!£<'!'
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Fig. 5.1 Alternative heat treatment cycles for hardening carburized components. Seealso Table 5.1. Source: Ref 1
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Table5.1 Caseand core characteristics resultingfrom the variousheat treatments shown in Fig. 5.1
Treatment Case Core

A: Best adaptedto fine-grainedsteels Refined;excess carbide not dissolved;
distortion minimized

B: Bestadaptedto fine-grainedsteels Slightly coarsened; some solution of
excess carbide

C: Bestadaptedto fine-grainedsteels Somewhatcoarsened; solution of excess
carbide favored;austeniteretention
promoted in highly alloyed steels

D: Besttreatmentforcoarse-grained steels Refined; solution of excesscarbide favored;
austeniteretention minimized

E:Suitablefor fine-grainedsteelsonly Unrefined with excesscarbide dissolved;
austenite retained; distortion minimized

F: Suitablefor fine-grainedsteelsonly Unrefined;excess carbide avoidedif combined
with diffusion treatment; austenite retention
reduced; distortion minimized

Unrefined; soft and machinable

Partially refined; stronger and tougher than A

Refined;maximumcore strengthandhardness;
better combination of strength and ductility
thanB

Refined; soft and machinable; high degree
of toughness and resistance to impact

Unrefinedbut hardened

Unrefinedbut hardened

Source: Ref I

• Boundary migration, which occurs at all tem
peratures but affects grain growth only at tem
peratures above 1100 DC

The first two mechanisms involve the decomposi
tion of old boundaries, whereas the third involves
the movement of boundaries.

Grain SizeControl. Grain refinement by alloy
ing is accomplished by adding certain elements
(e.g., aluminum or vanadium) to the molten steel
in the ladle after a thorough deoxidation treat
ment, usually with silicon. Silicon in adequate
quantities, although harmful in terms of internal
oxidation during carburizing, is important as a
deoxidizer and, therefore, for grain size control
(Fig. 5.2). Additions of aluminum and/or vana
dium encourage the formation of compounds
(e.g., AIN or V4C3) that, because of their ex
treme fineness and relative stability, are able to
mechanically restrain grain boundary move
ment during subsequent austenitizing treat
ments. Of the grain refining agents, AIN is
more important for fine-grain stability. The ef
fect of grain refining treatments is limited, be
cause above a certain temperature within the
austenite range, the precipitated compounds co
alesce and then dissolve. Consequently, they
can no longer prevent grain boundary move
ment. However, the grain coarsening tempera
ture is further increased by adding both alumi
num and titanium. This addition is important
when any high-temperature carburizing process
is being used, if indeed grain coarsening is a
problem. The efficiency of aluminum to inhibit
austenite grain growth is illustrated in Fig. 5.3,
which compares an untreated steel with an alu
minum treated steel. Figure 5.3(a) shows that
the untreated steel coarsens progressively as the
temperature increases, whereas the treated steel
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• The resorption of grains, which occurs at 50
to 100 DC above the AC3

• The formation of new boundaries and grains
between 250 and 300 DC above the AC3

held at a temperature not too far below the ACt
from which the workpieces are then reheated for
the second quench. The aim is to ensure grain re
finement (Ref 2) and reduce distortion and the
risk of cracking.

Evaluation ofGrain Size

Grain Growth. Vinograd et al. (Ref 3), who
studied the behavior of twelve different steels
heated from 850 to 1250 °C, concluded that
grain growth takes place by three different mech
anisms:
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exhibits no serious grain growth until it reaches
about 925 "C. Thereafter, the grains of the alumi
num treated steel coarsen rapidly. Grain refining
agents other than aluminum and vanadium in
clude boron, titanium, niobium, cerium, and
sometimes chromium.

The duration of the austenitizing treatment has
some significance with regard to grain coarsen
ing. For example, the steel referred to in Fig.
5.3(b) was fine grained when treated at 925 "C
for 1 h, whereas a 10 h treatment at that tempera
ture causes the average grain size to rise.

Each steel has its own coarsening tendencies
whether grain refined with aluminum or vana
dium or left untreated, and steels containing al
loying elements, such as nickel and/or molybde
num, have a greater resistance to coarsening at
conventional carburizing temperatures than
plain-carbon steels.

The mechanical and thermal histories of a part
can influence the grain-coarsening temperature.
For example, Fig. 5.4 shows that prior normaliz
ing lowers the grain coarsening temperature
more than annealing does. As early as 1934,
Grossman (Ref 6) showed that repeated heating
to slightly above the AC3 temperature also lowers

the coarsening temperature, and although con
trolled hot working reduces the initial grain size,
it nevertheless lowers the coarsening tempera
ture. Others (Ref 7) have suggested that an incor
rect hot-working temperature contributes to the
occasional occurrence of coarse-grained alumi
num treated case-hardening steels.

With respect to heat treatment, Kukareko (Ref
8), working with an 18KhNVA steel, related that
an increased heating rate to 930 "C results in the
formation of a metastable fine-grained structure
with a tendency to rapid grain growth via grain
merging during subsequent isothermal heat
treatment. On the other hand, a preliminary tem
pering operation and slow heating to the
austenitizing temperature produces a stabilized
grain structure.

In terms of modem carburizing practice, it is
unlikely that conventional treatments at 925 "C
using satisfactorily grain-refined steels give rise
to coarse austenite grain sizes. However, the
trend to higher carburizing temperatures, some
times in excess of 1000 "C, requires consider
ation of all aspects of grain refinement (e.g., al
loying additions, hot working, and subsequent
thermal treatments) to end up with a fine-grained
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Fig. 5.3 Relationship between austenitizing parameters and grain size for grain-refined and non-grain-refined AISI
1060 steel. (a) Effect of austenitizing temperature (2 h soak). (b) Effect of austenitizing time. Source: Ref 5
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Fig. 5.5 Grain-coarsening characteristics of eM series
steels compared with conventional carburizing grades.
Source: Ref 10

position products. If it is riecessary to determine
the austenite grain size, then the standard
McQuaid-Ehn test is employed. In the McQuaid
Ehn test, a steel sample is carburized in a me
dium of sufficient carbon potential to decorate
the grain boundaries with continuous films of
cementite. The sample is then prepared for view
ing at l00x magnification, and the grain size
graded according to a table, such as Table 5.2, or
by comparison with examples, such as Fig. 5.7.
For case-hardening grades of steel, a grain size
of ASTM No.5 or finer (ASTM E 112) is speci
fied.

The austenite grain size influences the size of
the austenite decomposition products. The grain
size of the product is smaller than the austenite
grain in which it grew. In the case of the
high-temperature transformation products (fer
rite, pearlite, or bainite), many new grains nu
cleate simultaneously along each austenite
grain boundary, and those reaching critical size
first continue to grow at the expense of the oth
ers. Thus, each austenite grain is replaced by
several grains of the transformation product.
With respect to the diffusionless transformation
that produces martensite, many faults develop
within each austenite grain during the quench.
Each fault is a potential nucleation site from
which a martensite plate can grow; growth, when
it does occur, is rapid. The first formed plates are
likely to be the largest and no longer than the
austenite grain diameter. Subsequently formed
plates then subdivide the remaining volumes of
the austenite.

Therefore, thinking in terms of carburized sur
faces, the austenite grain size at the onset of the
quench influences martensite plate size (hence,
the microcrack content) and the size of the aus
tenite volumes in the as-quenched product. Also,
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Fig. 5.4 Reduction of grain-coarsening tempera
ture due to normalizing. Source: Ref 6
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product. Child (Ref 9) claimed that grain growth
is not a problem with gas carburizing tempera
tures up to 1000 °C. Nevertheless, Fig. 5.5 sug
gests that coarsening, at least in the leaner grades
of carburizing steels, becomes likely at 1000 "C.
This observation is supported by Benito and
Mahrus (Ref 11), who encountered an excessive
increase in grain size when vacuum carburizing
steels SAE 5115, 4320, and 8620 at 1000 to
1100 °C. When four German steels were carbu
rized from 920 to 1100 °C (Ref 12), grain growth
was slight, although there was some local coars
ening at above 1020 °C in some samples. The
chromium-manganese steels were found to be
more susceptible than the molybdenum-chro
mium steels. Thus, grain size is influenced by the
chemical composition, the mechanical and ther
mal history, and the carburizing temperature.
However, the reheat temperature is of particular
importance. Effective grain refinement of the
case is achieved by reheat quenching from about
the Accrn temperature.

Metallography. The austenite grain size of a
carburized and hardened steel is generally not
very obvious unless the carbon content is so high
and the postcarburizing heat treatments such that
network carbides are visible during the metal
lographic examination (Fig. 5.6). More often
than not, there are no network carbides, because
they are regarded as detrimental and therefore
avoided. Assessment of such a structure, at best,
is qualitative (i.e., coarse, normal, or fine) and
made from the features of the austenite decom-
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Fig. 5.6 Prior austenite grain boundaries. (a) Coarse-grained SAE 1015 carbon
steel, carburized. 100x. (bl Fine-grained SAE 4615 nickel-molybdenum steel, carbu
rized.l00x

grain size affects the frequency and depth of in
ternal oxidation and, therefore, the grain size of
any high-temperature transformation products
(HTTP) associated with it.

The austenitic grain size data for incoming
materials may be provided by the steel supplier
or determined by the customer as part of routine
acceptance testing. Unfortunately, grain size de
terminations made on a small diameter forged
test bar may not truly reflect on those of the parts
that the test bar represents. For example, the
amount of hot working can be different, as too
the heating and cooling rates during any simu
lated carburizing treatments. Dietrich et al. (Ref
13) warned how normalizing prior to grain size
testing could produce a false result and that slow
heating (3 °Ctmin) to the testing temperature can
lower the content of coarse grains. Subcritical
annealing (710 "C) has a similar effect. Even so,

Table5.2 ASTM grainsize

grain size control and assessment by steelmakers
are sufficiently adequate to assure the customer
that fine-grained steels are being provided.

The hardenability of a fine-grained steel is less
than that of a coarse-grained steel having an
identical chemical composition. The same ap
plies to the case hardenability. However, whereas
this distinction is especially meaningful for plain
carbon and very lean-alloy case-hardening
grades and may lead to problems during process
ing, it is of less concern for the more alloyed
steels (Ref 14).

Francia (Ref 15), who provides a reminder that
hardenability is critical in gear steel selection,
makes the point that hardenability should not be
sought by the use of coarse-grained materials.
Apart from having the potential to produce infe
rior properties, coarse-grained steels distort more
than their fine-grained counterparts.
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Effed ofGrain Size on Properties

Most properties are modified by changes of
grain size, and some properties are adversely af
fected by an increase of grain size. However, in
formation dealing specifically with the effects of
grain size on the properties of case-hardened
parts is somewhat limited. Therefore, where di-

ASTMNo.7

Fig. 5.7 Comparison of nominal ASTM 6 to 9 grain
size (with calculated grain size numbers of 6.08,7.13,
8.03 , and 8.97, respectively). Nital etch, 100x

rect information is absent, other studies (of
non-case-hardened steels) are referenced to ob
tain reasonable trends and guidance.

Hardness. Austenitic grain size does not
greatly affect the surface hardness of carburized
and hardened surfaces and only marginally influ
ences the core hardness. For high-carbon
martensite, Kelly and Nutting (Ref 16) consid
ered that grain size has a negligible influence on
the increase of hardness , and other factors, such
as carbon in solid solution within the twinned
martensite or carbide precipitation, are far more
significant. However, Zaccone et al. (Ref 17), us
ing steels of varying chromium content and grain
size, showed with direct quenched samples that
for a given grain size the hardness decreases as
the retained austenite increases. With reheat
quenched samples in which both grain size and
retained austenite vary, there is a different trend
(Fig. 5.8). This trend difference might be attrib
uted to grain size. The reheat quenched samples
were, as expected, finer grained than their direct
quenched counterparts.

For low-carbon ferritic steels (i.e., ferrite,
ferrite/pearlite, and the quenched and high
temperature tempered microstructures), an ap
proximately linear relationship between hardness
and grain size might beexpected. The results for
three plain-carbon steels in the worked, quenched,
and high-temperature tempered condition are
shown in Fig. 5.9. The trend is for hardness to in
crease as grain size decreases. However, over the
range of grain sizes typical for case-hardened
steels, the change in hardness is less than 20 HV.

Tensile Strength Properties. In heat-treated
steels, the tensile yield strength is influenced by
a number of factors including grain size (prior
austenite grain size or as-heat-treated grain size).
The yield strength is inversely proportional to the
square root of the austenite grain size (Ref 16).
This is illustrated in Fig. 5.10 for two martensitic
steels where the yield strength increases as the
grain size decreases by about 21 MPa per grain
size (d-I12, mm- I12) change . Other factors that
influence yield strength include carbon segrega
tion, precipitates, and the substructure of the
martensite (dislocations , internal twinning) .

Schane (Ref 20), employing fine- and
coarse-grained SAE 1040 steels, showed that an
initially coarse-grained steel began to further
coarsen at a relatively low austenitizing tempera
ture (810 to 840 DC), while an initially fine
grained material resisted coarsening until tem
peratures above about 1000 DC were used. The
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properties obtained after normalizing at tempera
tures up to 1093 °C are shown in Fig. 5.11. In
terms of ductility, the fine-grained steel was the
better of the two. The inflections in the curves
coincide with the onset of grain coarsening.

Residual Stresses. Acknowledging that grain
size differences might influence the propor
tions of the transformation products in a case
hardened surface, particularly the plain-carbon
grades, then it can be reasoned that the residual
stress distribution within the carburized case will
be modified accordingly. Also, coarse-grained
steels are more prone to distortion (which is a re
sidual stress effect) than fine-grained steels,
which could be a reflection on the influence of
grain size on hardenability.Coarse-grained steels
also tend to be more prone to cracking and
microcracking during quenching or grinding;
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again, macrostresses and microstresses are in
volved.

Fatigue Strength. The grain size of a steel af
fects its response to cyclic loading. Macherauch
(Ref 21) showed that, for a low-carbon steel,
coarse-grained structures are inferior to
fine-grained structures when tested under bend
ing fatigue conditions (Fig. 5.12). The same
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Source: Ref 17

Fig. 5.10 Effect of prior-austenite grain size on the
strength of martensite. Source: Ref 19
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properties obtained after normalizing at tempera
tures up to 1093 °C are shown in Fig. 5.11. In 
terms of ductility, the fine-grained steel was the 
better of me two. The inflections in the curves 
coincide with the onset of grain coarsening. 

Residual Stresses. Acknowledging that grain 
size differences might influence the propor
tions of the transformation products in a case-
hardened surface, particularly the plain-carbon 
grades, then it can be reasoned that the residual 
stress distribution within the carburized case will 
be modified accordingly. Also, coarse-grained 
steels are more prone to distortion (which is a re
sidual stress effect) than fine-grained steels, 
which could be a reflection on the influence of 
grain size on hardenability. Coarse-grained steels 
also tend to be more prone to cracking and 
microcracking during quenching or grinding; 
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trend has been observed with carburized steels
(Ref 22). When reducing the grain diameter from
100 to 4 urn, more than doubled fatigue strength
(Fig. 5.13). However, it is not clear what other
factors are involved in achieving such an im
provement. Pacheco and Krauss (Ref 23) illus
trated how grain size and retained austenite work
together to influence the fatigue strength (Fig.
5.14), although the individual contribution of
each could not be isolated. For high bending fa
tigue strengths in carburized and hardened parts,
the martensite of the case should be fine and any

retained austenite should be minimal and finely
dispersed. Such benefits are somewhat depend
ent on the condition of the actual surface being
cyclically stressed, as Fig. 5.15 shows (Ref 24).

With coarser grained case-hardened surfaces,
such as developed by direct quenching, the ten
dency is for crack initiation to be intergranular.
In fine-grained surfaces (e.g., developed by re
heat quenching), crack initiation tends to be
transgranular (Ref 25). Propagation is often
transgranular, but the overload fracture can either
be intergranular or transgranular depending on
the grain size or method of quenching (Ref 26).
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Fig. 5.12 Effect ofgrain size on the fatigue strength ofa
0.11% C mild steel. Source: Ref 21
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Fig. 5.15 Effect of grain size on fatigue strength of
case-hardened gears with and without removal of a 0.08
mm surface layer. Coarse-grained steel, ASTM 1-4;
fine-grained steel, ASTM 6-8. Source: Ref 24

A structural feature sometimes observed in
quenched bearing steels that can develop in car
burized and hardened surfaces is microcracking
associated with the martensite plates. Such
cracks run either across the martensite plate or
along the side of the plate (Fig. 5.16), that is,
along the interface separating the martensite and
the adjacent austenite. Microcracks have also
been observed at the prior austenite grain bound
aries (Ref 30). Detection requires careful prepa
ration of the metallographic sample and only a
light 2% nital etch immediately prior to viewing
at 500 to l000x magnification.

Microcracks are formed when the strains gen
erated at the tip of a growing martensite plate are
sufficient to induce cracking in any plate or
boundary with which the growing plate im-

4000~-------------......,

3000

Microcracking

size increases, the impact transition temperature
increases.

The effect of grain size in relation to the im
pact strength of a plain-carbon steel in the nor
malized condition is shown in Fig. 5.11. The
same trends apply to case-hardening steels in the
blank carburized condition (see Table 5.3),
where the coarse-grained samples have higher
tensile strengths, lower reductions of area, and
lower impact strengths than those of the
fine-grained samples. Double quenching treat
ment makes for an improvement in each of these
properties. Table 5.4 considers a 0.45% C steel
where bending and impact strengths are highest
when the grain size is at its smallest.
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Fig. 5.14 Fatigue limits of plasma and gas-carburized
specimens as a function of austenitic grain size. A, re
tained austenite. Source: Ref 23
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1600

For instance, quenching from above the ACero
produces intergranular overload fractures.

Bending and ImpactFracture Strength. Accord
ing to Wang and Chen (Ref 27), in precracked
fracture toughness specimens, crack propagation
occurs from a microcrack the size of a second
phase particle (e.g., a carbide precipitate). In
notched specimens, propagation occurs from a
crack the size of a ferrite grain. Therefore, in im
pact testing, grain size is more directly signifi
cant than it is for fracture toughness testing with
precracked specimens.

In impact and fracture toughness testing, the
ratio of intergranular to transgranular fracture
surfaces relates to the toughness of the test piece:
as the intergranular fracture ratio falls, the tough
ness property increases (Ref 28). Further, a small
grain size appears to equate to a reduced inter
granular fracture ratio. Therefore, the toughness
of a case-hardened surface is dictated by the
intergranular strength. The finer the grain size is,
the lower the intergranular fracture ratio is,
hence the higher the toughness is. When the
transgranular mode of fracture takes over, the
presence of retained austenite in the structure be
comes more significant with respect to tough
ness. A point to bear in mind is that as the grain
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TableS.3 Effect of grain size on the core properties of case-hardened steels
Mal lmum lensOe

MeQuaid-Ehn lest. Izodimpaet Reductioo 01 stress
Steel Heallrealmenl Grain ASTM grainsize 1I·1b kr/cJD1 area,% 10os/iD.l kI/IIIli?
Carbon Pot quench Fine 8 42 7.2 54 46 72

Coarse 2-3 16 2.8 39 49 77
Single quench Fine 8 58 10.0 62 37 58

Coarse 2- 3 13 2.2 45 41 65
Double quench Fine 8 99 17.1 69 37 58

Coarse 2-3 52 9.0 59 38 60
Nicb:l-molybdenum Potquench Fine 7~ 96 16.6 64 51 80

Coarse 3 31 5.4 54 60 94
Single quench Fine 7~ 87 15.0 62 51 80

Coarse 3 40 6.9 61 56 88
Double quench Fine 7~ 93 16.1 64 48 76

Coarse 3 72 12.4 56 49 77

Source:Ref I

TableS.4 Deterioration of properties with increasinggrain size

WorI<10fracture.kg

Sohation Bend Impact Bend angle LencthoC Mu imum Austenitecraio

lemperature. strenctb, Deflection, Hardn.... (notcbed). orrtactured martens;.eneedles, Ienctb oC size(Gust scale).

"C krImmZ mm IIKC Smooth Notched kr/cmZ sampte (Gust scale).vade martensite, lim vade

85O(a) 361 7.12 53 4.2 0.6 2 20"30' 7~

950 414 7.97 57 12 0.7 2.6 50"30' 8-9 12-16 9--10

1050 397 5.57 57 II 0.6 2 48°30' 9--10 16-20 8-9

1150 385 5.46 56 6 0.6 1.9 26°00' >20 8-6

Steel45. induction hardenedand tempered. 160-170 °C. <a) Someferritewith martensite. Source: Ref 29

pinges. The growing plate itself may be cracked
by the impingement (Ref 31). A crack must al
ways involve an impingement , although not all
impingements cause cracks.

Fig. 5.16 Microcracking in a Ni-Cr steel that also ex
hibits microsegregat ion. 1000x

Factors Influencing Microcracking

Carbon Content of the Steel. Microcracks form
only in plate, not in lath, martensite. For
iron-carbon alloys, plate martensite starts to ap
pear when the carbon content is above about
0.6%, as shown in Fig. 5.17 (Ref 26). Although
microcracking is not observed in steels with car
bon levels of less than the eutectoid carbon
(0.78% C) (Ref 32), above that value the
microcracking incidence increases with carbon
content. Consequently, in case-hardened sur
faces, microcracking may be unavoidable, be
cause surface carbon contents often exceed the
eutectoid value. Further, as the alloy content in
creases, the eutectoid carbon content decreases
and could fall below 0.6% for a 3%Ni-Cr steel.

Provided that quenching of the austenitized
test pieces is adequate, the final microstructure
consists of martensite and austenite. The quan
tity of austenite largely depends on the M, and
Mf temperatures, which are strongly influenced
by the carbon content. The retained austenite
content is unlikely to have much bearing on the
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Fig. 5.17 Morphological classification of martensite in Fe-C alloys. Source: Ref 26

Fig. 5.18 Effect of austenitizing temperature on micro
crack sensitivity. Source: Ref 33,37

cracks. In the long, slender {225} martensite
plates, the impingements are generally colli
sions. However, the habit plane is of secondary
importance in microcrack formation (Ref 34).
The primary factors are the length of the
martensite or, perhaps, a high length to width ra
tio at the instant of impingement (Ref 34). As the
martensite plate thickens, there is a tendency for
the cracks to be along the interface.

Effect of Alloying Elements. It has been suggested
that microcracking is more likely to occur in
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microcrack count, which has more to do with
how much martensite is present.

Most of the studies on the subject of
microcracking have used steel with a carbon
content in excess of 1.0% and an inherently
coarse grain size. In contrast, carburized steels
generally have surface carbon contents of less
than 1.0% and are grain refined.

Carbon in the Martensite. The temperature and
duration of austenitizing determines how much
of the carbon is dissolved and how much of it re
mains combined as carbides. With respect to
microcracking, it is the carbon in solution in the
martensite that is important (Ref 33). Figure 5.17
showsthe Accm for a Fe-1.39%Calloy is -920°C.
On heating from the ACl (-710 "C) up to 920°C,
the amount of carbon going into solution in
creases progressively. At and above 920 °C, fol
lowing a reasonable soak, all the carbon is in so
lution. Quenching the steel from any temperature
within this range determines the degree of solu
tion and, hence, the extent of the microcracking
(Fig. 5.18). Once full solution is attained, there is
little change to the microcracking sensitivity.

Increasing the carbon content of the martensite
increases the tetragonal distortion and, therefore,
the brittleness of the martensite (Ref 33). It also
changes the morphology of the martensite from
one with a {225} habit plane to a {259} habit
plane. Nickel favors the {259} type, whereas
chromium and manganese stabilize the {225}
habit planes. The {259} martensite forms in
bursts by autocatalytic action; therefore, many of
the impingements are not collisions. Any
microcracks associated with this type of
martensite tend to be interface or boundary
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Grain size. ASTM scale

Fig. 5.19 Influence of grain size on microcrack fre
quency in some carburized steels.Source: Ref32

steels for which the major alloying elements are
the carbide formers (Ref 35). On the other hand,
Davies and Magee (Ref 34) do not regard alloy
ing elements (Ni, Cr, Mn) as having a direct in
fluence on microcracking. Indirectly, though, al
loying elements do alter the martensite habit
plane of high-carbon materials and can thereby
affect the microcrack event. In commercially
heat treated parts, bearing steel 52100 and case
hardened, coarse-grained, SAE 8620 steels have
received the most attention. Neither of these
steels is particularly well alloyed; there are many
case-hardening grades more heavily alloyed, yet
the microcracking incidence seems to be no
worse. What these two steels can have in com
mon is the carbon content, and of the elements
added to steels, carbon is the most potent with
respect to microcracking.

Plate Size and Grain Size. Although micro
cracks are known to occur in small martensite
plates (Ref 32, 36), they are most frequently ob
served in the larger plates (Ref 32, 34). The high
est density is associated with the longest and
thinnest plates, presumably because the larger
plates are likely to be subjected to more im
pingements by other large plates striking them
at the necessary velocity and tip strain energy
(Ref 34). The maximum plate size, or volume, is
directly related to the grain size and, therefore,

9 p

I /,
1018 rimmed IIsteel ~
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11 ~22 Si-killed
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/; 900°C
8620 + Carburized or
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V1018 AI-treat~d*,~<J-fine wain

it might be expected that microcrack incidence
increases with austenite grain size, up to a point
(to 200 urn grain diameter according to Ref 34).
Rauch and Thurtle (Ref 32) were in agreement,
stating that both the frequency and the size of
microcracks increased with grain size (Fig.
5.19). Brobst and Krauss (Ref 30), studying a
Fe-l.22%C alloy, also confirmed that there were
fewer cracks in the smaller grains, but for those
cracks which did form, the proportion of grain
boundary cracks had increased.

Quench Severity.Kern (Ref 35) suggested that
vigorous quenching contributes to microcrack
formation. However, this conclusion is not sup
ported by laboratory tests in which water
quenching, oil quenching, or simulated
martempering are employed (Ref 37) or where
quenching into 3% caustic solution, oil at 60 °C,
or a salt bath at 180°C are utilized (Ref 32).
Microcracks formed regardless of the type of
quenching used, thereby implying that quench
severity is not significant.

Tempering. Microcracking in case-hardened
surfaces may be aggravated by the presence of
hydrogen, which is absorbed during carburizing
and reheating in an endothermic atmosphere.
Welding research indicates that the micro
cracking of martensite in the heat affected zone
of a weld is influenced by the presence of hydro
gen (Ref 38). For example, the martensite of a
weld cooled to and soaked at temperatures above
150°C is free from microcracking, whereas a
comparable weld cooled to below 130°C con
tains microcracks even when soaked at that tem
perature. When microcracks exist in the weld
area, major cracks propagate from them due to
the action of low applied loads and delayed hy
drogen cracking (Ref 39).

Conventionally carburized and freshly quen
ched parts contain hydrogen, may contain
microcracks, and are somewhat brittle. It would
seem prudent, therefore, to temper components
soon after quenching to drive off the hydrogen
and reduce the risk of delayed cracking. Immedi
ate tempering would also induce some measure
of microstress relaxation to toughenthe martensite!
austenite structure. Tempering has an added ben
efit of causing the smaller microcracks to heal
(Ref 4Q--42), and tempering at temperatures as
low as 180°C for as little as 20 min has been
shown to have a marked effect (Fig. 5.20).
Healing is attributed to volume changes and as
sociated plastic flow (Ref 42).
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steels for which the major alloying elements are 
the carbide formers (Ref 35). On the other hand, 
Davies and Magee (Ref 34) do not regard alloy
ing elements (Ni, Cr, Mn) as having a direct in
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loying elements do alter the martensite habit 
plane of high-carbon materials and can thereby 
affect the microcrack event. In commercially 
heat treated parts, bearing steel 52100 and case-
hardened, coarse-grained, SAE 8620 steels have 
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worse. What these two steels can have in com
mon is the carbon content, and of the elements 
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Plate Size and Grain Size. Although micro-
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plates (Ref 32, 36), they are most frequently ob
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est density is associated with the longest and 
thinnest plates, presumably because the larger 
plates are likely to be subjected to more im
pingements by other large plates striking them 
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Fig. 5.19 Influence of grain size on microcrack fre
quency in some carburized steels. Source: Ref 32 

it might be expected that microcrack incidence 
increases with austenite grain size, up to a point 
(to 200 u,m grain diameter according to Ref 34). 
Rauch and Thurtle (Ref 32) were in agreement, 
stating that both the frequency and the size of 
microcracks increased with grain size (Fig. 
5.19). Brobst and Krauss (Ref 30), studying a 
Fe-1.22%C alloy, also confirmed that there were 
fewer cracks in the smaller grains, but for those 
cracks which did form, the proportion of grain 
boundary cracks had increased. 

Quench Severity. Kern (Ref 35) suggested that 
vigorous quenching contributes to microcrack 
formation. However, this conclusion is not sup
ported by laboratory tests in which water 
quenching, oil quenching, or simulated 
martempering are employed (Ref 37) or where 
quenching into 3% caustic solution, oil at 60 °C, 
or a salt bath at 180 °C are utilized (Ref 32). 
Microcracks formed regardless of the type of 
quenching used, thereby implying that quench 
severity is not significant. 

Tempering. Microcracking in case-hardened 
surfaces may be aggravated by the presence of 
hydrogen, which is absorbed during carburizing 
and reheating in an endothermic atmosphere. 
Welding research indicates that the micro
cracking of martensite in the heat affected zone 
of a weld is influenced by the presence of hydro
gen (Ref 38). For example, the martensite of a 
weld cooled to and soaked at temperatures above 
150 °C is free from microcracking, whereas a 
comparable weld cooled to below 130 °C con
tains microcracks even when soaked at that tem
perature. When microcracks exist in the weld 
area, major cracks propagate from them due to 
the action of low applied loads and delayed hy
drogen cracking (Ref 39). 

Conventionally carburized and freshly quen
ched parts contain hydrogen, may contain 
microcracks, and are somewhat brittle. It would 
seem prudent, therefore, to temper components 
soon after quenching to drive off the hydrogen 
and reduce the risk of delayed cracking. Immedi
ate tempering would also induce some measure 
of microstress relaxation to toughen the martensite/ 
austenite structure. Tempering has an added ben
efit of causing the smaller microcracks to heal 
(Ref 40-42), and tempering at temperatures as 
low as 180 °C for as little as 20 min has been 
shown to have a marked effect (Fig. 5.20). 
Healing is attributed to volume changes and as
sociated plastic flow (Ref 42). 
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Fig. 5.20 Influence of tempering on microcracking.
(a) Effect of tempering temperature on the number of
cracks per unit volume. (b) Effect of tempering tempera
ture and time on SV' microcrack area per unit volume of
specimen. Source: Ref 41,42

consider, it is difficult to assess the contribution
of anyone of them. Even so, Apple and Krauss
(Ref 43), through examining the data including
fracture characteristics, concluded that the dif
ference between the fatigue strength of the di
rect quenched and reheat quenched samples
may be attributed to the differences in micro
crack distribution and size. Also, the absence of
microcracks at the immediate surface of the dou
ble reheated samples may, in part, account for
the relatively superior test results. In viewing
these results, one might speculate that grain size
and hardness accounted for about 80% of the dif
ference in fatigue results, and microcracking ac
counts for the rest.

Of the three heat-treated conditions (Ref 43),
the largest microcracks were observed in the
double quenched samples, although the crack se
verity was the least. However, the overall maxi
mum crack severity was not at the surface but
about 0.1 to 0.2 mm beneath the surface.
Panhans and Fournelle (Ref 44) reported the

Effect of Microcracking on Properties. Micro
cracking has attracted attention in terms of
causes and contributing factors, but few studies,
as yet, have been carried out to determine the ef
fect of microcracking on the more important ma
terial properties of heat-treated bearing steels or
case-hardened steels. Occasionally, premature
failures have been attributed to the presence of
microcracks, but in failure analyses, there are
generally so many variables involved that it is
difficult to isolate the primary contributor to fail
ure.

The presence of microcracks implies that
structural microstresses have been relieved by
microcrack formation. However, now the cracks
must be regarded as stress concentrators, and the
following questions apply. Are the cracks large
enough to be significant as initiators of service
cracks? Do they generally reside in locations of
maximum potency? The cracks are mostly lo
cated within the confines of the prior austenite
grain. If a service crack initiates at a grain
boundary and starts to propagate along the grain
boundaries, most of the microcracks are out of
harm's way. When a service crack is, or be
comes, transgranular, microcracks would likely
hasten its propagation. As yet there is no clear
evidence of just how detrimental microcracks are
to the service life of a component. Most
microcracks are probably not close enough to the
surface and not of critical defect proportions to
initiate a trans granular service crack. Neverthe
less, a crack is a crack, and it should be regarded
with some mistrust.

If it is assumed that cracks will be closed by
compressive macrostresses and opened by ten
sile macrostresses, then the influence of micro
cracks could vary according to situation. Carbu
rized and hardened cases contain residual com
pressive macrostresses, which reduce any known
or unknown adverse traits that microcracks
might have. Through-hardened high-carbon
steels, on the other hand, might have surfaces in
which the residual macrostresses are decidedly
tensile after quenching. The macrostresses in this
instance add to any adverse influence of the
microcracks.

Influence on Fatigue. Apple and Krauss (Ref
43) investigated the influence of microcracking
on the fatigue resistance of case-hardened sam
ples, using different quenching treatments to
vary the microcrack population. The quenching
treatments led to differences in grain size, hard
ness, retained austenite content, and microcrack
density (Fig. 5.21). With so many variables to
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same findings. Removal of a surface layer, by
whatever means, could actually bring the zone of
maximum crack incidence to the surface.

Control of Microcracking. The use of grain
controlled steels and the control of carburizing
condition to limit surface carbon content help re
duce the likelihood of microcrack formation.
The quenching conditions then become important
to ensure that the grain size remains fine.

High-temperature carburizing at greater than
1000 °C can produce coarse-grained or mixed
coarse-and-fine-grained microstructures, be
cause the grain-coarsening temperature has been
exceeded. Ifgrain size and microcracking are re
lated, a high incidence of microcracking might
be expected when quenching a coarse-grained
material from above the ACcm or with an in-

creased surface carbon content. When a steel is
carburized from 925 to 935°C and below the
conditions necessary to promote grain coarsen
ing, the resultant grain size is likely to be normal
for that quench. The extent of the microcracking
should be less than it is for the high-temperature
treatment. Again, an increase of the carbon con
tent could lead to more microcracks.

Quenching from below the Accm produces a
finer grain size and forms carbides in high-carbon
surfaces (or the lack of carbide solution during re
heating for quenching). If some of the carbon is
tied up as carbides, then the matrix material has a
lower carbon content and, hence, a reduced risk of
microcracking during quenching. In reheat
quenched materials, mierocracking is rare (Ref
26). However, when considering a lower quench-
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ing temperature to control microcracking, it is
necessary to be mindful of the effect that
low-temperature quenching will have on the core
microstructure. If ferrite is unacceptable in the
core, then there is a limit to how low the quench
ing temperature can be reduced.

Krauss (Ref 26) reported that quenching an
initially coarse-grained steel from below the
Accrn causes fine microstructural features, few
microcracks, and that on testing the overload
fractures were transgranular. Quenching from
above the ACcm produces a coarse-grained struc
ture, microcracks, and predominantly intergranu
lar overload fractures.

The rate of quenching has already been dis
cussed; it has little significance on microcrack
severity. Interrupted quenching, on the other
hand, is very significant. Lyman (Ref 46), inves
tigating microcracking in AISI 52100 steel,
quenched the austenitized samples into oil held
at a temperature just below the M, (138°C) of
the steel. After an appropriate dwell, the samples
were transferred into a salt bath held at 260 °C
and then quenched off. The aim was to temper,
stress relieve, and toughen the first formed
martensite. The results are as follows:

• Without the 260 °C temper, simply an arrest
at just below the M, before continuing the
quench, microcracking was severe.

• When the sub-M, arrest prior to 260°C tem
per produced -10 to 20% martensite, only a
few microcracks formed.

• When the martensite formed prior to temper-
ing was -30 to 40%, no microcracks formed.

Clearly, there are a number of ways of controlling
microcracking, including tempering, which can
heal the smaller microcracks.

specification range. What is of more concern is
the variability that occurs on a microscale over
very small distances. This variability is referred
to as microsegregation.

Formation ofMicrosegregation

Ingot Solidification. Microsegregation of steels
arises during the solidification process. In this
section, only microsegregation caused by solidi
fication following casting is discussed. Subse
quent segregation of elements during heat treat
ments, such as the segregation of phosphorus to
austenite grain boundaries during austenitizing
prior to quenching, is not addressed here.

When a steel is cast into the ingot mold, the
first material to solidify is that adjacent to the
cooler mold walls. If there is no special prepara
tion applied to the mold walls to slow the cooling
rate, then the first metal to solidify, called a
"chilled" surface layer, is a thin layer of small
equiaxed crystals with the same composition as
the liquid metal. At the inner surface of the
chilled layer, the situation is energetically favor
able for crystals above a critical size to continue
growing inward. The growth is cellular initially
but soon gives way to dendritic growth parallel
to the thermal gradient. The dendrites grow long
(see the columnar zone, Fig. 5.22 and 5.23), but
such growth slows as the thermal gradient be
comes flatter. Meanwhile, in the liquid ahead of
the thermal gradient when the temperature has
fallen sufficiently, nucleation takes place at many
sites ( i.e., on suitable substrates, such as nonme
tallic inclusions), followed by uniform dendritic
growth at each site until solidification terminates
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Fig. 5.22 Schematic illustrating macrosegregation
in a largesteel ingot

Maximum
positive
segregation

Ingot shell
equiaxed
structureFor design purposes, it is generally assumed

that steels are homogenous. Unfortunately, they
are not. Macrochemical analysis surveys of in
gots cast from a single ladle of molten steel re
veal differences of composition. These surveys
also show that composition varies from the bot
tom to the top and from the center to the outside
of each ingot. A batch of forgings made from a
single ingot will therefore exhibit part-to-part
composition variability, as well as variations
within each part. However, such variations do
not generally depart from the intended steel

Microsegregation
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when neighboring grains impinge. These grains
constitute the equiaxed grained zone at the center
of the ingot.

The Development of Microsegregation. An al
loy of composition Xo is presented in the hypo
thetical constitution diagram of Fig. 5.24. When
the temperature of the molten metal falls to the
liquidus at Xl, solid material of composition
A1 nucleates within the melt. With further cool
ing, the composition of any growing crystal
changes from A1 at its center through to A4 on
its surface. Meanwhile, the composition of the
surrounding liquid changes from X1 to X4,
which is the last of the liquid to solidify. There
fore, there is a distinct difference in impurity or
solute content between the first and the last ma
terials to solidify. This difference is what is
called ''microsegregation.'' Figure 5.25 shows an
example of microsegregation in which the com
position of a cross section of a dendrite is re
corded (Ref 47). It shows a comparatively low
solute content, in this case nickel and chromium,
at the center of the dendrite.

As the columnar grains grow forward to
gether from the surface (Fig. 5.23), they push
the more impure liquid ahead of them toward
the central zone. Therefore, the central zone
contains more of the impure material than the
columnar zone. When the central zone has al
most solidified, the least pure liquid, including
the lower melting point nonmetallic inclu
sions, has nowhere to go except to the inter
faces between the impinging dendrites. Conse
quently, on final solidification, the central zone
is the more heavily macro- and microsegregated
(Fig. 5.26). Laren and Fredriksson (Ref 47) ob
served that the maximum microsegregation in 1
and 9 ton ingots occurs at three-fourths of the
distance from the surface to the center of the ingot.

Steels solidify in the manner described, al
though the proportion of columnar growth to

Fineequiaxed
chillcrystals

COlumn~ar~_-t~~~':;I:1jgrains -

Equiaxed
grains

Fig. 5.23 Section through a conventionally cast ingot

equiaxed growth varies depending on the length
and steepness of the thermal gradient. Thus, the
mode of solidification is essentially columnar for
continuously cast steels and equiaxed for very
large conventionally cast ingots.

Microsegregation Tendencies of Alloying Ele
ments. Steels are complex alloys containing
many elements. Some elements are intentional
and wanted, and others are residual and possibly
unwanted. Each element has its own segregation
tendency, although in some instances the segre
gation tendency of one element can be modified
by the presence of others. For example, silicon
and manganese influence the segregation of mo
lybdenum, and manganese influences that of sul
fur. The generally accepted order of the suscepti
bility of elements to segregation is, from most
prone to least: sulfur, niobium, phosphorus, tin,
arsenic, molybdenum, chromium, silicon, man
ganese, and nickel. Table 5.5 provides a basis of
comparison for some of the common elements.
Table 5.5 clearly indicates that, when solidifica
tion has been directional (columnar growth), the
intensity of segregation is less than in the central,
equiaxed grain zone.

The Effect of Mechanical and Thermal Treat
ments. Case-hardening steels are generally sup
plied in the wrought condition, that is hot rolled
or forged to some convenient shape and size.
During these hot-working processes, the micro
segregated areas are given a directionality related

·Xo

Liquid

I
Composition of first Composition of last
metal to solidify metalto solidify

Fig. 5.24 Schematic constitutional diagram of how
compositional variations develop during solidification
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to the amount and direction of working. Not only
that, the intensity of microsegregation is reduced
somewhat, as indicated in Table 5.6 for chro
mium and nickel segregation.

A high degree of homogenization can be ef
fected thermally by soaking the segregated ma
terial at an elevated temperature. However, the
soak times to ensure virtual complete homoge
neity can be very long, particularly below 1200
°C (Fig. 5.27). Nevertheless, a significant reduc
tion of microsegregation can be achieved by a
balanced combination of mechanical and
high-temperature heat treatments.

Additional mechanical and/or thermal treat
ments to remove or reduce microsegregation add
to the cost of manufacture. Unless there is a
clear-cut reason to have a homogenous material,
then perhaps things are best left as they are.

Macrostructures and Microstructures. The
distribution of microsegregation in wrought
steels depends on how much working has been
done to shape the part. In a large forging with
little deformation, the cast structure is not
eliminated, and much of the dendritic form of
segregation persists (Fig. 5.28). In small
forgings, on the other hand, the metal is gener-
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ally more severely worked. While segregation,
albeit less intense, survives the mechanical treat
ment, it is redistributed as alloy-rich and al
loy-lean bands flowing in directions dictated by
the working process (Fig. 5.29, 5.30).

In microsegregated materials, the heat treat
ment response of the alloy-rich areas is different
from that of the alloy-lean areas. Consequently,
it is possible for each to transform at different
times and to different products on cooling from
the austenitizing temperature. In low- and medium
carbon steels, austenitized and slow cooled, the
microsegregation is identified as alternating ar
eas of ferrite and pearlite (banding).

Reaustenitizing and fast cooling in the pearlit
ic range causes the carbon to redistribute fairly
evenly to give the impression that the segregation
has been removed. Unfortunately, the alloy seg
regation will still be there, essentially unaffected.
It is merely masked by the redistributed carbon.
In the surface of a carburized case where the car
bon may be evenly distributed, the presence of
microsegregation might be detected by observ
ing alternate areas of martensite and bainite or of

Table 5.5 Segregation indices for some elements
in steel

Alloyingelement
Segregationindex (lS)(a)

Columnar crystals Equiaxed c!JStais

1.47-2.10
1.10-1.50
0.40-1.95

1.9-7.3
>2000
>170
-75

Columnar crystals Equiaxed crystals
ABC ABC

2.05
1.23

1.31-1.38
1.06-1.24
1.07-1.27
1.70-2.00

Chromium
Nickel
Manganese
Molybdenum
Niobium
Phosphorus
Arsenic

Alloyingelement

Table5.6 Changes in microsegregation intensity
due to hot working between 1200 and 1000 °C

Segregationindex (IS)

(a) (Concentration at interdendritic site)/(concentration at dendritic
core). Source:Ref48,49

400300200100
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Distance fromingotsurface. mm

Distance fromingotsurface. mm

Fig. 5.26 Maximum and minimum chromium con
centrations asa function of distance from surface. Source:
Ref47
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austenite and martensite, depending on the actual
compositions and the cooling rates involved.
Where the tempered martensite normally etches
dark, a light 2% nital etch should determine if
significant microsegregation is present.

Effects ofMicrosegregation on Properties

Influence on Hardness. Figure 5.31 (b-d)
shows an example of the variations in micro
structure that can result from the presence of
microsegregation; the cooling rates are those of
an end-quenched hardenability bar. Within this
range of cooling rates, the alloy-rich areas have
transformed to either martensite or bainite.
Meanwhile, the alloy-lean areas have trans
formed to martensite and bainite with increasing

amounts of pearlite and ferrite with the slower
cooling rates. Figure 5.3I(a) relates these micro
structures to the hardness.

Microsegrcgation influences the hardness of
the case, particularly if it leads to local concen
trations of retained austenite or bainite in the
mainly martensitic structure. Both austenite and
bainite are softer than the martensite at a given
carbon level.

Influence on Tensile and Toughness Properties.
The tensile strength and yield strength are un
likely to be affected by the presence or absence
of microsegregation. The ductility indicators, on
the other hand, will be affected. Kroneis et al.
(Ref 53) showed that the reduction of area of a
conventionallymelted and forged medium-carbon
alloy steel (5: I to 10:I reductions) was about
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doubled by special treatment to remove the mi
crosegregation. An electroslag melted steel was
also improved by the same balanced mechanical
and thermal treatment. At tensile strengths typi
cal for the core of a carburized part made from a
wrought blank, it is unlikely that microsegrega
tion has much influence on ductility and tough
ness indicators in the longitudinal direction. On
the other hand, it does have a pronounced nega
tive affect on those properties in the transverse
direction (Fig. 5.32).

Influence on Fatigue. It is difficult to deter
mine the effect of microsegregation alone on
the various properties of a steel because of the
presence of nonmetallic inclusions. Similarly, it
is difficult to isolate the influence of nonmetal
lic inclusions on properties. However, if it is as
sumed that electroslag remelted (ESR) steels are
essentially cleaner than the conventionally
melted steels, then some measure of the respec
tive influences of microsegregation and nonme
tallic inclusions can beobtained.

Kroneis et al. (Ref 53, 54) carried out such a
comparison using a Cr-Mo-V steel and showed
the ESR steel to have superior general properties.
In this way, the effect of nonmetallic inclusions
in particular could be assessed. With a special
treatment to reduce the microsegregation of the
steels melted by the two processes (ESR and
conventional), the properties of each were further
improved. For example, the bending fatigue
strength of the ESR material (Fig. 5.33) was su
perior to that of the conventionally melted steel.
Therefore, the conclusion is that nonmetallic in
clusions have a significant influence on the fa
tigue strength of this particular high-strength,
through-hardened, and tempered steel. The fa-
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Fig. 5.32 Dependence of reduction of area of trans
verse specimens on degree of molybdenum segregation.
Hardened and tempered; tensile strength, 1550 to 1770
MPa. Source: Ref 54

tigue strength of the ESR steel is improved even
further by applying a special treatment to reduce
the severity of the microsegregation. The fatigue
limit of the conventionally melted steel is little
enhanced by the special treatment, although in
the high-stress, low-cycle region, the treatment
did lead to an improvement.

What these tests suggest is that for high-cycle
fatigue applications, the effect of nonmetallic in
clusions far outweigh any adverse influences of
microsegregation. Presumably, the nonmetallics
provide sites at which fatigue cracks can initiate
and from which they can grow. In the low-cycle
domain (in this example, <2 x lOS cycles), micro
segregation appears to be more influential than
nonmetallic inclusions.

These test results (Ref 53,54) refer to a high
strength, through-hardened material, and
whether the same trends apply to a carburized
and hardened part is not really known. Nonethe
less, some speculation can be made. For exam
ple, for the core, there will be a similar trend:
microsegregation can affect low-cycle fatigue
and have little, if any, influence on the high
cycle fatigue strength. For thecase, the local trans
formation behavior might be affected by micro
segregation. However, the effect will be detri
mental only if it leads to the formation of mixed
microstructures, such as martensite plus bainite
or martensite plus austenite, depending on the
grade of steel. If, for example, the retained aus
tenite at a carburized and hardened surface is
patchy, varying appreciably over short distances
due to microsegregation (Fig. 5.34a, b), then the
microhardness will vary accordingly, as too will
the local residual macro- and microstresses. The
bending fatigue strength would then approach
that of the softer transformation product.
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Other Aspects of Microsegregation. A danger
period for heavily microsegregated steels, espe
cially the more alloyed steels, is during a slow
cool after carburizing. The slow rate of cooling
can lead to a carburized layer microstructure that
consists of distinct areas of HTIP residing
alongside areas of low-temperature transforma
tion products. The short range residual stresses
developed during the cool can be very high and
can induce cracking.

Another danger period is during the grinding
of the carburized and hardened surface. If the
structure consists of alternating areas of austenite
and martensite, each of these features will react
differently to the action of the abrasive wheel.
Grinding will deform and possibly tear the aus
tenite volumes in the surface, and also cause the
immediate surface temperature to rise more than
would a wholly martensitic surface. Therefore,
burning and cracking will tend to occur more
easily in a surface that contains alternating areas
of martensite and austenite (See Chapter 8 on
grinding).

With regard to machining during the early
stages of manufacture, microsegregation can be
responsible for heavy tool wear, although much
depends on the actual microstructure. Banded
structures, consisting of layers of ferrite and
pearlite, each one grain thick, machine better
than those where bands are several grains thick

'" ""~~~
Fig. 5.34(a) Flow of microsegregation caused by
forging in a Ni-Mo steel part. Note the surface carburized
layer.
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that give rise to tearing through the ferrite and its
adhesion to the tool tip.

Nonmetallic Inclusions

Origin ofNonmetallic Inclusions

Steels. are not commercially made free from
nonmetallic inclusions, nor are they likely to be.
It is estimated that there are millions of inclu
sions per tonne of steel. Table 5.7 indicates this
estimate for a hypothetical steel in which the ox
ygen and the sulfur contents are 1 ppm. In actu
ality, steels contain more oxygen and sulfur (>10
ppm); however, increasing the oxygen and sulfur
do not so much increase the number of inclu
sions, but rather is more likely to increase their
average size. Also, inclusions within a piece of
steel are not one size, or close to one size, but are
within a wide range of sizes. A clean steel, there
fore, may have 1012 inclusions per tonne where
most are less than 0.2 urn in diameter and few
exceed 20 urn. An average steel has more inclu
sions of this size range, and dirty steels contain
many inclusions having sizes much larger than
20~m.

In steels, there are two classes of nonmetallic
inclusions: exogenous and indigenous. The for
mer occurs as a result of pieces or particles of

Fig. 5.34(b) Nonmetallic inclusions and banding in a
heavily microsegregated 1% C alloy steel sample. Re
tained austenite, light
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refractory material being separated from surfaces
of the steelmaking equipment with which the
molten steel has made contact (e.g., furnace lin
ings, runners, and ladles). Such inclusions can
range from extremely small to quite large lumps.
They can provide surfaces onto which the indig
enous types of inclusions can nucleate, grow,
and with which they can chemically react. The
indigenous inclusions form as a result of reac
tions that take place during steelmaking and the
deoxidation processes (deoxidation products).
Primary deoxidation takes place in the melt at
high temperatures, followed by secondary
deoxidation during the liquid cool, and to some
extent when the steel has solidified. Much of the
nonmetallic material present in deoxidized liquid
steel rises to the surface, leaving a fair quantity
either trapped in the dendrites growing in from
the surface or carried to the bottom of the ingot
by falling dendrites. Small inclusions, which rise
only slowly in the liquid metal, are more likely to
be retained in the steel.

The products of deoxidation are the oxide
types of inclusion, and the oxides of most impor
tance include aluminum oxide, Al203, and sili
con dioxide, Si02. The main product of the
desulfurizing reactions is manganese sulfide,
MnS. Without adequate quantities of manganese
present in the steel (>0.3%), iron sulfides form,
leading to problems of hot-shortness during
metalworking operations. These compounds are
the pure forms, but they can and do combine
with other inclusion-making materials, such as
MgO·Al203 or iron and manganese silicates.
The oxide, Si02 itself can have modifications
(cristobalite, tridyrnite, and quartz). The manga
nese in MnS can be substituted in varying de
grees by other elements present in the system,
such as iron and chromium. Furthermore, inclu
sions of one type can be found attached to or
within inclusions of another type. Thus, the sub
ject of nonmetallic composition and identifica
tion is quite complex. Nevertheless, to an experi-

enced metallographer, a study of the inclusions
observed within a sample of steel can be of value
in assessing how that steel was made.

The distribution and the average size of non
metallic inclusions in a finished ingot is not usu
ally uniform. It depends on the melting and the
casting-pit practices and the method and materi
als of the deoxidation sequence. For example, in
a killed steel, the largest population of oxide in
clusions is in the bottom part of the ingot. In
creased aluminum additions progressively re
duce that population. Sulfides tend to be smaller
in the columnar solidification zone than in the
equiaxial solidification zone, and the central
zone of the middle of the ingot contains more
sulfide than either the top or the bottom of the in
got.

Anisotropy and Nonmetallic Indusion Shape
Control. One problem encountered by steel us
ers is the difference between longitudinal and
transverse properties, called the anisotropy effect
(Table 5.8). This effect is primarily related to
the presence and behavior of deformable non
metallic inclusions and, to some extent, micro
segregation, which become elongated in the di
rection of working. Manganese sulfide is a sig
nificant contributor to the anisotropy effect;
it is soft and deformable under cold and hot
working conditions. However, the ability to de
form tends to increase with type (I, Il, or ill)
and decrease with substitution of manganese by
other elements in the system, such as iron,
chromium, and nickel, which raise the hardness
of the inclusion (Table 5.9). Calcium aluminate
(CaO·AI203) and corundum (Al203) do not de
form, and pure silica inclusions are brittle at met
alworking temperatures. Therefore, unless they
are present as stringers, they contribute less than
MnS to the anisotropy effect. Iron-manganese
silicates are deformable above 850°C, so in
hot-worked steels they too contribute to the dif
ference between longitudinal and transverse
properties.

Table5.7 Influence of indusion size on indusion numbers in a hypothetical steel with 1 ppm oxygen and
1 ppm sulfur as spherical Alp] and MnSindusions
IDclusion diamet.! f!Dl

103

102
10
1
10-1
10-2

lOA

Source:Ref55

No.oflnclusions(l

2.3 X UP
2.3 X 106

2.3 X 109

2.3 X 1012

2.3 X 1015

2.3 X 1018

2.3 X 1021

Volume of steel per Inclusion

55cm3

55mm3

55 X 106~m3

55x UP~m3
55~3

55x 1O-3~3

55 X IO...{;~3

Mean distanee between Inclusions

3.8cm
3.8mm
380~m

38~m

3.8~m

3.8~m

380A
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Steelmaking processes, such as electroslag
remelting (ESR) or vacuum arc remelting
(VAR), reduce the amount of significantly sized
nonmetallic materials within a steel (Ref 57).
The ESR process produces greater freedom from
sulfides, whereas VAR gives the steel a lower ox
ide content (Ref 55). Electron beam remelting
appears to effectively reduce both sulfides and
oxides (Ref 58).

Calcium, rare earth (RE), or titanium treat
ments further decrease the number of visible in
clusions and better distribute and modify them.
These treatments make the manganese sulfide in
clusions less deformable during metalworking
processes, thereby significantly reducing the ani
sotropy effect (Ref 58). A reduced anisotropy is
of special interest to plate users and fabricators.

The composition, size, and distribution of non
metallic inclusions within a steel are initially de
termined by the steelmaking parameters, such as
the boiling time, the refractory type, the deoxi
dizing materials, the deoxidation practice, and
the tapping and teeming methods. Modern
steelmaking methods, in particular the remelting
technology, coupled with a good understanding
of the compositions and properties of nonmetal
lic materials, make it possible for the steelmaker
to adjust the cleanness of a steel according to the
eventual application.

Stability. At one time it was thought that non
metallic inclusions were relatively stable. How
ever, because reactions in such materials take
place fairly slowly, inclusions are regarded as be
ing initially metastable (in the as-cast ingot). For
example, after cooling, the sulfur within the in
got may be tied into an iron-manganese-sulfur
inclusion where the iron content is high. How
ever, during subsequent heat treating, the iron
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component is replaced by manganese from the
steel matrix, thereby producing a truer MnS par
ticle surrounded by manganese depleted steel.
High-temperature heat treatments can also bring
about shape changes (e.g., rods of type II MnS
can spheroidize) (Ref 59), composition and
phase changes (Ref 60,61), and the precipitation
of one type of inclusion within another (e.g., CrS
within MnS). In some instances, partial or com
plete dissolution of sulfides can occur (Ref 62),
followed by reprecipitation at prior austenite
grain boundaries, as in overheating.

Effects ofNonmetallic Inclusions

Influence on Tensile Properties. Nonmetallic
inclusions, typical of the commercial grades of
wrought steels, do not significantly influence the
ultimate tensile strength or the yield related
properties of a material in either the longitudinal
or transverse directions. On the other hand, the
ductility indicators (reduction of area and elon
gation) are affected, at times appreciably so.
Thus, for two steels that are identical apart from
their nonmetallic counts, the stress-strain curves
are basically the same up to the point of maxi
mum stress. Beyond the maximum stress, when
an unstable condition develops and necking oc
curs, the cleaner steel necks down more (a larger
reduction of area) and stretches further (larger
elongation) than the less clean steel (Fig. 5.35).
For a given steel, the reduction of area tends to
fall as the tensile strength increases. The effect,
however, becomes more pronounced as the in
clusion count increases, as Fig. 5.36 (Ref 58)
shows (where values of true strain Er were deter
mined from the cross-sectional areas at the frac
tures and, therefore, reflect on the reduction of

Table5.8 Effectof sulfide inclusions on
mechanical properties in a Cr-Ni-Mosteel

170
<450
<250
<240
<300
<215
<340

>3000
1600
750
400

Property

Ultimate tensile strength. MPa
(kg/mm2)

Reduction of area.%
Longitudinal
Transverse

Reduction of areaanisotropy.
transverse/longitudinal

Bending fatigue. MPa(kg/mm2)

Longitudinal
Transverse

Fatigue anisotropy. transverse!
longitudinal

Fatigue ratio. longitudinal fatigue!
ultimate tensile strength

Source: Ref56

Many Inclusions

775 (79)

62.8
17.5
0.28

390(39.4)
320(32.4)

0.82

0.5

FewiDe_ions

700(72)

59.5
29.7
0.50

375(38.5)
320(32.6)

0.85

0.54

Table5.9 Hardness of nonmetallic inclusions
NoDJDetall1c: iDdusion Microbardness, Iq;f1DunZ
Manganese sulfides(a)

MnS
MnS+Cr
MnS+Ni
MnS+Co
MnS+Fe
MnS+Ti
MnS+V

AI20 3
Si02
MnSi02
MnO

Nonmetallic inclusions with MgO present. usually from refractories,
tend to be hard (1000 to 1200 kgf/mm2) or very hard (2100 to 2400
kgf/mm2), such as MgO·AI203. (a) Room temperature. includes
manganese sulfides in which manganese has been substituted by
other elements. Source: Ref 55
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Maximum

Unclean
steelun

Extension

Fig. 5.35 Load/extension curves indicating the trend
formed by steel cleanness

area). Ductility indicators are adversely affected
by any type of nonmetallic, but the stringer type
is more detrimental than the globular type (Ref
63). Also, the more elongated the stringer is, the
worse the effect will be.

The anisotropy effect due to metalworking has
already been mentioned, though not in any de
tail. The ductility indicators in conventionally
produced steels are lowest in the short transverse
direction, intermediate in the long transverse di
rection, and highest in the longitudinal direction
(Ref 64). The variation of reduction of area
(ROA) relative to orientation is illustrated in Fig.
5.37. An example of the effect that forging ratio
has on the ROA is shown in Fig. 5.38, which
shows that anisotropy increases with the amount
of metalworking. However, these results are
from about 1949; since then, steelmaking and
metalworking processes have advanced appre
ciably so that differences due to orientation can
be better controlled (Table 5.10). In the cleaner
grades of steel, the difference in ductility be
tween the longitudinal and long transverse direc
tions can be kept small, although that for the

1.50 r-----,---...,--..,--,----...,------,---,--~_____,

0.60 0.80 1.00.400.200.06 0.080.10

-- 900 MPa tensile strength

- - - 1150 MPa tensile strength

0:--+---+-+--- 1850 MPa tensile strength

0.04

0.25 ~---+--l--+-+--'::~~W

0.501------+----;-

1.25

Inclusions, mm/mm2

Fig. 5.36 Scatterbands for the tensile true fracture strain of a 0.4% C steel at three strength levels as a
function of the total inclusion projected length in the fracture plane. Inclusions, total projected length.
Source: Ref58

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



short transverse direction lags some way behind.
Even so, it might not be necessary to make steels
with equal ductility in all directions. The impor
tant achievement would be to have adequate duc
tility in the short-transverse direction, and this
can be done by producing a low-sulfur steel
along with a RE treatment.

Both microsegregation and nonmetallic inclu
sions vary depending on where in the forging or
bar the samples were taken. Consequently, be
cause they both have an effect on the ductility in
dicators, the ductility should vary with location.
Table 5.11 shows that near surface ductility is su
perior to that at the mid-radius or center loca
tions. This comparison might be of interest to
gear manufacturers who, in general, cut the gear
teeth in the near surface region of the forging or
bar.

Influence on Fatigue Resistance. Leslie (in Ref
65) considered that in the high-cycle regime
(>1OS load cycles) nearly all fatigue cracks initi
ate at nonmetallic inclusions. In the low-cycle re
gime (l()3 to lOS load cycles) and especially in
the 101 to 1()3 cycle range, slip band cracks pro
vide the initiation sites. The potency of a nonme-
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tallic inclusion with respect to fatigue stressing
depends on the chemistry, size, location, and
quantity of inclusions; strength of the steel; and
the residual stress state immediately adjacent to
the inclusion (Ref 66).

Effect of Inclusion Chemistry. The hard types
of inclusions that resist deformation during pro
cesses, such as rolling or forging, have a ten
dency to develop cone-shaped cavities in the di
rection of metal flow during the working
operations (Ref 67). These cavities, which do not
weld up again, increase the effective size and the
stress-concentrating effect of the inclusion,
thereby becoming more potent as a fatigue crack
initiation site. These hard, undeformable types
of inclusions, such as single-phase alumina
(Alz0 3), spinels (e.g., MgO·Alz0 3), calcium
aluminates (e.g., CaO-AIZ0 3), titanium nitride,
and some silicates, all have lower thermal expan
sion coefficients than steel (Fig. 5.39). There
fore, a tensile stress field should develop around
each inclusion as a result of hardening heat
treatments, and the tensile stresses could then
add to any stresses applied in service. Thus, with

o ~ 40 60 60 100
Angle,degrees

Fig. 5.37 Relationship between reduction of area and
angle between the longitudinal direction in forging and
the specimen axis. Source: Ref 64

Longitudinal

70

~60

~
~50
c:

~4O
:::>

~
30

20

Transverse

l

<, <, Maximum

\ <,r--

au =1145 MPa \ Minimum

"-Y

72
Longitudinal

68

~ 64
ai
l!!as 60
'0
c:
.2

56'0
:::>
'C
Gl
II: 52

Forging ratio

Fig. 5.38 Effect of forging reduction on longitudinal
and transverse reduction of area. TensiIe strength, 840
MPa (118 ksi), Source: Ref64

Table5.10 Mechanical properties of 15NiCrMo16 5 carburizing steel after melting (after K. Vetter)
Sulfur Degree of CUproof lenslle Elongationat tracture(a), "" Reduction ofarea, % Notch toughness(h), J/cnJ1.

Meltllllltype content, % delbrmation stress, MPa stress,MPa Longitudinal 'Iransverse Longitudinal 'Iransverse Longitudinal 'Iransverse

Conventionally 0.010 -6x 1160 1450 10 7 48 27 50 35
melted(electric
furnace)

Electroslag 0.004 -6x 1160 1450 12 10 55 46 69
remelted

Electron-beam 0.007-0.009 10 to 30x 1060--1120 1350-1420 13.5 13.5 58 51 83 65
remelted

(a) lu =5do. (b) DVM specimen. Source: Ref 57
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Table 5.11 Mechanical propertiesof heat-treatedforged barsofX41 CrMoV 51 steel
Positioool Iagot type of EIongalion at fracture(a) Reductionofarea, " Radool~specimeo

specimen in ioRot -Jtinc Loqltudioal 'I'raonene LoogitudioaJ Transverse EIoogation Reductionofarea

Edge Conventionally melted 12 6 45 12 0.5 0.27
(electricfurnace)

E1ectroslag remelted 12 12 45 43 \.0 0.97
Y, radius Conventionally melted 10 2 34 5 0.2 0.15

(electricfurnace)
Electroslagremelted 10 10 40 38 \.0 0.95

Center Conventionally melted 10 2 30 4 0.2 0.13
(electricfurnace)

Electroslagremelted 10 9.5 40 36 0.95 0.90

Diametersfrom230to 350 mm;tensilestrengthsfrom 1550to 1700MPa;averagesof -200 heats.(a) 4, =5do. Source:Ref 57

respect to properties, the hardest nonmetallic in
clusions are thought to be the most harmful (Ref
68-70), and the softer inclusions, such as manga
nese sulfide and manganese oxide, are the least
harmful (Ref 70). The softer inclusions are es
sentially harmless even in high-strength bearing
steels (Ref 60), although there could be a little
more life variability. A hard inclusion can be
rendered less deleterious if it contains or is en-

veloped by manganese sulfide. This is due in part
to the deformability of manganese sulfide and in
part to the tendency of hard nonmetallic inclu
sions to be noncoherent with the ferrous matrix,
whereas manganese sulfide is semi- coherent.

In general, the term "nonmetallic inclusion"
refers to the exogenous and indigenous types.
However, a third type develops by the inten
tional addition of lead, which is essentially im-

MnS

Alumina

Nitrides

Spinels
(XOAI20 3)

Calcium
aluminates

(
c = c ao )
A=AI203

Silicates (a)

(

c=cao)
A= AJ203
M=MnO
S=Si02

Mean expansion coefficient (0-800 ec), U1X 10-f3rC

5 10 u2 15

--------------
~~~~~--------------

co
~
c.
E
.§.
<:
o
'iii
::J
(3
.!:
13
a
?::

Stress-raisingpotential Matrix?Void forming potenti~1

Fig. 5.39 Stress-raising propertiesof inclusions in 1%C-Crbearing steel.
Source: Ref55
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miscible in steels and which fOnDS a fine dis
persion within a lead-treated steel. It is added
for the sole purpose of giving the steel free
machining properties. Lead is soft and, there
fore, contributes to anisotropy in wrought steels
similar to manganese sulfide. Goldstein et al.
(Ref 71) found that lead reduced the fatigue
limit by about 8% (compared with unleaded
steels) but anisotropy accounted for an -30%
difference in the fatigue limits of both leaded
and unleaded steels.

Effect of Inclusion Size and Location. Critical
inclusion size varies depending on the composi
tion of the inclusion, because composition deter
mines shape (round or angular) and whether or
not residual stresses, or cavities, are associated
with the inclusion. Critical size increases with
distance from the surface; the further an inclusion
is from the surface, the larger is its critical size.
For alumina inclusions, the critical size for an in
clusion close to the surface is 10 urn, but it in
creases to 30 urn when the inclusion is located
100 /lID from the surface (Ref 72). Kawada et al.
(Ref 73), studying the bending fatigue strength of
hardened bearing steels, agreed with the 10 urn
critical defect size for a surface inclusion, but they
were not so optimistic regarding the critical size at
100 /lID (Fig. 5.40) unless the local data are aver
aged. When a subsurface inclusion is above the
critical size, its strength reducing effect is propor
tional to the cube root of its diameter (Ref 72).

The critical inclusion or defect size with re
spect to fatigue loading is not the same for frac
ture toughness or metalworking situations.

Effect of Inclusion Quantity. For an inclusion
to initiate a fatigue crack, it must be in the path
of the applied stress. Often that path is quite nar
row, such as at the fillet of a gear tooth. The
probability of an adequately sized inclusion be
ing critically located within a narrow load path
increases as the number of adequately sized non
metallic inclusions in the steel increases. Figure
5.41 shows how the fatigue limit falls as the in
clusion count increases. Crack propagation can
be assisted or impeded by nonmetallic inclusion,
perhaps depending on orientation.

In design, it is not unusual for a stress concen
trator to beadded close to another stress concen
trator in order to reduce the stress raising effect
of the original. Therefore, with respect to non
metallic inclusions, is it possible that neighbor
ing inclusions could reduce the stress raising po
tency of each other? In other words, are two 40
urn inclusions that are close to one another less
harmful than an isolated inclusion of the same
diameter?

Effect of Steel Strength. For a critical location
within a steel, the critical inclusion size is
smaller the harder the steel is (Fig. 5.42). In
high-hardness steels including case-hardening
steels, calcium aluminates are the most detri
mental of inclusions (Fig. 5.43). Calcium alumi
nates are far more harmful than, for example,
alumina or titanium carbonitride, shown in Fig.
5.44 (Ref 65). Manganese sulfide is not particu
larly damaging (Ref 56), especially in relatively
low-strength materials (Table 5.8).

Composition, ...
Steel C SI Mn P S Cr Ni Cu

0 1.04 0.27 0.40 0.013 0.011 1.43 0.08 0.15

• 1.04 0.31 0.35 0.020 0.020- 1.65
~ 1.08 0.29 0.35 0.012 0.006 1.39 0.17 0.14

"
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Fi~. 5.40 Fatigue fracture of bearing steel caused by
inclusions in rotary bending. Distance from steel surface
vs. diameter of inclusions that initiated fatigue fracture.
Source: Ref 60,73

Fig.5.41 Relationship between the limiting fatigue
stressin smooth, rotating bending testsand total inclusion
projected length. Results for two test orientations and
three strength levels are shown. Source: Ref 58
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Oa at 106

reversals =~ _
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2

Mean inclusion radius (rl. in.

Fig. 5.42 Effect of inclusion size (spherical) on the fatigue
strength of steel. Source: Ref 74

Effect ofResidual Stresses from Inclusions. As
previously mentioned, tensile stress fields can
develop around the harder type of nonmetallic
inclusion, and cavities can form at hard inclu
sions during metalworking operations to act as
stress raisers. Also, angular inclusions (Ref 75)
or strings of fragmented inclusions can act as
stress raisers, even without the presence of cavi
ties. In through-hardened and low-temperature
tempered steels for which the inclusion critical
size is small anyway, such features are detrimen
tal to the fatigue resistance of the steel. In case
hardened parts, the surface layers are hard,

which implies that the critical inclusion size is
small and that other adverse features are also
present. However, a case-hardened surface with
its compressive residual stresses can better toler
ate such adverse features than can a residual
stress-free surface.

Any surface treatment that induces harden
ing and compressive residual stresses offsets
much, if not all, of the adverse influence of
nonmetallic inclusions. Cook and Dulieu (Ref
58) and others have demonstrated this with
shot peening. Having said that, Fig. 5.43 shows
the damaging influence of calcium alurninates

106

50

'if!.
~
.2
'0;
LL

10

Life, stresscycles

Fig. 5.44 Rotating bending fatigue of samplesinitiated
by B (alumina, irregular), D (calcium aluminate, spheri
cal), and T (titanium carbonitride, cuboid) type inclusions
in an SAE 52100 steel. Source: Ref 65
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Fi~. 5.43 Fatigue limits for SiCa-injected and not
SiCa-injected steels at different hardness levels. The
SiCa-injected steel with D type inclusions hasa lower fa
tigue limit. Source: Ref65
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Influence on Contact Fatigue. As in other cy
clic loading situations, nonmetallic inclusions
can contribute to failure during rolling or rolling
with sliding, such as in bearings and gears.
Again, size, hardness, coherency with the matrix,
location, and the number of the inclusions are the
important factors.

Hard inclusions situated between the working
surface and the depth of significant Hertzian
stresses are potentially damaging. The more in
clusions there are above a critical size and resid
ing in the stressed layer, the more likely they are
to reduce the life of the part (Fig. 5.45). There
fore, clean steels with inclusion size control
should be more resistant to failure.

The stress associated with a hard inclusion is
tensile and at a maximum at the interface be
tween the inclusion and the steel matrix. Ac
cording to Winter et aI. (Ref 78), the stress
raising effect of an oxide inclusion is 2.5.
Therefore, some point on the interface, de
pending on aspects of the inclusion and the di
rection of the applied stresses , is where dam
age or cracking eventually initiates. If a cavity
exists at an inclusion (due to forging) or a
crack develops due to loading , the stress con
centrating effect of the inclusion increases. If,
on the other hand, shearing (or whatever mech
anism is involved) occurs, which gives rise to
white etching areas associated with the inclu
sion called a "butterfly" (Fig. 5.46), then the
stress-raising effect of the inclusion is reduced
(Ref 79).

Soft inclusions are not regarded as damaging
in rolling contact situations. Even so, they could
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on the fatigue limit of case-hardened test
pieces, although it is not clear if the fractures
were surface or core initiated. It is not uncom
mon, in studies related to the fatigue strength
of case-hardened test pieces, for failures to ini
tiate at inclusions within the case or in the core
just beneath the case where the residual
stresses are tensile (Ref 76, 77). Such failures
occur in the high-cycle area of the S-N curve,
and they are attributed to the presence of hy
drogen concentrated at the site of an inclusion
(Ref 65).

Oxideinclusionslarger than0.03 mm

Fig. 5.45 Effect of number of large oxide inclusionson
the flaking of rig-tested bearings (1309 outer rings).
Through-hardened steel for ball bearings; composition,
1C, 0.5Mn, 1.5Cr. Source: Ref 60

Fig. 5.46 W hite etching "butterfly," developed at a nonmetall ic inclusion as a result of con tact loading. 750x
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have some effect if they lie in the zone of cyclic
stress. Littman and Widner (Ref 79) state that in
bearing fatigue tests, cracks and butterflies are
almost never associated with sulfide inclusions.
Sugino et al. (Ref 80) confirm that MnS is fairly
harmless in this respect, but Al20 3 (with or with
out associated MnS) encourages the formation of
butterflies (Table 5.12). Winter et al. (Ref 78),
referring to gears, observed very small areas of
white etching material at sulfide inclusions but
did not associate them with contact failures.
Consequently, soft inclusions are of less concern
than the harder types. Nevertheless, their size,
type, and quantities are best controlled to im
prove other properties.

Influence on Impact Fracture Strength and
Toughness. The Charpy toughness (shelf energy)
is increased by increasing the cleanness of a steel
(Ref 81) or by reducing the average size of inclu
sions and the number of large inclusions. The
transition temperature, on the other hand, is little
if at all affected by an increase of cleanness.

The toughness in the longitudinal direction is
not necessarily improved by increasing clean
ness, but for each of the transverse directions, es
pecially the through-thickness direction, tough
ness is improved (Ref 58,81).

Consequences of Producing Clean Steels

Machinability. The improvements to metal
shaping machines and tools have not always
matched the improvements in steel cleanness. As
a result, machining problems are encountered
when the sulfur content of a lean-alloy steel falls
below about 0.009%. Difficult machining can
lead to poor workpiece surface finish and heavy
tool wear. Even when the sulfur content is above
0.009%, the machinability can vary somewhat
depending on the size of the sulfide particles.
Steels with larger particles tend to machine more
easily than do those in which the sulfides are
small.

Manganese sulfide is well known for its con
tributions to easy machining and good tool life.
It assists in chip breaking of the swarf as it flows
from the cutting zone. It is not particularly abra-

sive to the flank of a tool, and it provides a pro
tective layer on the rake face, which protects
against cratering.

The crystalline silicates and alumina (the
nondeformable types) tend to give heavy tool
wear and are not effective as chip breakers.
Those silicates that become deformable at about
850°C assist machinability when the cutting
speed is sufficiently high to generate tempera
tures in excess of 850 °C in the swarf metal as it
shears away from the rake face of the cutting
tool.

The ceramic and the coated tools developed
for clean steel machining might not be durable
for machining the less clean steels. Sulfide inclu
sions have the potential to chemically react with
the cutting surfaces of such materials, thereby in
creasing tool wear.

Overheating. The appearance of matte facets
on the fracture faces of impact test pieces indi
cates that the steel has been "overheated" dur
ing the preheating and hot-working processes.
The dissolution of manganese sulfide and its
reprecipitation as very fine particles on the aus
tenite grain boundaries during hot working are
regarded as the cause (Ref 58). Decreasing the
sulfur content lowers the onset temperature for
overheating where the onset temperature is at its
lowest when the sulfur content is between 0.002
and 0.004%. The steel composition and the
cooling rate from the working temperature have
an effect on overheating. For example, nickel
lowers the overheating temperature, and cooling
rates between 10 and 300 °C/min seem to pro
duce more matte facets on the impact test frac
ture surfaces than other cooling rates (Ref 82).
A reheat temperature of 1150 °C is considered
safe, and in the event of overheating, a reheat to
1200 °C reduces, if not eliminates, the effect.
Thus, overheating is reversible. According to
Ref 59, RE or calcium modifications to a low
sulfur steel can prevent overheating by raising
the overheating temperature.

McBride (Ref 82) asserts that severe overheat
ing can reduce the fatigue resistance by 20 to

Table5.12 Listof inclusion type and occurrence associated with butterfly formation
'IYpe of IIOIIIIIeIlIIIk indus;oo Appearance orooometallic inclusion Frequency or butterflies

MnS Elongated (<3 11m) Rare
Elongated «311m) Few
Verythin and long None

Finely dispersed stringers Many
None
Many
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25%. Gardiner (Ref 83) determined the best
combination of preheating temperature and
percent metalworking reduction to maximize
the overheating effect of two VAR S82 case
hardening steels. Using these conditions to in
duce overheating, test pieces were prepared (car
burized and uncarburized) and tested. Over
heating had no detrimental effect on:

• Rotating bending fatigue strength of either
carburized and uncarburized samples

• Rate of crack growth in uncarburized samples
• Fatigue crack initiation sites
• Tensile strength
• Fracture toughness

It did, however, reduce the tensile ductility, the im
pact toughness, and the KISCC•

Burning takes place at temperatures above
-1450 °C and is irreversible. It is caused by
liquation at grain boundaries, encouraged by the
segregation to the boundaries of solute ele
ments, such as phosphorus and sulfur. When the
sulfur content is high, the temperature for burn
ing is not much above that for overheating.
When the sulfur content is low, the overheating
temperature is lowered, thereby increasing the
range between the overheating and burning
temperatures.

Welding. It is not good practice to weld parts
before or after carburizing and hardening. How
ever, because cleanness affects the response of a
steel to welding, the following information is in
cluded.

The use of cleaner steels significantly im
proves weldability. The risk of heat affected zone
(HAZ) liquation cracking diminishes as the sul
fur content is reduced, and lamellar tearing be
comes less of a problem as the through- thick
ness ductility is improved as a result of steel
cleanness.

However, clean steels are prone to HAZ crack
ing during and following the welding operation.
This cracking occurs due to a high HAZ
hardenability, which results from the relative ab
sence of sulfide and oxide inclusions. These in
clusions, had they been present in quantity,
would have stimulated the formation of HTIP
(Ref 84). Instead, there is a greater tendency for
martensite to form in the HAZ, which, coupled
with the intake of hydrogen into the zone (from
the steel and from the welding), can result in hy
drogen-induced HAZ cracking. Hewitt (Ref 85)
reported a definite trend between hydrogen
cracking and sulfur content. Therefore, for clean
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steels, a low-hydrogen welding practice is rec
ommended.

Summary

Grain size

Grain size affects both case and core proper
ties; small grain sizes are required.

• Preprocess considerations: Purchase steel of
appropriate quality; adhere to the grain-size:
requirement. A normalizing heat treatment fa
vors an initially uniform and small grain size.

• In-process considerations: High-temperature
carburizing (>1000 "C) tends to encourage
some grain growth. Direct-quenched cases
tend to be coarse in terms of grain size,
martensite plate size, and the size of austenite
volumes. Re-heat quenching favors a refined
structure.

• Postprocess considerations: Consider reheat
quenching, keeping in mind the distortion as
pect. For some applications, shot peening
might counter some of the adverse effects of a
coarse-grained structure (although no data are
available to show this).

• Effect on properties: A fine grain size can oc
casionally have an adverse influence on the
case and the core hardenability of lean-alloy
carburizing steels. However, in general, a fine
grain size is preferred. Coarse-grained steels
are thought to distort more during heat treat
ment. A coarse austenite grain will, when
quenched, produce large martensite plates and
large austenite volumes. Large martensite
plates are more prone to microcracks than are
small plates. Altogether, these adverse effects
contribute to reduced fatigue and impact
strengths.

• Standards: Specifications on grain size call
for a grain size of predominantly five or finer.

Microcracks

Microcracks refer to cracks that develop dur
ing the formation of plate martensite. They are
confined to the high-carbon regions of the case.
Large high-carbon martensite plates are more
likely to have microcracks.

• Preprocess considerations: Plain-carbon and
very lean-alloy grades of steel are more prone
to microcracking during case hardening.
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Therefore, the steel grade needs to be consid
ered, as does grain size.

• In-process considerations: High carburizing
temperatures favor grain growth and, hence,
coarse plate martensite. Microcracking ten
dency increases with carbon content; there
fore, consider case carbon control. Direct
quenching retains more carbon in solution in
the martensite; therefore quenching method
and temperature are important.

• Postprocess considerations: Tempering is re
garded as beneficial, and refrigeration might
have a negative effect.

• Effecton properties: This is difficult to assess,
though it is thought by some that fatigue
strength is reduced by as much as 20%.

• Standards: ANSIIAGMA has no specification
for grades 1 and 2. For the grade 3 quality, 10
microcracks in a 0.0001 in.2 (0.06 mm-) field
at 400 is specified.

Microsegregation

Microsegregation is unavoidable; it is influ
enced by the modes of solidification during
casting. The degree of microsegregation is af
fected by the alloy content of the steel, including
tramp elements. The distribution and direc
tionality of microsegregation are affected by
metalworking processes, and its intensity can be
reduced to some degree during the mechanical
and thermal treatments. Generally speaking,
manufacturers and heat treaters have to live with
microsegregation.

• Preprocess considerations: Microsegregation
is difficult to assess during acceptance testing;
it is often masked by interstitial elements, for
example, by carbon in normalized products. It
can create machining problems.

• In-process considerations: Microsegregation
can cause severe cracking in the more alloyed
carburizing grades during slow cooling from
the carburizing temperature. In carburized
and quenched surfaces, microsegregation can
cause alternating zones of martensite and aus
tenite, which are regarded as unsatisfactory. It
can also influence the growth and distortion
behavior of a heat-treated part.

• Postprocess considerations: Where actual case
hardened parts are not sectioned for quality
assessment, the presence of microsegregation
and its effect on structure will go undetected.
Its presence should be considered during ser
vice failure analyses.

• Effect on properties: See comments for "In
process factors" in this list. Microsegregation,
along with nonmetallic inclusions, apprecia
bly influences the transverse properties of
wrought steels, particularly the toughness and
ductility indicators. Austenite/martensite or
martensitelbainite banding, if either occur, is
expected to have a negative influence on fa
tigue resistance, especially in those surfaces
containing bands of bainite.

• Standards: No specifications

Nonmetallic Inclusions

All steels contain numerous nonmetallic inclu
sions, but the cleaner grades have fewer large or
significant inclusions than do the conventional
grades. Clean steels, however, are more prone to
overheating problems during forging.

• Preprocess considerations: Steel quality re
quirement, and the steel purchased, is deter
mined by the product quality sought, for ex
ample, ANSIIAGMA 2001 grade 1,2,3, or
aircraft quality. For special applications, ul
trasonic surveys maybe carried out to deter
mine if, and where, significant inclusions or
inclusion clusters reside within the work
piece. Actions are taken accordingly. Clean
steels can be more difficult to machine than
conventionally melted steels.

• In-process considerations: No in-processconsid
erations

• Postprocess considerations: Shot peening of
critically stressed areas will, to some extent,
offset any adverse effects of nonmetallics re
siding at, or close to, the surface of that area.

• Effect on properties: Nonmetallic inclusions
can have a significant adverse influence on
transverse toughness and ductility. In terms of
fatigue properties, soft inclusions are less
harmful than are hard inclusions, size for size.
In case-hardened parts nonmetallics might not
seriously affect the fatigue limit but could
contribute to greater life variability at stresses
above the fatigue limit.

• Standards: For AGMA grade 2 and grade 3
qualities, (ultrasonic and magnetic particle
nondestructive testing) requirements are spec
ified. Sulfur contents to 0.040% are permitted
for grade 2, and to 0.015%S for grade 3.

• Note: Magnetic particle examination may be
needed for detecting defects at or close to a
steel surface; such defects are the more likely
to affect service life. In magnetic-particle ex-

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



amination of gear teeth larger than 10 pitch
normal diameter (p00)' indicationsof less than
Y64 in. (-0.4 rom) are ignored, yet the critical
defect size for case-hardened surfaces could
be less than this. Therefore, while such in
spectionsare important, they may not guaran
tee a freedom from harmful surface breaking
inclusions.
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Chapter 6

Core Properties and Case Depth

When a case-hardened machine part is sub
jected to normal loading, its failure, should fail
ure occur, usually results from contact damage or
damage due to bending stresses, possibly acting
on an engineering or metallurgical stress raiser.
Contact damage often initiates at the surface as a
consequence of frictional effects (predominantly
sliding and wear processes), and, therefore, the
surface condition and the metallurgical structure
of the surface are very much involved. Contact
damage can also develop at subsurface locations
due to shear stresses, which are generated below
the surface when one surface rolls over another.
In this situation, the metallurgy of the material
beneath the surface (where the maximum shear
stresses develop) needs to be considered. When
bending conditions prevail, as at a gear tooth fil
let, the stresses developed are greatest at the sur
face and decrease steeply beneath the surface;
again the surface and near-surface metallurgy are
important. Therefore, if the case depth of a
case-hardened part is deep enough, the material
of the case is strong enough, and the load-bear
ing areas are large enough, the notion that the
core is 'just stuffing" is more or less valid. Un
fortunately, it is not that simple. In general, eco
nomic and ecological considerations dictate the
use of the leanest (or cheapest) steel for the job,
as well as the shortest time in the furnace needed
to produce just enough carburized case to cope
with the applied stresses in a minimum
weight-to-power ratio situation. The aim is to not
over design (to do so increases the cost); there
fore, there is a risk of under designing with re
spect to material selection and case depth speci
fication. This is designing nearer to the limit, and
in such circumstances, the contact and/or bend
ing stresses experienced by the core material be-

neath the case can be significant. Under these
conditions, the core ceases to be 'just stuffing."

Core Factors

The core properties of a carburized part are
dictated by the chemical composition of the steel
and the rate at which the part cools during
quenching. The alloy content is mainly responsi
ble for the depth to which a steel will harden
(hardenability), whereas the carbon content
largely determines the hardness.

Core Hardenability

Case-hardening steels are usually lean alloy
with total alloying-element contents ranging
from about 1 to 6.5% and carbon contents be
tween about 0.1 and 0.25%. When the total alloy
range is 4 to 6.5%, the main alloying element is
usually nickel. The available case-hardening
steels can produce as-quenched core hardnesses
between 20 and 45 HRC (depending upon size),
and are suitable for case-hardened parts from a
few millimeters to almost a meter in section.
Case-hardening steels for special applications,
for example, high-temperature service applica
tions, may contain at least 10% alloying ele
ments. Such steels are generally tool steels
adapted for carburizing and require special heat
treatments to develop desired properties. There
fore, they are not directly discussed in this work.

When selecting a steel for an application, two
important requirements must be satisfied. First,
the steel must have adequate case hardenability
for the job; that is, the carbon-rich layer induced
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by carburizing will suitably harden when
quenched. A number of steels might satisfy this
requirement, but each will likely have a different
core hardness range. Therefore, the second re
quirement to be satisfied is core hardness (or
strength) of the critical core areas of the compo
nent. This primarily relates to the hardening
depth (the core-hardenability). Figure 6.1 pro
vides a general view of core hardenability in
terms of how average tensile strength varies with
section size and alloy content.

Microstructures observed within the cores of
case-hardened parts are: ferrite (undissolved or
precipitated), bainite (upper and lower), and
martensite (low-carbon) (see Fig. 6.2). Pearlite is
not found in a quenched core material unless the

section size is large and the steel has low
hardenability. In such an instance, the case might
not satisfactorily harden. One reason ferrite
could be present in an as-quenched core material
is that it was austenitized (prior to quenching) at
a temperature below the AC3 temperature, leav
ing some ferrite undissolved. Another reason,
perhaps the most common, is that a steel is em
ployed that has less hardenability than required
for the section. This is illustrated in Fig. 6.3
where the upper continuous-cooling transforma
tion (CCT) diagram represents a lean-alloy
case-hardening steel, and the lower diagram
represents a medium-alloy case-hardening steel.
By superimposing near-surface cooling curves
(e.g., for -12 mm and -50 mm diameter bars),
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Nominal composition, \I>

C Mn Ni Cr Mo

0.15 0.40 4.1 1.1 0.20
0.15 0.40 4.1 1.1
0.13 0.40 3.2 0.90 0.20

0.13 0.50 3.2 0.90
0.17 0.50 1.8 0.25

0.17 0.60 2.0 1.5 0.20
0.17 0.80 1.8 1.0 0.15

0.17 0.80 1.4 1.0 0.15
0.17 0.80 1.0 0.80 0.05
0.15 0.80 0.80 0.60 0.05

Fig. 6.1 Strength versus section diameter for a number of U.K. carburizing steels. Use lower scale to estimate bar cen
ter strength; use upper scale to estimate bar surface strength. Source: Ref 1
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lime, S

it is seen that for such conditions, the formation
of ferrite is unavoidable in the leaner grade
but avoidable in the more alloyed grade. Conse
quently, if ferrite is not desired in the core of a
part, an adequately aIIoyed steel must beselected
with quenching from the fully austenitic condi
tion. Increasing the cooling rate might suppress
ferrite formation up to a point. The selection of a
borderline grade of steel might, on a
batch-to-batch basis, lead to a fair amount of
core structure variability. This is because
steelmakers cannot work to precise chemical
compositions; they must have reasonable work
ing tolerances. In the unlikely situations where
each alloying element in a steel is either at the
bottom or at the top of its specification range, the
transformation characteristics can be extremely
variable, as Fig. 6.4(a) and (b) suggest. Even
variations of carbon content alone can make a
difference in transformation behavior (Fig.
6.4c). This indicates for this steel that if the
carbon content is low at 0.08%, the time to the
ferrite nose is less than 8 s, which means, for
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Fig. 6.3 Acomparison of the continuous-cooling trans
formation diagrams for (a) BS 970 805M20 (SAE 8620)
(composition: 0.17 C, 0.30 st. 0.80 Mn, 0.50 Ni, 0.50 o.
0.20 Mo) and (b) BS970 832M13 (composition: 0 .12 C,
0.20 Si, 0.50 Mn, 3.20 Ni, 0.85 Cr, 0.12 Mol. F, ferrite; B,
bainite, M, martensite. Surface cooling is shown for a 12
mm diam bar and a 50 mm diam bar.

(b)

(c)

Fig. 6.2 Microstructures obtained by cooling a 0.16%C
3%Ni-Cr steel from 920°C. (a) Fast cool (920-200 °C in 30
s) giving low-carbon martensitic structure of 1590 MPa
UTS. 800x. (b) Intermediate cool (920-250 °C in 200 s) giv
ing bainitic structure of 1360 MPa UTS. 800x. (e) Slow cool
(920-250 OC in 10" s) giving a ferrite/pearlite structure of
740 MPa UTS. 800><. Source: Ref1
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(e)
Tirne.s

as-quenched core strength of less than about
1000 MPa (145 ksi). With this in mind, one can
carburize, slow cool, and subcritical anneal to fa
cilitate the removal of areas of the case where,
after quenching, further machining operations
can be performed.
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Fig. 6.4 Continuous-cooling trans~ormation diagra~s
for selected 3%Ni-Cr case-hardening steels. Specifi
cation En 36 is now replaced by 655M13 and 831M13.
(a) Ni, Cr, and Mo contents all atthe bottom of the specifi
cation range (En 36). Composition: 0.12 C, 0.20 Si, 0.40
Mn, 3.00 Ni, 0.60 Cr, 0.00 Mo, 0.00 V. (b) Ni, Cr,and Mo
contents all at the top of the specification range. Compo
sition: 0.12 C, 0.20 Si, 0.60 Mn, 3.50 Nil 1.10 Cr, 0.25
Mo, 0.00 V. (c) Effectof carbon content with alloying ele
ments at constant levels. Composition: 0.06-0.18 C, 0.20
Si, 0.54 Mn, 3.18 Ni, 0.91 Cr, 0.04 MOl 0.00 V.Source:
Ref1
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example, that an oil-quenched 12.5 mm (Yz in)
diameter bar will contain some ferrite at its cen
ter. When the carbon content is raised to 0.18%
and the other elements remain the same, the time
to the ferrite nose is nearer to 200 s. This allows
a 125 mm (5 in.) diameter bar to be oil quenched
without any ferrite production. Fortunately, steel
manufacturers can generally maintain the
amount of each element in a steel grade within
narrow limits. The purchase of controlled
hardenability steels also makes for a greater de
greeof consistency from batch to batch. In terms
of end-quench hardenability, Fig. 6.5(a) and (b)
show the hardenability curves that correspond to
the CCT curves of Fig. 6.3; the extremes of the
bands of Fig. 6.5(b) correspond to the CCT
curves of Fig. 6.4(a) and (b).

There are areas within the core of a carbu
rized and hardened component that experience
little, if any, stress during service; for these ar
eas, the microstructure and strength are of little
concern. It is those areas just beneath the case
where high stresses develop during service for
which core structure and strength are important.
Therefore, when using CCT diagrams to assess
the suitability of a steel for a given component,
the near-surface cooling rate is the most mean
ingful.

Ferrite cores, although not uncommon, are of
ten regarded as unacceptable for critically loaded
components. Bainite-type cores are perhaps
more common and more desirable than ferrite.
The martensitic, or predominantly martensitic,
core structures tend to be found in those compo
nents with small sections, and these are also de
sirable if the core carbon and the core hardness
are not too high.

In selecting a steel for a particular component,
care must be taken to choose one without too
much carbon and hardenability for the shape and
the section involved, otherwise growth, distor
tion, and internal cracking (as under the tops of
gear teeth) might become a problem. Also, one
needs to decide whether to choose a steel of rea
sonable hardenability and harden it with a mild
quench, or to adopt a lower hardenability steel
and hard quench it. The choice between a low
hardenability steel with a high carbon content,
and a higher hardenability steel with a low car
bon content often depends on the duty of the fin
ished item. However, a low hardenability steel
with a high carbon content is more prone to size
variations. One good reason for selecting an al
loy case-hardening steel with a low nominal car
bon content (-0.13%) is that it should develop an
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Core Microstructure and Hardness

Core hardness is sometimes specified on engi
neering drawings for case-hardened parts, im
plying that a heat-treated part is to be sacrificed
to permit the necessary sectioning and hardness
testing. In such instances, the hardness tests are
carried out as a standard procedure in which test
impressions are made at specified locations. For
gear teeth, these might be at the center of the
tooth and at the center of the tooth on the root
circle diameter. Such tests relate the minimum
tooth hardness, which has some value even
though, in the locations specified, the service
applied loads are negligible. Perhaps a more
meaningful test site would be at, for example,
2 x the total case depth at the midflank and tooth
fillet positions. Hardness tests are quick and easy
to perform and, as a rule, are reliable.

When it is unacceptable to determine the core
hardness of actual parts, the best alternative is to
have a simulation test piece that contains appro
priate geometric features and cools during
quenching at a rate similar to that of the actual
part. The third option is to ensure that the mate
rial selection is related to the size of the compo
nent (Fig. 6.1 or equivalent), that the material
supplied is to specification, and that process con-

trol is tight. In that way, the attainment of a mini
mum core hardness of the finished part is virtu
ally ensured.

From a designer's point of view, a hardness test
value is only a means of conveying what is re
quired or what has been achieved; strength data
are far more meaningful to the designer. Fortu
nately, the relationship between hardness .testval
ues and equivalent tensile strengths is quite good
(Fig. 6.6), and it is possible to approximate other
properties from the tensile strength. .

The connections between strength properties
and microstructure tend to be somewhat blurred.
This is because core microstructures are often a
mixture of different phases; cores with
hardnesses of <25 HRC will have high ferrite
contents, whereas >40 HRC cores would indi
cate a predominantly martensitic microstructure.
Hardness values of mixed microstructures are
between 25 and 40 HRC. The effect of structure
variability on the hardness of an alloyed
case-hardening steel is illustrated in Fig. 6.7;
note that other steels with different core carbon
and alloy contents will shift the lines of the dia
gram to the left or to the right along ~e hardness
scale, depending on the actual cherrucal compo
sition.

Core Tensile Properties

Core Tensile Strength. The influence of core
carbon on the center tensile strength of 3%Ni-Cr
steel parts with different sections is shown in Fig.
6.8. This figure suggests that there can be a 310 to
460 MPa wide band on the ultimate tensile
strength (UTS) value due simply to a variation of
carbon content within a range of 0.08% C.
Normally, for case-hardening steels, the tolerance
band for carbon content is 0.05 or 0.06% C, and
steelmakerscan readily achieve this, as the inset il
lustration in Fig. 6.8 shows. Nevertheless, some
core strength variability can be anticipated due to
carbon and composition variations. For many pro
duction parts, the center core strength is not too im
portant, whereas that part of the core irnm~a~ly

beneath the stressed case is important. An indica
tion of how hardness and, hence, strength vary
within a section is illustratedin Fig. 6.9.

Core Yield Strength. From a designer's point.of
view, the core yield strength often has more Sig
nificance than the tensile strength does because,
in most designs, core yielding is not permitted.
There are different ways of conveying yield data,
for example, limit of proportionality (LoP),
proof stress (offset yield), or yield strength. In
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Fig. 6.9 Hardness distribution within a toothed section. Source: Ref 1

Fig. 6.10 for UK steel 822M17, the LoP is at
about 50% of the UTS, the 0.1% proof stress is
at -60%, the 0.2% proof stress is at -70%, and
theAGMA yield number is about 80% of theUTS.
Yield strength is influenced by microstructural
constituents,grainsize, or packet size or lath width,

as in martensite-bainite structures. The smaller the
packet size or lath width, the higher the yield
strength and toughness are (Ref 4).

Another way of looking at yield strength data
is with the yield ratio (YR), that is, the UTS di
vided by one of the yield strength indicators. In
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Fig. 6.10 Relationship between ultimate tensile strength and proof stress for a Ni-Cr-Mo carburizing steel. Derived
from Ref3
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Core Ductility. The ductility indicators are the
percent reduction of area and the percent elonga
tion as derived from the tensile test; the higher
the values of the two indicators, the more ductile
the metal is. Ductility relates to the ability of a
material to be plastically deformed without frac
ture; it is important to those who work metals,
for example, wire manufacturers or car-body
press shop operators. For case-hardened parts,
the significance of core ductility is not at all clear
because the applied stresses must exceed the en
gineering yield strength of the core before ductil
ity becomes a consideration. Nevertheless, ac
ceptance testing for case-hardening steels
requires that the percent reduction of area, the
percent elongation, and the impact resistance are
determined, if only to assure the manufacturer
that the steel is of acceptable quality. According
to the trend, as the strength and hardenability of
the steel increase, the ductility decreases (Fig.
6.12).

Tensile strength. ksi

Fig. 6.12 Mechanical properties of lightly tempered
plain-carbon martensites to illustrate how ductility falls
as strength rises. Source: Ref 7
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Toughness is the ability of a metal to absorb
energy. This is generally important with respect
to case-hardened parts because tough case
hardened parts are more able to survive occasional
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rizing steels (0.08-D.18% C), Note that with carbon con
tents of over 0.18%, the ratio can be as low as 1.15 for
strengths over about 200 ksi (44 HRCl. Data from Ref3
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Fig. 6.11, the yield ratio =UTS/0.2% proof
stress. This illustration represents bars of 1X in.
diameter with carbon contents up to 0.18%, and
shows that for core strengths typical of
martensitic and/or bainitic microstructures, the
YR is fairly low (around 1.3 to 1.5); that is, the
yield strength is fairly high. With smaller section
sizes and carbon contents above 0.18%, yield ra
tios down to 1.15 are possible. Core materials
containing ferrite tend to have low yield
strengths and high yield ratios (1.5 to more than
2.0); how high depends on the amount of ferrite
present. (The significance of a fairly high-yield
strength core material will become more appar
ent when fatigue resistance is considered.) Inter
estingly, regarding straining in tension, if the
yield ratio is more than 1.4, work hardening will
occur during cyclic straining. If, on the other
hand, the ratio is less than 1.2, work softening
will occur during cyclic straining. Between 1.2
and 1.4, the material is probably fairly stable
(RefS).

The yielding referred to so far is macroyielding
as determined during a typical tensile test. How
ever, before that stage is reached, microplastic
yielding has already commenced at a much lower
stress. The onset of microplastic yielding, the true
elastic limit, is when dislocation migration first
occurs, and can be measured by determining the
change of AC resistance while straining in uniax
ial tension (Ref 6). Tests on samples of a
through-hardened and low-temperature tempered
case-hardening steel have indicated that the true
elastic limit is only a few percent below the bend
ing fatigue limit.
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overloads and cyclic impact loading than are
parts of relatively low toughness.

Tests for toughness include notched (severe
to gentle notches) and unnotched impact bend
tests, notched and unnotched slow bend tests,
and precracked fracture tests. Such tests indi
cate the contributions of alloying elements,
microstructure, and hardness to fracture resis
tance. The more meaningful information is ob
tained not from the standard impact tests
(Charpy and Izod) but from those tests in which
the stress raiser in the test piece is more similar
to those found in actual machine components.
Chesters examined the limitations of the stan
dard impact test in an early work (Ref 8). The
results of this research for a number of steels
are summarized in Fig. 6.13. The standard test
on its own did not supply much information on
the effect of material composition on impact,
whereas the simulated gear tooth did. Further,
even with Izod impact test values below 10
ft . lb, the case-hardening grade of steel (En 36)
still offered a good resistance to impact when
the stress concentrator was similar to that for a
small gear tooth. The use of the notched impact

test has largely been driven by the national
standards, and its value, if any, is regarding mate
rial acceptance. Even used for that purpose, a
notched impact value of 20 ft . lb (27 1) is con
sidered ample for most applications, though the
appropriate material standard might call for
more than 27J (Ref 9). Another limitation of the
standard test is that the results do not relate to fa
tigue performance, nor can they be used in de
sign formulas. The more recently adopted instru
mented impact and bend tests used for research
projects, while still having some limitations, em
ploy test pieces that contain more realistic stress
concentrators; therefore, these tests more use
fully contribute to the understanding of the re
spective influences of steel composition, core
microstructure, and hardness (strength).

Fett showed that steels containing little or no
nickel are notch sensitive at core hardnesses of
>40 HRC in slow bending, and sensitive at >30
HRC under impact loading (Ref 10). Nickel
steels (>1.8% Ni) are not so sensitive at that
value, which means that with the nickel grades of
case-hardening steels one can develop a
high-yield strength core that is adequately tough.
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The higher nickel grade (>3%) generally has su
perior toughness properties compared to the me
dium nickel grade (-1.8%), though the latter is
still good. However, in practice, a steel is se
lected for its case and core hardenabilities, so the
tendency is to use the more alloyed grade for the
larger components. The effect of steel composi
tion was determined by Cameron et al. who rated
the as-carburized impact strength of Mn-Cr
steels as less than that of Cr-Mo steels, which, in
tum, were somewhat inferior to a Ni-Cr-Mo (pS
55) steel (Ref 11). For the Mn-Cr and the Cr-Mo
steels, increasing core carbon from about 0.17 to
0.3% decreased fracture strength, but a similar
variance of core carbon had no effect on the frac
ture strength of the PS 55 steel. The beneficial
affect of molybdenum with nickel on fracture
strength was demonstrated by Smith and
Diesburg (Ref 12); they showed that increases of
both nickel and molybdenum raise the toughness
of case-hardened test pieces.

Effects ofCore Properties

Effect of Core Material on Residual Stresses. The
residual stress distribution within a case- hard
ened layer is related to the difference in volume
expansion between the high-carbon martensite of
the case and the low-carbon martensite, bainite,
or ferrite of the core (Ref 1). The greater that dif
ference is, the greater the likelihood is of produc
ing high magnitudes of residual stress, provided
no yielding occurs and the sequence of transfor
mation is correct. This implies that a part with a
low-carbon core should develop a more favor
able residual stress distribution than a part with a
high-carbon core. Sagaradze (Ref 13) carried out
residual stress determinations on carburized and
hardened plate samples that had been prepared

from a common Cr-Mn-TI steel base stock with
carbon contents between 0.07 and 0.45%. The
residual stress distribution curves obtained are
shown in Fig. 6.14(a), which shows that as the
carbon content of the core material increases
(and, hence, the hardness increases), the value of
the surface compressive stress decreases at a rate
of 11 MPa per 0.01% C (Fig. 6.14b). The peak
compression (here, -75% of the case depth) fol
lows the same trend with respect to carbon, apart
from the lowest carbon level (Fig. 6.14c). The
same researcher reported that similar tests with a
3.5Ni-1.5Cr steel produced the same trend, ex
cept the values of maximum compressive stress
were very much higher, that is, 0.18, 0.28, and
0.38% core carbon samples gave values of 830,
860, and 730 MPa, respectively. The trend found
by Sagaradze was more or less confirmed by
Kern whose curve for the SAE 8600 series of
steels is also shown in Fig. 6.14(c) (Ref 14).

Effect of Core Strength on Bending Fatigue Re
sistance. Increasing the core carbon increases
the core strength for a given quench or micro
structure, and increasing the quench severity in
creases the hardness (up to a point) for a given
carbon content. Increasing the core strength can
reduce the amount of compressive residual stress
within the case. A reduction of surface compres
sion can then lead to a reduction of fatigue resis
tance, shown in Fig. 6.15. From this, it can be
concluded that there is an upper limit of desir
able core strength for case-hardened parts.
Low-carbon cores, while they encourage the de
velopment of high surface compressive-residual
stresses, might either deform under load or lo
cally yield enough to modify the residual stresses
and increase the possibility of subcase fatigue
crack initiation. In other words, for critically
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Fig. 6.14 Dependence of residual stress in carburized and hardened cases on core carbon level. (a) Residual stress dis
tribution in samples of Cr-Mn-Tisteel of varying core carbon contents; case depth, 1.2 mm; quenched from 810 0c. (b) Re
lationship between surface residual stress and core carbon. (c) Relationship between peak compressive stress and core
carbon. Source: Ref13, 14
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loaded parts, there is a lower limit of desirable
core strength.

There have been several attempts to relate the
experimentally derived fatigue limit to the ultimate
strength or hardness of the core material in order to
arrive at the optimum value of core strength. Fig
ure 6.16 shows that the fatigue strength rises with
core strength up to a peak value, beyond which the
fatigue strength falls as the core strength increases

further. Four of the sources (Ref 13, 16, 17, 20)
indicate an optimum core strength of -1150 to
1200 MPa (37-39 HRC), whereas two other
sources (Ref 18, 19) report 1250 to 1550 MPa
(40-48 HRC). In terms of microstructures, one
might expect a predominantly bainitic structure
with less than 50% martensite and no ferrite for
the 37 to 39 HRC range; for the 40 to 48 HRC
range, the structures will contain 50 to 100%
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Table6.1 Effect of quenching temperature on fatiguestrength
Quenching Surface hardness, Corehardness, Case depth 10500 HV Faliguelimil
temperature,oC HV HV mm 0.001 in. MPa ksi

760 780 235 0.425 17 610 88
810 895 325 0.825 33 745 108
840 925-940 400 0.875-0.925 35-37 8OD-91 0 116--132
870 880 405 1.0 40 840 122
900 915 410 0.825 33 880 128

Testsconductedon 637 M 17(l.07%Ni-0.88%Cr) 7dp (diametralpitch)gearspack carburizedat 900 "C for 7 h at a carbonpotentialof 1.1% single
quenched and not tempered.Source:Ref 22

martensite, again with no ferrite. Considering
toughness, hardness values in excess of 40 HRC
tend to be a little high, particularly for steel
grades containing little or no nickel. The deter
mination of the optimum core strength is not un
reasonable; useful information is thereby pro
vided. It is, however, unreasonable to expect the
chosen optimum strength to be achieved on a
commercial basis, except by chance. A wider,
more achievable range is needed in practice, for
instance, 1000 to 1300 MPa (32-42 HRC); in
addition, ferrite must be avoided. These consid
erations, however, apply only to the critically
loaded areas. As Kal'ner et al. related, it is unde
sirable for the tooth core and the main body of a
gear to have the same strength because such a
situation favors distortion (Ref 21). These re
searchers recommended that tooth cores have a
hardness in the range 30 to 40 HRC, whereas the
preferred hardness for the gear body is between
25 and 35 HRC. Developing a core hardness
range of 30 to 40 HRC or 32 to 42 HRC immedi
ately beneath the case ensures a more predictable
local yield ratio (Fig. 6.11). That is, the yield
strength will be fairly high to resist yielding and
residual stress fade due to cyclic stressing.

Whereas core hardness is influenced by the
chemical composition of the steel, it is also af
fected by the quenching temperature, as is the
surface hardness. Consequently, the bending fa
tigue strength is also affected, as Table 6.1
shows for a small untempered 637Ml7 automo
tive gear (Ref 22). This table illustrates how
quenching from above the AC3 of the core is im
portant for good bending fatigue strength; in
practice, however, the higher fatigue strength
might not be realized if the growth and distortion
are excessive due to quenching from a tempera
ture that is too high.

Effect of Core Material on Impact-Fatigue Re
sistance. Undissolved ferrite in the cores of
case-hardened notched test pieces significantly
reduces their impact-fatigue resistance (Fig.
6.17). The difference in life between cores with
ferrite (low hardness) and those without (high
hardness) is entirely due to crack propagation
(Fig. 6.18). In the low-cycle regime, core carbon
content was significant: a core of 0.16% C re
quired about 400 impacts to induce failure,
whereas a core with 0.24% C failed in only 100
impacts (Ref 24).

1180

1080

980

11.
::E 880
gf
~ 780
Ul

680

590

120
Test pieces 9 mm diameter

110 '~12""N3A at root of 60' angle

" 81D-820'C
V notches

100
\ (40-42 HRC)

12KhN3A

~ "\ 760-770 'C Notch depth =0.25 mm
\ \ (25-27 HRC)

~90 \ \ -. Uk =3.4
\ \ Case depth =1.0-1.1 mm

20 Kh \ \
<Ii , ,
'" 80 83D-840 -c~, 20 Khe

US (32-34 HRC) , ,
Notch depth =1.5 mm

\
,

70 765-775 -c --', ''---- Uk =4.5

(25-27 HRC) , Case depth =0.5-0.6 mm
60 '------

490 50 L...,__--'- '--__-l

103 104 105 106
Cycles
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Impact-fatigue resistance increases with an in
crease of surface compressive-residual stresses.
However, once a crack has propagated through
the case, it is the strength of the core material
that is important.

Effect of Core Material on Contact-Damage Re
sistance. Core properties are important to the
contact-damage resistance only when the total
carburized and hardened case is too shallow to
adequately accommodate the contact pressure. In
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20 Kh
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E
E 4-

2

o I I

30 40 50 60 70 80 90

Fatigue life,N x 103

Fig. 6.18 Effect of quenching temperature and, hence,
structure on the crack propagation rate during impact fa
tigue testing. Source: Ref 23

Fig. 6.19, the "adequate case" always has enough
shear-fatigue strength to resist the applied shear
stresses (even though the core strength is not par
ticularly high). Any contact damage that occurs
would be at, or close to, the surface due to sur
face shear stresses. The shear strengths of the
"shallow case" parts shown in Fig. 6.16 more
nearly coincide with the applied stresses; there
fore, these parts are more susceptible to failure at
or around the case-core interface. However, it is
likely that the sample with the higher core
strength will have a much longer life before
shear fatigue damage occurs than the softer
cored sample will have. The initial damage is a
fatigue crack that appears to travel along the
case-core interface before secondary cracks
work their way to the surface. Failure due to this
fatigue process, for which the time to failure can
be quite short, is called deep-spalling fatigue or
case crushing. Considering case-crushing, the to
tal carburized case depth is important, not the ef
fective case depth, and core strength only has an
influence when the total case depth is inade
quate.

Case Factors

Carburizing and hardening can generally pro
vide properties that are superior to those achiev
able by through hardening or by the alternative
surface hardening processes. This claim assumes
that the correct steel is selected (for adequate
case and core hardenability, and strength poten-
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Fig. 6.19 Influence of case depth and core strength on the deep-spalling failure of gear teeth
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tial), and the carburizing and hardening pro
cesses are correctly executed so that the surface
carbon content and the case depth are adequate
for the intended application.

Case Hardenability

The effect of carbon on the core transforma
tion characteristics of a 3%Ni-Cr steel is de
picted in Fig. 6.4(c), which shows that relatively
small increases of carbon content significantly
increase the hardenability. This trend continues
at still higher carbon levels, as illustrated in Fig.
6.20, for a 1.3%Ni-Cr steel. In this example, the
case of a carburized and quenched 50 mm (2 in.)
diameter bar will be martensitic for all carbon
contents above about 0.5%.

Some time ago, an attempt was made to cate
gorize the levels of case hardenability (Ref 1):

• Level 4: A martensitic case occurs at all car
bon levels, including the core material just
beneath the case.

• Level 3: All carbon contents from the surface
down to 0.27% C are martensitic.

• Level 2: All carbon contents from the surface
down to 0.50% C are martensitic.

1000
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• Level J: Surface carbon contents of above
0.80% are martensitic.

The respective case hardenabilities of a num
ber of carburizing steels are compared in Fig.
6.21. This figure shows that level 4 tends to be
attainable only in small sections of the more al
loyed steels, whereas level 3 is more readily at
tained in most of the steels listed, depending on
the section size. Level 2 is typical of many
case-hardened parts and should be attempted as a
minimum. When a steel is selected for a given
component, the equivalent diameter for the criti
cally stressed location is estimated. Then, from a
chart such as Fig. 6.21, the expected level of case
hardenability can be assessed.

When dealing with surface carbon contents
and case hardenability, there is a carbon content
(usually in the range 0.7--0.9%) for each steel
above which the bainite nose time starts to de
crease (i.e., the case-hardenability begins to fall)
(Fig. 6.22). This means that a surface with a car
bon content over about 1.0% could contain
some bainite, whereas just beneath the surface
where the carbon content is, for example, 0.9%,
the microstructure consists of martensite and
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Fig. 6.20 Surface cooling rates for a number of bar diameters superimposed on the continuous-cooling diagrams for the
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Fig. 6.21 Case hardenabilities of a number of carburizing steels with oil quenching. Source: Ref 1
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austenite but no bainite. Surfaces with bainite
have inferior contact fatigue properties com
pared to those without bainite. The bainite re
ferred to here is not associated with decarbur
ization or internal oxidation; it is a transformation
characteristic, and is possibly related to carbide
precipitation. One should also bear in mind that
some bainite may be produced by austenite de
composition during low-temperature tempering.

Time for austenitized bars to cool
to 400-450 °C bainite nose temperature

12.5 mm 50 mm 100 mm

0.3 F----::7"'''-----::Y'';,.....~~=--

0.2 ~I =-
~1 Mo L-__:...J

1 10 102 103

Time to bainite nose during CCT, s

Fig. 6.22 Examples of how carbon influences the time
to the bainite nose during continuous cooling. Different
steels have different bainite nose temperatures within the
400-450 °C range. Derived from Ref 25

Optimizing the surface carbon content for any
property requirement is only one consideration;
it is also essential to have the right case depth
and quenching conditions. That said, it is appar
ent that one surface carbon content cannot be the
optimum for all loading situations; some compo
nents, such as gears, at times experience tooth
bending with intermittent overloading, sliding
contact and wear, and rolling contact. Therefore,
if a high carbon content is necessary, the possi
bility of bainite formation at the higher carbon
levels must be considered.

The "time to bainite nose" curves in Fig. 6.22
are additionally useful because they indicate the
carbon content deep within the case at which
bainite begins to appear in the microstructure.
For example, for the 20MoCr4 steel depicted in
the figure, a carburized part cooling at a rate
equivalent to a 12.5 mm diameter bar will have
some bainite in its outer case when the carbon
there exceeds about 1%; the part will begin to
show bainite in its lower case where the carbon
content falls to about 0.47%. As the carbon con
tent falls below 0.47%, the microstructure will
contain increasing amounts of bainite.

Case Carbon Content

The total carbon penetration depth reached at a
given carburizing temperature is determined by
the duration of active carburizing. In single-stage
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carburizing at a constant gas composiuon, the
surface carbon content is also influenced by the
duration of active carburizing as Fig. 6.23 illus
trates. Here the surface carbon content builds up
with time so that for a given case depth, the car
bon potential must be adjusted to achieve a spec
ified surface carbon content. With two-stage
(boost-diffuse) carburizing, the required surface
carbon is more readily achieved, provided a rea
sonable minimum case-depth is exceeded. Dur
ing the first stage, a high carbon potential drives
carbon into the steel quickly, whereas in the sec
ond stage, when the carbon potential is lower,
carbon diffuses outward and inward until equi
librium is reached with the furnace atmosphere,
and the carbon gradient into the surface has the
right shape (Fig. 6.24).

In developing a carbon gradient to obtain a
specific case depth, an addition to the case depth
must be made to account for any post-heat
treatment grinding. Furthermore, the surface car
bon content may need adjustment so that after
grinding, the as-ground surface has the desired
carbon content. The boost-diffuse method of car
burizing is perhaps the best suited for that be
cause it has the potential to produce a high
carbon plateau can potentially be at the surface.

Commercial carburizing has produced parts
with surface carbon contents between 0.6 and
1.2%, and more than 1.2% where wear resistance
is the prime requirement. The most common
range, however, is 0.75 to 0.95%. The choice of
target surface carbon should be determined by
the alloy content because, in general, an increase

of alloy content reduces the eutectoid carbon
content, the ACcm phase boundary is shifted to
lower carbon levels, and the M, temperature is
reduced. Hence, the more alloyed a steel is, the
lower the target surface carbon content should be
to prevent the formation of carbides or the exces
sive retention of austenite. In production "job
bing" heat-treating, the frequent adjustment of
carbon potential to suit alloy grade, case depth,
or application of the treated parts can create
problems, and the use of a standard high carbon
potential might be necessary, irrespective of the
other considerations.

Effect of Case Carbon on Surface Hardness.
Heat treaters aim to produce parts with fine
martensitic surface structures and little or no free
carbide and without too much retained austenite.
These parts should also have a reasonable level
of product consistency as indicated by working
to an as-quenched and tempered surface hard
ness within the 58 to 62 HRC range.

Most carburizing steels, in the fully marten
sitic condition, can attain 62 HRC (before tem
pering) with surface carbon contents as low as
0.6%, though the potential maximum hardness
is achieved at still higher carbon levels, as shown
in Fig. 6.25 (also see Fig. 4.11) (Ref 27). The
maximum hardness value attained by anyone of
the steels shown probably equates to its eutectoid
carbon content. At higher surface carbon levels,
the hardness achieved depends on the quenching
temperature; the higher the quenching tempera
ture is, the more likely retention of austenite, and
a corresponding loss of hardness, will result.
There are three trends of interest shown in Fig.
6.25:

Depthbelow surface,mm

Fig. 6.23 Carbon profiles generated in single-stage
carburizing in times ranging from 1--48 h. Source: Ref 26
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Fig. 6.24 Carbon distributions with double-stage car
burizing. Carbon gradient at the end of the active carbu
rizing stage and the carbon gradient at the end of the
diffusion stage are shown along with intermediate stages
of diffusion. Source: Ref 1
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Carbon, %

Fig. 6.26 Charpy V notch toughness tests that relate
hardness, carbon content, and toughness. Source: Ref28

Fig. 6.25 Effect of alloy and carbon contents on peak
hardness for direct quenching. 0, the limits of carbon con
tent between which 800 HV or more can be achieved.
Data from Ref 27

5.0
Peak

hardness, HV

0 18CrNi8

4.0

15CrNi6
:fj

0
.:::

~ 20NiCrMo6
,;:,

3.0 E'
E '"cl!! '"c 0 20MnCr5 E0
o :::>
>.

16MnCr5
E

.Q
2.0 'x« '"E

0 0 20MoCr4 a
~
0

1.0
00

1.00.80.60.40.2

......r---
0 N OHRC

fo..

40HRC

"' .......

1\
/50HRC-

~

~I
5fHRC

oo

20

10

50

30

40

1.00.9

Carbon, %

0.7 0.80.6

• Carbon content for peak hardness value tends
to fall as alloy content increases.

• The value of peak hardness itself tends to rise
as the alloy content falls.

• As the alloy content increases, the carbon
range for high hardness becomes smaller.

In practice in commercial carburizing, surface car
bon contents are typically 0.1 to 0.2% higher than
those for peak hardness (Fig. 6.25).

Effectof Case Carbon on Case Toughness. Tests
used to measure or grade the steel toughness
usually involve either slow bending or impact
bending. In each of these tests, the initial crack
forms at the surface, and therefore, the condition
of the surface is important (but only in terms
of crack initiation). Once a crack has started to
propagate, the condition of the material and the
residual stresses ahead of the crack provide any
resistance to its development.

For virtually all applications involving case
hardened parts, surface hardnesses in excess of
58 HRC are essential. These values are achieved

with high surface carbon contents. Based upon
notched impact tests, high-carbon materials lose
toughness at hardness levels above 40 HRC
(Fig. 6.26); therefore, typical case-hardened
surfaces have limited toughness (Ref 28). For
high-carbon materials typical of a case-hard
ened surface (0.7-1.0% C), the toughness tends
to decrease as the carbon content increases
(Table 6.2) (Ref 29). Although lowering the
surface carbon content to -0.6% will improve
the apparent toughness, the initial crack
strength will be increased by increasing the core
strength (Ref 30). Using precracked impact
tests, Smith and Diesburg (Ref 12) obtained
fracture toughness values of about 20 MPa.Jm
for high-carbon material close to the surface.
As the carbon content decreased, these values
increased to about 50 to 90 MPa.Jm for material
at the case-core interface. The spread in tough
ness at the case-core interface is influenced
by the alloy content and the residual stresses.
On their own, the main alloying elements man
ganese, chromium, and nickel have a negative

Table 6.2 Effectof carbon content on '(
Steel Carbon, % Hardness, HRC RA,%

PS-15
PS-15
PS-15
4895
4870

0.99
0.86
0.72
0.95
0.70

60.0
60.5
60.5
55.5
57.0

39
23
16
40
21

16.6
22.4
21.7
24.5
34.5

RA, retainedaustenite. Source:Ref 29
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Fig. 6.27 Relation between carburizing time and
bending strength. Source: Ref 32

Regardless of surface carbon, it is important to
ensure that the quenching conditions are right.
The impact-fatigue life can be optimized by em
ploying a quenching temperature that will pro
duce a case microstructure of fine martensite
with a small amount of well-dispersed retained
austenite (Fig. 6.29) (Ref 34). Hot-oil quenching
can also improve toughness, as can tempering
(Ref 12, 35).

effect on fracture toughness, whereas molybde
num has a slightly positive effect. In combina
tion, the effects are different: nickel with molyb
denum enhances toughness appreciably,
especially when the nickel content exceeds about
2%. The impact and bend strengths of Mn-Cr
steel can also be improved by the addition of 2%
Ni (Ref 31). Most investigators find that the best
toughness properties, regardless of test method
used, were obtained with the 3%Ni-Cr-Mo
steels.

Of the several variations of bending and impact
testing, only the static bend strength appears to re
late to bending fatigue limit (Fig. 6.27) (Ref 32).
Here, the impact strength and fracture strength
fall as the case depth increases. The static bend
strength, on the other hand, peaks at a certain case
depth, which coincides with a peak in the endur
ance limit. Other studies show the impact fracture
stress to correlate with the number of con
stant-load impacts to failure (low cycle) (Ref 12).

Effect of Case Carbon on Impact Fatigue. Im
pact-fatigue resistance benefits from a lower
surface carbon content. Brugger for example,
found that 20NiCrM06 steel test pieces with
0.6% surface carbon had an approximately 10%
better fatigue limit under impact-fatigue test
ing conditions than did test pieces of the same
steel with 0.8% C surfaces (Fig. 6.28) (Ref
33).
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at 0.32 P and 0.1 E had no adverse effect on the
bending fatigue resistance. However, 5 impacts
at 0.39 P and 0.15 E slightly increased the fa
tigue life and limit, whereas 10 impacts at that
stress increased the life but not the limit. Note
that the impact load 0.39 P was equal to a nor
mal tooth load of 1430 kg, which is slightly
higher than the bending-fatigue limit. Between
10 and 40 impacts delivered at a load of 0.45 P
and 0.2 E brought about a 7% reduction of both
bending fatigue life and limit.

Effect of Case Carbon on Residual Stresses.The
austenite to martensite transformation resulting
from quenching involves a volume expansion,
and the amount of expansion increases with car
bon content. Therefore, a high-carbon surface
layer that completely transforms to martensite
will expand appreciably more than the core does;
this difference causes compressive-residual
stresses in the outer case and balancing tensile
residual stresses in the core. If the carbon content
of the quenched outer case is high enough to re
tain austenite, the volume expansion in the outer
case will be less by an amount based on the
amount of austenite present; consequently, the
residual stress distribution will be adversely af
fected. The quantity of austenite retained relates
to the martensite transformation range (Ms-Mf) :
when the M f temperature is below the quenchant
temperature, some austenite will be retained. The
theoretical limiting carbon contents for essen
tially zero retained austenite for a number of
steels are shown in Table 6.3. However, this
does not imply that one should carburize to low
surface-carbon levels to avoid austenite retention

5432
700 '--__.1...-__.1...-__-'--__-'-_----'

o

The low-cycle impact-fatigue tests carried out
by DePaul (Ref 36) confirmed the benefit of al
loying with nickel and molybdenum, and the test
results suggest that to extract the best from a 2%
nickel content, the case-depth would need to be
optimized (Fig. 6.30). Smith and Diesburg (Ref
12), however, warn that a high nickel content
does not guarantee good low-cycle impact
fatigue properties.

Aida et al. (Ref 32) investigated occasional
impacts to gear teeth that otherwise experience
only bending fatigue. A single blow impact,
whether administered before or during the fa
tigue test, had no effect on the fatigue life or fa
tigue limit, provided the impact did not exceed
0.63 of the impact fracture stress, P, and 0.4 of
the impact energy, E. Similarly, 5 to 500 impacts

Nickel,%

Fig. 6.30 Effect of nickel content and case depth on
the bending fatigue strength of case-hardened steels.
Source: Ref 36
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because the volume expansion of a 0.9% C sur
face with 20% retained austenite will still be
much greater than that of a 0.5% C surface with
zero retained austenite.

The Effect of Case Carbon on Bending Fatigue.
Fatigue strength is greatly influenced by the case
microstructure and surface residual stresses;
these, in tum, are affected by the surface carbon
content and the quenching method. A direct
quenched carburized surface contains more re
tained austenite and less carbide than a compara
ble reheat-quenched surface. Consequently, the
maximum surface carbon content for direct
quenching should be about 0.95% for the lean al
loy grades and 0.75% for grades with -4% total
alloy content. That said, in general, the lean
alloy grades are direct quenched, and the more
alloyed grades are reheat quenched. Re
heat-quenched surfaces are usually more tolerant
to higher surface-carbon contents, though the
quantity and distribution of any carbides surviv
ing the quench need to be considered.

Diesburg (Ref 37), working with a number of
SAE and Ex steels, observed that the bending
fatigue resistance of test pieces with 0.8% sur
face carbon contents was superior to those with
1.0% surface carbon. It is possible that good
bending-fatigue results would have been ob
tained with carbon contents even lower than
0.8% if the carbon content remained above the
eutectoid for each steel, and the microstructure
was martensitic. Unfortunately, the lower carbon
levels do not favor contact-fatigue resistance or
wear resistance, so a compromise is necessary.
For many applications, 0.85 to 0.95% should
give acceptable general properties, assuming that
the final surface microstructure does not contain
excessive austenite and/or excessive carbides.

Most case-hardened parts contain stress raisers
of one shape or another, and as the stress concen
tration factor increases, it is prudent to choose a
steel with good toughness characteristics and
work to the highest surface carbon content con
sistent with an acceptable microstructure.

The Effect of Case Carbon on Contact Damage.
Until a certain case depth is attained for a part,
contact-fatigue life increases as the case depth
increases (Ref 38). Once adequate case depth is
achieved, other metallurgical variables, such as
carbon content and microstructure, can be con
sidered.

The carbon content of a case-hardened surface
must ensure high hardness both at the surface to
resist wear, adhesion, and surface shearing, and
deeper to resist pitting and shallow spalling.
Generally, an essentially martensitic micro
structure is preferred, where most, if not all, of
the carbon is in solution, where the martensite
is fine, and where any austenite is fine and
evenly dispersed. The steel should have an alloy
content adequate to deter the formation of
high-temperature transformation products
(HTTP) such as bainite, a few percent of which
is deleterious (Ref 14). Where roll-slide contact
fatigue is involved, the surface carbon must be
moderately high: approximately 0.9 to 0.95%, as
Vinokur reported in Ref 39 (Fig. 6.31). How
ever, in high-speed gearing where the scoring
and scuffing potential is high, a dispersion of
carbides in martensite will likely be more resis
tant to wear and adhesive-wear processes than
martensite alone will be. This is due to the high
hardness of the carbide and its low weldability
characteristics under sliding contact conditions.

Case Depth

The effective case depth of a case-hardened
part is taken as the perpendicular distance from
the surface to a depth where a specified hardness
value is attained (e.g., 50 HRC). The total case
depth is the perpendicular distance from the sur
face at which the case merges with the core.
Methods for assessing case depth are to be found
in SAE standard J423a.

It is important that with any organization the
meaning of the term case depth is fully under
stood by all concerned. For example, a designer
specifies a case depth for a gear tooth (using

Table 6.3 The estimated carbon content for zero retained austenite

0.37 0.46
0.50
0.58

0.48 0.61
0.52 0.63

0.66
0.70

0.60 0.73

Direct quenchin oil Reheatquench in oil
60°C 25°CSteel 60°C 25°C

835M 15 (U.K.) 0.35 0.42
9310 (U.S.) 0.46
PS.55 (U.S.) 0.50
17CrNiMo6(G) 0.44 0.52
8617 (U.s.) 0.50 0.59
665 M 17(U.K.) 0.60
20MoCr4(G) 0.63
1017(U.S.) 0.58 0.67
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indicates whether the carburizing cycle has been
typical, and that the parts treated do not need any
further carburizing. A more accurate case depth
assessment, although more time consuming, can
then be made by grinding, polishing, and nital
etching one of the fracture faces. An experienced
operator can judge the effective and total case
depths from the etching response of different
zones within the case. A more accurate, but more
time consuming, assessment is achieved by con
ducting a hardness traverse through the case.
Case depth assessments using test pieces should
be correlated with one another, with any carbon
gradient data, and with test data from actual
components.

Dependence on Shape and Size. The depth to
which carbon atoms penetrate during carburiz
ing is primarily determined by the temperature,
the carbon potential, and the duration of carbu
rizing. Also influential are the gas flow rate,
and whether a surface is in or out of the direct
stream of the furnace gas. The depth to which
the carbon profile will harden is determined by
the steel composition (case hardenability) and
the rate of cooling during the postcarburizing
quench. The rate of cooling for a given quench
relates to the quenching temperature, the
quenchant temperature, and the mass of metal
being quenched.

However, product shape also significantly
influences case depth. In a gear tooth, for exam
ple, the depth of carbon penetration into the flat
end of the tooth will be more than the penetra
tion at the tooth fillets, less than at the tooth
dedenda, and appreciably less than at the top
edge of the tooth. Figure 6.32 indicates how the
curvature of a surface affects the depth of car
bon penetration for case depths of I to 2 mm.
Therefore, if a tooth has a fillet radius of 1.5
mm, a dedendum radius of 5 mm, and an adden
dum radius of 13 mm, the respective depths of
carbon penetration when the target depth is 1.0
mm on a flat surface will be 0.79, 1.125, and
1.04 mm. Such differences in carbon penetra
tion result because different surface curvatures
and edges have different surface area-to-volume
ratios.

In addition to product shape, the case depth
(in terms of the depth to a given hardness, typi
cally 50 HRC) will also depend upon size. If the
steel hardenability is high for the part being
considered, resulting in the transformation to
martensite of both the case and the adjacent core
materials at all locations during quenching, then
50 HRC will be attained at the depth within the
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Fig. 6.31 Effect of surface carbon content on the resis
tance to pitting fatigue of a case-hardened alloy steel. The
samples were fully austenitized prior to quenching.

cg, 80

AGMA 200 I) and, therefore, expects the speci
fied case depth to be attained in the dedendum
pitch line area of the finished tooth. The heat
treater must understand what is needed, and must
adjust the carburizing time to account for any
grinding allowance. The inspector, who tests for
case depth, must also have the same knowledge.
Discrepancies can arise if, for the same designer
requirement, the heat treater considers only the
basic specification or the inspector does not al
low for the differences between test pieces and
parts.

If an actual part is sectioned for case depth
(and quality) assessment, the case depth mea
surements must be at the locations specified by
the designer. If no locations are specified, the
primary test location must be at a critical area
(for gear teeth this is near the lowest point of sin
gle tooth contact). If test pieces are employed for
case depth determination, the nearer the test
piece is to the part in terms of material and cool
ing rate, the more reliable are the test results, al
though some adjustment for surface curvature
may be needed (Fig. 6.32). Alternatively, if a
standard test piece (e.g., I in. diameter, SAE
8620) is used for all occasions, sufficient corre
lation work must exist to confidently derive a
case depth for the part from the measured case
depth of the test piece; case hardenability and
cooling rate differences can be significant in
this respect.

The assessment of case depth is made just be
fore, or just after, the parts are removed from the
carburizing furnace. The first assessment may
involve fracturing the as-quenched test piece
(which can be done quickly); this assessment is
moderately accurate (to the experienced eye).
Such a test, along with a surface hardness test,
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case where the carbon content is, for example,
0.25%. Actually, this varies depending upon the
alloy content, as Fig. 6.7 indicates. The differ
ences in effective case depth between the tooth
dedendum and the tooth fillet are similar to the
differences of carbon penetration depth as out
lined above. If, on the other hand, the harden
ability is not excessive or the size of the compo
nent is large so that the inner case consists of
martensite and bainite, the carbon content neces-

sary to develop 50 HRC will be more than
0.25%. How much more depends on the cooling
rate that determines the proportions of martensite
and bainite. A gear tooth fillet cools more slowly
during a quench than a gear flank does, and even
more if the teeth are integral with a large mass,
for example, as with a pinion. Therefore, at the
tooth flank, the carbon content to give 50 HRC at
quenching might be 0.29%, whereas at the tooth
fillet it might be 0.32%. On this basis alone, the
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Fig. 6.32 Effectof surface curvature on the total depth of carbon penetration (TPD). 1.0, 1.5, and 2.0 TPD refer to the to
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effective case depth at the fillet could be 20%
less than at the flank, and, taking into account the
difference in carbon penetration due to shape, the
difference of effective case depth (50 HRC) be
tween fillet and flank could be around 30%. This
aspect is important with respect to gear teeth,
and it also applies to keyway comers and to
changes of diameter on shafts.

At the top and side edges of gear teeth, or the
edges of keyways, there is a large area of surface
feeding carbon into a small volume of metal; this
ratio results in a buildup of carbon at the edge or
comer and carbon penetration depth appreciably
greater than at the tooth flank or in a flat surface.
This can become a problem, particularly when
the tops of gear teeth are slender, the steel is of a
relatively high hardenability, and subcase crack
ing can ensue as a result of quenching.

Case Depth and Properties. Crude representa
tions of how case depth and core strength can be
manipulated to counter applied bending stresses
are provided in Fig. 6.33(a) to (c). These figures
indicate that there are two likely sites at which
failure can initiate: at the surface and near the
case-core interface. Therefore, attention must be
paid to the metallurgical quality of the case and
the adjacent core at these two locations in partic
ular. Figure 6.33, however, does not take into ac
count the influence of residual stresses within the
case and core regions.

Residual stresses and applied stresses are addi
tive; therefore, if the residual stresses at the sur
face are highly compressive (-ve), they will de
tract from the applied stresses (+ve) and thereby
offer some protection against crack propagation
from the surface. If, on the other hand, the sur
face residual stresses are tensile due to HTIP
(associated with internal oxidation, for example),
then the residual stresses will augment the ap
plied stresses and failure will be more likely to
initiate at, and propagate easily from, the surface.
Metallurgical variability can be a problem, and

Shallow case

Optimum case

Potential
failure zone

the use of shot peening more or less ensures that
the critical surface areas are in compression and
are, therefore, reinforced against failure.

Often, the compressive residual stresses peak
at some distance beneath the surface (about
midcase), and whereas they are unlikely to influ
ence the crack initiation process at the surface,
they retard cracks propagating from the surface.

Just beyond the case-core interface, the resid
ual stresses are tensile and balance the compres
sive residual stresses within the case. A survey of
data suggested that the tensile stress peaks be
neath carburized and hardened cases fell within
the range 40 to 150 MPa (Ref 1). These tensile
stresses add to the applied stresses acting just be
neath the case, thereby encouraging either yield
ing or high-cycle fatigue damage. The deeper the
carburized case is, the further from the surface
the potentially damaging tensile residual stress
peak is. This relationship, along with the fact that
applied stresses diminish with distance from the
surface, reduces the chances of a fatigue failure
initiating in the core. Of course, raising the core
strength has a similar effect. However, note that
excessive increases of case depth and/or core
strength can have an adverse influence on sur
face compressive-residual stresses and the resid
ual stress distribution through the case.

Case Depth and Residual Stresses. Increasing
the case depth is more likely to favor an in
creased depth of internal oxidation and increased
amounts of retained austenite and free carbides,
each of which can adversely affect the residual
stress distribution. For example, in Fig. 6.34 re
tained austenite and HTTP associated with inter
nal oxidation have each caused the surface resid
ual stresses to be tensile. Presumably, these three
test pieces were carburized at one carbon poten
tial; therefore, because approximately 15 h at
925°C are required for the surface carbon to
more or less reach equilibrium with the carburiz
ing atmosphere, the surface carbon contents of

Distance from surface Distancefrom surface Distance from surface

Fig. 6.33 Schematic diagrams representing the relationship between the total stress (applied and residual) and fatigue
strength of carburized and hardened steel. (a) Effect of case depth with constant core strength. (b) How case depth can be
decreased by increasing core strength. (e) Effect of stresson the location of fatigue failures
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360 min
(1.65mm)

the test pieces differed. When the process is con
trolled so that, although the case thickness might
be varied, the surface carbon content is essen
tially maintained, a different picture emerges
(Fig. 6.35). Here, the peak compressive-residual
stresses are very similar, and whereas changing
the surface carbon content influences the magni
tude of the compressive stresses, it does not alter
the pattern. The lower compressive-residual
stresses at the surface in those samples contain
ing 0.9% C at the surface are attributed to the
higher retained-austenite content there.

Therefore, when carburizing to produce deep
cases, this aspect of carbon potential control
should be observed.

Residual stresses, which act as a mean stress
onto which cyclic applied stresses are superim
posed, are not altogether stable and can fade dur
ing aging (Ref 42) or be modified during service
(Ref 40). With all case-hardened components,
loading will cause a small readjustment of resid
ual stresses, which then become, in many in-

16MnCr5, 18 mm diam 392 If.
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Tempered at 180 °C Ql

~o 1jj

Iii
:J

-196:><
'"~

60 min
20 min (0.65 mm)
(0.39 mm c se depth)

0.5 1.0
Distance from surface. mm

Fig. 6.34 Effect of case depth on residual stress. Influ
ence of internal oxidation at the surface of the deep-case
test piece is also indicated. Source: Ref 40

stances, more or less stable. Therefore, in any
calculations involving residual stresses, the read
justed residual stresses will be more relevant
than the initial residual stresses. Residual stress
modification during bending-fatigue loading
tends to affect the part of the case where the
hardness falls below 500 HV (see Fig. 6.36) and
where ferrite is present in the lower case and
core (Ref 40, 43). In such cases, a significant re
sidual stress modification will occur in the zone
in which the sum of the applied stress and resid
ual stress has exceeded the microplastic yield
strength or the fatigue strength of the weaker
structural constituents.

For surface residual stresses to undergo change,
some deformation of the austenite and martensite
is required. Such deformation could result from,
for example, shot peening or deformation roll
ing, which increase compression. Without defor
mation, rolling can cause a reduction of the sur
face compression (Ref 44).

Bending Fatigue. Although increasing the case
depth above a certain amount improves resis
tance to deep contact spalling (case crushing)
and pitting fatigue, it does not necessarily ensure
that the bending-fatigue resistance of the compo
nent will be improved, even if the metallurgical
quality of the case is good.

Bending-fatigue strength is influenced by sec
tion size. For example, Dawes and Cooksey
(Ref 45), using Ni-Cr-Mo steels, showed that
for 7.6 mm (0.3 in.) diameter test pieces, the
maximum bending-fatigue strength was obtained
with case depths of about 0.6 mm (0.024 in.),
that is, when the case depth-to-section thickness
ratio, CDlt, was approximately 0.07 to 0.08
(Fig. 6.37). Aida et al. (Ref 32) obtained an opti
mum CDlt ratio of 0.076 working with case-
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Fig. 6.35 Effect of case depth on residual stress. Effect of carbon potential is also indicated. Source: Ref 41
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Fig. 6.37 Relationship between fatigue strength and
case depth for two carburized lean-alloy case-hardening
steels. Source: Ref 45

Case depth to thickness ratio, Cd/t hardened gear teeth of 7.25 mm root thickness.
Contrary to this, Tauscher (Ref 46) noted, after
reviewing several sets of published data, that the
optimum values for the CDlt ratio ranged from
0.014 to 0.21. This scatter was attributed to dif
ferences in the residual stress distributions from
one set of tests to another. DePaul's results, as
plotted in Fig. 6.30, suggest that alloy content or
hardenability might contribute because the more
alloyed a steel is, the less important the CDlt ra
tio is (Ref 36). Weigand and Tolasch (Ref 40)
showed that component size and geometry and
the method of hardening all determined the opti
mum value of the CDlt ratio (Fig. 6.38a, b). In
those tests, which involved 6 mm diameter test
pieces, the CDlt ratio for maximum fatigue
strength of alloy steels was 0.07 to 0.075. For
notched specimens (<Xk =2) the ratio was about
half this value. With 12 mm diameter test pieces,
the relationships were more difficult to establish.
Significantly, in Fig. 6.38(a) and (b) the maxi
mum value of fatigue strength almost coincides
with the changeover from subsurface to surface
initiated failure. In other words, the ideal case
depth (in terms of bending fatigue) appears to be
reached at the value where the failure initiation
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point is transferred from the core to the surface.
However, in some bending-fatigue investiga
tions, when subsurface failures have occurred,
they have occurred at stresses just above the fa
tigue limit, whereas at higher stresses, the frac
ture initiation points have been at the surface.
This suggests that for high-cycle applications,
the CDlt ratio is more relevant than it is for
high-stress, low-cycle fatigue applications,
where aspects related to case toughness and core
yield strength might be even more significant.

In general, a fatigue fracture will initiate ei
ther at an engineering or a metallurgical stress
raiser at, or close to, the surface of the compo
nent.

The fatigue life of a part is composed of three
stages:

1. The load cycles that initiate a fatigue crack

2. The cycles that expand the initial crack to the
critical size

3. The cycles that propagate the critical crack
through the section to total failure

The number of cycles in any of the three stages de
pends on the applied stress. At high stresses, most
of the life is taken up by the crack initiation stage,
and toughness is an important requirement to
counter failure. At stresses close to the fatigue
limit, the third stage predominates, and strength
rather than toughness is the main requirement.

For initial microcrack development, one of
four mechanisms can be involved (Ref 47):

• Intrusion/extrusion. Slip along persistent slip
bands; featureless fracture surface

• Transgranular. Microcrack perpendicular to
the applied stress; flat surface with no local
deformation

• Shear deformation. Initially parallel to the
maximum shear stress, then extends to be
normal to the applied stress. Possibly dimpled
fracture surface near nucleation site

• Intergranular. Microcrack nucleation at a
prior austenite grain boundary or an interface
(with a nonmetallic inclusion, for example).
Initial microcracks may be smaller than a
grain-boundary facet, but grow rapidly to the
size of the facet (Ref 48).

Whereas the initial cracks in low- and medium
carbon alloy steels tend to develop by the intru
sion/extrusion mechanism or by the transgranular
mechanism at low applied stresses, shear deforma
tion is the main mechanism at high applied stresses
(Ref 47). In such materials, the martensite is lath,
providing a combination of high yield strength and
toughness (Ref 4).

The initial crack to develop in direct-quenched
high-carbon surfaces tends to form by the inter
granular mechanism. The microstructure is pre
dominantly plate martensite, so the material has
high strength and low toughness; consequently,
the first stage of crack initiation is short at high
applied stresses. Reheat-quenched surfaces
rarely exhibit intergranular crack initiation; how
ever, high nickel contents tend to reduce the sus
ceptibility to intergranular cracking (Ref 49), as
does fine grain size.

The crack initiation process (stage 1) and its
extension to critical crack size (stage 2) are
thought not to be dependent on residual stresses
(Ref 50). The transition from stage 2 to stage 3,
and stage 3 itself (crack propagation), are de
pendent on the residual stress state; compression
tends toward keeping the crack closed and coun
tering tension ahead of it.
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Contact Damage. Case depth requirements for
case-hardened parts vary according to the appli
cation. For gear teeth, the case depth specifica
tion is determined by the needs of the tooth
dedenda/pitch-line region with respect to
deep-spalling (sometimes referred to as case
crushing) resistance. Sufficient case depth for
deep-spalling resistance is regarded as more
than enough for bending-fatigue resistance.
However, remember that at the gear-tooth root
fillet, the case depth is typically shallower than
at the dedendum. For bending-fatigue resis
tance, the quality of the immediate surface and
the residual stresses at the surface are impor
tant. In relation to wear and surface pitting,
surface quality and lubrication are important.
For deep-spalling resistance, the total case
depth is most influential; where the case depth
is shallow or marginal, the strength of the ma
terial near the case-core interface then be
comes important. Considering the large num
bers or gear units that are, and have been, in
service, deep spalling remains a fairly rare oc
currence (except, perhaps, in special applica
tions such as the final reduction train of heavy
tractors and off-highway equipment for which
there has been a history of such failures) (Ref
51). In general, therefore, case depth specifica
tions must have been correct, or even a little
generous.

Surface pitting, shallow spalling, and deep
spalling are fatigue failures in which the applied
shear stresses have overcome the shear strength
of the material in the respective failure zones.
There are, however, distinct differences between
the different types of damage, as listed in Table
6.4, as there are differences in the shear stresses
that cause the damage. In Fig. 6.39, a composite
illustration compiled by Sharma et al. (Ref 53),
the plots of surface shear stresses due to sliding

and contact spikes are added to the '45 and or
thogonal shear stress ('yz) range curves (due to
rolling) to give a profile of the greatest stress
types. Thus, any damage occurring due to the
shear stresses in zone I will be shallow, for ex
ample, gear tooth pitting and surface flaking.
Shallow spalling damage, which is common in
bearings and bearing tracks, will occur due to the
'yz shear stresses of zone II. Deep spalling fail
ures are thought to occur due to the '45 shear
stresses, which are shown here as predominant in
zone III.

In their analysis of deep-spalling failures,
Pederson and Rice (Ref 54) considered the '45
shear stresses to be the most relevant because
these have the greater magnitude at any depth
(though not the greatest stress range). Therefore,
these researchers calculated the '45 shear stresses
to a depth greater than that of the case, then they
took the hardness values of the case and con
verted them to shear yield values. This allowed
them to compare the applied stress with the ap
propriate material strength property. After run
ning tests on gears for which case depth was the
primary variable, Pederson and Rice concluded
that if the maximum shear stress-to-shear yield
strength ratio exceeded 0.55, deep-spalling fail
ures would eventually occur. They also believed
that the maximum bending strength was ob
tained by using the thinnest case in order to resist
case crushing. Because this opinion stemmed
from their tests on gears, the case depth required
to resist crushing would have been approxi
mately 25 to 33% more than at the tooth fillet.
It is implied that if there is enough case on the
dedendum to resist crushing, there should be
sufficient in the fillet to resist bending fatigue,
provided the root fillet radius is reasonable

Table6.4 Summaryof contact failuresdescrpitiveand visual for through-hardened and surface-hardened
gears
Property

Location of origin

Appearance
Initial size
Initial area-depth ratio
Initial shape

Crack angle with respect
to surface

Distribution
Apparent occurrence

Source: Ref 52

Surface pitting

Surface. often at micropits

Shallow
Small
Small
Arrowhead then irregular

Acute

Many teeth
Gradual

Subsurface pilting/spatting

Short distance below surface may
be at nonmetallics

Shallow
Small
Small
Irregular

Roughly parallel at bottom
perpendicular sides

Maybe many teeth
Sudden

Case crushing

Probably at case-core interface

Deep ridged
Large
Large
Gouged and ridged (longitudinal

gouging)
Roughly parallel at bottom

perpendicular sides
One or two teeth
Sudden
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(see Fig. 6.32), and the steel has adequate case
hardenability.

Sharma et al. similarly determined the limit
ing total case depth required to avoid deep
spalling in gear teeth. In their study, the t45
shear stresses were used to represent the ap
plied stresses; however, it was reasoned that
the shear-fatigue endurance was the correct ma
terial property to employ (Ref 53). The shear
fatigue endurance was calculated from the hard
ness data and found to be, for a gear tooth, equal
to 155 HB or 0.31 UTS. Then, by adopting an
appropriate safety margin, Sharma et al. were
able to determine the case depth and core strength
requirements to avoid deep spalling failures.

Fujita et al. (Ref 55) concluded that contact
failures occur where the ratio of the maximum
amplitude of orthogonal shear stress to the Vickers
hardness is at a maximum [A(ty/HV)]. An ex
ample of how this ratio varies with depth is

shown in Fig. 6.40; the ratio increases with
loading to give failure in a shorter time, as
shown in Fig. 6.41, so it is comparable to a
standard fatigue plot. In many past studies
by Fujita of contact failures in surface-hard
ened gears (not referenced here), this ratio has
been found to be valid for both shallow and
deep spalling failures, irrespective of case
depth. Therefore, with respect to deep
spalling failures, this approach (like those
previously referenced) allows the case depth
and core strength to be manipulated to ensure
that the ratio maximum is not deep in the
case, but much nearer to the surface. The ratio
of tyz/HV does not account for residual
stresses im- parted by heat treatment; hence,
if failure initiation always occurs at a point
where the ratio is at a maximum, it is implied
that residual stresses are not especially in
volved in the contact fatigue process.
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Fig. 6.39 Composite shear stress range gradient. Fatigue-crack initiation in carburized and hardened gears controlled
by the 45shear stress in zones I and III and by the orthogonal shear stress in zone II. Po, maximum pressure atthe surface; b,
half the contact width. Source: Ref 53
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Quenching Methods

The hardening of a carburized part is achieved
by cooling it at a rate that produces the desired
metallurgical condition at, or within, the most criti
cally loaded areas of the part. The most used tech
niques are direct quenching and reheat quenching.
Double reheat quenching was common before
the introduction of grain-size control, but is now
less frequently employed, though some regard it
as capable of producing high-durability compo
nents. The downside is the cost of the extra
quenching treatment and the risk of increased dis
tortion with excessive corrective grinding.

When high production runs are involved, di
rect quenching from the carburizing temperature
or single quenching from approximately the
ACcm temperature are common. These methods
are suitable for those small, lean alloy steel items
that are not required to be die or plug quenched.

With high production runs, the chosen steels
have just enough hardenability to consistently
produce good quality parts; consequently, the
cost per item is kept to a minimum.

Reheat quenching requires that parts be cooled,
rather than quenched, after carburizing, followed
by quenching at a later stage. This method is pre
ferred for the more alloyed case-hardening grades
of steel, and with heat-treatment situations with
one-off or small numbers of parts ('jobbing").
There are a few reasons why this method of
quenching might be used:

• To ensure metallurgical quality, for example,
grain-size and retained austenite control

0.10 r--------------,

• When an intermediate subcritical heat treat
ment is required, either to condition the car
bides within the case or to facilitate additional
machining

• When parts are to be plug or die quenched to
control distortion

• When it is not possible to direct quench (as in
pack carburizing)

With low production work, matching the
hardenability of the steel to the workpiece may not
be precise, and there is a tendency to err on the side
of safety by selecting steels with more than the
minimum required hardenability.

Distortion

In general, case hardening significantly im
proves the load-carrying capacity and wear resis
tance of parts. Unfortunately, these benefits can
be undermined if the distortions that accompany
the carburizing and hardening processes prevent
the parts from complying with design tolerances,
or require an unreasonable amount of grinding to
restore the size and shape to within acceptable
limits. Excessive corrective grinding could lead
to unacceptable thinning of the case and, possi
bly, the step formation at a critical location, such
as the root fillet of a gear tooth.

There are two types of distortion: size distor
tion, which refers to growth or shrinkage, and
shape distortion, which is essentially warpage.
Growth and shrinkage relate to the volume
changes that accompany microstructural phase
transformations, while warpage relates more to
asymmetrical thermal effects. If uniform growth
or shrinkage were the only concerns, then, with
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Depth belowsurface. mm

Fig. 6.40 (a) Curves showing the distribution of the
'45 and 'ortho stresses during one cycle of pure rolling
contact. Note that '45 stress has the highest magnitude,
but 'ortho has the greatest range. (b) Distributions of am
pi itude of ratio of shear stressto Vickers hardness A(,/HV)
below tooth surface at working pitch point. Derived from
(a). Source: Ref 55
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experience and planning, a process such as
grinding would only be needed to optimize the
surface finish. As it is, growth and shrinkage are
not always uniform, and warpage adds to the
problem. Warpage includes loss of roundness
(ovality) and loss of parallelism (warping, bow
ing, tapering). Thus, one could have a gear wheel
for which the side faces are "dished," the bore
and outer surface are tapered, the outside diame
ter is oval, and the tooth pitch is variable.

Growth and shrinkage are influenced by:

• Chemical composition: hardenability and the
relative proportions of the different micro
constituents

• Steelmaking: grain size, hardenability
• Hot working: hot reduction, length and direc

tion of "fiber"
• Prior heat treatment: grain size and micro

structure uniformity for in-batch size consis
tency

• Geometry: cheese blanks, shafts, rims
• Heat-treatment aspects: heating rates, cooling

rates, jigs and fixtures, plug quenching

Warpage is affected by:

• Uneven residual stresses in the original blank:
like prior heat treatment above to remove
stresses

• Lack of uniformity ofheating or cooling: fur
nace shape, part shape, heat control

• Time in thefumace: undersoaking can be det
rimental

• Creep: hanging versus standing

When a part is heated in a furnace, thermal
gradients are created that give rise to thermal
stresses. The hotter the furnace, the steeper the
early thermal gradients. If the thermal stresses at
any stage of the heating process exceed the "hot"
yield stress of the steel, then some yielding will
take place to relieve the thermal stresses. Once
the part has reached the furnace temperature,
there will be no thermal gradients and, therefore,
no thermal stresses; however, any distortions
that have taken place during heating will remain.
If the heating causes austenitizing, the ferrite to
austenite transformation, which progresses from
the surface to the interior as dictated by the ther
mal gradient, will be accompanied by transfor
mation stresses. Again, if these stresses exceed
the high-temperature yield strength of the steel,
some yield deformation takes place. Similarly,
austenite transformation and thermal gradients
occur during cooling (steep gradients if the cool-
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ing involves a quench); this results in thermal
stresses, transformation stresses, yielding, and,
hence, distortion.

Parts that are pack carburized (both heated and
cooled in compound) distort very little because
the thermal gradients involved are quite shallow.
The same parts, if gas carburized and quenched,
generally grow or shrink more because the ther
mal gradients are steeper both in heating and in
cooling.

The shape and size distortions of small com
ponents are affected by the transformation be
haviors of both the case and the core, whereas
for larger parts, the presence of the case has less
of an influence. That is, what happens in the
core, in terms of thermal gradients and transfor
mation, determines how the part will change its
size or shape as a result of carburizing and hard
ening. The thermal gradients are determined by
type of quench and the mass and geometry of the
component, whereas the transformation behavior
is related to the hardenability and the mass and
geometry of the component. The trends are illus
trated in Fig. 6.42; note the effect of edges.

The composition range for an individual steel
specification is wide enough for appreciable dif
ferences of hardenability to occur on a batch to
batch basis; the effect of such variability on dis
tortion is shown in Fig. 6.43 for I meter diameter
discs, and in Fig. 6.44 for 132 and 76 mm diame
ter washer-type test pieces. Such variability is
perhaps a little extreme, but, nevertheless, these
examples illustrate how distortion trends can be
influenced by hardenability.

If a selected lean grade of steel has borderline
hardenability for a given design, the variability
regarding distortion can be significant, as the
previous examples have shown; therefore, to
some extent, the use of an H grade should help
keep the distortion within acceptable limits.
When the steel has adequate hardenability, the
use of the H grade might not be as vital, but a
narrow carbon range could be useful for attain
ing distortion consistency. A more detailed dis
cussion of the subject of shape and size distor
tions is provided in (Ref I).

Summary

Core Properties

Core strength and associated properties (e.g.,
toughness) are regarded as important to the over
all strength of a case-hardened part. Core
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strength is controllable within limits, for which a
tensile strength range (minimum to maximum)
of about 155 MPa (22 ksi) is normal. Impact
toughness must be better than 27 J (20 ft lbf).

• Preprocess considerations: Steels are selected
according to part size and the eventual duty
requirement. Small sections in the leaner
grades of steel are best made from the H
grades to avoid excessive variability of core
properties.

• In-process considerations: Core properties are
affected by grain size; therefore, some thought
is needed if high-temperature carburizing is
selected. More importantly, core properties
are affected by the makeup of the as-quenched
microstructure, that is, the relative propor
tions of martensite, bainite, and ferrite. Lean
steel grades tend to produce ferritic cores, and
quenching from below the AC3 temperature
results in some undissolved core ferrite.

• Postprocess corrections: There are no correc
tive treatments when the core strength is out
of specification following faultless quench-

ing. Tempering or refrigeration have no sig
nificant effect.

• Core properties: For heavy-duty parts, core
hardness over 30 HRC is recommended be
cause it implies an absence of ferrite in the
microstructure and provides a useful yield ra
tio. Hardness above 40 HRC is, in general,
considered too hard. Having just enough
hardenability to provide the required strength
(hardness) at the critical locations is prefera
ble to having excessive hardenability, which
could lead to distortion problems.

• Standards: ANSIIAGMA: for contact loading
(Sac), there is no specification for grade 1, and
a 21 HRC minimum for grades 2 and 3. For
bending (Sat)' grade 1 has a 21 HRC mini
mum; grade 2, a 25 HRC minimum; grade 3,
a 30 HRC minimum. The hardness values
quoted for both contact and bending strength
relate to the center of the tooth at the root di
ameter. ISO 6336-5.2: grade ML has a 21
HRC minimum; grade MQ, a 25 HRC mini
mum; grade ME, a 30 HRC minimum.
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Case Depth

Effective case depth refers to the distance from
the surface to a point within the case where the
hardness is 50 HRC (or a comparable value on a
Vickers or microindentation hardness scale).
This distance depends on the carbon gradient
and the case hardenability. For well-alloyed
case-hardening steels, the carbon content for 50
HRC is likely in the range 0.25 to 0.30% C, for
intermediate alloy grades it is approximately
0.30 to 0.35% C, and for the leaner grades, ap
proximately 0.35 to 0.40% C. Total case depth
refers to the total depth of carbon penetration.

• Preprocess considerations: The case depth
for a given part is determined by the service
requirements. For a gear, the specified case

101---+----+-+--f.......J::-__+_

5 10 15 20 25 30 35 40 45 50

Distance fromthequenched end.mm

Fig. 6.43 Jominy diagram for steel 14NiCr14 showing
the change of diameter by oil quenching forged disks of
case-hardening steels. High, medium, and low
hardenability due to differences in chemical analysis.
Forged disks, 1000 mm outside diam, 200 mm thick.
Source: Ref 56
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depth relates to the dedendum/pitch-Iine re
gion of the tooth, where case depth is speci
fied to resist deep spalling. In general, the
case depth increases as the tooth size and the
contact stresses increase. An allowance
should be made for grinding after case hard
ening.

• In-process considerations: At a given carbu
rizing temperature, the depth of carbon pene
tration is controlled by the duration of active
carburizing. Good atmosphere circulation and
good parts distribution within the furnace are
essential to minimize the expected case-depth
differences between gear tooth flanks and
root fillets (due to shape and size differences).

• Postprocess considerations: When case depth
is outside specification limits, acceptance of a
deviation from specification must be deter
mined on a case-by-case basis involving the
designer. If the case depth is too shallow, rec
lamation is possible. There are no corrective
measures when the case depth is too deep.

• Effect on properties: Bending-fatigue strength
increases with increasing compressive-residual
stresses. Unfortunately, compressive-residual
stresseswithin a case can be adverselyaffected
when cases are deep. For contact-fatigue sit
uations, a shallow case can result in deep
spalling failure. Deep cases can lead to sub
case cracking of the as-quenched part.

• Standards: AGMA effective case depths for
finished items are specified in terms of 50
HRC, whereas ISO considers 550 HV (52
HRC). For AGMA grade 2 specified gear
teeth, the root-fillet case depths (effective)
should not be less than 50% of the case depth
at the midtooth height. For grade 3, the
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root-fillet case depth should be not less than
66% of that at the midtooth height.

Case Carbon

The content target for surface carbon generally
falls in the range between 0.75 and 0.95wt% C,
where the actual target depends on the alloy con
tent of the steel. Lean grades «2% total alloy)
are carburized to carbon contents at the top of
that range, whereas the more alloyed grades
(-4% total alloy) are carburized to the lower end
of the range.

• Preprocess considerations: Consider the steel
grade: for a given carbon potential, the alloy
content of the steel can influence the target
surface carbon content. Also consider that
with carburizing, obtaining a surface carbon
content within, for example, 0.05wt% C of
the target value can be difficult in practice,
especially when aiming for a shallow case
depth. The quenching method (direct or re
heat) affects the types of surface microstruc
tures (e.g., high austenite, grain refinement,
carbides) that are produced from a given car
bon content. Also consider surface carbon
content after grinding.

• In-process considerations: Ensure that the at
mosphere generator catalyst is in good order;
ensure good carbon potential control. Con
sider experience with previous work and use
a test piece for carbon analysis if needed.

• Postprocess considerations: When surface
carbon content is too high, parts can be condi
tioned and reheated in an atmosphere with a
lower carbon potential. However, this in
creases the case depth, possibly adding to dis
tortion.

• Effect on properties: For a given set of pro
cess parameters, the surface carbon content
determines the as-quenched microstructure,
which has a significant effect on properties.
See Chapters 2, 3, and 4 and the section
"Microcracking" in Chapter 5.

• Standards: ANSI!AGMA grades I and 2 set a
carbon range of 0.6 to 1.1wt% C; grade 3 re
quires, 0.6 to 1.0wt% C. ISO 6336 has no
limits for its grade ML, but requires the sur
face carbon for the MQ and ME grades to be
within +0.2 to 0.1wt% C of the eutectoid.
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Chapter 7

Postcarburizing Thermal Treatments

Thermal treatments, such as tempering and re
frigeration (subzero cooling), performed on
case-hardened parts subsequent to quenching are
considered necessary by some to optimize mate
rial properties. Others argue that thermal treat
ments are merely corrective measures, and that if
the carburizing and quenching processes are exe
cuted properly neither tempering nor refrigera
tion treatments are necessary. This chapter does
not favor either viewpoint; rather, it discusses
what these processes do to carburized and
quenched parts and how the properties of those
parts are improved or impaired by these treat
ments.

Tempering

Generally, the tempering of steels can be car
ried out at any temperature up to about 700 "C
(1290 "F), This range is divided into two more
specific ranges: low-temperature tempering (up
to -300 "C), which modifies the characteristics
of the quenched structure, and high-temperature
tempering (-550 to 700 0q, which removes
many of the characteristics of the quenched
structure. With respect to carburized steels,
high-temperature tempering is only important
if adequate softening is to be induced to facilitate
an intermediate machining operation, or as a
preparation for a reheat quench. Low-temperature
tempering, on the other hand, is of much greater
interest because it directly affects the properties
of the finished part.

Following the carburizing and quenching op
erations, components are usually heated to be
tween 140 and 250 -c (285 and 480 oF) (more

specifically, in the range 150 to 200 "C, or 300 to
390 "F), and held at temperature for between 2
and 10 h. This tempering operation generally
renders components more amenable to subse
quent manufacturing operations, more structur
ally and dimensionally stable, and for some ap
plications, more durable in service than they
would have been had they remained in the
quenched condition.

Tempering Reactions

The As-Quenched Microstructure. The carbon
content of a carburized layer is high at the sur
face, and decreases with depth until it reaches
that of the original steel. Therefore, the range of
carbon contents is typically close to 1.0% at the
surface and decreases to the core carbon content,
for instance, 0.2% e. In the quenched condition,
the high-carbon surface region will consist of
finely twinned plate martensite and retained aus
tenite. Each plate of plate martensite is confined
to the austenite grain in which it grows, and,
therefore, the largest plate, which is usually the
first plate to form, equates to the grain diameter.
Thereafter, smaller plates subdivide the remain
ing grain volume. A martensite plate grows as an
individual and has an orientation different from
adjacent plates. Any retained austenite associ
ated with the plate martensite exists as irregular
volumes between martensite plates in the
high-carbon regions of the case.

As the carbon content of the case decreases
with distance from the surface, the amount of
plate martensite and retained austenite will also
decrease and be replaced by lath martensite, as
illustrated in Fig. 7.1 (Ref 1). Therefore, in the
mid-carbon range of the carburized layer, say at
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Duringtempering, the three structural features-
lath martensite, plate martensite, and retained
austenite-will respond differently, or at differ
ent temperatures, to one another.

Generally, during carburizing and hardening,
only the smallest sections or most drastically
quenched parts will have a case and a core that
are both martensitic. Often cores contain bainite,
or even ferrite when the hardenability of the steel
is low for the section concerned or when quench
ing begins below the AC3 temperature of the core
material. Also, for the same reasons it is not un
common for the lower reaches of the case itself
to contain bainite. Because bainite is composed
of a dispersion of precipitated carbides in ferrite,
it is more or less unaffected by low-temperature
tempering. However, in the followingdiscussion,
only the tempering of martensitic microstruc
tures is considered.

Influence of Temperature. Tempering can be
divided into three stages:

• Stage I: Temperaturerange of 80 to 200 °C in
which transitional carbides form

• Stage II: Temperaturerange of 150 to 300 °C
in which much of the retained austenite trans
forms

• Stage III: Temperatures above 200 °C in
which the transitional carbides give way to
more stable carbides, and matrix recoveryand
recrystallizationtake place

These rangesoverlapand may shift somewhatde
pending on the amount of added alloying ele
ments;however, theyareregardedas applicable for
typical case-hardening steels. Some researchers
have suggested that secondary hardening is stage
IV of tempering, which is not unreasonable, but it
will not be consideredfurtherhere.

The term stage I is a little misleading because
there is an extremely important conditioning
stage that precedes it. In this preprecipitation
stage, which takes place at temperatures below
about 80 °C, carbon atoms segregate to disloca
tions, and some preprecipitation clustering of
carbon atoms occurs in the as-quenched micro
structure.

Stages I and IT are the most important in car
burizing and hardening where low-tempering
temperaturesof 150 to 200 °C are the most com
mon. Nevertheless, there are occasions when an
intermediate high-temperature tempering (or
subcritical annealing) operation is required, and
therefore stage ill is also of interest. The entire
tempering process is summarized in Table 7.1

1.60.4 0.8 1.2
Carbon,wt%

Fig. 7.1 Effect of carbon content on relative volume
percent of lath and plate martensite, Ms temperature,
volume percent of retained austenite in Fe-C alloys.
Source: Ref 1

approximately 0.6% C, the microstructure will
contain a high proportion of lath martensite. In
lath martensite the laths grow more or less paral
lel to one another to form bundles or packets,
though there may be several packets of differing
orientation formed within an austenite grain. Re
tained austenite associated with this type of
martensite exists as films that separate the laths
or surround the bundles oflaths in the low- car
bon regions. These films have thicknesses of 30
to 400 A(Ref 2). Below about 0.3% C, some of
the lath martensite can appear as individual nee
dles, and in the low-carbon core material, the
martensite will often be of the needle type. This
assumes that the cooling rate during the quench
and the hardenability of the steel are adequate to
promote the martensite reaction into the core.

The low-carbon needle and lath martensite of
the core material beneath a carburized and hard
ened layer have likely experienced some carbide
precipitation during the quench due to carbon
diffusion to low energy sites (autotempering).
The degree of autotempering and the shape and
size of the precipitated carbides are, to a large
extent, determined by the M, temperature (when
M, is greater than 300 °C, autotempering is un
avoidable), the alloying elements present (which
can inhibit the nucleation or the growth of pre
cipitates), and the cooling rate (the slower the
cooling rate, up to the critical cooling rate, the
greater the amount of autotempering) (Ref 2).
These precipitates may be either highly dis
persed granular Fe3C carbides or rod-like car
bides. The precipitation of n-carbide is unlikely
during autotempering unless the carbon content
is over 0.25% and the steel is more complicated
in terms of alloying elements. At about 0.3% C,
little autotempering is expected (Ref 3).
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and in Fig. 7.2. The composition of the transi
tional carbide and the temperature at which tran
sitional carbides form depend on the composi
tion of the steel. The amount of precipitation in a
given time depends on the temperature, as Fig.
7.3 illustrates for an unalloyed steel. This figure
shows how the first carbides formed are sacri
ficed to form other carbides. It may be noted that
some of the carbides are brittle as they develop,
as would be a steel with a predominance of such
a carbide. However, such carbides are likely to
develop in the temperature range 300 to 400 DC,
and are of little interest in relation to case hard
ening.

Table 7.1 shows that the low-carbon core of
a carburized part is little changed by tempering
at temperatures below 200 °C because much of
the carbon has already been precipitated during
the quench (autotempering). The high-carbon
case is different. There has been little or no
autotempering, and the plate martensite and
retained austenite, because they are saturated
with carbon atoms, are somewhat unstable.
Therefore, the application of some energy,
whether thermal or even mechanical, causes
microstructural changes. Here the application
of thermal energy is considered. Tempering at
the temperatures normally used for carburized
parts (up to 200 "C) causes the coherent precipi-
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tation of n-carbides. This leads to a darkening of
the martensite plates when examined metal
lographically. Retained austenite begins to trans
form to bainite at about 150°C with typical or
short-duration tempering, although the reaction
can occur at temperatures below 150°C, depend
ing on the time. At such a temperature, and even
up to 180 DC, only a small amount of the austen-

Temperature. °C
93 149 204 260 315 371 426

T1-Fe2C (was e-carolde): orthorhombic ferromagnetic
X-FeSC2 (Hligg carbide): monoclinic

9-Fe3C (cementite): paramagnetic

Cluster 9-Fe3C
.~ •
~ Modulated T1-Fe2C

X-FeSC2~ structure- _ •
~ Ordere~ • 9n-Fe2n+1 Cn

phase
a' a" a

Preliminary First Third stage
stage stage Second

'COl I stage I
Q)=:
c: c:

9-Fe3C.- Ol
Cluster~1ii --- I0:16 Y a

100 200 300 400 500 600 700 800 900
Temperature, OF

Fig. 7.2 Structural changes in martensitic steel result
ing from tempering. Source: Ref 4

Table 7.1 Structural changes during the tempering of martensite
Temperature. "C

Roomtemperature(asquenched)

<80

80-200

150-300

>200

500-700

Core material

Needleandlath martensitestructure.Whenthe
carboncontentof the steel is<0.2%.the
rnanensiteis usuallybody-centeredcubic.
With>0.2%C. it is bodycenteredtetragonal.
WhentheMstemperatureis >300DC. carbon
diffusionwilloccurduringthequenchso that
the martensiteis autotempered

Little.if anyreaction.Muchof thecarbon
segregationwillhavealreadytakenplace
duringthequench

Whencarbonis <0.2%.precipitationis sluggish
up to -150°C. Withhighercarboncontents.
precipitationis rapidat -150 DC; thecarbides
are Fe3C'

Noticeablesofteningof martensiticcore from
-200 DC. (Bainiticcores softennoticeably
above-300 DC).

Development of Fe3Cwithcoalescenceat higher
temperatures(spheroidization)

Case material

Generallythecase structurecontainsplate
martensite(body-centeredtetragonal)and
retainedaustenite.Lath martensiteis present
in the lowercarbonsectionsof thecase (below
-0.6%). The platemartensitecontainsfine
internaltwins. Alloyingelementspresentin
the steel inhibitautotempering,but if it does
occur it is in the first formedplates.

Carbonsegregationand/orpreprecipitation
clusteringtakesplaceat pre-existinggrain
boundaries(originallytermedunidentified
carbides).

Coherentprecipitationof n-carbide by nucleation
at martensitetwin interfacesor fromexisting
clusters.Precipitationheavyat 200 DC.

Retainedaustenitetransformsto lowerbainite.
Anyaustenitesurvivingat mediumto high
temperatureswill transformto upperbainite.

n-carbides disintegrateto form intermediate
X-carbides, FeSC2of Fe9C4'whichgiveway
to 9-carbide,Fe3C,witha correspondinglossof
coherency. Lossof tetragonalityof the rnanensite
beginsearly in tempering.althoughsomemay
persistup to 300 °C

SmallerFe3CdevelopsintoFe3Ccementite.
Coalescenceand growthtakeplaceas the
temperatureand time increase(spheroidization).
Ferritein the matrixrecrystallizes.
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Tempering temperature, °C

Fig. 7.3 Variations in theamounts of carbide phases with
tempering temperature. Temperingtime,S h. Source:Ref5
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Fig. 7.5 Thermal-induced volumetric transformation
strain for carburized 4320 steel (35% retained austenite)
as a function of temperature and time. Source: Ref 11

trated in Fig. 7.4, and an example of the time de
pendence of retained austenite transformation is
shown in Fig. 7.5. These figures show that for a
given amount of reaction, temperature and time
can be traded against one another. Aston, work
ing with medium-carbon through-hardening
steels, favored using higher tempering tempera
tures for shorter durations (Ref 12). Unfortu
nately, this is not typically a good idea for
case-hardened parts in view of the need to expel
hydrogen absorbed during the carburizing opera
tion. Also note that carbon migration can con
tinue at room temperature following the temper
ing operation (Ref 13, 14). This is aging. Aging
is mentioned later in connection with hydrogen
effusion. Consider also the effect of tempering
time on the state of the martensite matrix, that is,
the loss of tetragonality that takes place at tem
peratures below 300 °C.

Volume Changes during Tempering. In
quenched steels, the austenite-to-martensite trans
formation is accompanied by an increase of vol
ume; the higher the carbon content is, the greater
the volume increase. Thus, the high-carbon
martensite in the surface of a carburized layer will
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ite is affected. As a rule, most of the austenite re
tained during quenching survives a typical
low-temperature tempering, and though austenite
transformation proceeds more easily and more
rapidly above about 180°C, some austenite
might survive to quite high tempering
temperatures. Austenite transformation during
low-temperature tempering produces lower
bainite, whereas medium- and high-temperature
tempering will cause an austenite to upper
bainite reaction.

Over the years there have been numerous stud
ies of the tempering process; of these, Ref 5 to 9
have been used for this review, though not as any
specific statement.

Influence of Time. The time dependence of
carbide precipitation during tempering is illus-
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Tempering of a 0.2%
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Fig. 7.6 Effect of tempering on core hardness
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As-quenched, carburized parts are not quite
dimensionally stable, in terms of either shape or
size. Tempering can induce a certain measure of
microstructural and dimensional stabilization for
those components where a high degree of preci
sion and stability are vital. Furthermore, low
temperature tempered parts remain essentially
stable at service operating temperatures ap
proaching those used for tempering.

Effects of Tempering

Influence on Hardness. Temperingtemperatures
to about 200°C have little effect on the
martensitic core hardnesses of carburized and
quenched lean-alloy steels because much carbide
precipitation has taken place by autotempering
(Fig. 7.6). Often the cores are essentially bainitic
and are hardly affected by tempering at tempera
tures up to about 300 DC; this, more or less, ap
plies to the lower regions of the case up to about
50 HRC (Fig.7.7). Thehardnessofthe outer case,
on the other hand, becomes noticeablyaffectedas
the tempering temperature exceeds 100°C when
n-carbidesprecipitate, and even more so at 150 "C
when precipitation is more advanced and some of
the retainedaustenitemight transform.

The hardnessreduction in the outer case due to
low-temperature tempering depends on the
austenitizingtemperature; the higher the quench
ing temperature, the greater the fall in hardness
during low-temperature tempering. Reductions
of 50 to 150 HV are typical.

The influenceof temperingtime at a giventem
perature is illustrated in Fig. 7.8 (Ref 17), which

expand more than a low-carbon martensite in the
core. In practice, the full expansion potentials of
both the outer case and the core are not realized
due to retained austenite in the outer case and
autotempering of the core. Only the intermediate
carbon levels within a case (between 0.3% and
0.6%) approach their potential volume expan
sions, and this could affect why some residual
stressdistributions peak at about the middleof the
case. Many carburizedand quenchedparts do not
transformto martensite throughouttheir sections;
often their cores and lower cases are bainitic.
Bainite has only about half the volume expansion
of martensiteat any carbon level.

When tempering at above approximately 200
DC, low-carbon martensite of the core material
"gives way" to ferrite and precipitated carbides,
which are accompanied by a decrease in volume.
With tempering at temperatures below approxi
mately 200 DC, the volume of the low-carbon
material likely decreases by only a very small
amount by additional precipitation of carbides
because much of the core carbon is already tied
up as precipitates due to autotempering. Below
approximately 200 DC, any bainite in the core is
relatively stable.

In the high-carbon case, tempering in the tem
perature range 80 to 200 "C (stage 1) causes the
precipitation of transitional carbides within the
martensite, which is accompanied by a decrease of
volume. Tempering in the range 150 to 300 "C
(stageIl) causesretainedaustenite to decompose to
bainite (by interstitial carbon diffusion), which is
accompanied by a volumeincrease (Ref 11).How
ever, carburized and hardened parts are typically
tempered at 180°C, which is high in the tempera
ture range of stage I and low in the temperature
range of stage IT. Therefore, the contraction due to
the stage I reactions far outweighs the expansion
due to any austenite transformation likely to occur
at that temperature. Further, the volume increase
due to stage IT is likely insignificant for initial re
tainedaustenite contents of less than about25%.

As a point of interest, Zabil'skii et al. argued
that the overall volume change that accompanies
tempering cannot be fully accounted for by
transformation and precipitation processes (Ref
15). The difference, they suggest is due to the
healing of defects in the rnartesite structure.

Volume changes that take place during both
quenching and tempering are significantbecause
they influence the residual stress distribution in
the case region (see the following section) and
the growth or shrinkage of the part as a whole
(see the section "Distortion" in Chapter 6).
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from tempering at about 100 "C, with the yield
strength approaching the ultimate tensile
strength. At higher tempering temperatures, the
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Fig. 7.7 Effect of tempering on case hardness of a
3%Ni-Cr carburizing steel with 0.18% C

shows that above approximately 120 minutes, lit
tle further change of hardness is likely to occur.

Influence on Tensile Properties. Just as the
hardness of the core material is essentially un
changed by tempering at temperatures up to 250
to 300 "C, so too the tensile strength remains un
changed. The local yield strength for lean-alloy
and alloy carburizing steels tends to rise during
tempering at temperatures between 100 and
approximately 250 "C, whereas plain-carbon
carburizing steel are hardly, if at all, affected
(Fig. 7.9).

Within the quenched carburized case, an in
crease of both tensile and yield strengths results
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pering, then straightening without cracking can
be difficult to achieve. This aspect of tempering
has been examined by Vogel, who obtained
fewer reject shafts by straightening in the untem
pered condition (Ref 21).

Residual Stresses. Compressive-residual
stresses within the carburized layer contribute
greatly to the useful properties of case-hardened
parts. As-quenched, the residual stress distribu
tion through a carburized case varies largely ac
cording to the relative proportions of retained
austenite and martensite (discounting surface
anomalies). The magnitude of compressive- re
sidual stresses at or near the surface (where the
austenite may be present in significant quanti
ties) is generally less than at some distance be
low the surface, at locations where the micro
structure is wholly martensitic and the carbon
content is approximately 0.5 to 0.6%.

Tempering reduces the magnitudes of both the
compressive stresses within the case and the bal
ancing tensile stresses within the adjacent core
(Fig. 7.11). Moreover, tempering tends to shift
the location of the peak compression nearer to
the case-core interface. Several factors contribute
to the as-quenched residual stress distribution
within a case and core, and these influence how
much the stress magnitudes fall due to tempering
at some appropriate temperature. Figure 7.12
shows examples of peak stress reduction due to
tempering.

A comparison of Table 7.1 and Fig. 7.12 re
veals that carbide segregation and precipitation
clustering coincide with the initial minor de
crease of compressive residual stresses, and that
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Fig. 7.10 Effectof tempering temperature on the ten
sile yield strength of two steels. (a) Composite stress
strain curve for a Ni-Cr steel (0.57% C, 3.07% Ni, 0.9%
Cr) where arrows denote limit of proportionality.
Source: Ref 19. (b) Stress for 0.001 plastic deformation
(aO.OOl) for a high-chromium bearing steel (ShKh15)
after quenching and cold treatment (soak time 3 h).
Source: Ref20. 1 kglmm 2 = 9.8 MPa
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fall in hardness that accompanies tempering is
reflected by a fall in tensile strength. However,
the yield strength of the high-carbon case, in
keeping with that of the core material, tends to
rise as the tempering temperature rises to 250°C
(Fig. 7.lOa, b). This particular feature can cause
problems during any post-case-hardening
shaft-straightening operation. Straightening to
correct heat-treatment distortion requires that the
shaft beplastically strained in a direction that op
poses the heat-treatment distortion. If the yield
stress is closer to the fracture stress due to tem-
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Fig. 7.11 Residual stresses (tangential) in cyanide-hardened 40Kh rings before and after tempering (for 1.5 h). Ring di
mensions: 80 mm outside diam x 66 mm inside diam x 15 mm high. Casedepth 0.22 mm (on outside diam only). Source:Ref
22
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Fig. 7.13 Effect of tempering temperature on the alter
nating bending fatigue strength of 6 mm diam case
hardened test pieces. Carburized at 930°C for 1 h, water
quenched, reheated to 850°C for 10 minutes, and oil
quenched. Note: Ck15 steel was water quenched from
850°C. Source: Ref 25

these carbides. The change of slope that takes
place above approximately 160 "C is the sum of
the contractions due to precipitation and the ex
pansions accompanying the onset of retained
austenite transformation (Fig. 7.12). However,
when the n-carbide disintegrates to form other
transitional carbides or Fe3e above about 200
"C, a volume contraction occurs, and the peak
compressive stresses again fall and continue to
fall as carbide coalescence advances, as cohesion
between carbide and matrix is lost, and as the
ferrite matrix attempts to recrystallize with rising
temperature, up to approximately 700 "C.

Influence on Bending Fatigue. Tempering tem
peratures below 100 "C do not greatly influence
the bending-fatigue strength of small case- hard
ened gears. With higher temperature treatments
(to 200 0C), the fatigue limit progressively re
duces by up to approximately 20% (Table 7.2).
A similar trend was found when small beam
samples were fatigue tested (Table 7.3). At tem
pering temperatures between 200 and approxi
mately 250 "C (the range in which retained aus
tenite transforms to bainite), the fatigue limit
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Fig. 7.12 Change in peak compression due to temper
ing after carburizing and (a) oil quenching or (b) water
quenching. Source: Ref 22-25

precipitation of n-carbides and loss of martensite
tetragonality coincide with the major reduction
of surface compressive residual stresses. A de
crease of volume accompanies the formation of
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Table 7.2 Theeffect oftempering onthefatigue andimpact resistance ofEn352 packcarburized at 900°C
andquenched from 870°C

Bar Impact

FetigueUmIt 'Ibotb Impact Uoearburized Carburlzed

Temperature, "C MPa k.si J ft·lbf J ft ·lbf J ft ·lbf

Untempered

NA 800 116 32.5 24 12 9 21.5 16
NA 910 132 35 26 13.5 10 8 6
NA 910 132 36.5 27 12 9 6.5 5
NA 880 128 23 17 9.5 7 4.5 3.5
NA 880 128 34 25 11.5 8.5 12 9
NA 827 120 36.5 27 11 8 4.5 3.5

tempered

100 854 124 36.5 27 13.5 10 4 3
100 840 122 31 23 15 11 4.5 3.5
150 780 113 47 35 17.5 13 4.5 3.5
150 705 102 27 20 15 11 7.5 5.5
200 760 110 40.5 30 16 12 6.5 5
200 637 92 28.5 21 17.5 13 4 3

NA is notapplicable.Source:Ref26

may increase a little before decreasing again at
still higher tempering temperatures when most of
the retained austenite has transformed (Fig.
7.13).

Gu et al., showed that under low-cycle fatigue
conditions, the fatigue-crack initiation life in
creases as the residual compression within the
case increases (Fig. 7.14) (Ref 27). Tempering,
however, reduces compression (Fig. 7.11) (Ref
22), and consequently one might expect it to re
duce the number of stress cycles for crack initia
tion. Fett stated that tempering at 180°C in
creased the low-cycle fatigue life (without
affecting the high-cycle fatigue life) (Ref 28).
Therefore, one conclusion that can be derived
from these observations is that for low-cycle fa
tigue, at least, tempering must induce some sig
nificant resistance to crack propagation.

The retained austenite content appears to af
fect how a steel responds to tempering. For ex
ample, Razim examined the extremes of austen
ite content and found, using notched rotating

Effect of tempering onfatigue

Residual stress, MPa

I

-500 -600

A Carbonitrided

16CrNi4Mo

A Carburized

o Carbonitrided

20CrNi2Mo

• Carburized

I

--400

3 I I

-100 -200 -300

5

beam test pieces, that tempering at 180°C re
duced the fatigue limit of a fully martensitic
«2% retained austenite) case structure by only
approximately 3%, but that it also appeared to
reduce the low-cycle fatigue strength consider
ably (Ref 29). When the case contained large
quantities of retained austenite (-80%), temper
ing at 180°C caused an 18% increase in fatigue
limit, and pushed the knee of the S-N curve to a
longer time (Fig. 7.15). Note, however, that the
test pieces with the high austenite content were

30

x
:ll 20

~

860

866
858
847
823
767

±525
±495

±570

±570
±51O

Fatigue 1boit
MPalsi

±35
±33

±38
±34

±38As carburizedand
quenched

Temperedat 60°C
Temperdat 100°C
Temperedat 125°C
Temperedat 150°C
Temperedat 185°C

Condition

Table 7.3

Testpieces2.38mmthick x 12.7mmwide in SAE8620H.Casedepth
0.37~.45 mm. Source:Ref 24

Fig. 7.14 Variation of fatigue-crack initiation lives with
residual stress at the notch of tested steels. Source: Ref 27
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Table 7.4 Influences on the toughness ofcase-hardened structures

Property Lowering hydrogen content Tempering Storage after tempering 81200 "C for 2 h

Cracktoughness
Fracturetoughness
Timeto delayed failure
Pulsatingfatiguetoughness
Fatiguestrengthunder

reversedstress

Noeffect
Positiveeffect
Positiveeffect

Noeffect
Noeffect

Positiveeffect
Positiveeffect
Positiveeffect
Positiveeffect
Negativeeffect

Positiveeffect
Positiveeffect
Positiveeffect
Positiveeffect

Noeffect

Source: Ref 13

720r-----r------y-------,

300
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200100

-=:: 0 0.----.
o 18CrNi8. reheat quench (850°C)
• CK 15. water quench (850°C)

6mmdiam

~.-------.-

Temperingtemperature. °C

Fig. 7.16 Effectoftempering on the alternating bending
fatigue strength of two case-hardened steels. Source: Ref
25

ing. Because many actual components have
stress concentrators, for example, gear tooth fil
lets, the notched test-piece results perhaps indi
cates the right trend. Streng et al. determined that
tempering has a favorable effect on pulsating fa
tigue toughness and a deleterious effect on the
fatigue strength under reversed stress (Table 7.4)
(Ref 13).

Most laboratory fatigue tests are operated un
der constant load conditions and, as such, do not
take into account the likelihood of occasional
high-loading events. Real-life components can
experience occasional overloads in addition to
their normal operating load, whether that is
high-cycle low load, low-cycle high load, or
somewhere in between. Considering the advan
tages and disadvantages of tempering, designers
and operators require guidance about whether or
not to temper. Rosenblatt attempts to provide
such guidance with respect to gears in Fig. 7.17
(Ref 30). His work implies that tempering is es
sential for the high-load low-cycle requirement
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Fig. 7.15 Bending-fatigue strength of notched test
pieces with and without retained austenite. Source: Ref29
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always inferior to those essentially free of aus
tenite. Most case-hardened components have re
tained austenite contents of 10 to 30%.

It is apparent that many variables (e.g., steel
composition, microstructure, test-piece design,
and type of loading) have a bearing on the fa
tigue strength and how it is affected by temper
ing. Figure 7.16 shows how tempering to 180 °C
reduces the unnotched bending-fatigue strength
of a case-hardened alloy steel, yet raises the
same property of a carburized plain-carbon steel.
In the notched and carburized condition, the fa
tigue limits of both the alloy steel and the
plain-carbon counterpart are reduced by temper-
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and where impact loading is involved. For the
low-load high-cycle situation, tempering might
have an adverse effect. However, other consider
ations, such as dimensional stability and
grindability, might determine whether or not a
part should be tempered.

Influence 00 Cootact Fatigue. Under pure rolling
contact fatigue conditions, that is, those compa
rable to the contact at the pitch line of a gear
tooth, it was found that the fatigue limit of re
heat-quenched and tempered test rollers in
creases as the tempering temperature increases,
up to 250°C. However, in a low-cycle high-load
regime, the contact-fatigue life diminishes as the
tempering temperature increases (Fig. 7.18). It
was noted that the highly loaded test tracks of the
untempereddisks increased in hardness by up to
85 HV and those of the disks tempered at 100
°C increased by up to 120 HV, whereas those
tempered at 150°C or more hardened by only 35
HV. This effect is considered to be related to the
increase of yield strength due to tempering (Fig.
7.10).

It should be remembered that tempering tem
peratures above about 150°C (300 OF) may
transform some of the austenite to bainite; the
higher the temperature is, the greater the amount
of austenite transformed. According to the stan
dard ANSIIAGMA 2OO1-C95, bainite has a det
rimental effect on the resistance to both contact
and bending fatigue.

Influence on Bending and Impact-Fracture
Strength. A study to determine the impact-fracture
stress of case-hardened steels with differing
chemical compositions revealed that the im-

Postcarburizing Thermal Treatments / 181

pact-fracture stress increased as the maximum
compressive-residual stress of the case in
creased (Fig. 7.19) (Ref 31). All samples had
been tempered at 170°C. Therefore, it might be
reasoned that if tempering reduces the compressive
residual stresses, then the absence of tempering
should lead to higher fracture stress. This does
not seem to be so. Shea observed that tempering
at 165 °C increases the energy required to initiate
a crack in a conventionally carburized and
quenched test piece under impact loading, but
it had little, if any, influence on the crack
propagation energy (Ref 32). Because the

t

250°C
200

!-----+------t---'l.-----1OO

20

106

Cyclesto failure

Fij:t. 7.18 Influence of tempering temperature on the
rolling-contact fatigue limit of a carburized and hardened
alloy steel.

Residual stress, ksi
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Fig. 7.17 Effect of low-temperature tempering on the
service Iife of carburized and hardened gears. Root bend
ing resistance vs. tempering: (A) impact, tempering re
quired; (B) low cycle, tempering beneficial; (C) high
cycle, tempering has varying effect; (0) very high cycle,
tempering may be deleterious. Source: Ref 30

Maximum compressive residual stress, MPa

Fig. 7.19 Relationship between impact-fracture stress
and compressive-residual stress(percent values indicate
maximum amount of retained austenite content in the
carburized case). Source: Ref 31
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Impact resistance is increased by the correct
tempering temperature and time, as Fig. 7.20 il
lustrates. In this example, a tempering tempera
ture of 180 to 200 QC for a minimum of 90 min
produced the best results. Using steels of varying
nickel content (::;;4.6%), Thoden and Grosch
showed that the bending-crack stress and the im
pact strength were each improved by tempering
at 180 QC for 1 h, as was the case for both direct
quenched and double-quenched samples (Ref
33). Another study using unnotched test pieces
(Table 7.5), indicated that impact toughness of
8620 steel was little affected by tempering in the
wider range applicable for case-hardened parts
(150 to 250 QC). However, the bending strength
was improved (Fig. 7.21) (Ref 34). Subsequent
gear-set life tests with impact loading showed
that tempering had been beneficial.

In fracture-toughness tests on a 0.85% C
lean-alloy steel, as-tempered samples exhibited
fractures with larger areas of transgranular frac
ture surface than did the fractures of untempered
samples (Ref 35), implying that tempering can
benefit fracture toughness. Other factors, such as
austenitizing temperature, cooling rate, and phos
phorus content, were found to affect the appear
ance of the fracture and the KIc value. A slow
quench rate and a high phosphorus content to
gether contributed to grain-boundary carbon
enrichment or iron-carbide precipitation, causing
more intergranularfracturesurface and a lowerKIc-

1501209060

30 KhGTsteel
Case depth, 1.1-1.2 mm

I
f-------j----=:;;;;o4l- eloo °C 0200 °C

.120°C v220°C
ol50°C t.24O°C
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1.5.'::------='::------='::__--~:__---,..J
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Temperingtime, minutes

Fig. 7.20 Effect of tempering temperature and time on
impact toughness of unnotched test pieces. Note: untem
pered impact toughness -2 kglcm2• Source: Ref 17

crack-initiation energy increased, and the
crack-propagation energy was essentially unaf
fected as a result of tempering, which had proba
bly reduced the surface compression, one can
reason that residual stresses have no effect when
the loading is by impact.

Table 7.5 Dataon as-quenched and temperedunnotchedCharpybarsfollowing gascarburizing

1empering Charpy Slowbend test results
Sample AISI temperature, Hardn.... HRC Case depth, mm (in.) Impact energy, Yield, Ultimate, Deflection,
No. erode °C (oF! Surface Core Effective Visual J(ft·lbf) kNQb) kNQb) mm(in.)

1 8615 As-quenched 66 36 0.89 (0.0035) 1.02 (0.040) 16-20 (12-15) 19.6(4400) 30.2 (6780) 0.086(0.034)
2 8615 150(300) 634 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-<i1 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 0.084 (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 0.036 (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 2.65 (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) 53-79 (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. All bars cold-oil quenched. Spectrographic analysis of Charpybarsby
weight percent: 8615M: 0.18 C. O.64Mn. 0.36Ni. 0.48 Cr. 0.12 Mo; 8620: 0.19 C. 0.74Mn. 0.59 Ni, 0.43 Cr. 0.17 Mo; 4320: 0.21 C, 0.49Mn, 1.89
Ni. 0.38 Cr. 0.28Mo; 8617: 0.20 C. 0.91 Mn. 0.45 Ni. 0.51 Cr. 0.17Mo; 4815: 0.16C. 0.57Mn, 3.42Ni. 0.24Mo: 4820: 0.18 C. 0.75Mn. 3.13Ni.
0.24Mo
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Tempering temperature, °C
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Fig. 7.21 Mechanical properties of unnotched AISI 8615 Charpy bars at various tempering temperatures. Bars were
gas carburized to 1.02 mm (0.040 in.) visual depth, cold oil quenched to 50 "C. Source: Ref 34
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Fig. 7.22 Effect of tempering temperature on wear re
sistance. Source: Ref 36

as well as aspects of design, should be examined
as much, if not more than, the metallurgical qual
ity of the wearing surfaces.

Additional Process Factors

Hydrogen Content. The outcome of bending
and impact tests on case-hardened steels can be
complicated by the presence of hydrogen in the
steel. Hydrogenation results directly from
high-temperature heating in an atmosphere con
taining molecular hydrogen and a hydrogen

Influence on Wear. The abrasive wear resis
tance of high-carbon surfaces is related to hard
ness and the distribution of dispersed carbides
(Ref 36). As the tempering temperature in
creases, the wear resistance decreases (Fig.
7.22). The main fall in resistance results from
tempering in the temperature range 125 to 225 "C
(-400 to 500 K), the temperature range generally
used for carburized and hardened parts. The
shape of the plots in Fig. 7.22 appears to relate to
the changes that take place during tempering,
that is, the carbon clustering, carbide precipita
tion, concurrent austenite transformation, and
matrix change from martensite (a.') to ferrite (n),

Figure 7.22 applies to dry abrasive wear and,
to some extent, is applicable to adhesive wear.
However, adhesive wear is influenced by the
chemistry of the mating surfaces, where, for ex
ample, nickel tends to favor adhesion, and, in
case-hardened surfaces, retained austenite might
also favor adhesive wear (e.g., scoring and seizure).

Machines with parts that move relative to one
another generally require a lubricant of adequate
viscosity and flash temperature to inhibit or con
trol both abrasive and adhesive wear of either of
the contacting surfaces. Therefore, in the event
of excessive wear, the condition of the lubricant
and the effectiveness of the lubricating system,
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Table 7.6 Tensile propertiesof20Crand 18CrNiW steels

Steel

20Cr

18CrNiW

Heat treatment

As-quenched
Quenchhardening plus190DC x 2h tempering
As-quenched
Quenchhardeningplus 190DC x 2 h tempering

Vacuum hardening
Strength, MPa Reduction of area, %

1520 38
1500 38
1471 56
1422 61

Blank carburized and quenched
Strength, MPa Reduction of area, %

1442 10
1471 15
1412 13
1392 43

Source:Ref37

Table 7.7 Theeffectof hydrogen on the toughness ofthe core material of0.2%C,3.5Ni-Cr carburizing
steel
Treatment Reduction of area, % Crack initiation, kg(· cm Deflection,mm Bending load, kgf

Heatedinair
Heatedinendo-gas

58(53)
27(58)

78(80)
10(58)

0.8 (1.1)
0.1 (0.8)

840(850)
640(840)

Numbers in parenthesesshowthe testvaluesafter 14daysaging.The originalvalueswereobtainedsoonafter heat treating.The bendingloadand
the deflectionwerethoseat the timeof crackinitiation. Source:Ref39

Hydrogencontent,ppm

Fig. 7.23 Influence of hydrogen content on the crack
stressand fracture stress. Source: Ref 38
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ther, it was observed that tempering, according to
its duration, raises the crack-initiation stress; at
least four hours at the tempering temperature is
necessary to reach the maximum stress value.
Adequate tempering is considered effective for
reducing the hydrogen content and removing
the adverse effects of hydrogen; vacuum tem
pering is more effective than air tempering.

Aging. Two aspects of the aging of carburized
and hardened steels must be considered: its ef
fect, if any,on any residual hydrogen in the steel,
and the possible additional migration of carbon
atoms.

Carburized bend or toughness test pieces
heated in endo-gas will have relatively low
toughness and ductility following a quench. Dur
ing testing to fracture, the initial crack is more
likely to be influenced by the surface carbon
content than the hydrogen present. Crack propa-

Thmpering Tempering Approximate Approximate
temperature, time, maximum maximum
·C h load,kllf deflection, mm

150 0 880 0.02
5 1210 0.1

10 1380 0.22
180 5 1500 0.4

10 1580 0.48

Source:Ref 39

Table 7.8 Effect oftemperingon the bendtest
results ofa 3.5%Ni-Cr steelheated inendothermic
gasandquenched

compound, that is, water vapor in an endother
mic gas.

The hydrogen content of steel surfaces after
gas carburizing and hardening has been mea
sured as approximately 2 ppm (Ref 37, 38).
Subsequent tensile tests on as-quenched sam
ples and on quenched and tempered samples
(190 °C for 2 h) showed that tempering raises
the percent reduction of area value (Table 7.6)
and is also beneficial regarding delayed fracture
under load (Ref 37). The influence of tempering
on the time to delayed failure was confirmed
where tempering time was considered more in
fluential than tempering temperature (Ref 38).
Dukarevich and Balter observed that hydrogen
has an adverse influence on toughness and duc
tility (Table 7.7) and that tempering improves
bending strength depending on tempering time
and temperature (Table 7.8) (Ref 39). Streng et
al. established that the amount of stress required
to induce a crack is not affected by the hydrogen
content, whereas the stress required for crack
propagation is affected to a degree dependent on
the hydrogen content (Fig. 7.23) (Ref 38). Fur-
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Table 7.9 Carboncontentofmartensite and the changes of residual stressduringa test periodof16
months fora 20MoCr4 steel

Quenchingconditions
Carbon, %

Start End
Compressive resldual.tre.s, MPa
Start End

ouaso-c
Oil at 50 ·c plus -196 ·C subzero cool
Oilat200·C
Oil at 1O·C plus 175·C temper

0.57 0.49
0.62 0.46
0.24 0.21
0.40 0.40

510 440
550 500
450 420
250 250

Carburize 900 ·C for I h 20 minutes for effective case depth (0.4 C) of 0.35 mm and a surface carbon content of 0.8--0.85%.0.25 mm layer
removed to reach zone of maximum residual stress. Peak residual stress coincides with the point where the carbon content equals 0.60%.
Source: Ref 14

gation, on the other hand, is affected by the
toughness of the core material, which is influ
enced by the hydrogen content. Aging permits
outgassing of hydrogen with a corresponding im
provement of toughness and ductility (Table7.7).

Tests carried out after a 16 month room
temperature hold revealed that in as-carburized
and quenched parts, the carbon content of the
martensite and the compressive-residual stresses
fell (Table 7.9) (Ref 14). Samples tempered at
175 "C exhibited no carbon change in the
martensite or in residual stress values. There
fore, tempering is important both for hydrogen
effusion and for carbon stabilization within the
carburized and hardened case.

The fatigue strength of case-hardened and
tempered (220°C) pieces tested under reversed
loading was unaffected by subsequent storage,
whereas the pulsating-fatigue strength increased

during holding for approximately 100 days (Fig.
7.24).

Grinding.Ground surfaces are the product of
gouging, rubbing, and rolling by hard abrasive
particles bonded into the surface of the grind
ing wheel. A ground surface is plastically de
formed and heat affected, and as a result, its
surface properties are modified. Even in a
burn-free ground surface, the local yield
strength and the residual stresses are altered
with grinding.

Tempering, typically at 180 "C, reduces the
tetragonality of the martensite and induces pre
cipitation of transitional carbides within the
martensitic structure of the entire case. Thus, the
surface is made more structurally uniform, to
some extent, and is preconditioned against sur
face temperatures of up to 180 "C that might be
generated during grinding or in service. An un-
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Fig. 7.24 Influence of the storage time at room temperature on the pulsating-fatigue strength. Source: Ref 38
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tempered part, on the other hand, is sensitive to
any temperaturerise above ambient.

Tempering after grinding should be con
sidered. It could reduce favorable surface com
pressive stresses generated during grinding;
likewise, it could take the peak off tensile
stresses similarly developed. Further, tempering
is believed to raise the yield strength of the
ground surface material and, consequently,
would be expected to improve the resistance of
the surface to fatigue-crack initiation (Table
7.10) (Ref 20).

Refrigeration

It is not uncommon for a refrigeration (subzero
temperature) treatment to be included in the car
boozing and hardeningprogram, either as a stan
dard procedure or as an optional operation. It
transforms to martensite excess austenite re
tained after the hardening quench, thereby (a) in
creasing the surface hardness, (b) reducing the
propensity to produce burns and cracks during
surface grinding, and (c) at least partially ensur
ing the dimensional stability of critical precision
parts.

The latter quality (c) is not usually regarded as
important for general engineering applications,
and refrigeration is used without concern about
its effect on dimensions. However, there are spe
cial applications for which dimensional stability
is vital, and refrigeration is therefore justified.
Where grinding is involved (b), even moderate
amounts of retained austenite can be tolerated,
especially if the austenite is fine and well distrib
uted and good grinding techniques are em
ployed. It is primarily the surface hardness re
quirement (a) that dictates the need to treat at
subzero temperatures. Whatever the reason is for
refrigeration, it is prudent to low-temperature
temper after the treatment.

Influence on Hardness. The specified mini
mum surface hardness of case-hardened compo
nents does not normally fall below 650 HV (58
HRC). However, with alloy grades of carburizing
steel, particularlythose containingover 2% Ni, it
can be difficult to realize the specifiedminimum
surface hardness when the surface carbon con
tent is high. In such cases, the retained austenite
content at or near the surface exceeds 30% (as
suming that softening has not resulted from
decarburization, high-temperature transforma
tion products associated with internal oxidation,

or poor quenching); therefore, a refrigeration
treatment is likely necessary.

Cesaroneexamined the effects of both temper
ing and refrigeration on the retained austenite
and hardness of carburized and hardened SAE
9310 steel samples (Ref 40). In the as-quenched
conditions (of which there were twelve) the re
tained austenite contents varied between 30 and
80%. Refrigeration of the as-quenched samples
reduced the retained austenite by amounts re
lated to the original retained austenite content
and the refrigeration temperature (Fig. 7.25a).
Whereas tempering the as-quenched material led
to only a 10% reduction of retained austenite,
tempering after refrigeration was far more effec
tive for reducing the austenite, particularly for
austenitecontents over approximately50%. This
suggests that refrigeration had destabilized the
remaining austenite. The as-quenched hardness
fell in the 55 to 65 HRC range. Refrigeration
narrowed that range to 62 to 66 HRC (averaging
63.9 HRC) (Fig. 7.25b), and subsequent temper
ing modified it to 60.5 to 65 HRC (averaging
62.5 HRC) (Fig. 7.25c). Subzero treating at
-196°C in liquefied natural gas (LNG) reduced
the retained austenite of the as-quenched mate
rial by about lO%yR more than did freezing at
-80°C, and it raised the hardness by approxi
mately 1 HRC.

Whether or not an "in-line" refrigeration
treatment should be employed for all processed
components is somewhat debatable because
so much depends on the steel grade and the
processing in general. It is prudent to consider
the effects of the process variables and use
them to control austenite retention before re
sorting to refrigeration as a programmed
treatment. The process variables that might be
manipulated are: quenching temperature (Ta
ble 7.11), surface carbon content (Table 7.12),
the chemical composition of the steel (Table
7.13), and the use of reheat quenching (Table
7.14). Based on the work of Koistinen and
Marburger, the quenchant temperature should

Table 7.10 Microyield stress(0"0.00') ofground
surfaces
Process aOMJ,MPa

Quench.subzerotreat. ISO·C temperfor 3 h. grind 114
Quench,subzerotreat, ISO·C temper for 3 h, 133

grind, 140 ·C temper for 3 h
Quench,subzerotreat, ISO·C temper for 3 h. 153

grind. 140 ·Ctemperfor24h

Source: Ref20
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(b)

Retained Estimated
austenite, hardne...

Steel M.. 'C Ms-Tg,oC % HRC

0.8%-4.5%Ni-I.4%Cr 50 30 60 48
0.8%-2.0%Ni-0.3%Cr 110 90 35 56

Surface Heat Retained Surface
carbon,% treatment austenite,% hardness, HRC

0.9 Oilquenchedfrom820'C. 32 54
Temperedat 150 'C

0.8 Oilquenchedfrom820'C. 28 56
Temperedat 150 DC

0.7 Oil quenchedfrom820DC. 20 58
Temperedat 150 'C

Quenching Tempering Surrface Probable
temperature temperature, hardness, austenitecontent,

Steel (intooill,"C "C HRC %

18Kh2N4VA 850 140 54 >30
18Kh2N4VA 800 140 59 -20

Steels quenched from 850 'c. Tq• quenchant temperature. taken to be
20 DC

Table 7.13 Effectof alloy content on retained
austenite

Table 7,12 Effectof surface carbon content on
retained austenite (estimated for a 3.5%Ni steel)

Source: Ref41
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Table 7.11 Effectof quenching temperature on
retained austenite

theoretically also have an influence on the
quantity of austenite retained (Table 7.15)
(Ref 42); experimental work using quenchant
temperatures of 60 to 140°C essentially
agreed (Ref 44). Shea, on the other hand, de
termined that there was no significant varia
tion of retained austenite when quenchant tem
peratures were 50 to 270°C for a carburized
SAE 4130 steel or when quenchant temperatures
were 50 to 235°C for an SAE 1526 steel (Ref
32).

The effectiveness of subzero treating at either
-120 or -196°C is indicated in Table 7.14 where
appreciable quantities of retained austenite are
transformed, and significant hardness increases
are achieved. These macrohardness values repre
sent the hardnesses of aggregates of martensite
and austenite (and carbides, if present). What they
do not show is that the austenite surviving refrig
eration is strengthened. Microhardness tests on re
tained austenite in a 1.2 to 1.3% C surface, per
formed before and after refrigeration at -120°C,
indicated an increase of hardness from 520 to
650 HV (Ref 39).
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Fig. 7.25 Changes of retained austenite content and
hardness due to refrigeration (-196 and -80 DC) and tem
pering (150 DC). (a)Effectof refrigerationand tempering on
retainedaustenite content. (b) Individual effects of temper
ing and refrigeration on surfacehardness. (c) Effect of refrig
eration andtemperingon surface hardness. Source: Ref40
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Table 7.14 Effectof subzero cooling after quenching
Heattreatment Retained austenite, Hardness, Bending strength Impact
after<arhurl.lng Condition % HRC MPa kg/mmI MPa ke/mJl11
Oil quenchedfrom 800 ·C. As-quenched 62 54 1530 156 25.5 2.6

low-temperaturetempered Subzero treated 20 62 1442 147 19.5 2.0
Temperedat 650 ·C. oil As-quenched 34 60 1697 173 40 4.1

quenchedfrom 800 ·C. Subzerotreated 10 62 1608 164
low-temperaturetempered

Air cooled from900-7SO·C. As-quenched 90 47 1618 165 59 6.0
oil quenched. Subzerotreated 20 60 1353 138 19.5 2.0
low-temperaturetempered

SteeI18Kh2N4VA.Subzerotreatmentscarriedout at-120 ·C. For fatiguedata. see Fig. 7.27. Source:Ref 43

Influence on Tensile Properties. The ultimate
tensile strength of a steel in the quenched condi
tion is little affected by refrigeration, even to
-196°C. The yield strength, on the other hand,
rises as the refrigeration temperature decreases,
so much that the yield strength (0.2% proof
stress) of a high-carbon steel can be marginally
lower than the ultimate tensile strength (Table
7.16) (Ref 45). This increase of yield strength is
likely a consequence of reduced austenite parti
cle size brought about by the subdivision of aus
tenite volumes by the martensite produced dur
ing refrigeration. The ductility indicators,

Table 7.15 Effectof quenchant temperature on
retained austenite

Approximate E.timated
retained hardness,

Ms,"C Tq, "C Ms-Tq,"C austenite(a), % HRC

ISO 80 70 45 52
ISO 60 90 35 56
150 40 110 29 57
150 20 130 25 58

<a) Ms. martensitestart temperature;Tq•quenchant temperature.This
refers to the austenitecontent of Tq. Withfurthercooling.more trans
formationwill takeplace. buta significantamountof stabilizationwill
have occurred. Source:Ref 42

elongation and area reduction, decrease as the
temperature of the refrigeration treatment de
creases.

Influence on Fatigue Resistance. The current
opinion is that moderate to high quantities of re
tained austenite are beneficial to the low-cycle
fatigue resistance of carburized and hardened
parts, and are detrimental to the high-cycle fa
tigue resistance (Ref 46). Refrigeration to reduce
the austenite content, therefore, is expected to
adversely affect the low-cycle fatigue strength
and favor the high-cycle fatigue strength. This,
however, is not the case: refrigeration has often
been found to have an adverse effect on both
high- and low-cycle fatigue resistance.

Roberts and Mattson showed that a subzero
treatment at -75°C reduces the low-cycle bend
ing fatigue strength of case-hardened SAE 8620
test pieces (Fig. 7.26) (Ref 47). Using notched
test pieces, Sveshnikov et al. found that the
high-cycle fatigue limit of a 20KhNM steel is
improved by refrigeration at -75°C, whereas the
same treatment on the leaner Kh40 steel reduces
the fatigue limit (Table 7.17) (Ref 22). In another
study, refrigeration at -120°C marginally in
creased the torsional fatigue strength of a
case-hardened 3.5%NiCr steel (Fig. 7.27, curves

Table7.16 Effectof subzero treating on mechanical properties
Treatment Ultimatetensile Yield Retained

temperature, strength, strength, Elongation, Fatigue, Kk' austenite,
Materiai(a) ·C MPa kg/mmZ RA,% % kg/mmZ kgJmm3/Z % (/';a)/a x 10-3(h)

50KhtemperinglSO·C 235 190 16.5 6.6 % 82 6.1 4.45
-50 237 194 14.5 6.1 102 88 5.9 2.3
-90 238 196 13.5 4.3 1M 90 5.4 2.57

-1% 237 207 10.0 3.2 97 83 2.2 2.98
SOKhNtempering lSO·C 230 188 10.5 7.2 92 76 5.7 4.08

-70 238 200 13.0 5.7 99 83
-1% 239 206 12.0 4.2 90 73

ShKh15tempering 200 ·C 241 198 3.08 88 65 15.8 4.24
-50 243 206 2.97 100 75 14.9 3.44
-90 246 224 1.7 96 70 10.5 3.93

-1% 239 229 1.04 90 66 8.2 4.01

<a)Through-hardenedmaterials.Nominalcompositionsare SOKh: 0.5% C. 0.6%Mn, 1.0%Cr.<0.3%Ni. <0.3%Cu; 50KhNi:0.5% C. 0.6%Mn,
0.6% Cr, 1.2%Ni. <0.3%Cr; ShKhI5: 1.0%C. 1.5%Cr. <0.3%Ni, <0.25%Cu. <b) Distortionsincrystal lattice in IX solid solution
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Table 7.14 Effect of subzero cooling after quenching 
Heat treatment 
after carfaurizing 

Oil quenched from 800 °C, 
low-temperature tempered 

Tempered at 650 °C, oil 
quenched from 800 °C, 
low-temperature tempered 

Air cooled from 900-750 °C, 
oil quenched, 
low-temperature tempered 

Condition 

As-quenched 
Subzero treated 
As-quenched 

Subzero treated 

As-quenched 
Subzero treated 

Retained austenite, 

Steel 18Kh2N4VA. Subzero treatments carried out at -120 

% 
62 
20 
34 
10 

90 
20 

Hardness, Bending strength 
HRC MPa kg/mm? 
54 1530 156 
62 1442 147 
60 1697 173 
62 1608 164 

47 1618 165 
60 1353 138 

°C. For fatigue data, see Fig. 7.27. Source: Ref 43 

MPa 
25.5 
19.5 
40 

59 
19.5 

Impact 
kg/mm2 

2.6 
2.0 
4.1 

6.0 
2.0 

Influence on Tensile Properties. The ultimate 
tensile strength of a steel in the quenched condi
tion is little affected by refrigeration, even to 
-196 °C. The yield strength, on the other hand, 
rises as the refrigeration temperature decreases, 
so much that the yield strength (0.2% proof 
stress) of a high-carbon steel can be marginally 
lower than the ultimate tensile strength (Table 
7.16) (Ref 45). This increase of yield strength is 
likely a consequence of reduced austenite parti
cle size brought about by the subdivision of aus
tenite volumes by the martensite produced dur
ing refrigeration. The ductility indicators, 

Table 7.15 Effect of quenchant temperature on 
retained austenite 

M^-C 

150 
150 
150 
150 

rq,°c 
80 
60 
40 
20 

M,-TV°C 

70 
90 

110 
130 

Approximate 
retained 

austenite(a), % 

45 
35 
29 
25 

Estimated 
hardness, 

HRC 

52 
56 
57 
58 

(a) Ms, martensite start temperature; 7q, quenchant temperature. This 
refers to the austenite content of 7q. With further cooling, more trans
formation will take place, but a significant amount of stabilization will 
have occurred. Source: Ref 42 

elongation and area reduction, decrease as the 
temperature of the refrigeration treatment de
creases. 

Influence on Fatigue Resistance. The current 
opinion is that moderate to high quantities of re
tained austenite are beneficial to the low-cycle 
fatigue resistance of carburized and hardened 
parts, and are detrimental to the high-cycle fa
tigue resistance (Ref 46). Refrigeration to reduce 
the austenite content, therefore, is expected to 
adversely affect the low-cycle fatigue strength 
and favor the high-cycle fatigue strength. This, 
however, is not the case: refrigeration has often 
been found to have an adverse effect on both 
high- and low-cycle fatigue resistance. 

Roberts and Mattson showed that a subzero 
treatment at -75 °C reduces the low-cycle bend
ing fatigue strength of case-hardened SAE 8620 
test pieces (Fig. 7.26) (Ref 47). Using notched 
test pieces, Sveshnikov et al. found that the 
high-cycle fatigue limit of a 20KhNM steel is 
improved by refrigeration at -75 °C, whereas the 
same treatment on the leaner Kh40 steel reduces 
the fatigue limit (Table 7.17) (Ref 22). In another 
study, refrigeration at -120 °C marginally in
creased the torsional fatigue strength of a 
case-hardened 3.5%NiCr steel (Fig. 7.27, curves 

Table 7.16 Effect of subzero treating on mechanical properties 

Materiai(a) 

Treatment Ultimate tensile Yield 
temperature, strength, strength, 

• C M P a kg/mm2 RA, % 

Retained 
Elongation, Fatigue, Klc, austenite, 

% kg/mm2 kg/mm 3P % (Aa)/a x 10-3(b) 

50Kh tempering 150 °C 

50KhNtemperingl50°C 

ShKhl 5 tempering 200 °C 

-50 
-90 

- 1 % 

-70 
-196 

-50 
-90 

-196 

235 
237 
238 
237 
230 
238 
239 
241 
243 
246 
239 

190 
194 
196 
207 
188 
200 
206 
198 
206 
224 
229 

16.5 
14.5 
13.5 
10.0 
10.5 
13.0 
12.0 

6.6 
6.1 
4.3 
3.2 
7.2 
5.7 
4.2 
3.08 
2.97 
1.7 
1.04 

96 
102 
104 
97 
92 
99 
90 
88 
100 
96 
90 

82 
88 
90 
83 
76 
83 
73 
65 
75 
70 
66 

6.1 
5.9 
5.4 
2.2 
5.7 

15.8 
14.9 
10.5 
8.2 

4.45 
2.3 
2.57 
2.98 
4.08 

4.24 
3.44 
3.93 
4.01 

(a) Through-hardened materials. Nominal compositions are 50Kh: 0.5% C, 0.6% Mn, 1.0% Cr, <0.3% Ni, <0.3% Cu; 50KhNi: 0.5% C, 0.6% Mn, 
0.6% Cr, 1.2% Ni, <0.3% Cr; ShKhl 5:1.0% C, 1.5% Cr, <0.3% Ni, <0.25% Cu. (b) Distortions in crystal lattice in a solid solution 
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Fig. 7.26 Bending-fatigue strength of a carburized SAE8620 steel (6.35 mm diarn), Source: Ref 47

Source: Ref22

Table 7.17 Effectof refrigeration on hardness
and fatigue

Fig. 7.27 Torsional fatigue curves for carburized
18Kh2N4VA steel. Case depth, 1.5 mm. See also Table
7.14. Source: Ref 43

3 and 4). In this instance 20% austenite survived
the cold treatment (Table 7.13). Further freezing
to -1% °C reduced the fatigue strength apprecia
bly (Fig. 7.27, curve 5). Using an AlSI E9310
steel, Panhans and Foumelle observed that after
carburizing and quenching, the austenite content
was 56% and the surface compression was -595
MPa (Ref 48). Subzero treatment for one hour at
-196 °C reduced the austenite to 31% and in
creased the surface compressive-residual stresses
to -760 MPa. In this instance, refrigeration re
duced both the very low- and the high-cycle fa
tigue lives, but not the intermediate life (Table
7.18). However, Razim found that with carbu
rized 14NiCr14 steel test pieces, the better
high-cycle fatigue results came from the test
pieces for which subzero treatment had been
used to achieve virtual austenite freedom (Fig.
7.15) (Ref 29).

It seems, therefore, that the refrigeration tem
perature, or perhaps the amount of retained aus-
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tenite surviving refrigeration, might influence fa
tigue strength. Working with through-hardened
unnotched specimens of 0.5 and 1.0% C lean-al
loy steels, Romaniv et al. showed that subzero
treating at -196°C had only a small effect on the
fatigue limit (negative or positive depended on
steel grade) (Ref 45). However, 10 to 30 minute
refrigeration treatments at -50 to -70°C decid
edly benefited the fatigue limit and fracture
toughness (KIc ) (Fig. 7.28, 7.29). These im
provements from a shallow refrigeration treat-

IIanIDess, Fallgue limit
HRC MPa kc/miJ12
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67.5 564 57.5 I

2
3

61 524 53.5 4
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4OKh(Cr)
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Steeland-
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stress ....fail"'"

(a) Extrapolated. Source: Ref48

Table 7.18 Fatigue of 9310 steel at two retained
austenite levels

amount of retained austenite in any of the sam
ples, and it is unclear how effective the -50°C
treatment would have been had the retained aus
tenite been, say, 40%. Nevertheless, in this in
stance refrigeration had a significant effect on
the high-cycle fatigue life, and incidentally, it
marginally improved the low-cycle fatigue life.

A recent innovation in subzero treating omits
thermal tempering and replaces it with subzero
treating in the presence of a cyclic magnetic field
(Ref 49). Rotating beam test results indicate that
with this treatment, fatigue lives comparable to
those of conventionally tempered parts could be
achieved (Fig. 7.31).

Influence on Residual Stresses. The resistance
of retained austenite to fatigue cracking is deter
mined by the amount of applied energy it ab
sorbs and uses in the formation of martensite be
cause energy used for the martensite reaction and
for heating is not available for crack initiation or
propagation (Ref 45). If refrigeration raises the
level of tensile microstresses within the austenite

880 806
-880 -880
-900 -970
1060 1040
14OO(a) 1120

4x 104to 105 4x 106t07x 106

ment were attributed to transformation of the
least stable austenite of the austenite regions; a
deeper treatment (say at -196°C) would also
transform some austenite that was stable at -70°C.
This additional transformation would develop lo
cal high-magnitude tensile microstresses and ar
eas of excessive microdistortions, which in tum
would reduce the duration for crack initiation
(Fig. 7.30). Note that there was not a great
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Fig. 7.28 Fatigue graphs for smooth specimens from (a) steel ShKhl 5 tempered at 200 °C and (b) steel 50KhN tem
pered at 150 "C. Source: Ref45
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Fig. 7.29 Relative variations in the (1) fatigue endurance limit, (2) fracture toughness parameter, and (3) 0.2% yield
strength as a result of cold treatment at various temperatures. The relative change is a ratio of properties after treatment
and properties prior to treatment. Source: Ref45
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Fig. 7.30 Effect of cold treatment temperature on the
total fatigue life (l) and the fatigue life to crack initia
tion (2) in notched specimens of steel ShKh15 (tem
pered at 200°C) at a nominal stressof 605 MPa (88 ksi),
Source: Ref 45
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without triggering the martensite reaction, then
the ability of the austenite to absorb energy is re
duced.

Kim et al. determined the residual stresses
within the austenite and martensite phases of a
carbonitrided surface layer and showed that re
frigeration at -85°C for four hours resulted in
high magnitudes of tensile-residual stress in the
austenite (Fig. 7.32) (Ref 50). Consequently, the
fatigue strength was greatly impaired. In a way,
these findings contradict the fatigue results of
Romaniv et al. (Fig. 7.29) (Ref 45); hence, one

Life.cycles

Fig. 7.31 Wei bull plot of data obtained at 1061.79
MPa (154 ksi) test stresson carburized SAE8620 steel fa
tigue specimens. Source: Ref 49

can propose that although the temperature of a
subzero treatment is important, the duration of
the treatment is crucial.

Macroresidual stresses reportedly are not
greatly affected by subzero treatments, even
though the amount of austenite transformed is
appreciable (Table 7.14) (Ref 22, 39). Other re-
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Fig. 7.32 Residual stresses in the carbonitrided case of EX55 (a) without subzero treatment and (b) with subzero treat
ment. Source: Ref 50
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Fig. 7.34 Residual stresses in the carburized case of
SAE 9310 before and after subzero treatments. Source:
Ref 52

Rollingcontact (ballson plane surface)=6.2 x I()5 loadingsperhour.
Source:Ref 51

Table 7.19 Contact fatigue lifeof case-hardened
16CD4steei

or reject interstitial carbon as precipitates, in
order to reduce microstresses. Hence, the initia
tion and propagation of prepitting cracks should
be slower. It is reasoned, therefore, that under
contact-fatigue conditions, subzero treatments
that produce essentially martensitic structures
might not improve the contact-fatigue resistance,
despite the trend of contact-fatigue strength in
creasing with surface hardness.

Roller tests have shown that with pure rolling
or extreme sliding, the loss of metal in surfaces
containing austenite (54 HRC) is less than for a
martensitic surface (59 HRC) or a subzero
treated surface (63 HRC) (Ref 41). Other roller
tests determined that as-quenched carburized
surfaces survive longer than surfaces that have
been frozen in LNG (Table 7.19) (Ref 50). Test
ing gears, Razim concluded that retained austen
ite is beneficial to contact fatigue, as illustrated
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searchers observed significant changes of resid
ual stress distribution due to refrigeration with
liquid nitrogen (Fig. 7.33) (Ref 51).

The effect of double subzero cooling is shown
in Fig. 7.34. The change in residual stress distri
bution as a result of increasing the duration of
the -75°C treatment indicates that more austen
ite transformation has occurred accompanied by,
presumably, an increase in the magnitude of local
micro-tensile-residual stresses in the surviving
austenite volumes.

Influence on Contact Fatigue. Under contact
conditions (either roll or roll-slide), at least one
of the mating surfaces should be able to be de
formed slightly, thereby allowing a uniform dis
tribution of the applied load. Fully martensitic
carburized and hardened surfaces (especially
those that have been refrigerated and in which
any traces of residual austenite are highly
strained) will resist this deformation. Microstruc
tures containing some retained austenite, which
has more ability to deform than martensite alone,
should more readily accommodate the applied
loads. Further, surfaces containing austenite,
compared with martensitic surfaces, will prefer
to deform rather than crack at critically stressed
locations, and perhaps transform to martensite
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structure, might not these have an adverse effect
on the crack-initiation and growth times? And if
the carbides observed to have precipitated under
the contact tracks differ (rj-carbides or mono
clinic Hagg carbides) depending on whether or
not refrigeration has been used, might not such
differences have some significance?

Influence on Bending and Impact Toughness.
Table 7.14 and 7.16 indicate how some tough
ness properties and the ductility are adversely in
fluenced by refrigeration, though Fig. 7.29 indi
cates that the KIc fracture toughness may be
improved by a shallow refrigeration treatment.

Influence on Wear Resistance. In general,
subzero treating a case-hardened surface to re
duce the austenite content, and thereby raise the
hardness, would be expected to have a positive
influence on the resistance of that surface to
abrasive wear. However, roller tests indicated the
opposite, and showed that as-quenched or
as-quenched and tempered surfaces had approxi
mately three times the wear resistance of
quenched and -50°C refrigerated surfaces (Ta
ble 7.20) (Ref 54). The changes in hardness and
matrix carbon content due to wear are far more
dramatic in the refrigerated surfaces than in the
others. This potentially confirms that austenite
surviving a refrigeration treatment is destabilized
by the treatment and thereby responds more
readily to subsequent thermal and mechanical
actions (Fig. 7.25).

The adhesive wear situation, however, involves
many factors and cannot adequately be covered
by generalizations. The alloy content of the steel
is important. Some added elements (e.g., nickel)
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Fig. 7.35 Gear test results show that within the condi
tions of the tests, the load carrying capacity increased
with retained austenite content. Source: Ref 53

in Fig. 7.35 (Ref 53). In this study, refrigeration
was used to arrive at essentially zero retained
austenite within the cases of some of the test
gears. From such a test it is not clear how much
of the difference between the results for refriger
ated gears (containing small amounts of austen
ite) and the results for as-quenched gears (con
taining, say, 30% austenite) is due to the
discrepancy in austenite contents and how much
of that difference is due to other effects of
subzero treating. If refrigeration produces local
tensile microstresses in the resultant micro-

Table7.20 Results of slide/rollwear tests on 12KhN3Asteel
Wear,mg

LoadinB cycles IIanIDess, HV Carbon iDmarteDSite, % Small roller Larxe roller

Carburized at 1000 "C to a depth of 1.8 mm; oil quenched from 900 "Cand 800 "C
o(before test) 792 0.60
1 x 106 760 0.55 60 68
2 x 106 758 0.41 68 75
3 x 106 738 0.49 74 90

Carborized at 1000 °C to a deptb ofl.8 mm; oilquencbed from 900 "C and 800 "C; tempered at 230 "C for 5 b
o(before test) 679 0.50
1 x 106 697 0.31 18 52
2 x 106 758 0.32 39 85
3 x 106 729 0.39 45 126

Carborized at 1000 "Cto a depth of 1.8 mm; oil quenched from 900 "Cand 800 "C; refrigerated at -so "Cfor 1 b
o(before test) 763 0.69
1 x 106 517 0.25 120 262
2 x 106 597 0.35 140 287
3x 106 619 0.32 170 353

Testsconducted at 12.400 kglcm2contact pressure. Testpieces wer temperedat 650 "Cfor 4 b betweencarburizing and hardening. Source:Ref 54
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tend to increase the susceptibility of a surface to
adhesive wear (scoring, scuffing) more so, it is
claimed, than a high austenite content does (Ref
55). Even so, retained austenite does have an ef
fect. Friction tests on a carburized 4%NiCr steel
with either 5 or 25% retained austenite showed
that the coefficient of friction (Jl) of the 5% aus
tenite surface stayed fairly constant over the tem
perature range of the tests, whereas the Jl value for
the sample with 25% austenite rose appreciably at
160 °C (Ref 56). This implies that under certain
conditions (e.g., pressure, temperature, speed, and
lubrication), a higher austenite content can favor
adhesive wear; therefore refrigeration might have
a beneficial effect.

Unfortunately, laboratory tests seem to pro
duce conflicting results when it comes to assess
ing the effects of retained austenite. Kozlovskii
et al. found that a surface containing approxi
mately 50% retained austenite has a superior re
sistance to seizure when compared to a surface
containing less than 20% retained austenite (Fig
4.28) (Ref 57). Seizure tests by Manevskii and
Sokolov showed that the scoring resistance was,
to some extent, hardness related; for the hardest
surface tested (-700 H1(0) the scoring resistance
was less than it was for a softer surface (-600
H lOo). Terauchi and Takehara observed the oppo
site trend (Fig. 4.29) (Ref 59).

For gears, adhesive wear relates to the condi
tions prevailing during rolling with sliding con
tact under pressure; generally a designer can esti
mate if a design has a tendency to score in
service. It is not certain if laboratory tests can ad
equately simulate real-life conditions, although
Naruse and Haizuka claim that the limiting load
for scoring by means of the FZG spur gear test,
the four-ball test, and disk tests could be com
pared (Ref 60). Without resorting to the metal
lurgy of the test pieces, they concluded that the
limiting load for scoring is a function of sliding
velocity, specific sliding, and the type of lubri
cant used.

When scoring occurs on gear tests, it is usu
ally high on the tooth addenda at the point of
disengagement where the amount of sliding is
high. Therefore, if a design is considered prone
to scoring, lubricant choice is important, and
"running-in" to precondition the surface is ad
visable to remove asperities that might other
wise penetrate the lubricating film thickness at
higher pressures, and to induce work hardening
of the mating surfaces. Thus, the ability of a
surface to work harden is significant, but it must

be given the opportunity to work harden with
out an excessive surface temperature rise that
could lead to scoring. If refrigeration reduces
the capacity of a surface to work harden or to
shed its asperities, then in certain situations it
could be regarded as detrimental.

Retained Austenite Standards. It has been
stated before, and is restated here, that it is
better to manage other process variables to con
trol retained austenite before resorting to refrig
eration. Some laboratory tests have indicated
that high austenite contents are beneficial,
whereas others conflict with that view. For the
time being, the gear industry, through tests and
experience, has chosen to restrict the acceptable
amount of retained austenite to 25% (ISO
6336-5) or 30% (AGMA 2001-C95) for all but
the lowest grade of commercially carburized
gear. That said, if the basic allowable stresses
used by designers can be regarded as generous
enough to include parts in the refrigerated con
dition, then it is the decision of the manufac
turer whether or not to use the subzero process
(unless specified), provided the recommended
maximum for retained austenite is not exceeded
and the surface hardness is adequate. Note that
aerospace and marine gears (AGMA
246-02[1983] and AGMA 6033) permit up to
20% retained austenite on the highest rated
gears.

Summary

Tempering

Most case-hardened parts are tempered at a
temperature above 130°C (265 "F) but rarely ex
ceeding 250°C (480 "F). The most common
tempering temperature is about 180 °C (350 "F).
At this temperature, any austenite in the case is
affected only a little. At higher tempering tem
peratures, some austenite transforms to bainite;
this is not necessarily beneficial. Tempering
times are usually from 2 to 10 h, depending on
the size of the component and the structural sta
bility required. Such tempering, in additon to
precipitating coherent carbides and reducing the
tetragonality of the martensite, also drives off hy
drogen taken up during the case-hardening pro
cess.

• Preprocess considerations: None
• In-process considerations: If intermediate

machining is to be carried out to locally re-
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move case, then a high-temperature temper
(or anneal) is used to impart adequate
machinability. The temperatures for this are in
the range of 600 to 650°C (1110 to 1200 "F),

• Post-process considerations: Low-temperature
tempering is done after hardening; however, it
should be repeated after refrigeration (if
used). A repeat low-temperature temper should
be considered if the surface is still exception
ally hard after the initial temper. Some manu
facturers temper after grinding.

• Effect on properties: Low-temperature tem
pering reduces the hardness into the normally
accepted range of 58 to 62 HRe. It reduces
the surface compressive-residual stresses and,
therefore, lowers the high-cycle bending
fatigue strength, and it is thought to improve
the low-cycle bending strength. In terms of
rolling-contact fatigue, tempering is believed
to raise the high-cycle fatigue life, but may
have an adverse effect on the low-cycle en
durance. The hardness-strength properties of
the core are affected only a little by temper
ing, although the yield strength is raised.

• Standards: The ANSI/AGMA standard has
no tempering specification for grade 1, but
recommends tempering for grade 2 and re
quires it for grade 3.

Refrigeration

Case-hardened parts are refrigerated to trans
form retained austenite in the outer case. This
raises the surface hardness and induces structural
stability. Refrigerants available for the subzero
treatment of heat-treated parts are dry ice (solid
CO2) and liquid nitrogen gas (LNG). Tempera
tures down to about -80°C (112 "F) are achiev
able with CO2, whereas temperatures of -196°C
(-320 "P) are possible with LNG refrigeration. It
is not normal to place heat-treated parts into
LNG; rather LNG is used to chill a compartment
to whatever temperature is considered reasonable
for the job, say -80°C or even -120°C.

• Preprocess considerations: Refrigeration is
carried out after the quenching operation; it
generally follows the initial tempering opera
tion. It is prudent to allow parts to cool to
room temperature before subjecting them to
subzero temperatures. Hardness test before
treatment.

• In-process considerations: Record the mini
mum temperature and the duration of the pro
cess.

Postcarburizing Thermal Treatments /195

• Postprocess cosiderations: It is advisable to
retemper soon after the part has attained room
temperature. Perform a hardness test after re
frigeration, and if the part is still soft after re
frigeration, then other possible reasons for the
softness must be considered.

• Effect on properties: Refrigeration transforms
case austenite to martensite, which raises the
hardness. It also raises the surface macro
compressive-residual stresses, but induces
microresidual tensile stresses in any remain
ing austenite volumes. Tests to determine the
effect of refrigeration on bending fatigue have
produced mixed results; the steel grade, the
subzero temperature, and the duration of re
frigeration can all influence the results. Con
tact fatigue and case ductility each appear to
be adversely affected by the process. Refrig
eration, coupled with tempering, is nonethe
less a valuable process where dimensional
and microstructural stability are important.

• Standards: ANSI/AGMA permit refrigeration
following the tempering operation, and it is
followed by a retemper. The purpose is to ob
tain a 1 to 2 HRC increase of hardness. Refrig
eration to transform high amounts of retained
austenite (say 50%) should not be considered,
as this might cause microcracking.
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Chapter 8

Postcarburizing
Mechanical Treatments

The mechanical treatments most commonly
applied to case-hardened parts are shot
peening and surface grinding, as well as roller
burnishing to a very much lesser degree. Shot
peening and roller burnishing plastically de
form and texturally modify the surface and in
duce compressive residual stresses, thereby
improving the fatigue resistance of the treated
part. Parts are ground to obtain dimensional
accuracy and to replace the heat-treated finish
with one that is both clean and smooth. The
process parameters for each of these mechani
cal treatments are controlled within fairly nar
row, though not unreasonable, limits, and when
correctly executed, these processes are benefi
cial to the parts treated. If, however, the pro
cesses are not carried out correctly they can ad
versely influence properties.

Grinding

When components are case hardened, some
growth and distortion (size and shape changes)
can be expected to occur as a result of the ther
mal processing. For example, with gears, the
gear teeth themselves may thicken, diameters
may increase or decrease, and worm threads
may unwind. Squat cylinders may "barrel,"
and long cylindrical shapes may do the oppo
site. In their process schedules, manufacturers
include measures that allow for such move
ments or contain them within tolerable levels,
then correct the critical dimensions by grind
ing.

Besides restoring precision, grinding is also
employed to remove the heat-treated surface. It
also removes any potentially detrimental metal
lurgical features, such as carbide films, internal
oxidation, and high-temperature transformation
products (HTIP) that can otherwise adversely
affect certain strength aspects of the component.
Grinding for surface finish is important, because
it too can influence the bending and contact fa
tigue lives of a component and the efficiencyof a
lubricant to separate mating surfaces.

Grinding Action

During gentle grinding (when the depth of cut
and thrust forces are low), a particle of abrasive
protruding from the working surface of the
grinding wheel ploughs into the surface of the
component, which produces a furrow. In deform
able workpiece materials, the furrow is formed
mainly by the displacement of metal from below
and to either side, producing heaped edges (Ref
1). A second abrasive particle, slightly offset to
the first, ploughs into one heaped furrow edge.
This contact displaces metal and adds more de
formation to an already plastically deformed ma
terial, and it possibly removes some metal parti
cles by shear from the common edge between
the two furrows. When ploughing is the main oc
currence, the metal removal rate is low. With
greater amounts of feed (depth of cut), metal is
removed directly from the workpiece surface as
chips without involving much ploughing. The
metal removal rate under such conditions is high.
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The ploughing or chipping action takes place
simultaneously many times across a contact area
between the workpiece and the grinding wheel
and thousands of times during each wheel revo
lution. Acknowledging that the grinding wheel
rotates at thousands of revolutions per minute, an
appreciable amount of high-rate deformation
takes place during grinding along with the gener
ation of heat caused by that deformation. Not all
the deformation and heat generated is produced
by the furrowing and chipping action. The grit of
the grinding wheel protrudes for only a limited
distance from its bond and, therefore, rubbing
and rolling actions by bond contact also produce
deformation and heat. Further, as the grit of the
wheel becomes duller or more loaded with at
tached metal debris and, therefore, more in need
of a dressing operation, the amount of metal re
moved from the workpiece decreases, but the
heat generation caused by friction increases.

Therefore, much of the energy used in the
grinding action is converted into heat, and this
heat is dissipated by conduction into the
workpiece, the coolant (if used), and the abra
sive. The heat is also carried away in the de
tached incandescent metallic particles that are
continuously ejected from the wheel/workpiece
contact zone. For successful grinding of materi
als having some measure of ductility, the objec
tive should be to control the heat and ensure that
the final surface is lightly plastically deformed.

Hard materials generally have little ability to
be deformed, and the displacement of metal to
form heaps at the sides of a furrow does not oc
cur. Instead, for such materials, small cracks may
radiate from the grinding furrow, even when
grinding conditions are carefully controlled (Ref
2). This cracking is attributed primarily to me
chanical causes. If some of the heat generated at
the surface by the grinding action dissipates into
the workpiece surface and thereby reduces the
yield strength at the surface, then cracking at the
furrow edges is eliminated. Mikhailov (Ref 2)
suggested that the millions of variable loadings
to which a workpiece surface is subjected during
grinding cause the breakdown of the surface ma
terial at lower stresses. The mechanism for how
this breakdown occurs is not clear. It could in
volve "crumbling" of the cracked furrow edges
or a lowering of the surface yield strength.

Case-hardened surfaces are generally regarded
as being hard and essentially brittle. However,
such surfaces have the ability to be deformed
(see the sections "Roller Burnishing" and "Shot
Peening" in this chapter). Therefore, the martensite!

austenite aggregate, typical of a case-hardened
surface, should be regarded as being deformable
with respect to grinding. Carbides within a
case-hardened surface, on the other hand, are
considered hard materials.

GrindingBurns and Cracks

By far the most common problem during
grinding is a loss of control of the heat generated
at the surface by the abrading action. This occur
rence may be caused by not replacing or not ren
ovating the grinding wheel at the correct time, by
using the wrong grade of wheel, or perhaps by
removing too much stock at each grinding pass.
If the heat generated at a carburized surface is
great and is not transferred away to any signifi
cant extent, then the temperature of the surface
rises to a level sufficient to induce tempering of
the predominantly martensitic surface. Such lo
cal tempering is termed "overtemper burning."
The hardness of an overtemper bum area is gen
erally several equivalent HRC points lower than
that of an unburned area. The extent depends on
the temperature and the duration of heating. In
addition, because tempering involves the precipi
tation of carbides (accompanied by a volume
contraction), the local tempered areas are in a
state of reduced residual compression or possibly
in a state of residual tension.

However, if during grinding the surface tem
perature exceeds the AC3' thereby producing a
thin layer of austenite, then because of the large
heat-sink effect of the component, the austenite
rapidly cools to give a hard, light-etching marten
site. Such an induced defect is known as a "rehar
dening burn." Because a thermal gradient must
exist between the zone that is made austenitic
and the underlying material, such a rehardening
bum must be surrounded by an intermediate
layer of overtempered material (Fig. 8.1) and of
reduced hardness (Fig. 8.2). Reasoning suggests
that the rehardened zone should be in residual
compression due to the martensitic expansion,
while the adjacent tempered areas should experi
ence residual tension. However, at the instant of
burning and just after, the surface is subjected to
appreciable mechanical forces via the action of
the grinding wheel (the surface may even be rup
tured by the force). Therefore, it is possible that
mechanically induced surface stresses signifi
cantly influence the eventual residual stress dis
tribution associated with a burn. Consequently, it
is difficult to predict the final residual stress dis
tribution in a burn area.
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bum. Ifanything, relationship implies that tensile
stresses above any residual stresses associated
with the metallurgical events, or any thermal ef
fects, are necessary to form such deep cracks.
The tensile stresses that cause grinding cracks
must therefore be caused by the forces exerted
by the grinding wheel. In other words, the cracks
form when the wheel is in contact with the
workpiece. When a surface contains large
amounts of retained austenite, a small crack may
develop between a thin layer of martensite (cre
ated by the action of the grinding wheel) and the
adjacent overtempered material during one
grinding pass. This crack may become a much
deeper grinding crack by the forces exerted dur
ing the next grinding wheel pass (Ref 5).

The small cracks referred to by Bumakov de
velop parallel to the surface at the interface be
tween the rehardened and the overtempered lay
ers. Similar cracks have been observed beneath
heavily deformed surface layers produced during
grinding. These cracks may result when the thin
rehardened (or heavily worked) layer bows elas
tically to accommodate longitudinal tensile
stresses, thereby increasing the radial tensile
stresses. The cracks relieve those stresses.

In the absence of a crack from grinding, a bum
is not necessarily harmful during service; it de
pends on the magnitude and direction of applied
stresses. Corrosion is also a factor, because a cor
rosive environment might reduce the stress level
required to produce a crack in a burned area.

Subsequent to the grinding operation, the
presence of grinding bums is often not obvious,
and therefore, some method is needed to deter
mine the presence of burning (e.g., chemical
etching according to MIL-STD-867A or equiv
alent). An example of grinding bums in the
flanks of a gear, as detected by acid etching, is
shown in Fig. 8.4. A bum formed in the first
grinding pass may be completely removed dur
ing subsequent passes, whereas grinding cracks
could still persist. The reason for this persis
tence is because grinding crack generally pene
trate much deeper than bums.

Grinding cracks mayor may not be obvious,
and their detection is best achieved using a mag
netic particle test. Grinding cracks can be re
moved by further grinding, assuming the toler
ances on the workpiece permit it, although it is
possible for the additional grinding to "chase"
the crack to greater depths.

With abusive grinding, even an ideal surface
can be ruined. With good grinding procedures,
on the other hand, most case-hardened surfaces
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Fig. 8.2 Effect of grinding burns of increasing severity
on microhardness. Curve 7 represents a rehardening
burn. Source: Ref3

Another aspect to consider is the amount of
plastic deformation induced in the immediate
surface area by the action of the grinding wheel.
Gentle grinding will produce a lightly deformed
surface layer, which is desirable. Poor grinding
techniques, on the other hand, will cause severe
plastic deformation and smearing to a depth of
about 10 um. In extreme cases, smearing can
produce laps or the heavily worked layer can
rupture or even spall. In either case, there is dam
age that can develop into something more seri
ous during service.

If the temperature rise accompanying defor
mation is sufficient to bring about a transforma
tion to austenite, then metallographic examina
tion will reveal layering within the rehardened
part of the bum, thereby confirming that both
plastic deformation and transformation have
been involved in its formation. A heavily worked
layer can be mistaken for a rehardening burn.

Grinding cracks are found in hard or hardened
surfaces and are often associated with grinding
bums. Narrow continuous or intermittent bum
tracks are likely to produce essentially straight
cracks (transverse to the grinding direction).
Broad tracks or areas of bum, with appreciable
surface overtempering, can produce surface net
work (mud) cracks. Grinding cracks form per
pendicular to the grinding direction (Fig. 8.3a)
and penetrate approximately at right angles to
the surface. Also, the penetration of a crack is
deeper, often many times deeper, than the depth
of burning (Fig. 8.3b). This crack to bum depth
relationship does not support the idea that crack
ing is caused solely by the stresses involved in
overtempering and/or due to transformations tak
ing place during the formation of a rehardening
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can be ground without burning. However, micro
structural features other than martensite present
at the surface contribute to the degree of diffi
culty in achieving (or reestablishing) the correct
grinding parameters. What is optimal for grind
ing martensite is not optimal for grinding austen
ite, bainite, and ferrite.

Effect ofGrinding Variables

There is little reported work on the effect of
grinding variables on residual stresses in case
hardened surfaces. However, a fair amount of in-

(8)
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formation is available concerning through
hardened steels.

Influence on Depth of Cut (Feed). Increasing
the depth of cut increases the depth to which
the surface metal is deformed and in which
heat is generated. In consequence, the depth of
penetration of the ensuing residual stress dis
tribution is also increased (Fig. 8.5). Excessive
down feeds and cross feeds can cause burning
and cracking.

Influence on Wheel Peripheral Speed. Schreiber
(Ref 3) determined that wheel speed has no
significance on residual stresses developed
within a ground surface. Gormly (Ref 6), on the
other hand, reported that a reduction of wheel
speed causes a reduction of residual stresses,
presumably because less heat is generated in the
workpiece surface, which results in a reduced
tempering effect. Conversely, a slower peripheral
speed can lead to an inferior ground surface fin
ish. It is considered more favorable to employ a
softer wheel, because soft wheels tend to wear
more readily, which exposes fresh abrasive cut
ting edges, and the residual stresses are confined
more to the surface and to a lower magnitude.

Influence on Workpiece Speed. Within limits,
an increase of workpiece speed can be beneficial,
because it improves the feed of coolant, if used,
into the wheel/workpiece contact zone. The con
tact time is reduced, and the quantity of heat re
moved is greater (Ref 3).

(b)

Fig. 8.3 Examples of grinding cracks. (a) Cracks on the flank of a worm thread . (b) Micrograph of grinding cracks in
case-hardened 8620 steel showing several small cracks (arrows at right) that extended through the hardened case to the
core , and the burned layer on surface (dark band indicated by arrow atleftl that resulted from grinding burns. Note: nital
and acidic ferric chloride are suitable etchants for grinding burns . Source : Ref4www.iran-mavad.com 
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Fig. 8.5 Effect of depth of cut on residual stress distri
bution. Source: Ref 6

grades G, H, or even I may be used. The hard
ness of a wheel influences its self-sharpening
characteristics. If the wheel surface loses abra
sive particles during grinding, the bond must
quickly wear away to expose fresh abrasive par
ticles. Alternatively, if the abrasive particles be
come worn (dulled) by grinding, the bond must
disintegrate (under the pressure of grinding) to
expose fresh abrasive particles.

Fig. 8.4 Grinding cracks on the flanks of a small spur
gearwheel.

Influence on Wheel Grit and Hardness. Wheel
selection for grinding is governed by the
amount of stock to be removed from the
workpiece surface and the quality of finish re
quired. Two important wheel characteristics to
consider are grit size and wheel hardness. The
grit size (given as a number) quantifies the
coarseness of the abrasive, whereas hardness
(specified by a letter) refers to the hardness of
the bond holding the grit.

Where relatively large amounts of stock are to
be removed, a coarse grit wheel can be used ini
tially, followed by a fine grit wheel to obtain the
surface finish and size required. Finishing passes
should remove any defects (assuming no cracks)
induced by the roughing passes. Thus, the total
thickness of material removed by the finishing
passes should be roughly equivalent to the thick
ness of material removed by the last of the
roughing passes.

The hardness of the wheel selected for a par
ticular job is influenced by the hardness of the
workpiece surface. According to Price (Ref 7),
changes of wheel grade affect residual stresses
induced by grinding less than the hardness of the
workpiece surface; the latter controls the depth
to which the grit penetrates. Hard wheels are em
ployed for grinding softer steel surfaces, and soft
wheels are better suited for grinding harder steel
surfaces. Thus for case-hardened steels, wheel
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Depthof cut, 11m

Fig. 8.6 Maximum surface temperature during dry
grinding with aluminum oxide or cubic boron nitride
(CBN) of a bearing steel. Source: Ref10

Influence on Grinding Fluid. In wet grinding
applications, the grinding fluid has three main
functions. First, it is a lubricant that reduces
the coefficient of friction between the abrasive
wheel and the metallic surfaces; thus, frictional
heat is controlled to some extent. Second, it acts
as a coolant by extracting heat from the work
piece, although it does not much affect heat gen
eration at the contact zone. Third, it helps keep
the wheel clean and remove debris from the zone
of action.

It is important to maintain the coolant in good
condition, otherwise it might fail to adequately
satisfy its functions and grind quality will suffer.
Appropriate tests should be carried out periodi
cally to ensure that the strength and the level of
contaminants are maintained within set limits.
Also, it is good practice to monitor the working
temperature of the fluid. The careful choice of a
fluid and a quality procedure to maintain good
condition are meaningless unless the fluid is cor
rectly directed and fed at a suitable rate to the
working zone.

Degree of Difficulty. The term "abusive grind
ing" is often used when a ground surface is
burned or cracked, and it may imply negligence
on the part of the operator. This judgment is not
altogether fair, because there are some design
features that are difficult to grind and/or cool
(e.g., the side walls of grooves or slots). Figure
8.7(a) shows the relative sizes of the grinding
contacts at the side wall and at the bottom of a
groove. With its small contact area, the bottom of
the groove is easier to grind and cool than the
side wall. At the side wall, because of the large
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Conventional grinding refers to the process
wherein the abrasive material (the grit) is alumi
num oxide. During the many years that alumi
num oxide grinding wheels have been utilized,
their benefits and shortcomings have become
fairly well understood. When the grinding tech
nique is good, the product is good. On the other
hand, deviations from good practice can lead to
an inferior product or even expensive scrap. The
importance of abrasive wheel dressing cannot be
overemphasized. Continuing grinding after the
wheel is worn beyond a certain level invites
burning and cracking. The sound of the grind
changes when the wheel is becoming (or has be
come) dulled or loaded, and often when that
point is reached the workpiece may already have
been burned. Note that it is important to ensure
that the grinding wheel is true and balanced.

Cubic boron nitride (CBN) appears to have the
potential to overcome many of the problems pre
viously associated with aluminum oxide grind
ing. Cubic boron nitride is twice as hard as alu
minum oxide; therefore, an exposed grain retains
its cutting qualities better and longer. The wear
rate of CBN is approximately fifty times less
than that of aluminum oxide (Ref 8). This prop
erty alone makes for a more consistent ground
product. The main benefit of CBN, however,
stems from its high thermal conductivity relative
to aluminum oxide. With aluminum oxide grind
ing, two thirds of the heat generated during the
grinding action passes into the workpiece sur
face, whereas with CBN grinding, only about
4% of the heat produced by metal removal
passes into the workpiece (Ref 9). This differ
ence is to some extent reflected in Fig. 8.6,
which compares the surface temperatures gener
ated by grinding with aluminum oxide and CBN
abrasives. In other words, CBN abrasives pro
vide greater potential for controlling the thermal
aspects of grinding; therefore, there is a better
chance of avoiding temperature related prob
lems, such as burning and cracking.

Even though CBN grinding wheels may be
more tolerant to deviations from optimal grind
ing conditions, abusive grinding and damage are
still possible. Therefore, for good quality grind
ing, the working procedures, equipment, and
workmanship must each maintain a high stan
dard, regardless of the type of abrasive used.
Having selected a wheel specification for grind
ing case-hardened parts, it is wise to persevere
with one supplier to avoid manufacturer to man
ufacturer variability.
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contact area. much of the generated heat cannot
escape except by passing into the workpiece sur
face, and the highest workpiece surface tempera
tures are reached at the exit side of the contact of
the wheel. The high peripheral speed of the
grinding wheel throws the coolant to the edge of
the wheel, thereby favoring cooling at the bottom
of the groove, but it works against effectively
cooling the side wall.

In form grinding of gear teeth, although a sim
ilar process, all the surfaces of a tooth gash are
ground at the same time, unlike the groove al
ready described, which can be ground in three
distinct operations (the base and the side walls
individually). If the tooth profile is exactly the
same as the grinding wheel profile, then the de
gree of difficulty is not too great. However, it is
important not to over feed into the root (Fig.

8.7b) . In practice, the as-case-hardened gear
tooth does not have exactly the same profile as
the grinding wheel. Both distortion and growth
occur, and the degree of difficulty of grinding
without damage is increased.

Influence of Workpiece Metallurgical Condi
tion on Grinding. For standard grades of case
hardening steels, manufacturers generally aim
to produce case-hardened surfaces of 0.75 to
0.95% C with tempered martensite along with
small amounts of well-distributed retained aus
tenite. Besides being a good all-round micro
structure for most service conditions, martensite
is probably the most suitable for successful
grinding. The material should be tempered to at
least 130°C (265 OF) (preferably no more than
180°C, or 355 oF) and to a maximum 60 HRC
hardness (Ref 11). Low-temperature tempering

(a)

-11-
Whee l/workp iece

contact on the base of the groove
(x whee l thickness )

\'----~ -.1
x

'r
s Gear

whee l

Workp iece

(b) (c) (d)

Fig. 8.7 Examples of features that can con tribute to grinding problems. (a) Groove grinding wheel shows the differ
ences of contact at groove base and at side wall. (b) For form grinding, a vertical feed of x at the root removes only a
thickness yon the flank. The profile is simple , as in a rack. (c) For a gear tooth profile,s is the start ing position of the
grinding wheel and (is the final position . Therefore, the depth of cut at any point is represented by the gap between 5

and f, assum ing thatthe gear tooth and wheel had the same original profiles. (d) Differences of contact area attooth root
and flanks present on a gear wheel.

www.iran-mavad.com 
مرجع دانشجويان و مهندسين مواد



in this range induces the precipitation of very
fine coherent carbides, reduces the tetragonality
of the martensite, and relieves to some degree
both micro- and macroresidual stresses, all of
which improve grindability.

The propensity for a case-hardened surface to
burn during grinding increases as the surface car
bon content in solution increases over about
0.5% C (Ref 5). It is as though the higher the car
bon in solution in the martensite/austenite matrix
is, the more ready carbon is to precipitate as car
bides when excessively heated and strained dur
ing the grinding operation (i.e., increasing car
bon in solution increases the instability of the
surface).

Retained austenite in case-hardened surfaces
contributes to the formation of grinding defects,
such as burns, cracks, and poor finish. The con
ditions selected for commercial grinding are
those most suitable for grinding martensitic sur
faces and, therefore, are not optimal for grinding
austenite. This departure from optimal only ag
gravates the problem. The main problem is that
retained austenite is relatively soft and easily ad
heres to the abrasive particles (i.e., the grinding
wheel quickly becomes "loaded"), which in turn
favors excessive heat generation at the ground
surface by deformation and friction. Burnakov et
al. (Ref 5) found that with more than 20% aus
tenite present in a surface, there is a greater ten
dency to crack than with only 5% austenite.
They also determined that the crack faces have
brittle features and are transcrystalline, and that
fracture surfaces are not, in this instance, associ
ated with carbide films or inclusions. For suc
cessful grinding, therefore, the retained austenite
content of a case-hardened surface is best kept
low.

Surface oxides and internal oxidation, or the
lITTP associated with it, can cause the wheel to
become "loaded" and make grinding difficult.

Fine, well-dispersed spheroidized carbides do
not greatly influence the response of a surface to
grinding. Such carbides might even be benefi
cial, because they tie up some of the carbon,
which means that the matrix has a lower carbon
content and, therefore, less retained austenite.

Coarse carbide particles and heavy network
carbides in the surfaces of case-hardened lean
alloy steels would be expected to make grinding
more difficult and perhaps contribute to cracking
during grinding (Ref 12, 13). However, the over
riding factor regarding burning and cracking
must be the grinding conditions (wheel type, bal
ance, feed, speed, periods between wheel dress-
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ing, etc.). Carbides might have an influence on
grindability because of the several differences in
properties and behaviors between carbides and
the matrix material (tempered martensite). These
microstructural features have different thermal
conductivities so they will influence the conduc
tion of heat during grinding; carbides, if any
thing, have a negative effect on the conduction of
heat deeper into the surface.

The carbide is an intermetallic material which
is harder and less ductile than the metallic ma
trix. During a grinding pass, the abrasive particle
ploughs through the matrix, but tends to impact
the carbide and either be dulled, shattered, or dis
lodged by the carbide.

Loss of abrasive particles and abrasive dulling
each impair the grinding efficiency of the abra
sive wheel, particularly if the wheel bond mate
rial is too hard. A reasonably soft wheel chosen
for grinding martensite will likely be suitable for
grinding martensite containing some carbide, but
unsuitable for grinding predominantly carbide
surfaces. Therefore, coarse and network carbides
at the immediate surface of a part negatively in
fluence the grinding efficiency and ground sur
face quality. How negative the influence is de
pends on how much carbide is present.

Summary. For case-hardened low-alloy steels,
tempered martensite structures have the highest
threshold against burning and cracking. Untem
pered martensites have a much lower threshold
against burning and cracking. Surfaces with sig
nificant amounts of carbides have a lower thresh
old than an entirely martensitic surface but
should grind better than a high-austenite surface.
However, any case-hardened surface can be
ground satisfactorily provided that the grinding
parameters are correct for whatever the surface
condition is and that the wheel dressing is carried
out at the right time.

ResidualStressesCausedby Grinding

Gormly (Ref 6) categorized the measured re
sidual stress distributions into three types (Fig.
8.8). Type I represents abusive grinding, when
conditions become such that surface burning is
likely. The residual stresses at the surface are de
cidedly tensile, although if cracking takes place,
the residual stresses will likely be relieved to
some extent. Type ill, on the other hand, occurs
when an extremely good grinding technique is
employed. The surface residual stresses are com
pressive. The factors involved in surface heat
generation are controlled sufficiently to curb
microstructural changes; therefore, only the me-
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gles to the direction (Fig. 8.10), which is a com
mon trend with grinding. In Fig. 8.10, the tensile
residual stresses are not balanced by compressive
residual stresses, therefore, it is assumed that be
yond about 0.2 mm, the stresses are compressive.

Case-hardened steels have a residual stress
distribution extending through their surfaces into
the core due solely to heat treatment processes;
therefore, any residual stresses induced by grind
ing must somehow superimpose themselves on
what was originally there. Good grinding should,
therefore, increase the compression at the sur
face. It could also cancel some of the original
compressive stresses just beneath the surface
(Fig. 8.11). When grinding is abusive, the resid
ual stress distribution beyond 0.2 mm can be af
fected (Fig. 8.12). Here, decreasing the number
of grinding passes from 7 to 2 to remove 0.3 mm
of stock increased appreciably the tensile resid
ual stresses at the surface and appears to have
modified the whole of the stress distribution.

Grinding with CBN wheels increases the com
pressive residual stresses at the surface as a re
sult of surface deformation to a depth of about
10 11m without any significant heat generation.
Differences of stress magnitudes, if not distribu
tions, might be expected depending on the wheel
properties (grit size and bonding, electroplated or
resin bonded) and condition. For example, a
freshly dressed wheel did not develop as much
surface compression as a pre-used wheel (Fig.
8.13a and b).

The as-ground residual stress distribution can
be modified by aging, tempering, and any
postgrinding mechanical treatment, such as
peening or rolling.

Effect ofGrinding on Fatigue Strength

Influence on Bending Fatigue. Sagaradze and
Malygina (Ref 16) determined the fatigue limit
for case-hardened 8 mm diameter test pieces of a
20K.h2N4A steel (case depth, 1.35 mm) as 850
MPa (123 ksi). Bum-free grinding of compara
ble test pieces after carburizing and before hard
ening increased the fatigue limit after hardening
to 990 MPa (143 ksi). This implies that the re
moval of surface defects introduced during car
burizing was largely responsible for the increase
of fatigue strength. When bum-free grinding was
administered after carburizing and hardening, the
fatigue limit was raised even further to 1090
MPa (158 ksi). The removal of adverse metallur
gical features and surface roughening, which
arise during the carburizing and hardening, is
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chanical effect (surface deformation) occurs.
Such a stress distribution does not impair the fa
tigue resistance of the surface and can, indeed,
improve it. The type II curve suggests that heat
has been generated to produce a tensile peak.
Conversely, the effect of plastic deformation at
the immediate surface has predominated and in
duced surface compressive stresses sufficient to
more than counter the heat-induced tensile
stresses. It is likely that the type II curve is more
typical of production grinding in general, al
though drifting conditions (e.g., the wheel be
coming duller) can lead to a type I situation.

Peak stresses are mainly found less than 0.025
mm (0.001 in.) from the surface, and in this
layer, extreme changes are likely (Fig. 8.9). The
magnitude of the stresses (of whatever sign) is
determined by the direction of grinding. The to
tal depth over which the stresses extend is about
0.2 mm, and in the affected layer, the tensile and
compressive stresses should be in balance. The
residual stresses parallel to the direction of
grinding are more tensile than those at right an-
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A46KV
6000
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Wheel speed, ftImin 6000 6000
Down feed, in./pass 0.001 0.001
Grinding fluid Solubleoil (dilution1:20) Soluble oil (dilution 1:20)
Cross feed, in.lpass 0.050 0.050
Table speed, ftlmin 40 40

Wheel A46HV
Wheel speed, ftlmin 2000
Down feed, in.lpass Low-stress

grinding
Grinding fluid Sulf oil Soluble oil (dilution 1:20)

A46MV
6000
0.002

Dry

Fig. 8.9 Residual stresses in SAE 4340 steel (quenched and tempered, 50 HRC) after grinding (a) with CBN and dia
mond and (b) with alumina. Source: Ref 14

Fig. 8.10 Example showing that although peak stresses
caused by grinding are located close to the surface, the
balancing stresses can extend relatively deeply. Source:
Ref 15

For example, trials on a production basis showed
that gear-tooth fillet grinding reduces bending fa
tigue strength by 11 to 45% when compared to
unground gears (Ref 15). The variability depends
on how much of the tooth fillet was removed by
grinding. This reduction of fatigue strength is
confirmed by MIRA tests on 7 dp EN36 (BS
970, 665Ml3) spur gears. Those gears with

clearly involved in the improvement of the fa
tigue limit. It is also probable that a thin, worked
surface layer due to a good grinding technique
contributes to the improvement.

Kimmet and Dodd (Ref 18) demonstrated how
the bending fatigue strength of a gear can be ap
preciably enhanced by fillet grinding with a CBN
abrasive; Fig. 8.14 compares the unground with
the ground condition. Drago (Ref 8), referring to
bending fatigue tests on helicopter gears, con
cluded that there is little to choose between CBN
tooth fillet grinding and conventional aluminum
oxide grinding. This comparison, however, is
based on a situation when high quality grinding
conditions were utilized for both the CBN and the
aluminum oxide grinding operations. Navarro (Ref
14) essentially confirmed the foregoing but illus
trated how more severe grinding can significantly
impair fatigue strength (Fig. 8.15).

In commercial gear-tooth fillet grinding where
the emphasis is on output, the grinding condi
tions can be less than gentle; hence, there is a
tendency to produce inferior quality components.

550

412 - Parallel with grinding
-- Normal to grinding

2 3 4 5 6 7 (10--3 in.)
0.05 0.1 (mm)

Depthbelow surface
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Fig. 8.12 Effect of the number of grinding passes on
the residual stress distribution in case-hardened strips
with a case depth of 1.6 to 1.7 mm. Source: Ref 16

the direction of service loading is likely to be
detrimental, whereas longitudinal grinding (i.e.,
the grooves are in the same direction as loading)
would, if anything, have a much smaller effect.

With case-hardened surfaces, the situation is
less clear. Tyrovskii and Shifrin (Ref 20) showed
that transverse grinding before case hardening
does not affect the bending fatigue strength of
gears and plates. With longitudinal grinding, the
rougher the surface (within the range of their
tests) is, the higher the fatigue limit will be.
However, the surface finish created by grinding
after case hardening needs to be good.

If the conditions produce an acceptable work
hardened layer at the surface and are sufficient
to cause any eventual failure to initiate beneath
that layer, then the fatigue strength is enhanced.
Table 8.1 conveys how modest changes in grind
ing conditions can affect both the residual
stresses and the fatigue life. Although these data
are not derived for case-hardened samples, the
points are nevertheless still valid. Samples of
test group AF had a type II verging on type I re
sidual stress distribution (see Fig. 8.8). The only
difference between groups AA and AB is that the
grinding machine was overhauled between runs.

Influence on Contact Fatigue. Often the roots of
case-hardened gears are not ground, whereas the
tooth flanks are ground mainly to promote good
line contact between meshing teeth (i.e., by re
moving general distortions and high spots on the
contacting surfaces). For this reason, grinding is
beneficial; it gives the teeth of a gear basically the
same shape, pitch, and surface finish. Interest
ingly, though, Sheehan and Howes (Ref 21), using
disk tests to determine the contact-fatigue strength
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Fig. 8.11 Removal of a surface layer in compression
modifies slightly the whole residual stress curve. Any
stressesintroduced by grinding further modify the curve

ground roots had fatigue strengths 25 to 50% be
low those with unground roots (Ref 19). When
cracks are produced during grinding, the loss of
fatigue strength can be as high as 66% (Ref 11).

The need to remove too much stock has an ad
verse effect on the fatigue life of the ground com
ponent, as Fig. 8.16 suggests for root ground
gears. With flank-only ground gear teeth, the for
mation of a "step" in or along the edge of a tooth
fillet can be detrimental to the bending fatigue
strength of the gear.

With through-hardened steels, the coarseness
of the ground finish and the direction of grinding
subsequent to heat treatment affect the bending
fatigue strength of the component. Coarse grind
ing where the grinding grooves are transverse to
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of case-hardened surfaces, show that irrespective
of surface carbon content and quenching tech
nique, an as-heat-treated surface is superior to a
heat-treated and ground surface. Taking all factors
into consideration, the difference probably occurs
because the unground surface supports a more
stable oil film than the ground surface.

In a later work (Ref 22), Sheehan and Howes
concluded that contact fatigue is influenced by
the surface roughness of the two mating sur
faces, the sign of the sliding action (positive or
negative), and the type of lubricant. When the
roughness of the loading member with positive
slip approaches the oil film thickness (0.1 to 0.2
urn), the load carrying capacity increases appre
ciably. Thus, polished surfaces are superior to
ground surfaces. With respect to lubricant type,
the contact fatigue strength of ground surfaces is
favored by base oil, whereas the best results for
polished surfaces are obtained when an extreme
pressure lubricant is used.

Postcarburizing Mechanical Treatments /211

Nakanishi et al. (Ref 23), taking the onset of
gray staining (rnicropitting) as the failure crite
rion, determined that initial surface roughness has
an effect on surface durability (Fig. 8.17). The
tangential load for surface-hardened gear teeth
with a surface roughness (Rmax) of -1 urn is about
ten times that of teeth where Rmax is -4 J.lID.

The presence of grinding burns might not have
much effect in pure rolling contact situations, be
cause the main stresses are subsurface. However,
in slide/roll situations, the surface condition and
the surface hardness are important, so that grind
ing burns and the changes of hardness associated
with them have an adverse effect.

Influence on Wear. The influence of the
as-ground roughness on wear of surfaces in rela
tive motion depends on whether the combined
roughness of the surfaces in contact exceed the
oil film thickness. If the surfaces are kept apart
by the lubricant, then essentially no wear can
take place, assuming an absence of debris pass-
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Cyclesto failure

Fig. 8.15 $oN data for SAE 4340 steel ground with
various abrasives. AISI 4340 conditions: quenched and
tempered to 50 HRC, surface grinding, cantilever bend
ing, zero mean stress, 75°C. Source: Ref 14
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Fig. 8.16 Effect of local case thinning by grinding on
the bending fatigue strength of Ni-Cr steel gear teeth.
Source: Ref 16

Effect on Microstructure

When a case-hardened surface is cold worked,
its microstructure is modified to a depth and de
gree dependent on the specific working condi
tions applied. In general, adequate cold working
induces hardening in the worked layers. Exces
sive working with heavy pressures can induce
microcracks, which might develop into micro
tears or even flaking at the surface. These defects
are less likely to occur in hard materials; never
theless, their formation is to be avoided, even
though the fatigue limit could still be better than
that of an unburnished counterpart (Ref 24).

E 105

~
~ 100

~
Ql

.~
If

Rolling, or roller burnishing, is a metalwork
ing technique employed to locally strengthen the
surface of the component (particularly at fillets
and in grooves) in much the same way that shot
peening does. With peening, small projectiles are
directed at the workpiece surface, whereas with
burnishing a rolling force is applied to the sur
face using either rollers or spherical bearings. In
both processes, the surface is worked, and the
surface residual stress distribution is rendered
more favorable.

Roller Burnishing

wear develops, which is dependent on a number
of factors, then there is a need for concern.
Therefore, the roughness of the ground finish
can have a bearing on the wear processes, re
gardless of the method of grinding (aluminum
oxide or CBN). If, however, the grinding has
been on the abusive side, with heat generation
sufficient to temper the surface, then both abra
sive and adhesive wear processes are more likely
to ensue during sliding contact.
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Fig. 8.14 Comparison of bending fatigue strength of
conventionally processed (cut/harden/lap) versus CBN
ground (cut/harden/lap) spiral bevel gears. Test gear de
sign specifications: hypoid design, 4.286 dp, 11 by 45 ra
tio, 1.60 in. face. Gears were installed in axles using a
4-square loaded axle test machine. Torque applied was
70% of full axle torque rating. Source: Ref 18

ing through the gap. Where the combined rough
ness exceeds the oil film thickness so that the as
perities of one surface make contact asperities
with the other surface, then surface wear and de
formation can take place. Thus, smoothing and
surface conditioning (running-in) occur, nor
mally without too much concern. If adhesive
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Table 8.1 Effect on grinding conditions of residual stress and fatigue

Residual stress
Test Wheel Downfeed Grinding Surface Peak Fatigue limit Failure
group grade!a) mm 10-3 in. Duid MPa loJlb/in.2 MPa loJlb/in.2 MPa loJ Iblin.2 point

AA H 0.0025 0.1 Solubleoil 90 13 159 23 503 73 Surface
AB H 0.0025 0.1 Soluble oil -172 -25 124 18 483 70 Surface
BC I 0.Q25 1.0 Solubleoil 234 34 338 49 503 73 Surface
AC M 0.05 2.0 Soluble oil -200 -29 841 122 427 62 Surface
AF I 0.Q25 1.0 Grinding oil I -662 -96 7 I 683 99 Subsurface
AG I 0.Q25 1.0 Grinding oil 2 -600 -87 145 21 627 91 Subsurface
BA I 0.Q25 1.0 Grinding oil 2 (b) (b) (b) (b) 634 92 Subsurface
AD M 0.Q25 1.0 Grinding oil I -462 -67 83 12 503 73 Surface
AE M 0.05 2.0 Grinding oil I -738 -107 221 32 483 70 Surface

Steel:modified AISI 52100.59 HRC. Wheels: white. vitrified bond, friable aluminum oxide. (a) I, wheel gradenormally used;H, softer grade;M,
hardergrade.(b) Comparablewith AG. Source:Ref 4
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Fig. 8.18 Influence of roller burnishing on the re
tained austenite content at and beneath the surface of a
case-hardened steel. Source; Ref 27

Finely dispersed carbides have been observed
within deformed austenite volumes, which
should hinder slip along the slip planes. Razim
(Ref 25), on the other hand, reasoned that
similar precipitates observed in the deformed
contact tracks of surface fatigue specimens
are too large (probably incoherent) to hinder
slip and, therefore, would not contribute to
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In deformed martensite-austenite structures,
changes of orientation, slip line development in
both constituents (Ref 25), and a decrease in the
average martensite plate size (Ref 26) have been
observedas evidenceof the cold-working process.

At high rolling pressures, some of the austen
ite is transformed to martensite (Fig. 8.18), and
this transformation, in part, could account for the
reduction of the average martensite plate size.
Figure 8.18 shows that the change in the amount
of retained austenite close to the surface (0.1
mm) caused by high rolling pressures falls from
around 20% down to about 5%. Papshev (Ref
26) observed austenite reductions in a case
hardened Ni-Cr-Mo steel from 30 to 13.5% and
from 45 to 16% austenite. In tensile and bend
tests, Krotine et al. (Ref 28) noted that straining
reduces austenite and increases the martensite at
the surfaces of carburized and hardened test
pieces. There is an indication that the reduction
of austenite content is greatest with higher nickel
steels (Table 8.2).
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Table8.2 Effect ofstraining on surface austenite
content
Steel Nickel, % Pretest austenite, % Posttest austenite, %

SAE4080 0.1 19 14
SAE4095 22 17
95MnCr5 33 24
105MnCr5 42 36
SAE4675 1.65 16 4
SAE4685 1.65 23 7
SAE4875 3.42 23 6
SAE4885 3.42 31 10

Source: Ref 28

the total hardening effect. The reason for this
precipitation is not clear; it could be caused
by straining only. On the other hand, much of
the energy that causes plastic deformation is
expended as heat. At very high rolling speeds
and feeds, temperatures as high as 600 to 650
°C have been recorded (Ref 26), although
normally the temperature is contained be
tween 150 and 350°C to obtain optimal resul
tant residual stresses. It is inferred that the
precipitation could be caused by both thermal
and mechanical means.

In terms of dislocations, plastic deformation in
creases the dislocation density and reduces the
subgrain size. Balter (Ref 24) considered that
work hardening of well-tempered martensite
structures is solely the result of an additional
hardening effect caused by the interaction of dis
locations with the interstitial atoms, mainly car
bon.

Effects on Material Properties

Influence on Hardness. Below a critical value
of contact stress, roller burnishing does not af
fect the hardness of the material at the surface.

Above the critical value, given as 3480 MPa
(355 kg/rnm-) for a case-hardened 20Kh2N4A
steel (Ref 23), work hardening can be detected.
The affected depth is only about 1 mm,
whereas at high pressures (e.g., 7845 MPa, or
800 kg/mm-), it exceeds 1 mm. Figure 8.19
shows the influence of contact stress on hard
ness. and depth. With high contact stress, the
peak hardness is not at the surface but 0.05 to 0.1
mm beneath it. The greatest hardening effect is
observed in martensite-austenite materials, and
the higher the carbon content or the greater the
initial hardness is, then the greater the hardening
effect will be (Fig. 8.20).

Influence on Residual Stresses. Surface work
hardening has a very marked influence on the re
sidual stress distribution within a case-hardened
surface (Fig. 8.21). In Fig. 8.21, a maximum spe
cific stress increases compression at the surface.
The danger (although not too obvious from the
figure) is the magnitude of balancing tensile
stress and its location beneath the case. Figure
8.22 shows how the number of passes affects the
residual stress distribution, whereas Fig. 8.23
suggests the trend resulting from increasing the
rolling speed (i.e., the higher the rolling speed,
the lower the surface residual stress).

The value of the residual stress must relate to
the changes incurred, which must, to some ex
tent, depend on the initial structure. For exam
ple, Fig. 8.24 shows how the amount of retained
austenite initially residing near the surface of a
case-hardened 14Kh2N3MA steel influences
the final residual stress distribution. In this in
stance, the surface containing the largest quan
tity of retained austenite developed the highest
value of residual compressive stress due to
roller burnishing. After burnishing, the amount

1.21.0

Maximum contact stress
kgf/mm2 MPa
1 0 0
2 355 3480
3 560 5488
4 640 6272
5 710 6958
6 810 7938
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Fig. 8.19 Effect of roller burnishing of a 20Kh2N4A steel (case depth, 1.1 to 1.5 mm) on hardness and depth of hard
ening for various rolling pressures (maximum contact stress). Source: Ref 27
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Initial hardness. HV

Fig. 8.20 Relationship between initial hardness and
change of hardnessdue to roller burnishing. Source:Ref26
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of austenite surviving in each was only about
15%.

Influence on Bending Fatigue. The bending
fatigue strength reaches a maximum at an inter
mediate value of roIling pressure (Fig. 8.25), in
creasing about 22% for the material burnished
with optimal process conditions compared with
the unburnished one. Figure 8.25 represents re
sults from unnotched test pieces, and it is con
ceivable that where stress concentrators exist
(fiIlets, etc.), the improvement might even be
better. This conjecture was correct with through
hardened test pieces (Ref 29), where the im
provement was greater than 100%.

Influence on Contact Fatigue. In both labora
tory and field tests (Ref 25), surface cold work
ing improved the lives of case-hardened drill bits
and bearing race grooves by retarding the forma
tion and the development of contact fatigue
cracks.
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Influence on Wear. Roller burnished surfaces
are more resistant to wear than in the as-ground
condition (Table 8.3).

20,----..,..----.--""'1196

0 ~
:::;
iii
(/l

~
iii

-196 ~
::>..,
'iii
Q)
II:

f---+---1-....-392

o 1.0 2.0
Distance from surface, mm

Fig. 8.23 Effect of rolling speed on the residual stress
distribution at the surface of a 0.45% C steel. Source:
Ref26

Shot Peening

Shot peening is a process in which the compo
nent surface is bombarded with a multitude of
small spherical projectiles (shot) with sufficient
velocity to produce a minute indentation with
each impingement (a discrete zone of plastic de
formation). The rate and duration of the bom
bardment need to be sufficient to saturate the en
tire surface of the target area with overlapping
impingements. The treated surface is evenly cold
worked to a uniform but shallow depth, and the
hardness and strength of the material in that layer
are increased. The primary purpose of shot
peening, however, is to induce compressive re
sidual stresses at the surface, which, among other
things, improves the fatigue resistance. Shot
peening is a strength improvement process in its
own right, and it need only be applied to critical
areas where peak stresses are anticipated during
service, such as in the radius at a change of sec
tion of a multidiameter shaft or at the tooth fillets
of gears. Shot peening is not to be confused with
the overall cleaning process of shot blasting,
which, although similar, does not have the same
control or the same objectives.

20,.....--......---'T""'--.196

Process Control

In order to obtain the maximum benefits from
shot peening, it is necessary to maintain a strict

100
66
67
50
55

Burnishing pressure
MP. kgf/mm 2

1472 150
2256 230
2747 280
2943 300

Workpiece
condition

Tests conducted on steel14Kh2N3MA, 57 to 61 HRC before and 3to 5
units harder after burnishing. Testing condition: rolling friction in clay
solution. Source: Ref 26

Ground
Ground and burnished
Ground and burnished
Ground and burnished
Ground and burnished

Table8.3 Effect of burnishingon relative wear

Maximum contact stress, MPa

",EE 1960 3920 5880 g>~

IP I/~:H£.~81----__ ~784£Jj!
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Maximum contact stress, kgf/mm 2

Fig. 8.25 Relationship between fatigue limit at 107 cy
cles and contact stress for case-hardened 20Kh2N4A test
pieces (7.5 mm diam, 1.1 to 1.5 mm casedepth). Source:
Ref 27
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Fig. 8.24 An indication of how retained austenite con
tent influences the residual stress distribution of a
case-hardened and burnished Ni-Cr-Mo steel. Note: bur
nishing reduced the 30% austenite to 13.5% and the 45%
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policy of good "housekeeping" and tight process
control. The type, hardness, size, shape, grading,
and condition of the shot; its impact velocity and
impingement angle; exposure time; nozzle size;
and nozzle to workpiece distance must be care
fully controlled at all times to ensure optimal re
sults and reproducibility.

Machine settings for peening a particular
workpiece are derived from peening standard
test pieces (Almen strips) and also from past ex
periences of how shot-peened parts have be
haved under test or service conditions. Details of
the test strips and their use can be obtained from
relevant specifications, such as SAE J442 and
J443. Briefly, a set of test strips of appropriate
thickness and hardness are attached to blocks
and subjected to peening on one face for differ
ent exposure times. After peening and removal
from the blocks, each strip deflects to a degree
related to the induced residual stresses in the
peened face. These deflections (arc heights) are
then measured and plotted in terms of arc-height
against exposure time to produce a curve (Fig.
8.26). From this information, the basis for the
correct process settings can be derived.

A case-hardened surface is relatively resistant
to indentation. When it is struck by a spherical
shot, the indented area is smaller than a compa
rable collision area on the surface of an Almen
strip (44 to 50 HRC). Therefore, for complete
saturation of the surface with overlapping inden
tations, the exposure time for a case-hardened
part is longer than for the Almen strip. It is im
portant, nevertheless, not to overpeen to where
small surface ruptures are induced. Such a condi
tion can be detrimental to the service life of a
component. The unexpected presence of a soft

T 2T

Exposure time, T

Fig. 8.26 Typical saturation curve from shot-peened
Almen strips. The time to saturation is that which, when
doubled, does not produce an increase of arc height
greater than 20%.
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"skin" on a case-hardened surface (e.g., from
HTIP that may accompany internal oxidation)
could encourage overpeening. In such an in
stance one might consider grit blasting first to re
move some, if not all, of the soft layer followed
by a controlled shot peening.

The shot used for case-hardened parts should
have equivalent, if not greater, hardness than that
of the surface being peened. Thus, the intended
increase of compressive residual stresses and the
required consistency of peening will be achieved
(Fig. 8.27). A softer shot might itself deform, as
sume an irregular shape, and thereby reduce the
effectiveness of the process. The size of the shot
must be considered in connection with the geom
etry of the surface to be peened. No improve
ment is obtained if, in the critical section of the
component, there is a radius smaller than that of
the shot being used; the shot must have good ac
cess.

Effect on Microstructure

The microstructural features resulting from
shot peening mainly involve plastic deformation
and are essentially the same as those described
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Fig 8.27 Effect of shot hardness and surface hardness
on the distribution of residual stresses. (a) 1045 steel
hardened to Rc 48. (b) 1045 steel hardened to Rc 62
peened with 330 shot. Source: Ref 30
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w ~

Fig. 8.28 Plastic defor mat ion produced at the (a) ca se- hardened surface and (b) non- ease-harden ed surface of
sho t-peened stee ls. Both 270 x

Fig. 8.29 Effect of shot peening and fatigue stress ing
on surface hardness. Source: Ref 31

for roll er burnishing without any specific
directionality. Further, just as over burnishing
can produce surface defects, so too can over
peening. The modifications due to shot peening
generally are in the first 0.25 mm depth of surface.
Micrographs of peened surfaces are presented in
Fig. 8.28.

Effect on Material Properties

Influence on Hardness. The surface hardness
is influenced by peening (Fig. 8.29). In this in
stance, the initial material has a high retained
austenite content of about 80%; it is soft and re
sponds readily to cold working by both peening

and fatigue stress ing. Case-hardened surfaces
containing typical amounts of retained austenite
(less than 30%) and having hardnesses in ex
cess of 59 HRC increase in hardness by I to 2
HRC when peened. However, such an increase
can be accompanied by a slight softening be
neath the peened layer, which might reflect on a
modificat ion to the residual stresses near to the
surface.

Influence on Residual Stresses. Surface defor
mation by peening increases the surface area.
However, because the worked layer must remain
coherent with the underlying, undeformed mate
rial, a new stress distribution develops in which
the surface is in residual compression and the sub
surface is in tension. Such is the case when a ma
terial is initialIy in a stress-free condition. Carbu
rized and hardened parts already have compressive
residual stresses in their surfaces, and peening re
sults in increased compression at the peened sur
face and reduced compression beneath the peened
layer (Fig. 8.30).

The condition of the initial material influences
the eventual (as peened) residual stress distribu
tion. Figure 8.31 shows this for a case-hardened
steel in the tempered and untempered conditions.
Even so, in this example, the immediate surface
compression for each condition is essentialIy the
same.

The maximum compressive stress achieved by
peening is related to the tensile strength of the

5o
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Peening intensity Mean 8·10
Fatiguelife at a givenload,cycles

Table8.4 Effect of peening intensity on fatigue
resistance

Test material: SAE 4023, carburized and quenched, 200°C temper,
58 HRC. Peening: 110% saturation for 2 x 100% A1men saturation.
Source: Ref 34

56
7,708

11,512
11,953
3,568
2,663

9,850
16,571
23,800
33,167
24,750
16,375

Unpeened
12A
18A
24A
8C
24A (conventional)

a-- Depth of surface
I layer affected by
: shot peening

I
I
I
I
I

-~---- ---------
/( Retained austenite

/1
I

Martensite
I
I
I

t
'">.,
'w

'" 0
'" n.
~
1iie
~ 0
E
iii

,3 ~".~ .u

a:: 5l'
z
,j.

Table8.5 Fatiguelimitsdetermined for
carburized steel specimens

Depth below surface -.

Fig. 8.30 Effect of shot peening on residual macro
stress distributions in a carburized surface (initially with
tensile residual stress at the surface). Source: Ref 32 Condition Fatigue limit, MPa

EN353 composition: 0.6 to 0.9 Mn, 0.8 to 1.2 Cr, 0.1 to 0.2 Mo, 1.2to
1.7 Ni. EN16 composition: 0.32 to 0.4 C, 1.3 to 1.7 Mn, 0.22 to 0.32
Mo. Source: Ref32

material, and it is typically 0.5 to 0.6 times the
ultimate tensile stress (Ref 30). The increase of
surface and near-surface compressive residual
stresses in a given steel is determined by the pro
cess parameters. For instance, Table 8.4 shows the
effect of peening intensity, including an example
of slight overpeening, on both the residual
stresses and the mean fatigue life (low cycle).
Table 8.5 provides data relating to peening in
tensity and fatigue limit (high cycle). Figure
8.27 shows the need to use hard shot for case-

EN353
Carburizedlquenched
Carburizedlquenched + subzero treatment
Carburizedlquenched + 0.008A shot peen
Carburizedlquenched + 0.D14Ashot peen
Carburizedlquenched + 0.025A shot peen

EN16
Carburizedlquenched
Carburizedlquenched + 0.008A shot peen
Carburizedlquenched + 0.0 14A shot peen
Carburizedlquenched + 0.025A shot peen

621
542
686
718
686

542
605
671
608

'0
os
n.
~

iii
'"

-100 ~
1ii
iii
::::J
"C
'w
'"a::

-200

-300

r--: 100

2 3 4

-79 kglmm2

850 ·C quenched
Shot peened

o2 3 4

-83 kg/mm2

850 ·C quenched
180·C tempered
Shot peened

2 3 4 0

850 ·C quenched
180 ·C tempered850 ·C quenched

o t-----jt----t

8('--

'"E -8
~
"'"iii
'"~ -161ii
iii
::::J
"C
'w
'" -24a::

-32

~
-40

0 2 3 4 0

Distance from surface, mm

Fig. 8.31 Effectofshot peening on the residual stressdistribution in 20KhNM steel rings (casedepth, 1 rnrn). Source: Ref33
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hardened surfaces if the desired residual stress
distributions are to be achieved.

Influence on Fatigue. Whereas the axial fa
tigue strength of a part is unlikely to be im
proved by controlled shot peening, the bending
fatigue limit is improved (Fig. 8.32) about 20%
(Ref 33, 36, 37). However, the current under
standing of, equipment for, and refinement of the
shot-peening process indicates that much higher
quality products are possible, consistent with ex
tremely good fatigue lives in the high-cycle re
gime. Low-cycle fatigue strength is not greatly
affected by peening (Fig. 8.33).

The influence of peening intensity on fatigue
resistance is presented in Table 8.4. The effect
of peening duration is shown in Fig. 8.34,
where the fatigue limit increases with peening
time, although at greater times it levels off be
fore diminishing when the point of overpeening
is reached.

Influence on Contact Fatigue. There are few
data regarding the effect of peening on the con
tact fatigue resistance of case-hardened parts.
Further, it is difficult to predict what effect
peening might have. For contact loading situa
tions, the surface roughness plays an important
role, and for surfaces roughened by peening,
the asperities might penetrate the lubricating
oil film, thereby encouraging contact damage.
By removing or reducing the roughness by pol
ishing, for example, the real benefit of peening
can be realized. Nevertheless, the presence of
compression at the peened and polished sur-

face should inhibit failures that normally initiate
at the immediate surface from sliding.

Gerasimova and Ryzhov (Ref 40), however,
found no correlation between contact endurance
and residual stresses or hardness; improvement is
more influenced by subgrain size and dislocation
stability. Tempering further improves the contact
fatigue strength of peened parts, which is improved
yet again by electropolishing to remove 12 urn (to
remove surface roughness). Altogether, the com
bined processes of peening, tempering, and
electropolishing raise the contact endurance by
several hundred percent. A NASA study (Ref 41)
concluded that the contact fatigue life is improved
60% by shot peening, presumably by strengthening
the surface against sliding damage. Overpeening,
on the other hand, is expected to have a detrimental
effect on contact- fatigue strength because it weak
ens the surface and encourages sliding damage.
Shot peening has no beneficial influence on deep
spalling fatigue processes.

Shot Peening for Reclamation. To some de
gree, shot peening might be employed as a
corrective treatment. The presence of HTTP
associated with internal oxidation has already
been mentioned. Other features, such as grind
ing damage or decarburization, which can
render a part unfit for service, are still poten
tial candidates for peening. If the extent of
the defect is known, then with the approval
of the design engineer, it may be possible to
salvage the defective item by shot peening.
With respect to damage caused by abusive

100,-------,-------,-------,--------,

620 90
Nickel-chromium molybdenum

steel carburized

'" 550 80 Shot peened,a. ~ then honed~

iii iii
'"'" ie

Shot peenediii 485 70

Polished

Honed
415 60

Surface as-carburized

345 50
103 104 105 106 107

Cycles of reversed bending for fracture

Fig. 8.32 Effect of peening, honing, and polishing on the reversed bending fatigue strength of a carburized alloy steel.
Source: Ref 35
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grinding, Fig. 8.35 show that reclamation by
peening is possible. Figure 8.36, which consid
ers decarburization, also suggests that, to a
point, reclamation might be possible.

Apart from reclamation work, peening can be
applied between the carburizing and the harden-

ing stages (while the case is relatively soft) to
remove internal oxidation, to smooth out coarse
machining marks, and to effect some degree of
grain refinement at the immediate surface.

The compressive stresses developed by good
grinding or peening are of a similar magnitude,
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Fig. 8.33 Influence of shot peening on (a) residual stresses within austenite and martensite of a case-hardened surface
and (b) fatigue strength. Table shows influence of shot peening on impact fracture stress. Source: Ref 38
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Summary

Non-decarburized
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Fig. 8.36 Effect of shot peening on decarburization
of 5AE 4340 steel (u Itimate tensi Ie strength, 280 ksi),
kt = 1, R = -1, decarburization 0.003 in. to 0.03in.,
shot peening with 0.28 in. diam shot, 0.12A density.
Source: Ref 30
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tion and growth control are important. For
grinding, the wheel grade, wheel speed, and
depth of cut are important for a successful op
eration, and each must be selected with care.

• In-process considerations: Find the high spots,
and proceed with light cuts. If wet grinding is
done, ensure that coolant feed is adequate and
correctly directed. Dress the abrasive wheel
early; if operators wait until the sound of
grinding changes, it may be too late for the
workpiece.

• Postprocess considerations: Inspect for grind
ing burns, grinding cracks, and grinding steps
in gear tooth fillets. Investigate reasons for
any grinding damage. Corrective grinding is
possible in some instances, in which case the
use of a freshly dressed wheel should be consid
ered. Tempering and peening are sometimes
applied to ground surfaces to further improve
their quality.

• Effect on properties: Accuracy of contact
with static or moving surfaces is essential for
good load distribution. Ground surfaces vary
from good quality (with compressive-residual
stresses) to poor quality (with burns or even
cracks). These quality levels determine whether
bending-fatigue strength is improved or seri-
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Fig. 8.35 Shot peening improves endurance limits of
ground parts. Reversed bending fatigue of flat bars of 45
HRC. Source: Ref 42

20 40
Peening duration,s

Fig. 8.34 Effect of saturation time on the bending fa
tigue strength of pinion teeth (pack carburized to 1.1 mm
case depth). Source: Ref 39

but the depth of compression is greater after
peening. Fig. 8.37 shows that with good grinding
techniques, there is little to choose between con
ventional (aluminum oxide) grinding and CBN
grinding, at lease not as far as the residual
stresses go.

Grinding

Grinding removes adverse surface features
present after heat treatment (e.g., inaccuracies
due to distortion and growth, surface roughness,
internal oxidation). It is done primarily to pro
vide accuracy and finish. The advantages of
grinding can be lost if the grinding operation is
not well executed.

• Preprocess considerations: A properly designed
case-hardening process should provide surface
microstructures containing essentially fine, tem
pered martensite with a fair level of part-to
part and batch-to-batch consistency. Distor-
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Fig. 8.37 Residual stresses in (a) CBN ground and (b) ground and shot peened surfaces for 9310 steel, 10 in. dp.
Source: Ref 8

ously impaired. For contact fatigue, grinding
improves the accuracy of contact and pro
vides surfaces smooth enough to be separated
by standard lubricating oils.

• Standards: Refer to magnetic-particle crack
detection standards for grinding cracks, for
example, ASTM E 1444-94a. Refer to tem
per-etch standards for grinding bums, for ex
ample, MIL-STD-867A.

Shot Peening

Shot peening is a surface treatment that in
creases skin hardness and induces compressive
stresses into the immediate surface of the
workpiece. It can also remove directional ma
chining marks, thereby providing a more random
finish. The process can be confined by masking
to improve only the most critically stressed ar
eas.

• Preprocess considerations: The benefits of
peening are more assured if the initial surface
is relatively smooth. Rough machined and
ragged surfaces may lead to folded-in defects.
Prior to treating, the type of shot and the pre
cise process parameters must be determined,
for example, by Almen strip, to suit the mate
rial and the hardness of the workpiece. Check
shot condition; shot should be round.

• In-process considerations: Strict control of
process settings is essential.

• Postprocess considerations: Check for com
plete coverage of the peened area.

• Effect on properties: Under bending condi
tions, fatigue cracks generally initiate at the
surface. Metalworking by shot peening in-

duces compressive-residual stresses within
the surfaces of treated parts, thereby reducing
the possibility of fatigue crack initiation at the
surface. A 20% improvement in fatigue limit
or high-cycle fatigue life has been quoted.
Improvements in contact-fatigue resistance
are also reported.

• Standards: ANSIIAGMA recommends that
grade 2 gears be shot peened if the tooth roots
are ground. For grade 3 gears, it requires that
tooth roots and fillets are shot peened. Guide
lines for shot peening gears are provided in
AGMA 2004-BXX 1/88.
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E
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bending fatigue influenced by . . . . . . . 159–161(F)
defined . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8(F), 167

Elastic limit, true . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
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steel bars . . . . . . . . . . . . . . . . . . . . . . . . . 124(T)
Electrochemical machining

with internal oxidation . . . . . . . . . . . . . . . . . . . . . . 32
Electron beam remelting

and nonmetallic inclusions. . . . . . . . . . 121, 123(T)
Electron probe analysis

of internal oxides. . . . . . . . . . . . . . . . . . 17(T), 18(F)
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microsegregation influence. . . . . . . . . . . . . . 118(F)
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nonmetallic inclusion influence . . . . . 121, 124(T)
refrigeration influence . . . . . . . . . . . . . . . . . . 188(T)

Endo-gas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184(T)
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Equilibrium diagrams, iron-carbon . . . . . 53(F), 54
Eta (η)-carbides . . . . . . . . . . . . . 172, 173(T), 174(F),

175, 177–178, 185, 193
Eutectoid carbon content . . . . . . . . . . . . . . . . . . . . . 9
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in pure iron-carbon alloys . . . . . . . . . . . . . . . . . . . 53

Eutectoid point . . . . . . . . . . . . . . . . . . . . . . . . . . . 54(F)
Eutectoid temperature

equilibrium conditions . . . . . . . . . . . . . . . . . . . . . . 53

F

Failure analysis, gear design . . . . . . . . . . . . 4–5(F,T)
Fatigue
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microhardness effect . . . . . . . . . . . . . 25, 27(F)

microsegregation influence. . . . . . . 118(F), 119(F)
Fatigue life

carbide state effect . . . . . . . . . . . . . . . . . . . . . . 63(T)
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refrigeration influence. . . . . . . . . . . . . . 189, 190(F)
tempering influence . . . . . . . . . . . . . . 178–181(F,T)
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refrigeration influence . . . . 188–190(F,T), 191(F)
retained austenite influence . . . . . . . . . . . 84–87(F)
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in cores of case-hardened parts . . . . . . . . . . . . . 136,
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Fracture strength, carbide state effect. . . . . . . 63(T)
Fracture toughness
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case carbon effect . . . . . . . . . . . . . . . . . . . . . . 152(T)
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cooling times . . . . . . . . . . . . . . . . . . . . . . . . . . . 32(F)
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after case hardening . . . . . . . . 146(F), 147(T)
deep spalling failures . . . . . . . . . . . . . . . . . . . . . . 163
effective case depth measurement . . . . . . . . . . 156,

157(F), 158
fatigue cracking and nonmetallic inclusions . . 125
form grinding of teeth. . . . . . . . . . . . . . . . . . . 206(F)
grinding . . . . . . . . . . . . . . . . . . . . . . . . 199, 209–210,

211, 212(F), 213(F)
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marine, retained austenite permitted. . . . . . . . . 194
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nonmetallic inclusions . . . . . . . . . . . . . . . . . . . . . 128
oil-hardened, residual stresses . . . . . . . . . . . . 85(F)
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through hardening . . . . . . . . . . . . . . . . . . . . . . . . 2(F)
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ASTM grain numbers and
their dimensions . . . . . . . . . . . . . . . . . . . 103(T)
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versus hardness . . . . . . . . . . . . . . . . . . . . 104, 105(F)
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yield strength influenced by 104–105(F), 106(F)
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Grinding . . . . . . 199–212(F), 213(F,T), 222–223(F)
abusive. . . . . . . . . . . . . . 202, 205, 207, 208, 210(F)
action . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199–200
bending fatigue strength influenced by 208–210,

212(F), 213(T),
burns . . . . . . . . . . . . . . . . . . . . 200–203(F), 207, 211
contact fatigue influenced by . . . 210–211, 213(F)
corrective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
cracks . . . . . . . . . . . . . . . . . . . . . . 200–203, 207, 210
degree of difficulty. . . . . . . . . . . . . . . . . 205–206(F)
depth of cut (feed) influence . . . . . . . . 203, 204(F)
and double-stage carburizing . . . . . . . . . . . . 151(F)
effect on surface carbon. . . . . . . . . . . . . . . . . . . . 168
fluid influence . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
followed by tempering. . . . . . . . . . . . . . . . . . . . . 195
form grinding. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206
for surface finish . . . . . . . . . . . . . . . . . . . . . . . . . . 199
microsegregation and precautions followed . . 119
problems caused by retained austenite . . . . . . . . 94
purposes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199
residual stresses influenced by . . . . . . 203, 204(F),

207–208(F), 209(F), 210(F)
standards. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223
stress distribution types. . . . . . . . . . . . . 207, 208(F)
surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199
tempering influence. . . . . . . . . . . . . . . . 185–186(T)
variables, influence of . . . . . . . . . . . . . . 203–207(F)
wear influenced by. . . . . . . . . . . . . . . . . . . . 211–212
wheel grit influence . . . . . . . . . . . . . . . . 204–205(F)
wheel hardness influence . . . . . . . . . . . 204–205(F)
wheel peripheral speed influence . . . . . . . . . . . 203
with electrochemical machining . . . . . . . . . . . . . 32
workpiece metallurgical condition

influence . . . . . . . . . . . . . . . . . . . . . . . . 206–207
workpiece speed influence . . . . . . . . . . . . . . . . . 203

Grit blasting

before shot peening . . . . . . . . . . . . . . . . . . . . . . . 217
with electrochemical machining . . . . . . . . . . . . . 32

Grit size, for grinding wheels. . . . . . . . . . . . . . . . . 204
Growth, conditions influencing. . . . . . . . . . . . . . . 165

H

Habit planes . . . . . . . . . . . . . . . . . . . . . . . . . . . 109, 110
Hagg carbides, monoclinic . . . . . . . . . . . . . . . . . . 193
Hardenability

grain size influence. . . . . . . . . . . . . . . . . . . . . . . . 103
with internal oxidation . . . . . . . . . . . . . . . . . . . . . . 31

Hardenability effect

chromium-nickel-molybdenum steel 19–21, 22(F)
Hardening, with decarburization . . . . . . . . . . . . . . 46
Hardness. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

carbide influence . . . . . . . . . . . . . . . . . . . . 62–63, 71
of core . . . . . . . . . . . . . . . . . . . . . . . . . 140(F), 141(F)
decarburization influence . . . . . . . 24(F), 43–44(F)
grain size effect. . . . . . . . . . . . . . . . . . . . 104, 105(F)
internal oxidation influenced by . . . . 23(T), 24(F)
microsegregation influence . . . . . . . . . . . . . . 117(F)
refrigeration influence. . . . . . . . . . . . 186–188(F,T)

related to carbon for untempered
martensite in case-hardened steels . . . . 83(F)

retained austenite influence . . . . . 81–82(F), 83(F)
roller burnishing influence . . . . . . . 214(F), 215(F)
shot peening influence . . . . . . . . . . . . . . . . . . 218(F)
tempering influence. . . . . . . . . . . . . . . . 175–176(F)
versus ferrite grain size . . . . . . . . . . . . . 104, 105(F)
versus grain size . . . . . . . . . . . . . . . . . . . . . . . 105(F)

Hardness profile. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
Hardness traverse . . . . . . . . . . . . . . . . . . . . . . . . . . 156
Heat affected zone (HAZ) liquation cracking 129
Heat-sink effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200
Heat treating

alternative cycles for hardening
carburized components . . . . . . . . . . . . . . 99(F)

case and core characteristics resulting . . . . 100(T)
and retained austenite. . . . . . . . . . . . . . . . . . . . . . . 89
to control retained austenite . . . . . . . . . . . . . . . . . 93

H grade steels. . . . . . . . . . . . . . . . . . . . . . . . . . 165, 166
High-cycle fatigue . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

CD/t ratio . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
damage from, and case depth . . . . . . . . . . . . . . . 158
internal oxidation and HTTP effect. . . . . 26, 28(F)
microsegregation influence. . . . . . . . . . . . . . . . . 118
nonmetallic inclusions effect . . . . . . . . . . . . . . . 123
refrigeration influence . . . . . . . . . . . . 188, 189, 190
shot peening influence . . . . . . . . . . . . . . . . . . . . . 220
tempering effect . . . . . . . . . . . . . . . . . . . . . . . . . . 179

High-speed steels, carbide influence . . 70(F), 71(T)
High-strength nitrided steels, retained

austenite effect on contact fatigue . . . . . . . . . . 87
High-strength steels, decarburization . . . . 39, 40(T)
High-temperature carburize-and-diffuse

treatment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
High-temperature transformation

products (HTTP). . . . . . . . . . . . . . . . . . . . . . . . 11
associated with carbides. . . . . . . . . . . . . . 62–63, 65
avoidance techniques with internal oxidation . . 33
carbides, globular influence . . . . . . . . . . . . . . . . . 69
case carbon effect on contact damage. . . . . . . . 155
case depth increases and . . . . . . . . . . . . . . . . . . . 158
compared to decarburization . . . . . . . . . . . . . . . . 37
contact fatigue . . . . . . . . . . . . . . . . . . . . . . . 27–28(F)
double knee effect. . . . . . . . . . . . . . . . . . . . 26, 28(F)
fatigue life . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25–26
formation of . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
from internal oxidation . . . . . . . . . . 19, 20–26(F,T)
grain size effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
grain size influence. . . . . . . . . . . . . . . . . . . . . . . . 103
and grinding defects . . . . . . . . . . . . . . . . . . . . . . . 207
and internal oxidation. . . . . . . . . . . . . . . 19–30(F,T)
molybdenum reducing amount of . . . . . . 22, 23(T)
quench severity effect on cooling rate . . . . . . . . 22
removed by grinding . . . . . . . . . . . . . . . . . . . . . . 199
section size effect on cooling rate . . . . . . . . . . . . 22
softening measured by microhardness

testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24(F)
soft skin effect with decarburization . . . . . . . . . . 42
with decarburization and internal oxidation 43–44
with nonmetallic inclusions . . . . . . . . . . . . . . . . 129
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Holding time, effect on decarburization. . . . . . 39(F)
Honing, with electrochemical machining . . . . . . . 32
Hot-oil quenching

to improve toughness . . . . . . . . . . . . 150(F), 153(F)
Hot shortness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
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fatigue influenced by . . . . . . . . . . . . . . . 111–112(F)
formation conditions . . . . . . . . . . . . . . . . . . 107–108
from refrigeration . . . . . . . . . . . . . . . . . . . . . . . . . 195
grain size influence. . . . . . . . . . . . . . . . . . . . . . . . 105
mechanisms in case depth . . . . . . . . . . . . . . . . . . 161
plate size and grain size influence . . . . . . . . 110(F)
properties affected . . . . . . . . . . . . . . . . . . . . . . . . 111
quench severity . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
roller burnishing influence . . . . . . . . . . . . . . . . . 212
standards for prevention of . . . . . . . . . . . . . . . . . 130
tempering influence . . . . . . . . . . . . . . . . 110, 111(F)

Microcracks

and carbide formation . . . . . . . . . . . . . . . . . . . . . . 59
in the martensite. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

Microdistortions . . . . . . . . . . . . . . . . . . . . . . . . . . . 190
Microflaking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
Microhardness, surface

effect on fatigue of gears . . . . . . . . . . . . . . 25, 27(F)
and internal oxidation . . . . . . . . . . . . . . . . 25, 27(F)

Microhardness testing . . . . . . . . . . . . . . . . 24(F), 187
to detect decarburization . . . . . . . . . . . . . . . . . . . . 43
to measure softening with internal

oxidation. . . . . . . . . . . . . . . . . . . . . . . . . . . 24(F)
Microhardness traverse

after decarburization. . . . . . . . . . . . . . . . . . . . . . . . 43
Micropitting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211
Microplastic yielding . . . . . . . . . . . . . . . . . . . . . . . 143
Microsegregation . . . . . . . . . . . . . 1, 113–119(F), 130

alloying element tendencies . . . . . . . . . 114, 116(T)
bending fatigue strength influenced by. . . . 118(F)
cooling after carburizing, and

residual stresses . . . . . . . . . . . . . . . . . . . . . . 119
defined. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
development of . . . . . . . . . . 114(F), 115(F), 116(F)
fatigue influenced by . . . . . . . . . . . . 118(F), 119(F)
formation . . . . . . . . . . . . . . . . . . . . . . . 113–117(F,T)
fracture toughness influenced by. . . . . 117–118(F)
grinding precautions. . . . . . . . . . . . . . . . . . . . . . . 119
hardness influenced by. . . . . . . . . . . . . . . . . . 117(F)
homogenization. . . . . . . . . . . . . . . . . . . . . . . . . . . 115
hot working influence . . . . . . . . 114–115, 116(F,T)
ingot solidification . . . . . . . . . . . . . . . . . 113–114(F)
and internal oxidation. . . . . . . . . . . . . . . . . . . . . . . 17
macrostructures. . . . . . . . . . . . . . . . . . . . 115–117(F)
mechanical and thermal

treatment effects . . . . . . . . 114–115, 116(F,T)
microstructures . . . . . . . . . . . . . . . . . . . . 115–117(F)
properties influenced by . . . . . . . . . . . . 117–119(F)
reduction of area influenced by . . . . . . . . . 117–118
tensile strength influenced by . . . . . . . 117–118(F)
yield strength influenced by . . . . . . . . . 117–118(F)

Microstresses . . . . . . . . . . . . 105, 190–191, 192, 193
carbide influence . . . . . . . . . . . . . . . . . . . . . . . 63, 71
microsegregation influence . . . . . . . . . 118, 119(F)
structural . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

Microstructural features. . . . . . . . . . . . 99–131(F,T)
grain size. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

inclusions, nonmetallic . . . . . . . . . . . 119–129(F,T)
microsegregation . . . . . . . . . . . . . . . . . . 113–119(F)

Microstructure
internal oxidation effect on hardness. . . . . . . 24(F)
roller burnishing influence . . . . . . . . 212–214(F,T)
shot peening influence . . . . . . . . . . . . . 217–218(F)

MIRA tests . . . . . . . . . . . . . . . . . . . . . . . . . 146(F), 209
Molybdenum

carbide formation affected by. . . . . . . . . . . . . . . . 52
content effect on grain coarsening in steels . . . 101
content effect on toughness. . . . . . . . . . . . . . . . . 145
content effect with internal oxidation. . . . . . 30–31
effect on case fracture toughness . . . . . . . 152–153
and formation of high-temperature

transformation products . . . . . . . . . . . . . . . . 19
microsegregation behavior . . . . . . . . . . . . . . 118(F)
oxidation potential . . . . . . . . . . . . . . . . . . . 11, 12(F)
reducing amount of high-temperature

transformation products . . . . . . . . . . 22, 23(T)
segregation susceptibility . . . . . . . . . . . 114, 116(T)

Molybdenum-chromium steels
vacuum carburizing . . . . . . . . . . . . . . . . . . . . . . . 102

N

Necking. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
Necklace effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
Needle martensite . . . . . . . . . . . . . . . . . . . 172, 173(T)
Nickel

as alloying element determining
hardenability . . . . . . . . . . . . . . . . . . . . . . . . . 135

carbide formation affected by. . . . . . . . . . . . . . . . 52
content and case depth effect on

bending fatigue strength . . . . . . . . . . . . 154(F)
content effect on

critical crack size . . . . . . . . . . . . . . . . . . . . . . . . 89
fracture toughness . . . . . . . . . . . . . . . . . 89, 91(F)
grain coarsening in steels . . . . . . . . . . . . . . . . 101
microstructure . . . . . . . . . . . . . . . . . . . . . 109, 110
toughness . . . . . . . . . . . . . . . . . . . . . . . . . 145, 147

content effect with internal oxidation. . . . . . 30–31
effect on case fracture toughness . . . . . . . 152–153
effect on fatigue-crack initiation life. . . . . . . . . . 65
and formation of high-temperature

transformation products . . . . . . . . . . . . . . . . 19
impact resistance effect with internal

oxidation presence . . . . . . . . . . . . . . . . . 28–29
lowering the overheating temperature . . . . . . . 128
oxidation potential . . . . . . . . . . . . . . . . . . . 11, 12(F)
segregation susceptibility. . . . 114, 115(F), 116(T)
with manganese sulfide, as

nonmetallic inclusion . . . . . . . . . . 120, 121(T)
Nickel-chromium-molybdenum steels

bending-fatigue strength . . . . . . . . . . . . . . . . . . . 159
carbides produced . . . . . . . . . . . . . . . . . . . . . . . . . . 69
carburizing temperature effect on oxide

penetration depth . . . . . . . . . . . . . . . . 14, 15(F)
core microstructure and hardness

relationship . . . . . . . . . . . . . . . . . . . 140, 141(F)
impact strength, as-carburized . . . . . . . . . . . . . . 145
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nonmetallic inclusions influence
after melting . . . . . . . . . . . . . . . . . . . . 122, 123(T)

roller burnishing . . . . . . . . . . . . . . . . . . . . . . . 216(F)
ultimate tensile strength vs.

proof stress . . . . . . . . . . . . . . . . . . . 140–142(F)
wear resistance influenced by

retained austenite . . . . . . . . . . . . . . . . 91, 92(F)
Nickel-chromium steels

carbide influence. . . . . . . . . . . . . . . . . . . . . . . . . . . 71
case hardenability . . . . . . . . . . 138(F), 149–150(F)
composition effect on Ac1, Ac3, and

Accm phase boundaries . . . . . . . . . . . . . . 54(F)
continuous-cooling transformation

diagrams . . . . . . . . . . . . . . . . . . . . . 137, 138(F)
core material effect on residual stresses . . . 145(F)
grinding and bending fatigue strength 210, 212(F)
hydrogen content effect on toughness

and tempering . . . . . . . . . . . . . . . . . . . . . 184(T)
internal oxidation. . . . . . . . . . . . . . . . . . . . . . . . 14(F)
martensite transformation from austenite . . . . . 81
microcracking . . . . . . . . . . . . . . . . . . . . . . . . . 108(F)
refrigeration influence on wear resistance. . . . 194
retained austenite and

contact fatigue . . . . . . . . . . . . . . . . . . . . . . . . 88(F)
martensite in carburized surfaces . . . . 81, 82(F)

retained austenite influence on
surface hardness. . . . . . . . . . . . . . . . . 81–82(F)

retained austenite in relation to
carbon content . . . . . . . . . . . . . . . . . . . . . . 80(F)

tempering . . . . . . . . . . . . . . . . . . . . . . 175(F), 176(F)
tensile strength . . . . . . . . . . . . . . . . . . . . 140, 141(F)

Nickel-molybdenum-chromium steels

continuous cooling diagram . . . . . . . . . . . 77, 78(F)
Nickel-molybdenum steels

grain size . . . . . . . . . . . . . . . . . . . . . . . . . 102, 103(F)
microsegregation influence . . . . . . . . . 118, 119(F)

Nickel oxide, nickel content by electron
probe analysis . . . . . . . . . . . . . . . . . . . . . . . . 17(T)

Nickel steels

refrigeration and quenching. . . . . . . . . 186, 187(T)
roller burnishing . . . . . . . . . . . . . . . . 213(F), 214(T)
toughness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144(F)

Niobium

as grain refining agent . . . . . . . . . . . . . . . . . . . . . 101
segregation susceptibility . . . . . . . . . . . 114, 116(T)

Nitrides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124(F)
Nitriding, carbon steels . . . . . . . . . . . . . . . . . . . . . . . . 2
Nitrogen

as austenite former . . . . . . . . . . . . . . . . . . . . . . . . . 52
liquid, refrigeration treatment . . . . . . . 191–192(F)

Nonmetallic inclusions. See Inclusions, nonmetallic.
Normalizing. . . . . . . . . . . . . . . . . . . . 101, 102(F), 129

decarburization and . . . . . . . . . . . . . . . . . . . . . 39, 46
prior to grain size testing . . . . . . . . . . . . . . . . . . . 103

Notched impact bend tests . . . . . . . . . . . . . . . . . . 144
Notched impact testing . . . . . . . . . . . . 72–73, 89(F),

90(F), 152(F), 180(F)
Notched rotating beam tests. . . . . . . . . . . . . . . . . 179
Notched slow bend tests. . . . . . . . . . . . . . . . . . . . . 144
Nucleation sites . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

O

Orthogonal shear stress to Vickers
hardness ratio . . . . . . . . . . . . . . . . . . 163, 164(F)

Overaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
Overheating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

nonmetallic inclusions influence . . . . . . . 128–129
Overpeening. . . . . . . . . . . . . . . . . . . . . . . . 219(T), 220
Overtemper burning . . . . . . . . . . . . . . . . . . . . . . . 200
Overtempering. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202
Oxidation, penetration depth of . . . . . . . . . . . . . 13(F)
Oxidation potentials, of alloying elements

and iron in steel, endothermic
atmosphere. . . . . . . . . . . . . . . . . . . . . . . . 11–12(F)

Oxide removal, with internal oxidation . . . . . 31, 32
Oxides

and inclusions, stress-raising effect . . . . . . . . . 127
simple . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124(F)
surface, and grinding defects . . . . . . . . . . . . . . . 207

Oxygen

inclusion size influenced by
content of . . . . . . . . . . . . . . . . . . . . 119, 120(T)

penetration depth . . . . . . . . . . . . . . . . . . . . . . . . 13(F)
released by gas-metal reactions . . . . . . . . . . . . . . 13

Oxygen potential, of atmosphere . . . . . . . . . . . . . . 13

P

Pack carburizing . . . . . . . . . . . . . . . . . . . . . . 3, 153(F)
distortion due to . . . . . . . . . . . . . . . . . . . . . . . . . . 165

Packet size . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
Pase diagram . . . . . . . . . . . . . . . . . . . . . . . . . 55, 56(F)
Pearlite. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55–56

and decarburization . . . . . . . . . . . . . . . . . . . . . . . . 57
and decarburization after internal oxidation . . . 24
in cores of case-hardened parts . . . . . . . . . . . . . 136

Peening. See also Shot peening.. . . . . . . . . . . . . . . . . 1
with electrochemical machining . . . . . . . . . . . . . 32

Penetration depth . . . . . . . . . . . . . . . . . . . . . . . . . . 203
Phase diagrams, iron-carbon . . . . . . . . . . . . . . . 55(F)
Phosphorus

carbide formation affected by. . . . . . . . . . . . . . . . 52
effect on overheating and burning . . . . . . . . . . . 129
segregation susceptibility . . . . . . . . . . . 114, 116(T)

Pitting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
fatigue resistance . . . . . . . . . . . . . . . . . . . . . . . . . 159
resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

Plasma carburizing . . . . . . . . . . . . . . . . . . . . . . . . . . 32
Plastic deformation

from grinding. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202
from roller burnishing . . . . . . . . . . . . . . . . . . . . . 214
from shot peening . . . . . . . . . . . . . . . . . . . . . . 218(F)
grinding as cause of. . . . . . . . . . . . . . . . . . . 207–208
retained austenite influence . . . . . . . . . . 80–81, 87,

89, 90, 92
tempering-induced . . . . . . . . . . . . . . . . . . . . . 177(F)

Plate martensite . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
tempering effect . . . . . . . . . . . . 171, 172(F), 173(T)

Plates, grinding and bending fatigue strength. . . 210
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Ploughing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199–200
Poisson’s ratio, for carbides and matrices . . . . 63(T)
Postcarburizing mechanical

treatments . . . . . . . . . . . . . . . . . . . 199–223(F,T)
Postcarburizing thermal

treatments . . . . . . . . . . . . . . . . . . . 171–195(F,T)
Post-case-hardening refrigeration

to control retained austenite . . . . . . . . . . . . . . 93–94
Post-case-hardening shaft-straightening

operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
Power-to-weight ratios . . . . . . . . . . . . . . . . . . . . . 2, 5
Precipitaiton clustering . . . . 172, 173(T), 177–178
Precracked fracture tests . . . . . . . . . . . . . . . . . . . 144
Precracked impact tests . . . . . . . . . . . . . . . . . . . . 152
Proeutectoid ferrite

internal oxidation and wear resistance . . . . . 29–30
Proof stress, tempering effect . . . . . . . . . . . . . 176(F)
Proof stress (offset yield)

of core . . . . . . . . . . . . . . . . . . . . 140–142(F), 143(F)
Propane, as addition to endothermic gas . . . . . . . . 11
Pyrowear Alloy 53 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

Q

Quartz. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
Quenchant temperature (Tq) . . . . . . . . . . . . . . . . . 79

difference with martensite-start
temperature . . . . . . . . . . . . . . . . . . . . . 79, 80(F)

Quenching
direct . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
double reheat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164, 168
reheat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
reheat, reasons for use . . . . . . . . . . . . . . . . . . . . . 164
severity, effect on cooling rate . . . . . . . . . . . . . . . 22
temperature. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

R

Rare earth (RE) treatments . . . . . . . . . . . . . . . . . 128
for decreasing number of nonmetallic

inclusions . . . . . . . . . . . . . . . . . . . . . . . 121, 123
Reaustenitizing

microsegregation influenced by. . . . . . . . . . . . . 116
Reclamation

shot peening for . . . . . . . . . . . . 220–222(F), 223(F)
Reclamation heat treatment

to recover decarburized parts . . . . . . . . . . . . . . . . 47
Recrystallization . . . . . . . . . . . . . . . 172, 173(T), 178
Reduction of area

of core . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143(F)
microsegregation influence . . . . . . . . . . . . 117–118
nonmetallic inclusions influence . . . . 120, 121(T),

122, 123(F), 124(T)
refrigeration influence . . . . . . . . . . . . . . . . . . 188(T)
tempering influence . . . . . . . . . . . . . . . . . . . . 184(T)

Refrigerants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
Refrigeration . . . . . . . . . . . . . . . . . . . . . . . 77, 78, 130,

186–194(F,T), 195

bending fatigue strength influenced by . . . . . . 193
contact fatigue influenced by . . . . . . 192–193(F,T)
double subzero cooling . . . . . . . . . . . . . . . . . 192(F)
effect after quenching . . . . . . . . . . . . . . 187, 188(T)
elongation influenced by . . . . . . . . . . . . . . . . 188(T)
fatigue limit influenced by . . . . . . . . . . 189, 190(F)
fatigue resistance

influenced by . . . . . . . . 188–190(F,T), 191(F)
fracture toughness

influenced by. . . . . . . . . . . . . 189, 190(F), 193
hardness influenced by . . . . . . . . . . . 186–188(F,T)
impact toughness influenced by. . . . . . . . . . . . . 193
“in-line” treatment . . . . . . . . . . . . . . . . . . . . . . . . 186
properties influenced by . . . . . . . . . . . . . . . . . . . 195
reduction of area influenced by . . . . . . . . . . 188(T)
residual stresses

influenced by. . . . . . . . . . 188(T), 190–192(F)
standards . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194, 195
to alter austenite/martensite proportions . . . . . . . 1
ultimate tensile strength influenced by. . . . 188(T)
wear resistance influenced by . . . . . . . 193–194(T)
with liquid nitrogen . . . . . . . . . . . . . . . . 191–192(F)
with tempering . . . . . . . . . . . . . . . . . . . . 186–187(F)
yield strength influenced by . . . . . . . . . . . . . 188(T)

Rehardening burn . . . . . . . . . . . . . . . . . . 200, 202(F)
Reheat quenching. . . . . . . . . . . . . . . . . . . . . . 102, 129

reasons for use . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
with refrigeration . . . . . . . . . . . . . . . . . . 186, 187(T)

Reheat temperature . . . . . . . . . . . . . . . . . . . . . . . . 128
Residual stresses. See also Compressive-

residual stresses. . . . . . . . . . . . . . . . . . . . . . . . . . . 1
carbide influence. . . . . . . . . . . . 63(T), 71(F), 72(F)
case carbon effect. . . . . . . . . . . . . . . . . . 154–155(T)
case depth influence . . . . . . . . . . . . . . . . . . . . . . . 167
case hardening . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1–2
core material effect . . . . . . . . . . . . . . . . . . . . . 145(F)
decarburization influence 40(T), 44–45(F), 46(F)
and effective case depth . . . . . 158–159(F), 160(F)
from grinding burns . . . . . . . . . . . . . . . . . . . . . . . 200
from nonmetallic inclusions . . . . . . . . 126–127(F)
grain size influence. . . . . . . . . . . . . . . . . . . . . . . . 105
grinding influence. . . . . . . . . . . . . . . . . 203, 204(F),

207–208(F), 209(F), 210(F)
involvement in contact fatigue process . . . . . . 163
microsegregation as cause. . . . . . . . . . . . . . . . . . 119
on case-hardened gear teeth . . . . . 23(T), 24–25(F)
profiles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25, 26(F)
refrigeration influence . . . . . . 188(T), 190–192(F)
retained austenite influence . . 82–84(F), 85(F), 89
roller burnishing influence . . 214–215(F), 216(F)
shot peening influence . . . . . . . . . . . . . . . . . 217(F),

218–219(F), 221(F)
tempering influence. . . . . . . . . . . . . . . . . . . . 173(T),

177–178(F), 181–182
through hardening. . . . . . . . . . . . . . . . . . . . . . . . . 1–2
versus rolling contact fatigue . . . . . . . . . . . . . . . . . 8

Retained austenite . . . . . . . . . . . . . . . . 1, 77–94(F,T)
associated with carbides . . . . . . . . . . . . . . . . . . . . 63
bending strength influenced by . . . . . . . . . 89(F,T),

90(F), 91(F)
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carbide influence. . . . . . . . . . . . . . . . . . . . . . . . . . . 65
carbon content for zero level in steels 154, 155(T)
case depth increases and. . . . . . . . . . . . . . . 158, 159
contact fatigue influenced by . . . . . . . . . . 87–89(F)
control procedures . . . . . . . . . . . . . . . . . . . . . . 93–94
and decarburization . . . . . . . . . . . . . . . . . . . . . . . . 56
direct quenching effect on hardness . . . . 82, 83(F)
and double reheat quenching . . . . . . . . . . . . . . . . 59
effect on bending-fatigue strength . . . . . . . . . . . . . 3
fatigue resistance influenced by . . . . . . . 84–87(F)
formation of austenite . . . . . . . . . . . . . . . . 77–81(F)
fracture toughness influenced by. . . . . . . . . . . . 107
and grinding cracks . . . . . . . . . . . . . . . . . . . . . . . 202
grinding defects, in case-hardened

surfaces . . . . . . . . . . . . . . . . . . . . . . . . . 206, 207
hardness influenced by . . . . . . . . . 81–82(F), 83(F)
impact fracture strength influenced by . . . 89(F,T),

90(F), 91(F)
in as-quenched microstructure . . . . . . . . . . . . . . 171
in carburized steel . . . . . . . . . . . . . . . . . . . . . . . 44(F)
in microstructure . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
layering of austenite. . . . . . . . . . . . 78(F), 80–81(F)
lowered by decarburization. . . . . . . . . . . . . . . . . . 43
microsegregation influence . . . . . . . . . . . . . . 119(F)
properties influenced by . . . . . . . . . . . . . . . . . . . . 94
related to martensite-start

temperature . . . . . . . . . . . . . . . 78–79(F), 80(F)
residual stresses influenced by . . . . . . . . 82–84(F),

85(F), 89
roller burnishing influence . . . . . . . . . . . . . . 216(F)
roller burnishing (straining)

influence . . . . . . . . . . . . . . . . . . 213(F), 214(T)
stabilization of austenite . . . . . . . . . . . . . . 77–78(F)
standards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94, 194
tempering effect . . . . . . . . . 171, 172, 173(T), 174,

175, 177–181(F), 183
tensile strength influenced by . . . 82, 83(T), 84(F)
tolerated by refrigeration. . 186, 187(F,T), 188(T),

189, 190(T), 192–193, 194
wear resistance influenced by. . . . . . . . 89–93(F,T)
with

decarburization . . . . . . . . . . . . . . . . . . . . . . . . . . 41
grain size, effect on fatigue strength 106, 107(F)
internal oxidation . . . . . . . . . . . . . . . . . 31, 32–33

yield strength influenced by . . . . . . . . . . . 82, 83(T)
Rockwell macrohardness tests. . . . . . . . . . . . . . . . 24
Roller burnishing . . . . . . . . . . . . . 199, 212–216(F,T)

bending fatigue strength
influenced by . . . . . . . . . . . . . . . . . 215, 216(F)

contact fatigue influenced by . . . . . . . . . . . . . . . 215
hardness influenced by . . . . . . . . . . 214(F), 215(F)
microstructure influenced by . . . . . . 212–214(F,T)
residual stresses

influenced by . . . . . . . . . . 214–215(F), 216(F)
wear influenced by . . . . . . . . . . . . . . . . . . . . . 216(T)

Roller testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
Rolling . . . . . . . . . . . . 1, 127, 192, 208, 212–216(F,T)
Rolling and sliding . . . . . . . . . . . . . . . . 127, 192, 194
Rolling contact disc tests . . . . . . . . . . . . . . . . . . . . . 87
Rolling-contact fatigue tests . . . . . . . . . . . . . . . . 8(F)

Rolling-contact tests . . . . . . . . . . . . . . . . . . . . . . . 7(F)
Roll-slide contact fatigue . . . . . . . . . . . . . . . . . . . 155
Roll/slide tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
Rotating beam fatigue strength. . . . . . . . . 25, 26(F)
Rotating beam test pieces . . . . . . . . . . . . . . 26, 28(F)
Rotating beam tests . . . . . . . . . . . . . . . . . . . . . . . . 190
Rotating-bending fatigue strength . . . . . . 25, 26(F)
“Running-in” process . . . . . . . . . . . . . . . . . . . . . . 194

retained austenite influence . . . . . . . . . . . . . . 92–93
Rupturing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202

S

Safety factors, incorporated into a design . . . 4–5(F)
Scale, oxide, with internal oxidation . . . . . . . . 31, 32
Scaling, and decarburization . . . . . . . . . . . . 39, 40(F)
Scoring. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155, 183

damage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92, 93(F)
limiting load for . . . . . . . . . . . . . . . . . . . . . . . . . . 194
resistance . . . . . . . . . . . . . . . . . . . . . . . 92, 93(F), 194

Scuffing . . . . . . . . . . . . . . . . . . . . . . . . . 91, 92–93, 155
Section size, effect on cooling rate and HTTP . . . 22
Segregation and dislocation pinning . . . . . . . . . . 77
Seizure . . . . . . . . . . . . . . . . . . . . . . 92, 93(F), 183, 194

hardness with internal oxidation . . . . . . . 29–30(F)
Seizure tests. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
Service life. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88–89
Shear deformation . . . . . . . . . . . . . . . . . . . . . . . . . 161
Shear-fatigue endurance. . . . . . . . . . . . . . . . . . . . 163
Shear-fatigue strength, vs. shear stresses . . . . . 7(F)
Shearing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
Shear stresses . . . . . . . . . . . . . . . . . . . . . . . 162, 163(F)

and contact damage . . . . . . . . . . . . . . . . . . . . . . . 135
core material effect on contact-damage

resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148
45 shear stress. . . . . . . . . . . . . . 162, 163(F), 164(F)
maximum hertzian. . . . . . . . . . . . . . . . . . . . . . . . . . . 8
orthogonal. . . . . . . . . . 7–8(F), 162, 163(F), 164(F)
versus shear-fatigue strength. . . . . . . . . . . . . . . 7(F)

Shear yield values . . . . . . . . . . . . . . . . . . . . . . . . . . 162
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bending fatigue strength influenced by . . . 219(T),
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decarburization influenced by . . 220, 221, 222(F)
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deforming austenite and martensite . . . . . . . . . 159
for reclamation . . . . . . . . . . . . . 220–222(F), 223(F)
hardness influenced by. . . . . . . . . . . . . . . . . . 218(F)
internal oxidation removal . . . . . . . . . . . . . 220, 221
microstructure influenced by . . . . . . . . 217–218(F)
NASA study of fatigue life . . . . . . . . . . . . . . . . . 220
overpeening. . . . . . . . . . . . . . . . . . . . . . . 219(T), 220
process control . . . . . . . . . . . . . . . . . . . . 216–217(F)
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Shot peening (continued)

residual stresses influenced by . . . . . . . . . . 217(F),
218–219(F), 221(F)

saturation curve . . . . . . . . . . . . . . . . . . . . . . . . 217(F)
standards. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223
standards (specifications) . . . . . . . . . . . . . . . . . . 217
to control retained austenite . . . . . . . . . . . . . . . . . 94
versus roller burnishing . . . . . . . . . . . . . . . . . . . . 212

Shrinkage, conditions influencing . . . . . . . . . . . . 165
Silica . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
Silicates . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123, 124(F)

effect on machinability of steels . . . . . . . . . . . . 128
Silicon

carbide formation affected by. . . . . . . . . . . . . . . . 52
content effect with internal

oxidation . . . . . . . . . . . . . . . . . . . 15–16, 30–31
as deoxidizer for grain size control . . . . . . . 100(F)
oxidation potential . . . . . . . . . . . . . . . . . . . 11, 12(F)
segregation susceptibility . . . . . . . . . . . . . . . . . . 114

Silicon dioxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
hardness, as nonmetallic inclusion . . . . . . . 121(T)

Silicon oxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
oxide composition. . . . . . . . . . . . . . . . . . . . . . . . . . 17

Slide-roll testing. . . . . . . . . . . . . . . . . . . . . . . 67(F), 72
Slide/roll wear tests . . . . . . . . . . . . . . . . . . . . . . 193(T)
Sliding. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

and contact damage . . . . . . . . . . . . . . . . . . . . . . . 135
Smearing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202
S-N curve . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26, 28(F)

bending fatigue strength and
tempering effect. . . . . . . . . . . . . . . 179, 180(F)

carbide effect on bending fatigue . . . . . . 63–64(F)
case-hardened steel . . . . . . . . . . . . . . . . . . . . . . 86(F)
failures initiated at nonmetallic inclusions . . . 127

Soft surfaces, due to decarburization . . . . . . . . . . . 42
Solubility limit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
Spalling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46, 88, 202

contact damage influenced by
case depth . . . . . . . . . . . . . . . . . . . . . . . . 162(T)

deep . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
contact . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
failures . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162, 163
fatigue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148(F)
resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
and shot peening . . . . . . . . . . . . . . . . . . . . . . . . . . 220

Spheroidization . . . . . . . . . . . . . . . . . . . . . . . . . 173(T)
of carbides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

Spinels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123, 124(F)
Stainless steels, heat-treatment

deformation after quenching . . . . . . . . . . 166(F)
Stainless steels, specific types

X40Cr13, heat-treatment deformations
after quenching . . . . . . . . . . . . . . . . . . . . 166(F)

X5NiCrMo10

18, heat-treatment
deformations after quenching . . . . . . . 166(F)

Standards

core properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166
for

carbides. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

case carbon . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
case depth . . . . . . . . . . . . . . . . . . . . . . . . . 167–168
case hardening . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
decarburization . . . . . . . . . . . . . . . . . . . . . . . . . . 48
gears, ANSI/AGMA 2001 or

ISO 6336 . . . . . . . . . . . . . . . . . . . . 4(T), 5(T)
grinding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223
microcracking prevention. . . . . . . . . . . . . . . . 130
nonmetallic inclusions. . . . . . . . . . . . . . . . . . . 130
refrigeration. . . . . . . . . . . . . . . . . . . . . . . . . . . . 195
refrigeration, and retained austenite . . . . . . . 194
retained austenite . . . . . . . . . . . . . . . . . . . . . . . 194
retained austenite content . . . . . . . . . . . . . . . . . 94
shot peening. . . . . . . . . . . . . . . . . . . . . . . . . . . . 223
tempering . . . . . . . . . . . . . . . . . . . . . . . . . 181, 195

Static bending tests. . . . . . . . . . . . . . . . . . . . . . . 72–73
Static bend strength

versus bending fatigue limit . . . . . . . . . . . . . 153(F)
versus case depth. . . . . . . . . . . . . . . . . . . . . . . 153(F)

Steels

cleanness, consequences of production. . 128–129
cleanness effect on load/extension

curves. . . . . . . . . . . . . . . . . . . . . . . . 121, 122(F)
H grade, to control distortion. . . . . . . . . . . 165, 166

Steels, British designations, specific types

BS 970 832M13, continuous-cooling
transformation diagrams
compared . . . . . . . . . . . . . . . . . . . . . . . 136, 137(F)

En 16, shot peening and
fatigue limits . . . . . . . . . . . . . . . . . 219(T), 220

En19 (705M40), toughness . . . . . . . . . . . . . . 144(F)
En29 (722M24), toughness . . . . . . . . . . . . . . 144(F)
En30 (835M30), toughness . . . . . . . . . . . . . . 144(F)
En34 (665M17)

carbon content for zero retained
austenite . . . . . . . . . . . . . . . . . . . . . . . . . . 155(T)

case hardenability . . . . . . . . . . . . . . . . . . . . 150(F)
decarburization . . . . . . . . . . . . . . . . . . . . 44, 45(F)
grain size control. . . . . . . . . . . . . . . . . . . . . 100(F)

En36 (832M13)
decarburization . . . . . . . . . . . . . . . . . . . . 45–46(F)
grinding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209
tensile strength . . . . . . . . . . . . . . . . . . 140, 141(F)
toughness . . . . . . . . . . . . . . . . . . . . . . . . . . . 144(F)

En36A (655M13)
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tensile strength . . . . . . . . . . . . . . . . . . 140, 141(F)

En36C, case hardenability. . . . . . . . . . . . . . . 150(F)
En39, microsegregation . . . . . . . . . . . . 115, 116(F)
En39B, case hardenability. . . . . . . . . . . . . . . 150(F)
En 352

case hardenability . . . . . . . . . . . . . . . . . . . . 150(F)
tempering . . . . . . . . . . . . . . . . . . . . . . . . . . . 179(T)

En 353
case hardenability . . . . . . . . . . . . . . . . . . . . 150(F)
distortion . . . . . . . . . . . . . . . . . . . . . . . . . . . 167(F)
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fatigue limits . . . . . . . . . . . . . . . . . 219(T), 220
En 354, case hardenability. . . . . . . . . . . . . . . 150(F)
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Steels, German designations, specific types

Ck 15

heat-treatment deformations after
quenching. . . . . . . . . . . . . . . . . . . . . . . . . 166(F)

tempering . . . . . . . . . . . . . . . 178–179(F), 180(F)

Ck 45, heat-treatment
deformations after quenching . . . . . . . 166(F)

10 CND 6, case hardenability . . . . . . . . . . . . 150(F)

20Cr, tensile properties and tempering . . . . 184(T)

25CrMo4, microsegregation effect on
hardness . . . . . . . . . . . . . . . . . . . . . . . . . . 117(F)

42CrMo4, heat-treatment
deformations after quenching . . . . . . . 166(F)

18CrNi8

case hardenability . . . . . . . . . . . . . . . . . . . . 150(F)

tempering . . . . . . . . . . . . . . . . . . . . . . . . . . . 180(F)

17CrNiMo6, carbon content for
zero retained austenite . . . . . . . . . . . . . 155(T)

42CrNiMo6, heat-treatment
deformation after quenching . . . . . . . . 166(F)

18CrNiW, tensile properties and
tempering. . . . . . . . . . . . . . . . . . . . . . . . . 184(T)

DVM/DIN 50115, load-time curves . . . . 89, 90(F)

16MnCr5

case hardenability . . . . . . . . . . . . . . . . . . . . 150(F)

time to bainite nose temperature . . . . . . . 150(F)

95MnCr5, roller burnishing effect on
retained austenite . . . . . . . . . . . . . 213, 214(T)

105MnCr5, roller burnishing
effect on retained austenite . . . . . 213, 214(T)

20Mo5, time to bainite nose temperature . . 150(F)

20MoCr4

carbon content for zero retained
austenite . . . . . . . . . . . . . . . . . . . . . . . . . . 155(T)

case hardenability . . . . . . . . . . . . . . . . . . . . 150(F)

tempering . . . . . . . . . . . . . . . . . . . . . . . . . . . 185(T)

time to bainite nose temperature . . . . . . . 150(F)

14NiCr14

heat-treatment deformations after
quenching. . . . . . . . . . . . . . . . . . . . . . . . . 166(F)

Jominy diagram. . . . . . . . . . . . . . . . . . . . . . 167(F)

refrigeration and fatigue resistance. . . . . . . . 189

tempering . . . . . . . . . . . . . . . . . . . . . . . . . . . 180(F)

time to bainite nose temperature . . . . . . . 150(F)

10NiCrMo7, heat-treatment
deformations after quenching . . . . . . . 166(F)

15NiCrMo 16 5, nonmetallic inclusions
influence, after melting . . . . . . . . 122, 123(T)

20NiCrMo6

time to bainite nose temperature . . . . . . . 150(F)

case carbon effect on impact fatigue . . . . 153(F)

case hardenability . . . . . . . . . . . . . . . . . . . . 150(F)

Steels, Japanese designations, specific types

SCM415, internal oxidation . . . . . . . . . . . . . . . . . 25

Steels, miscellaneous, specific types

815A16, case hardenability. . . . . . . . . . . . . . 149(F)

16CD4, refrigeration influence on
contact fatigue . . . . . . . . . . . . . . . . . . . . 192(T)

EX36, case hardenability. . . . . . . . . . . . . . . . 150(F)

EX55, refrigeration influence on
residual stresses . . . . . . . . . . . . . . . . . . . 191(F)

18GHT, crack propagation rate. . . . . . . . . . . . 87(F)
20HNMh, crack propagation rate. . . . . . . . . . 87(F)
300M, decarburization . . . . . . . . . . . . . . . 39, 40(T)
15NCD2, case hardenability . . . . . . . . . . . . . 150(F)
20N3MA, impact resistance vs. temperature

of second hardening . . . . . . . . . . . 153, 154(F)
PS55

carbon content for zero retained
austenite . . . . . . . . . . . . . . . . . . . . . . . . . . 155(T)

impact strength, as-carburized. . . . . . . . . . . . 145
SCR22, case hardenability . . . . . . . . . . . . . . 150(F)
ShKh15

refrigeration effect on tensile
properties . . . . . . . . . . . . . . . . . . . . . . . . 188(T),

190(F), 191(F)
tempering . . . . . . . . . . . . . . . . . . . . . . . . . . . 177(F)

SMC 21, case hardenability . . . . . . . . . . . . . 150(F)
SNCM 22, case hardenability . . . . . . . . . . . . 150(F)
X38 CrMoV 51, microsegregation effect

on properties . . . . . . . . . . . . . . . . . . . . . . 118(F)
637M17, fatigue strength . . . . . . . . . . . . . . . 147(T)
822M17, yield strength . . . . . . . . . . . . . . . . . 142(F)
835M 15, carbon content for zero

retained austenite . . . . . . . . . . . . . . . . . . 155(T)
Steels, Russian designations, specific types

40Kh
refrigeration influence on

fatigue resistance. . . . . . . . . . . . . . 188, 189(T)
tempering . . . . . . . . . . . . . . . . . . . . . . . . . . . 178(F)

50Kh, refrigeration effect on
tensile properties . . . . . . . . . . . . . . . . . . 188(T)

25Kh2GHTA, contact-fatigue strength 66, 67(F)
90KhGNMFL, retained austenite and

contact fatigue resistance . . . . . . . . . . . . 88(F)
25KhGT, internal oxidation . . . . . . . . 18, 25, 26(F)
30KhGT, tempering . . . . . . . . 175–176(F), 182(F)
12KhN3, carbide effect on

bending fatigue strengths . . . . . . . . . 63, 64(F)
50KhN, refrigeration effect on

tensile properties . . . . . . . . . . . 188(T), 190(F)
12KhN3A, refrigeration

influence on wear . . . . . . . . . . . . . . . . . . 193(T)
20KhN3A, impact resistance vs.

temperature of second hardening 153, 154(F)
20Kh2N4A

decarburization. . . . . . . . . . . . . . 45, 46(F), 47(T)
grinding and bending fatigue strength . . . . . 208
roller burnishing . . . . . . . . . . . . . . . . . . . . . 214(F)
roller burnishing and

contact fatigue . . . . . . . . . . . . . . 215, 216(F)
20KhNM

refrigeration influence on
fatigue resistance . . . . . . . . . . . 188, 189(T)

shot peening and residual
stresses. . . . . . . . . . . . . . . . . . . . . . . 218, 219(F)

14Kh2N3MA, roller burnishing and
residual stresses . . . . . . . . . . 214–215, 216(F)

18KhNVA, microstructure . . . . . . . . . . . . . . . . . 101
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Steels, Russian designations, specific
types (continued)

18Kh2N4VA
internal oxidation . . . . . . . . . . . . . . . . . . . . . . . . 16
refrigeration and quenching . . . . . . . . . . . . . 186,

187(T), 189(F)
20KhNV4MF, residual stresses and

carbide influence . . . . . . . . . . . . . . . . . . . 71(F)
Steels, SAE, specific types

1015
grain size . . . . . . . . . . . . . . . . . . . . . . . 102, 103(F)
oxide morphology . . . . . . . . . . . . . . . . . 13–14(F)

1017, carbon content for zero retained
austenite . . . . . . . . . . . . . . . . . . . . . . . . . . 155(T)

1018
carbide influence on surface

tensile stresses . . . . . . . . . . . . . . . . . . 71, 72(F)
decarburization . . . . . . . . . . . . . . . . . . . . . . . 42(F)

1040, hardness and coarsening. . . . . . . . . . . . . . 104
1045, shot peening and residual stresses . . 217(F)
1060, austenitizing treatment . . . . . . . . . . . . 101(F)
1526

refrigeration. . . . . . . . . . . . . . . . . . . . . . . . . . . . 187
residual stresses. . . . . . . . . . . . . . . . . . . . . . . 85(F)

4023, shot peening and
fatigue resistance. . . . . . . . . . . . . . 219(T), 220

4028, shot peening . . . . . . . . . . . . . . . . . 220, 221(F)
4080, roller burnishing effect on

retained austenite . . . . . . . . . . . . . 213, 214(T)
4095, roller burnishing effect on

retained austenite . . . . . . . . . . . . . 213, 214(T)
4130, refrigeration . . . . . . . . . . . . . . . . . . . . . . . . 187
4140

nitriding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
residual stresses. . . . . . . . . . . . . . . . . . . . . . . 85(F)

4320
tempering . . . . . . . . . . . . . . . . . . . . . . . . . . . 182(T)
tensile testing. . . . . . . . . . . . . . . . . . . . . . . . . 83(T)
vacuum carburizing . . . . . . . . . . . . . . . . . . . . . 102
volumetric transformation strain

due to tempering . . . . . . . . . . . . . . . . . . . 174(F)
4330, decarburization . . . . . . . . . . . . . . . . 39, 40(T)
4340

decarburization . . . . . . . . . . . . . . . . . . . . . . . . . . 39
grinding and fatigue strength . . . . . . . . . . 212(F)
grinding and residual stresses . . . . . 208, 209(F)
shot peening and decarburization. . . . . . . . . 220,

221, 222(F)
4615

grain size . . . . . . . . . . . . . . . . . . . . . . . 102, 103(F)
internal oxidation. . . . . . . . . . . . . . . 17, 19, 21(T)
residual stress profiles . . . . . . . . . . . . . . 25, 26(F)

4675, roller burnishing effect on
retained austenite . . . . . . . . . . . . . 213, 214(T)

4685, roller burnishing effect on
retained austenite . . . . . . . . . . . . . 213, 214(T)

4815, tempering . . . . . . . . . . . . . . . . . . . . . . . 182(T)
4820, tempering . . . . . . . . . . . . . . . . . . . . . . . 182(T)
4875, roller burnishing effect on

retained austenite . . . . . . . . . . . . . 213, 214(T)

4885, roller burnishing effect on
retained austenite . . . . . . . . . . . . . 213, 214(T)

5115, vacuum carburizing. . . . . . . . . . . . . . . . . . 102
6120, bending fatigue

strength to carbides . . . . . . . . . . . . . . 63, 64(F)
8600, core material effect on

residual stresses . . . . . . . . . . . . . . . . . . . 145(F)
8615, tempering . . . . . . . . . . . . . . . . 182(T), 183(F)
8617

carbon content for zero
retained austenite . . . . . . . . . . . . . . . . . . 155(T)

tempering . . . . . . . . . . . . . . . . . . . . . . . . . . . 182(T)
8620

alloy depletion and carbon content
effect, internal oxidation . . . . . . . . . . . . . 22(F)

bending fatigue endurance after
case hardening . . . . . . . . . . . . . . . . . . 64, 65(F)

carbide influence on contact fatigue . . . . . . . . 72
case hardenability . . . . . . . . . . . . . . . . . . . . 150(F)
composition gradients, internal

oxidation . . . . . . . . . . . . . . . . . . . . . . . 17–18(T)
continuous-cooling transformation

diagrams compared . . . . . . . . . . . . 136, 137(F)
crack propagation rate . . . . . . . . . . . . . . . . . . . . 87
decarburization. . . . . . . . . . . . . . . . . 39, 40(F), 46
grinding . . . . . . . . . . . . . . . . . . . . . . . . 202, 203(F)
internal oxidation . . . . . 17, 19, 21(T), 27, 28(F)
microcracking . . . . . . . . . . . . . . 110, 111, 112(F)
refrigeration and fatigue lives . . . . . 190, 191(F)
refrigeration effect on

bending-fatigue strength . . . . . . . 188, 189(F)
residual stress profiles . . . . . . . . . . . . . . 25, 26(F)
surface curvature effect on

case depth . . . . . . . . . . . . . . . . . . . . 156, 157(F)
tempering . . . . . . . . . . . . . . . . . . . . . . . . . . . 182(T)
vacuum carburizing . . . . . . . . . . . . . . . . . . . . . 102

8620H, hardenability range. . . . . . . . . . . . . . 139(F)
8822, case hardenability . . . . . . . . . . . . . . . . 150(F)
9310

aerospace applications. . . . . . . . . . . . . . . . . . . 5–6
carbon content for zero retained

austenite . . . . . . . . . . . . . . . . . . . . . . . . . . 155(T)
case-hardened, S-N curves . . . . . . . . . . . . . 86(F)
case-hardening and fitness for service . . . . . . . 9
refrigeration . . . . . . . . . . . . . . . . . . . . 186, 187(F)
refrigeration and fatigue resistance 189, 190(T)
refrigeration, double subzero cooling. . . 192(F)
shot peening . . . . . . . . . . . . . . . . . . . . 222, 223(F)

9310H, hardenability range. . . . . . . . . . . . . . 139(F)
94B17

chromium content in carbides . . . . . . . . . . . . . 52
internal oxidation . . . . . . . . . . . . . . . . . . 18, 19(F)

52100
carbide influence on contact fatigue . . . . . . . . 67
decarburization . . . . . . . . . . . . . . . . 40(T), 44–45
fracture toughness. . . . . . . . . . . . . . . . . . . . . 68(F)
microcracking. . . . . . . . . . . . . . . . . . . . . . 110, 113
nonmetallic inclusions influence . . 125, 126(F)

Steven and Haynes formula . . . . . . . . . . . . 78, 79(F)
Strain aging process . . . . . . . . . . . . . . . . . . . . . . 77–78
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Strain-induced martensite . . . . . . . . . . . . . . . . . . . 89
Stress concentrators . . . . . . . . . . . . . . . . . . . . . . . . 180
Stresses, applied cyclic. See also Applied stresses;

Compressive-residual stresses;
Residual stresses. . . . . . . . . . . . . . . . . . . . . . . . . 86

Stress raisers . . . . . . . . . . . . . . 126–127(F), 144, 155
Stress-strain curves

nonmetallic inclusions influence . . . . . . . . . . . . 121
Stringers

effect on anisotropy effect. . . . . . . . . . . . . . . . . . 120
and nonmetallic inclusions . . . . . . . . . . . . . . . . . 122

Subcase cracking . . . . . . . . . . . . . . . . . . . . . . 158, 167
Subcritical annealing. . . . . . . . . . . . . . . . . . . . 69, 138

and carbides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
prior to grain size testing . . . . . . . . . . . . . . . . . . . 103
with tempering . . . . . . . . . . . . . . . . . . . . . . . . . . . 172

Subsurface fracture initiation points. . . . . . . . . . 26
Subzero temperature treatment. See Refrigeration.
Sulfides . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124(F), 128

effect on machinability of steels . . . . . . . . . . . . 128
nonmetallic inclusions . . . . . . . . . . . . . . . . . . . . . 120

Sulfur

effect on overheating and burning . . . . . . . . . . . 129
inclusion size influenced by

content of . . . . . . . . . . . . . . . . . . . . 119, 120(T)
segregation susceptibility . . . . . . . . . . . . . . . . . . 114

“Super Carb” process . . . . . . . . . . . . . . . . . . . . . . . 71
Super carburizing . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

carbide influence. . . . . . . . . . . . . . . . . . . . . . . . . . . 71
Surface asperities, removal of . . . . . . . . . . . . . 90–91
Surface flaking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
Surface grinding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Surface network (mud) cracks . . . . . . . . . . . . . . 202
Surface overtempering . . . . . . . . . . . . . . . . . . . . . 202
Surface pitting

contact damage influenced by
case depth . . . . . . . . . . . . . . . . . . . . . . . 162(T)

Surface rolling, to control retained austenite . . . . 94
Surface working, to control retained austenite . . 94

T

Temperature

carburizing, effect on oxide penetration depth 13
tempering influenced by . . . . . . . . . 172–173(F,T),

174(F)
Tempered martensite . . . . . . . . . . . . . . . . . . 206, 207

microsegregation detected by etching . . . . . . . 117
Tempered steels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
Tempering . . . . . . . . . . . . . . . . . . . . . . . . . . 78, 81, 130,

171–186(F,T), 194–195
advantages . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
after grinding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208
aging influenced by . . . . . . . . . . . . . . 184–185(F,T)
autotempering . . . . . . . . . . . . . 172, 173(T), 175(F)
bending and impact-fracture

strength influenced by . . . . . . . 181–183(F,T)
bending fatigue strength

influenced by . . . . . . . . . . . . . . . 178–181(F,T)

causing microcracking. . . . . . . . . . . . . . 110, 111(F)
compressive-residual stresses

influenced by . . . . . . . . . 173(T), 177–178(F),
181(F), 185(T)

contact fatigue influenced by . . . . . . . . . . . . 181(F)
fatigue limit influenced by . . . . . . . . . . . . . . 181(F)
grinding influenced by . . . . . . . . . . . . . 185–186(T)
hardness influenced by . . . . . . . . . . . . . 175–176(F)
high-temperature. . . . . . . . . . . . . . . . . . . . . . . . . . 171
hydrogen content effect . . . . . . . . . . . 183–184(F,T)
impact resistance influenced by . . . . . . . . . . 182(F)
low-temperature . . . . . . . . . . . . . . . . . . . . . . 171, 174
and machinability . . . . . . . . . . . . . . . . . . . . 194–195
properties influenced by . . . . . . . . . . . . . . . . . . . 195
reactions . . . . . . . . . . . . . . . . . . . . . . . . 171–175(F,T)
reduction of area influenced by . . . . . . . . . . 184(T)
residual stresses influenced by . . . . . . . . . . 173(T),

177–178(F), 181–182
retained austenite influence on

bending strength . . . . . . . . . . . . . . . . . . . . . . . 89
retained austenite influence on

wear resistance . . . . . . . . . . . . . . . . . . . . . . . . 91
secondary hardening . . . . . . . . . . . . . . . . . . . . . . 172
short-duration . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
stages . . . . . . . . . . . . . . . . . . . 172–173(F,T), 174(F)
standards . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181, 195
structural changes in martensite . . . 172–173(F,T)
structural features. . . . . . . . . . . . . . . . . . 171–172(F)
temperature influence . . . . . 172–173(F,T), 174(F)
temperature range . . . . . . . . . . . . . . . . . . . . . . . . . 171
tensile strength

influenced by. . . . . . . . . . 176–177(F), 184(T)
tensile yield strength influenced by . . 176–177(F)
time influence . . . . . . . . . . . . . . . . . . . . . 174(F), 194
to improve toughness . . . . . . . . . . . . . . . . . . . . . . 153
to modify the martensite . . . . . . . . . . . . . . . . . . . . . 1
ultimate tensile strength influenced by 176–177(F)
volume changes during. . . . . . . . . . . . . . . . 174–175
wear influenced by . . . . . . . . . . . . . . . . . . . . . 183(F)
with refrigeration . . . . . . . . . . . . . . . . . . 186–187(F)
yield strength influenced by . . . . 176–177(F), 186

Tensile residual stresses

and retained austenite. . . . . . . . . . . . . . . . . . . . . . . 81
Tensile strength

of core . . . . . . . . . . . . . . . . . . . . 140, 141(F), 142(F)
grain size effect . . . . . . . . . . . . 104–105(F), 106(F)
microsegregation influence . . . . . . . . . 117–118(F)
overheating effect . . . . . . . . . . . . . . . . . . . . . . . . . 129
retained austenite influence . . . . . 82, 83(T), 84(F)
tempering influence . . . . . . . . 176–177(F), 184(T)

Tensile testing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
carburized, hardened and tempered steel . . . 83(T)

Tensile yield strength

tempering influence. . . . . . . . . . . . . . . . 176–177(F)
Tetragonality of the martensite . . . . . . . . . . . . . . 207

loss of . . . . . . . . . . . . . . . . . . . 173(T), 174, 177–178
tempering effect . . . . . . . . . . . . . . . . . . . . . . . . . . 185

Thermal energy, application during tempering 173
Thermal expansion coefficients

nonmetallic inclusions influence . . . . 123, 124(F)
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Thermal gradient . . . . . . . . . . . . . 113, 114, 165, 200
Thermally stabilized austenite . . . . . . . . . . . . . . . 77
Thermal stabilization . . . . . . . . . . . . . . . . . . . . . . . . 77

effect on austenite layering . . . . . . . . . . . . . . . . . . 81
Thermal stresses . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
Theta (θ)-carbide . . . . . . . . . . . . . . . . 173(T), 174(F),

175, 178, 185
Through-hardened steels. . . . . . . . . . . . . . . . . . . . . . 2

decarburization sensitivity . . . . . . . . . . . . . . . . . . 45
rotating beam fatigue strength . . . . . . . . . . . . 85(F)

Through hardening, residual stresses . . . . . . . . . 1–2
Time, tempering influenced by. . . . . . . . . . . . . 174(F)
“Time to bainite nose” curves . . . . . . . . . . . . 150(F)
Tin, segregation susceptibility . . . . . . . . . . . . . . . . 114
Titanium

carbide formation not affected by . . . . . . . . . . . . 53
content effect with internal oxidation . . . . . . . . . 16
as grain refining agent . . . . . . . . . . . . . . . . . . . . . 101
oxidation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
oxidation potential . . . . . . . . . . . . . . . . . . . 11, 12(F)
with manganese sulfide as

nonmetallic inclusion . . . . . . . . . . . . . . 121(T)
Titanium carbonitrides

as nonmetallic inclusions . . . . . . . . . . . 125, 126(F)
Titanium nitride . . . . . . . . . . . . . . . . . . . . 123, 124(F)

as nonmetallic inclusions . . . . . . . . . . . . . . . 128(T)
Titanium treatments, for decreasing

number of nonmetallic inclusions . . . . . . 121
Tolerances, working . . . . . . . . . . . . . . . . . . . . . . . . 137
Tool steels, rotating beam fatigue strength. . . . 85(F)
Torque-speed plots . . . . . . . . . . . . . . . . . . . . . . . . . 2(F)
Torsional fatigue limit . . . . . . . . . . . . . . . . . . . . . . . 86
Total case depth . . . . . . . . . . . 14, 148, 156, 163, 167

defined . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8(F)
Total depth of carbon

penetration (TPD) . . . . . . . . . . . . . . 156, 157(F)
Toughness

carbide influence. . . . . . . . 63(T), 67–68(F), 72–73
carbide state effect . . . . . . . . . . . . . . . . . . . . . . 63(T)
of core. . . . . . . . . . . . . . . . . . . . . . . . . . . . 143–145(F)
defined . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143
lack in through-hardened steels . . . . . . . . . . . . . . . 2
tempering influence . . . . . . . . . . . . . . . . . . . . 180(T)
tests for . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144(F)

Tridymite . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
Tungsten

content effect with internal oxidation. . . . . . 30–31
oxidation potential . . . . . . . . . . . . . . . . . . . 11, 12(F)

Tungsten carbide

carbide influence on residual stresses. . . 63, 64(T)
Twinned martensite . . . . . . . . . . . . . . . . . . . . . . . . 104
Two-stage (boost-diffuse) carburizing . . . . 151(F)

U

Ultimate tensile strength

of core . . . . . . . . . . . . . 140, 141(F), 142(F), 143(F)
nonmetallic inclusions influence . . . . . . . . . . . 120,

121(T), 122(F)

refrigeration influence . . . . . . . . . . . . . . . . . . 188(T)
tempering influence. . . . . . . . . . . . . . . . 176–177(F)

Ultrasonic surveys
to detect nonmetallic inclusions. . . . . . . . . . . . . 130

Unnotched impact bend tests. . . . . . . . . . . . . . . . 144
Unnotched impact energy

vacuum-carburizing effect . . . . . . . . . . . . . . 129(F)
Unnotched slow bend tests . . . . . . . . . . . . . . . . . . 144

V

Vacuum arc remelting (VAR)
and nonmetallic inclusions . . . . . . . . . . . . . . . . . 121

Vacuum carburizing . . . . . . . . . . . . . . . . . . . . . . . . . 32
bending fatigue strength . . . . . . . . . . . . . . 63–64(F)
carbide influence on bending fatigue . . . 63–64(F)
effect on impact resistance. . . . . . . . . . . . . . . . 29(F)
grain size influenced by. . . . . . . . . . . . . . . . . . . . 102
processes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

Vacuum induction melting/vacuum arc
remelting (VIM/VAR) . . . . . . . . . . . . . . . . . . . . 3

Vacuum tempering . . . . . . . . . . . . . . . . . . . . . . 184(T)
Vanadium

addition for grain refinement
by alloying . . . . . . . . . . . . . . . . . . . . . . 100, 101

carbide formation not affected by . . . . . . . . . . . . 53
content effect with internal oxidation . . . . . . . . . 17
oxidation potential . . . . . . . . . . . . . . . . . . . 11–12(F)
with manganese sulfide, as

nonmetallic inclusion . . . . . . . . . . . . . . 121(T)
Vasco X2-M . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
Volume, changes during tempering . . . . . . . 174–175

W

Warpage, conditions affecting. . . . . . . . . . . . . . . . 165
Water vapor, providing oxygen for

internal oxidation . . . . . . . . . . . . . . . . . . . . . . . . 11
Wear

and contact damage . . . . . . . . . . . . . . . . . . . . . . . 135
decarburization influence . . . . . . . . . . . . . 30(F), 47

Wear resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
carbide influence . . . . . . . . . . . . . . . . . 66(F), 69, 73
contact damage influenced by case depth . . . . 162
grinding influence . . . . . . . . . . . . . . . . . . . . 211–212
internal oxidation influence . . . . . . . . . . . 29–30(F)
refrigeration influence . . . . . . . . . . . . . 193–194(T)
retained austenite influence . . . . . . . . . 89–93(F,T)
roller burnishing influence . . . . . . . . . . . . . . 216(T)
tempering influence . . . . . . . . . . . . . . . . . . . . 183(F)
tools, and microsegregation . . . . . . . . . . . . . . . . 119

Weldments
microcracking . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110
overheating, and nonmetallic inclusions . . . . . 129

White etching . . . . . . . . . . . . . . . . . . . . . . . . . 81, 82(F)
White irons

carbide influence on toughness . . . . . . . . . . . 72–73
wear resistance and carbide influence. . . . . . 70–71
wear resistance and case-hardening process . . . 51
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