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Microstructures and Properties of
Carburized Steels

George Krauss, Advanced Steel Processing and Products Research Center, Colorado School of Mines

CARBURIZING is a remarkable method
of enhancing the surface properties of
shafts, gears, bearings, and other highly
stressed machine parts. Low-carbon steel
bars are fabricated, by forging and machin-
ing, into finished shapes and then are con-
verted by carburizing into a composite ma-
terial consisting of a high-carbon steel case
and low-carbon steel core. When this steel
composite is quenched to martensite and
tempered, the high hardness and strength of
the case microstructure, combined with the
favorable case compressive residual stress
developed by interactions between the case
and core during quenching, produce very
high resistance to wear, bending fatigue,
and rolling-contact fatigue.

The furnaces, atmospheres, control, and
kinetics of carburizing are described in oth-
er articles in this Volume. The purpose of
this article is to describe the microstructure,
properties, and performance of carburized
steels. At first glance, the microstructures
of carburized steels appear to be quite
straightforward: high-carbon martensite
gradually replaced by martensite of lower
carbon content with increasing distance
from the carburized surface. This view of
the microstructures of carburized steel is
essentially correct. Lightly tempered mar-
tensite is the dominant microstructural con-
stituent of properly carburized steel. How-
ever the martensite changes in morphology,
amount, and properties as a function of
distance from the surface. Other micro-
structural constituents may also be present
and may significantly affect the perfor-
mance of carburized parts. These other
microstructural components include re-
tained austenite; carbides of various ori-
gins, sizes, and morphologies; inclusions;
processing-induced surface oxides; prior
austenite grain boundaries embrittled by
phosphorus segregation; and nonmarten-
sitic transformation products of austenite,
such as bainite and pearlite.

Because most carburized parts are sub-
jected to cyclic loading, by far the most
important property or measure of their per-

formance is fatigue resistance. Hardness is
another property commonly measured in
carburized steels and is used as a quality
control parameter to document carburizing
success and to establish case depths. How-
ever, although many carburized steels have
the same hardness profiles, they may have
different microstructures and perform quite
differently. Mechanical properties as mea-
sured by tensile testing are of little value
because of the gradients in microstructures
and properties between the surface and
center of carburized steels. Thus strength
and fracture toughness, which are useful in
estimating critical flaw or crack sizes, are
largely inferred from measurements on
through-hardened steels of medium and
high carbon content, although some mea-
surements of fracture toughness have been
made on carburized specimens (Ref 1, 2).

Throughout this article, the various mi-
crostructural components are described.
Where possible, the effect of microstructure
on properties, primarily hardness and fa-
tigue resistance, are incorporated into the
discussion of a particular microstructural
feature.

Much of the published work on carbur-
izing is devoted to processing (Ref 3, 4),
aided by computer modelling and control
technology (Ref 5, 6). Nevertheless, the
understanding of the role microstructure
plays in optimizing the performance of
carburized steels continues to grow. Par-
rish thoroughly reviewed microstructures
and properties of carburized steels up to
1977 (Ref 7) and, with Harper, authored a
comprehensive treatment of all aspects of
gas carburizing (Ref 8). An atlas of the
microstructures of carburized steels has
also been published (Ref 4). Proceedings of
recent conferences on carburizing include
articles on structure-property correlations
as well as processing advances (Ref 1, 5,
6). The above list of major references is far
from exhaustive, especially in view of the
many articles published in journals, but it
provides a good starting point for readers
interested in more information regarding

the processing, selection, and performance
of carburized steels.

Carbon and Hardness Profiles

The object of carburizing is to produce a
high-hardness, high-carbon case on a low-
carbon steel core with low-to-medium hard-
ness. This objective is accomplished by the
introduction of carbon into austenite by
various gas-metal surface reactions (Ref 9,
10) and the diffusion of carbon through the
austenite from the surface into the core (Ref
9, 11). The austenite is then quenched and is
converted to microstructural gradients by
solid-state phase transformations during
cooling. The microstructural gradients in
turn produce hardness gradients. Figures 1
and 2 show, respectively, typical carbon
and hardness gradients from test bars of
gas-carburized SAE 8620 steel. The micro-
structural gradients associated with such
carbon and hardness gradients are de-
scribed in the section below. Residual-
stress gradients, which develop because of
transformation and temperature gradients
during quenching, are described in the sec-
tion *‘Residual Stresses’’ in this article.

Case Depth Measurement. There are sev-
eral ways to measure the depth of the case
produced by a given carburizing schedule
(Ref 4). Total case depths can be estimated
from etching differences between the case
and core. One of the most commonly ac-
cepted techniques is to section a part or test
bar and measure the hardness profile. The
perpendicular distance from the surface to
the point where the hardness drops to a
given hardness, often specified as 50 HRC
(510 HV), is defined as the case depth (see
the article ‘‘Methods of Measuring Case
Depth’’ in this Volume for further informa-
tion).

Factors Affecting Case Depth. Many fac-
tors, especially those that control surface
carbon concentration, such as time and
temperature during the various stages of a
carburizing process, affect case depth. Fre-
quently the first stage of carburizing intro-
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duces a high surface carbon content, on the
order of 1.1 to 1.2 wt%, depending on the
maximum solubility of carbon in austenite
at the temperature of that stage. Such car-
bon contents would produce undesirable
quenched microstructures. Therefore to
produce optimum surface carbon concen-
trations of 0.8 to 0.9%, the second stage of
carburizing is performed with lower carbur-
izing atmosphere carbon potentials. Carbon
already introduced in the first stage then
adjusts to the lower surface potential and
also diffuses deeper into the core. This
two-stage approach is commonly referred to
as the boost-diffuse method of carburizing.

Hardenability, as measured by the hard-
ness method, also affects case depths. Gen-
erally, it is assumed that austenite of a given
carbon concentration transforms to martens-
ite of a given hardness. However, in carbur-
izing steels with low hardenability or in
massive carburized parts, which cool slow-
ly, the austenite may transform to bainitic
or pearlitic microstructures of lower hard-
ness than martensite. Therefore, identical
carbon gradients may produce quite differ-
ent hardness gradients, depending on hard-
enability considerations.

Part shape or geometry also affects case
depth. Access of the carburizing atmo-
sphere or the quench severity may be af-

fected by complex part shapes. For exam-
ple the case depths of carburized gear teeth
vary between the pitch line and root areas.
Figure 3 shows recommended locations for
hardness traverses and core hardness mea-
surements for gear teeth, and Fig 4 shows
differences in pitch line and root traverses
for a carburized 8620H gear. The effective
case depth is less at the root than at the
pitch line.

Martensite and Austenite

Figure 5 shows the typical martensite-
austenite microstructure formed close to
the surface of carburized steels quenched
directly after carburizing. The high-carbon
martensite (dark) is formed by a diffusion-
less, shear transformation of the austenite
and has a morphology characterized by
nonparallel plate-shaped crystals (Ref 185,
16). The martensite plates have {225}, and
{259}, habit planes with many equivalent
variants and therefore assume the many
orientations shown in the micrograph. The
sizes of the martensite plates are deter-
mined by the austenite grain size and the
continuous formation of additional plates
with decreasing temperature. The first
plates form at the martensite start (M,)
temperature and span the austenite grains;

the longest dimension of these plates is
therefore equivalent to the austenitic grain
size. With decreasing temperature, more
martensite plates form between large plates,
and they become finer as the austenite is
increasingly partitioned by more transfor-
mation. According to this sequence of mar-
tensite formation, the finer the austenite
grain size, the finer is the array of martens-
ite plates.

The white areas of Fig 5 are regions of
austenite that have not transformed. This
austenite is referred to as retained austenite
and is present because of the high stability
of high-carbon austenite. Increasing carbon
content significantly lowers M, tempera-
tures and depresses the entire temperature
range for martensitic transformation to be-
low room temperature. Consequently there
are always significant amounts of retained
austenite in the cases of carburized steels
quenched to room temperature. Retained
austenite plays a significant role in the fa-
tigue of carburized steels, as discussed be-
low, and amounts on the order of 30 to 35%
are common in the near-surface cases of
specimens quenched directly after carburiz-
ing.

Carburized parts may be cooled to room
temperature after carburizing and reheated
for hardening (Ref 17). Such reheating treat-









minum combines with nitrogen to form alu-
minum nitride particles, which limit austen-
ite grain growth during carburizing (Ref 16).
Fine grain size reduces hardenability, and
Cook has shown that the case hardenability
of plain carbon steels is reduced because of
the grain-refining effect of aluminum addi-
tions (Ref 26). This effect of aluminum on
hardenability is not noted in alloy carburiz-
ing steels.

Alloy Effects on Hardenability. Harden-
ability is important for both the case and
core regions of carburized steels, and a
given steel must have adequate hardenabil-
ity over a range of carbon contents. Figure
10 shows Jominy end-quench data for the
core and for all carbon levels up to 0.9% for
an SAE 4620 carburizing steel. The power-
ful, beneficial effect of increasing carbon on
hardenability is shown. Nevertheless, in
heavy sections, where cooling rates are
low, even case regions may transform to
microstructures other than martensite. Jat-
czak (Ref 27) has evaluated the effects of
various alloying elements on the hardenabil-
ity of high-carbon steels and has shown that
higher austenitizing temperatures increase
hardenability by dissolving alloy carbides
and increasing the amount of carbon and
alloying elements in solution in the austen-
ite. Other investigators have also evaluated
various aspects of the hardenability of car-
burized steels (Ref 28-31).

Other Alloy Effects. Although hardenabil-
ity is a major concern in alloying and the
selection of carburizing steels, alloy ele-
ments also affect other aspects of micro-
structure. Many of the alloying elements, in
particular chromium and molybdenum, are
strong carbide and ferrite formers. Those
elements shift A_,, temperatures (Fig 11)
and raise Ae, temperatures, the lowest tem-
peratures at which austenite is stable under
equilibrium conditions. The shift in A_,, by
carbide-forming elements limits the amount
of carbon that can be dissolved in austenite
and increases the possibility of carbide for-
mation in carburized steels.

Many alloying elements also lower M,
temperatures and the transformation tem-
perature ranges for martensite formation
(Ref 16, 33). Therefore increased alloying
increases the amounts of austenite that are
retained in carburized and hardened steels.

Intergranular Fracture at
Austenite Grain Boundaries

Figure 12 shows an example of intergran-
ular fracture at prior austenite grain bound-
aries in the case overload fracture zone of a
carburized 8620 steel. Such intergranular
cracking is a major fracture mode of high-
carbon hardened steels that have been
quenched from temperatures at which the
microstructure consists only of polycrystal-
line austenite. Thus cracking can occur in
the case regions of steel directly quenched
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after carburizing, but rarely in carburized
steels that have been reheated to produce
finer-grained structures with retained car-
bides (Ref 17, 22). Fracture in the latter
microstructures is low-toughness ductile

fracture characterized by closely spaced
microvoids that form around the dispersed
carbide particles. Intergranular fracture oc-
curs even in carburized steels tempered
between 150 and 200 °C (300 and 400 °F),
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