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The influence of carbide formation on mechanical properties has been investigated
in carburized steels. Through controlled diffusion and precipitation processes, the
morphologies of carbides could be changed and then fine, networked, and spherical shapes
at carburized layers were obtained. These morphological changes affected tensile and
bending fatigue properties of the steel. The fine and the spherical carbides acted as resistance
sites against crack propagation, which improved the mechanical properties. However, the
networked carbides deteriorated the properties because the cracks propagated along the
boundaries of them. These results indicate that the morphological control of carbides is one
of important keys to improve the mechanical properties.
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INTRODUCTION

In recent years, there has been a strong demand for extending
the life time of machine components and structures due
to economic and environmental factors. Many machine
parts used for heavy duty application, such as shafts, gears,
and cams often demand a very hard surface that can resist
wear as well as a soft, but tough core that can withstand the
impact stresses. An established method for the production
of a combination hard surface/soft but tough core is case
hardening of steels through carburizing and quenching
(Farfana et al., 2004; Liu & Chen, 2004; Tokaji et al., 2004).

The conventional carburizing process is performed by the
absorption and diffusion of carbon atoms from the carburizing
atmosphere to a steel matrix, thus increasing carbon content
to approximately 0.8 wt% at austenite temperature within
a carburized layer that is hardened by quenching (An et al.,
2003; Erdogan & Tekeli, 2003; Akita & Tokaji, 2006; Michal
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et al., 2006). With the additional precipitation process
after the conventional carburizing process, carbides can be
formed in grain boundaries with a networked type. The
super carburizing process can be used to form spherical type
carbides by means of repeated carburizing treatment. In this
process, upon reheating the carburized steel, small carbides re-
dissolve into the austenite matrix, while larger carbides remain
as nuclei or embryos for the growth of spherical carbides in
the re-carburizing stage. It was reported that the number of
carbides accumulated at the surface of a specimen increased
with the number of carburization—precipitation cycles (Chen
& Wang, 2000; Liu & Chen, 2004).

Although the morphological changes of carbides and the
corresponding hardness data were examined and reported, there
is still a lack of a detailed relationship between carbide shapes
and mechanical properties, particularly tensile and fatigue
properties. Therefore, this study aims to clarify the effects of
carbide shapes on mechanical properties of carburizing steels.
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Table 1. Chemical composition (wt%) of the KS-SCR420 (Hyundai Kia
Motors, Hwaseong, Korea)

© Si Mn P Cu Ni Cr Mo Nb
021 026 087 0.016 0.6 015 0124 0.7 0.023

Table 2. Carburizing processes of the specimens

No. Carburizing processes

1 120 min. C (950°C)-60 min. D (950°C)-30 min. P (600°C)-40 min. H
(800°C)-oil quenching

2 150 min. C (950°C)-40 min. P (600°C)-40 min. H (800°C)-oil
quenching

3 [60 min. C (950°C)-30 min. D (950°C)-15 min. P (600°C)]-[30 min. C
(95 °C-15 min. D (950°C)-15 min. P (600°C)]x3 times-40 min. H
(800°C)-oil quenching

C, carburization; D, diffusion; P, precipitation; H, holding.

MATERIALS AND METHODS

Carburizing Processes

The chemical composition of as-rolled bar steels (KS-SCR420)
supplied from Hyundai Kia Motors (Hwaseong, Korea)
is shown in Table 1. To fabricate carbides with different
morphologies, three different carburizing procedures were
used in this experiment, and the carburizing conditions are
summarized in Table 2. As shown in Table 2, the process
#1 conducted the diffusion process after carburizing for
carbon diffusion into the matrix but the process #2 skipped
the diffusion process for the restriction of carbon diffusion.
The process #3 repeated the carburizing, diffusion and
precipitation processes in order to make spherical type
carbides.

Mechanical Properties and Microstructure Analysis
The hardness profiles of carburized steels were measured by a
micro vickers hardness tester (Hv, 4220MVD; Wolpert Wilson
Instruments). A load of 2.94 N was applied to measure the
hardness from the surface to the core, and an effective case
depth (ECD, mm) was defined as the distance below the
surface where the hardness was equal to 550 Hv (Elkholy,
1983; Parrish, 1999; Liu & Chen, 2004).

The mechanical properties of the carburized steels were
analyzed by tensile and bending fatigue tests. The tensile
strength was measured by a tensile tester (MTS 810; MTS).
Specimens for the tensile test were prepared under ASTM
A370 and the working load was 245 kN. The fatigue test was
carried out on a bending fatigue tester (Instron 8516; Instron)
at room temperature, and the fatigue limit was assumed to be
maximum bending stress at 10’ cycles. The standard specimen
for the test is shown in Fig. 1.
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Fig. 1. Specimens drawing of the bending fatigue test specimen. Dimensions
inmm.

The formation and the shape of carbides were confirmed by
an optical microscopy (OM, Olympus GX51; Olympus, Tokyo,
Japan) after 2% nital etching. A detailed microstructural
analysis of the carbides was conducted by transmission
electron microscopy (TEM, Jeol, JEM 2010) after the jet
thinning method. The fractographies after tensile and fatigue
tests were observed by a scanning electron microscopy (SEM,
Tescan, MIRA-3).

RESULTS AND DISCUSSION

Microstructures and Hardness Profiles of the Carburized
Layer

Fig. 2 shows the microstructures of as-rolled and carburized
steels. As shown in Fig. 2A, the as-rolled bar steel had a typical
microstructure that consisted of ferrite and pearlite phases,
and the average grain size measured about 14 pm using
an image analyzer. As shown in Fig. 2B-D, the formation
of three different type carbides (bright areas in the figures
indicate carbides) were observed in carburized layers. In
addition, any noticeable grain growth in all the samples was
not observed, but the ferrite and pearlite phases changed into
the martensite phase. In the process #1, carbon atoms were
expected to diffuse into the Fe matrix during the diffusion
process and then the diffused atoms formed fine carbides
both inside the matrix and on grain boundaries through the
precipitation process, confirmed by an enlarged micrograph
in Fig. 2B. The average size of the carbides decreased from 2.8
um in the top surface region to 1.7 um in the bottom region
of the carburized layer. However, the process #2 skipped the
diffusion process, which prohibited the diffusion of carbon
atoms into the matrix. Thus, created carbides were formed
along the grain boundaries during the precipitation process,
which made networked carbides along the boundaries, as
shown in Fig. 2C. Fig. 2D clearly shows that spherical carbides
(from 4.5 pm in the top surface region to 2.5 pm in the
bottom region of the carburized layer) were fabricated by
the process #3. In this process, carbides initially formed both
grains and grain boundaries due to a short diffusion time
and then dissolved into the Fe matrix during the repeated
diffusion process, re-formed again during the repeated
precipitation process, and finally formed the spherical type
carbides with a uniform distribution. The microstructure of
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Fig. 2. Microstructures of as-rolled (A) and carburized steels; fine carbides (B), networked carbides (C) and spherical carbides (D).

Fig. 3. TEM micrograph and SAD patterns
of the no. 3 process.
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Fig. 4. Microstructures by depth of the no. 3 process. C, carbide; M, martensite; F, ferrite.
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Fig. 5. The hardness profiles and effective case depth (ECD) of the carburized
layer.

the carbides was investigated by the selected area diffraction
patterns. As shown in Fig. 3, carbides were identified as a
Fe,C structure despite the carburizing conditions. And the
microstructures by depth in the carburized layer are shown
in Fig. 4. As shown in the figure, the martensite obtained at
about 0.8 mm from the surface with or without carbide, and
the martensite and ferrite existed below that. These results
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Fig. 6. Tensile properties as a function of carbides.

proved that the Fe,C carbides with different morphologies
were successfully fabricated.

The depth profiles of the hardness as a function of the
carbides types are shown in Fig. 5. The surface hardness of
all samples was almost the same at 880 Hv. As the depth
increased, the hardness decreased, which might be strongly
related to the carbon contents. As shown in the figure, the
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hardness in samples with fine and networked carbides
dropped abruptly at a certain distance, and a sample with
spherical carbides had the longest ECD of the carburized
layers. This abrupt change of the hardness and the difference
of ECD correlated with the density changes of the carbides, as
shown in Fig. 2. In particular, the repeated processes enhanced
carbon diffusion into the matrix rather than the formation
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of carbides in the sample with the spherical carbides. This
carbon diffusion could also explain the initial lower hardness
as compared with the sample with the fine carbides.

Tensile Properties
Fig. 6 shows the tensile and yield strength changes with
carbides types. As shown in the figure, the minimum and

Fig. 7. Fractographies after tensile tests
as a function of carbides: fine carbides
(A), networked carbides (B) and spherical
carbides (C).
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maximum values of yield and tensile strength were obtained
in samples with networked carbides and spherical carbides,
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Fig. 8. Bending fatigue limits as a function of carbides.
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respectively. The elongation values measured 1.76%, 1.34%
and 1.54% in samples with fine, networked and spherical
carbides, respectively. In order to understand the mechanical
behaviors, the fractographies of the samples after tensile tests
were investigated and are shown in Fig. 7. As shown in the
figures, cracks were propagated along the circumferential
direction in all the samples. However, some cracks in the
sample with the networked carbides were observed to progress
toward the surface. The cracks initiated in the intermediate
layers which consisted of different phases (martensite and
ferrite), in all conditions. In the vicinity of these layers, the
hardness also dropped abruptly, as shown in Fig. 5. Therefore,
the cracks were easily formed and propagated along the
interface of the phases by the applied force.

More detailed fractographies of the sub-surface showed that
minor cracks in a sample with networked carbides progressed
along grain boundaries. However, samples with fine and
spherical carbides showed dimples indicating that carbides
resisted the propagation of cracks. These results proved that

Fig. 9. Fractographies after bending fatigue tests as a function of carbides: fine carbides (A), networked carbides (B) and spherical carbides (C).
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uniformly distributed fine carbides without any abrupt
change of the carbide density have a beneficial influence
in carburized steels with the improvement of the tensile
properties due to the suppression of crack propagation.

Bending Fatigue Property

Bending fatigue limits of samples with three different carbide
types are shown in Fig. 8. As shown in the figure, the samples
with fine, networked and spherical carbides had limits of 600,
525 and 600 MPa, respectively. Fractographies after the fatigue
test of a sample with spherical carbides are shown in Fig. 9. As
shown in the figures, the cracks initiated at 1.125, 0.6 and 1.32
mm beneath the surface of the fine, networked and spherical
carbide conditions, respectively. The intergranular fracture
was observed in the martensite regions. This result showed
that the cracks initiated in the ferrite and martensite regions,
with the exception of the #2 sample. Thus the cracks in the
samples with uniformly distributed spherical carbides in the
carburized layer could be formed at the interface between
martensite and ferrite phases by repeated force. However, in #2
sample, the crack was initiated in the martensite and carbide
regions. An enlarged micrograph in the Fig. 9B showed that
cracks were formed along the grain boundaries. This indicates
that the bending fracture should result from networked
carbides. As a result, uniformly distributed carbides in the
carburized layer should improve the bending fatigue property
due to suppress the formation and propagation of the
cracks. However, networked carbides along grain boundaries
should deteriorate the bending property because they act as
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formation sites of cracks.

CONCLUSIONS

The relationship between carbide morphologies and
mechanical properties were investigated in carburized steels.
In this experiment, three different type carbides, i.e. fine,
networked and spherical types, in carburized layers were
formed by the control of diffusion and precipitation processes.
These carbides were analyzed to have a Fe,C structure.
The microstructural analyses showed that the mechanical
properties were strongly dependent on the carbide types.
The uniformly distributed spherical carbides improved the
tensile and bending properties due to the suppression of
crack propagation and initiation, respectively. However, the
networked carbides deteriorated the tensile and bending
properties because they act as the path way and initiation of
the cracks. Therefore, the morphological control of carbide in
a carburized layer should be a critical factor in improving the
mechanical properties.
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