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1. Introduction

Many industrial components, such as gears and bearings in
transmission systems and engines, have a serious risk of fatigue
failure. Therefore, the surface-hardening treatment technology
has been widely applied to improve the fatigue performance
of these machine components, such as the carburizing
treatment.[1–5] Assessing the effectiveness of carburizing pro-
cesses typically requires numerous fatigue tests, which are both
costly and time-consuming. Therefore, developing a method to

rapidly predict and evaluate the fatigue
performance of carburized steel is of great
importance for optimizing the carburizing
process.

In recent years, time-saving evaluation
methods have advanced rapidly and can
be broadly classified into two categories.
One involves the development of new
detection equipment that focuses on
parameters such as temperature[6] and stiff-
ness.[7] However, this type of detection is
primarily applicable to uniaxial tension
fatigue tests, enabling direct examination
of fatigue samples. For loading methods
like rotary bending, where samples are
continuously rotating, the implementation
of such detection becomes challenging.
Additionally, another category involves
evaluation method based on the probability
and statistics theory of fatigue tests.[8] As

reported, the testing period could be 1/5–1/3 of that by the com-
mon up-and-down method for 16 samples.[8] Nevertheless, the
time savings are achieved by testing multiple samples simulta-
neously, meaning that the overall number of samples and the
associated testing costs have not been diminished.

Attempts have also been made to establish relationships
between indicators based on static properties and fatigue perfor-
mance for predictive purposes. The effective case depth is com-
monly used as an indicator of the state of samples produced by
various carburizing treatments.[9–12] Numerous studies have
been conducted on the relationship between effective case depth
and bending fatigue strength in carburized steels in order to rap-
idly assess the fatigue performance. Xiao et al.[12] summarized
the fatigue data from the available literature and found that
the fatigue strength of carburized steels generally increased ini-
tially and then decreased as the effective case depth increased.
However, the effective case depth alone cannot fully capture
the effects of carburizing treatment because there are many fac-
tors affecting the fatigue properties of carburized steels, mainly
including the distribution of residual compressive stress and the
presence of globular and network carbide.[12–14] The effective
case depth, which ignores these influencing factors on fatigue
life, can only be used as an empirical parameter, resulting in
unacceptable prediction accuracy.

In the last few years, some researchers carried out the fatigue
properties prediction of the laboratory samples containing resid-
ual stress and hardness gradient of carburized bearing steels.
Genel[10] proposed simple expressions for the case-hardened
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steels to estimate the bending fatigue strength and optimum
effective case depth values. Savaria et al.[15] proposed a 3D fatigue
model taking into account residual stresses, hardness gradient,
and surface roughness for the prediction of the bending fatigue
strength. However, the method based on the influence of car-
bides upon fatigue performance of the carburized steels is rare.
Nevertheless, high-temperature bearing steels like CSS42L and
14Cr14Co13Mo5, which are developed to endure higher operat-
ing temperatures, commonly form carbides after the carburiza-
tion process.

Recently, Yin et al.[16] Tian et al.[17] and He et al.[18] carried out
detailed investigation on the effects of carburizing treatment on
the microstructure of the case layer in high-alloy steel. The result
of a 14Cr14Co13Mo4 martensitic stainless steel showed that the
second phase was mainly composed of M23C6 and M6C.

[16] In
addition, the coarse carbides would appear at the grain bound-
aries of the prior austenite.[17] For the fatigue performance,
Guo et al.[19] found that the fatigue cracks of M50 bearing steel
primarily nucleated through the primary carbide under cyclic
loading. Schmid et al.[20] also had reported that the fatigue failure
occurred at primary chromium carbides in a martensitic
stainless 18% chromium steel. Sohar et al.[21] reported that
the primary carbides and carbide clusters turned out to be the
fatigue crack origins.

However, although the influence of carbides is noteworthy,
the fatigue strength prediction model that fully considers the
influence of carbides has not yet been seen. In related researches,
Xue et al.[22] reported the application of the Murakami method[23]

for predicting fatigue strength associated with carbide cracking.
However, it is noteworthy that this method does not account
for the potential influence of conditional lifetime on fatigue
strength. A potential approach to rapidly evaluating the fatigue
strength of this carburized bearing steel involves establishing
a relationship between fatigue lifetime and the fatigue damage
parameters, such as the stress intensity factor (SIF) of carbide,
allowing for the prediction of long-life fatigue strength based
on short-life data.

In the present work, the fatigue behavior of carburized
14Cr14Co13Mo5 steel under rotating bending load was investi-
gated. The aim of the current study is to propose a fast evaluation
method for fatigue strength prediction of carburized steel based
on the effects of carbide on the fatigue performance. Meanwhile,
the microstructure, residual compressive stress, and fatigue
failure mechanism are also analyzed.

2. Experimental Section

The material used in the present study was a 14Cr14Co13Mo5
martensitic stainless steel whose chemical composition (wt%)
could be seen in Table 1. The as-received material was
represented by S0.

The semifinished fatigue samples with a reduced section of
5.6mm diameter were machined and then mechanically pol-
ished by sandpaper. Subsequently, the low-pressure gas carburi-
zation was performed with carbon potential in the range of
0.8–1.2%, of which the detailed process could be seen in
ref. [16]. In order to produce material with different effective case
depths, four different treatment times were employed, repre-
sented by S1, S2, S3, and S4, respectively, where the carburizing
duration progressively increased from S1 to S4. After carburizing
heat treatment, it was quenched with oil from 1100 °C. The sub-
sequent cryogenic treatment process below�85 °C promoted the
martensitic transformation followed by a tempering treatment at
520 °C. Finally, 0.3 mm was removed from the sample surface by
mechanical processing followed by mechanical polishing treat-
ment obtaining a mirror finish. The final size configuration of
the fatigue sample could be seen in Figure 1.

The microhardness was measured using a LECO AMH43
automatic microhardness tester fitted with a Vickers indenter.
The load was 500 g, and the dwell time was 12 s. One sample
and three sets of points were tested for each group and half
of the difference between the maximum andminimum hardness
was used as the error bar for every depth. The distance between
adjacent points is 100 μm, distributed along the radius of sample.
Each set consists of 25 points. Residual stress testing was con-
ducted by PROTO LXRD in accordance with the ASTM-E915-
2010 standard. The phase composition was characterized by
OXFORD SYMMETRY S2 electron backscattered diffraction
(EBSD) and the elemental distribution was analyzed by the
OXFORD ULTIM MAX 40 energy-dispersive spectroscopy
(EDS) on ZEISS SIGMA 500 scanning electron microscope
(SEM). For EBSD, the step size was set to 100 nm and four
phases, Iron FCC, Iron BCC, Fe3Mo3C, and Cr18.93Fe4.07C6, were
detected. The EDS and EBSD on SEM were employed to
qualitatively analyze the types of carbides. The samples of micro-
structure, residual stress, and microhardness tests were cut from
the fatigue samples that had not undergone fatigue testing.

The fatigue performances were carried out on a rotary bending
fatigue testing machine with a load ratio (ratio of minimum to
maximum stress) of R=�1 at a frequency of 50 Hz based on the
standard ISO 12 107:2003. The fracture morphologies of fatigue
samples were observed by SEM, and the carbides in the fatigue
crack initiation region were analyzed by the EDS on SEM.

3. Results and Discussion

3.1. Microhardness, Microstructure, and Residual Stress

Carburizing treatment has complex effects on the changes in
microstructure and properties such as hardness and residual

Table 1. Elemental compositions of the present material before
carburizing (wt%).

C Cr Mo Co Ni V W Mn Si Fe

0.16 13.91 4.68 13.5 1.99 0.58 0.60 ≤0.05 0.075 Bal.

Figure 1. Schematic diagram of the fatigue sample.
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stress, making it difficult to evaluate the heat treatment process
based on a single factor. Among the various factors that affect the
fatigue performance of carburized steel, effective case depth is a
widely used parameter.[3,11] According to the ISO 18 203:2016
standard, the part with a microhardness greater than 550HV
is defined as the effective case depth. The microhardness distri-
butions of the four groups of samples with different character-
istics are shown in Figure 2. The hardness gradually decreases
from the surface to the core in general, as shown in Figure 2.
According to the hardness test results in Figure 2, the effective
case depth is 0.9, 1.1, 1.3, and 1.7mm for groups S1, S2, S3, and
S4, respectively. The hardness of untreated group S0 is about
364HV.

Gradient microstructures were obtained after surface carburi-
zation treatment, and the microstructures of S1–S4 are displayed
in Figure 3. It is clear that from surface to center, the size of

carbides decreases and the shape changes from plates to spheres
as observed in the SEM image. To further analyze the carbides,
the EBSD and EDS mapping were used for characterization, and
the results are shown in Figure 4. It is clear that the Cr- and
Mo-rich carbides could be related to M23C6- and M6C-type
carbides, respectively.

As the hardness gradient is mainly caused by the distribution
of carbides, the variations of carbide size with depth of groups
S1–S4 are shown in Figure 5. The carbide size is represented by
the equivalent circular diameter with equal area. The sizes of all
the carbides inside the SEM image at a specific depth were
calculated as shown by the hollow circles in Figure 5. It is clear
that as the effective case depth increases, the size of carbides near
the surface becomes larger. The carburizing potential was the
same for all four processes, with the only difference being
the carburizing time. Additionally, the process temperature
was also consistent across all samples and should have a uniform
impact on the formation and size of the carbides. Therefore, the
variation in carbide size observed might primarily due to the
different carburizing times.

For group S1, the average carbide size varies significantly with
depth, while there is little variation in the maximum carbide size
within the depth of 0–800 μm. This is because the microstructure
contains two types of carbides: large-sized M23C6 and small-sized
M6C, and as the depth increases, the number of M23C6

decreases, while the number of M6C does not change much,
resulting in a decrease in average size and little change in the
maximum size. For groups S2, S3, and S4, the maximum size
of carbides varies significantly with depth. This might be
explained by the fact that the carbides near the sample surface
begin to come into contact with each other.

In addition, the variations of phase content with depth for
S1–S4 are shown in Figure 6. It could be seen that only the trend
of carbides content is similar to that of the hardness. The content
of residual austenite shows significant changes around the

Figure 2. Microhardness distribution profiles of the carburized steels
across S1–S4 groups.

Figure 3. The SEM images of carburized steels across S1–S4 groups. The distance from the sample surface is marked on the SEM images. All images
share the same scale.
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Figure 4. Micrographs of SEM, EBSD, and EDS results showing typical microstructures of the carburized steels across S1–S4 groups. All images share the
same scale.

Figure 5. The variation in carbide size with depth of carburized steels for a) S1, b) S2, c) S3, and d) S4.
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effective case depth. However, taking S2 as an example, this
change could not be clearly associated with the hardness.

The residual stress distribution of groups S1–S4 is shown in
Figure 7. The maximum value of the residual compressive stress
is on the surface and then the residual compressive stress
gradually decreases for all groups. It was reported that the carbon
content of the surface layer of the carburized samples is higher
than that of the core, leading to the formation of a surface-
hardened layer with compressive residual stress.[3,9,24,25] In this
study, the maximum compressive residual stress for groups
S1, S2, S3, and S4 was �864, �658, �964, and �727MPa,
respectively.

3.2. Fatigue Strength

The stress–life diagram at room temperature is shown in
Figure 8a, and the dependence of fatigue strength on effective
case depth can be seen in Figure 8b. The fatigue strengths were
obtained by the staircase method and the error bars were indi-
cated by the stress steps. The detailed staircase plots are displayed
in Figure 8c–f. It could be seen that the fatigue strength of
the carburized steels increases considerably compared with
the untreated material. Furthermore, the group S3 exhibits the
optimal fatigue strength among the five groups of steels.
The fatigue strengths are 708� 15, 1020� 20, 1025� 25,
1058� 25, and 958� 25MPa for S0, S1, S2, S3, and S4, respec-
tively. The improvement up to 49% of fatigue strength is
achieved with the modified carburizing employed in the present
study.

As the effective case depth increases from 1.3 to 1.7 mm, the
fatigue strength shows a decreasing trend. Xiao et al.[12] summa-
rized the changes in fatigue strength with relative case depth t/D
(ratio of effective case depth and diameter of sample) of several
case-hardened steels, indicating that fatigue strength of the car-
burized steels generally increased with an increase in t/D up to
about 0.17; however, with further increasing t/D, there was a
decreasing tendency of the fatigue strength. In the present study,
the optimal fatigue strength of the carburized steel appeared at
t/D of 0.26. However, the effective case depth alone could not
fully represent carburized material because there are many
factors affecting the fatigue properties of carburized steels,
mainly including the distribution of residual compressive stress
and carbides.[13,14] Therefore, other significant factors are needed
to be considered.

Figure 6. The variation in phases content with depth of carburized steels for a) S1, b) S2, c) S3, and d) S4.

Figure 7. The variation in residual stress with depth of carburized steels
for groups S1–S4.
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3.3. Fatigue Fracture

The typical fracture morphology of the group S0 is shown in
Figure 9. Fatigue cracking originates on the surface of the sample
due to cyclic sliding deformation, through the well-known mech-
anism of intrusions and extrusions.[26–28] This mechanism

operates in the group S0 regardless of stress level. After crack
initiation, the crack grew radially into the interior of the sample.

In the carburized groups S1–S4, the crack initiation occurred
in the subsurface of the sample and within the carburized case,
as shown in Figure 10. A close examination reveals that there
exists a fish-eye-like pattern and its diameter is ≈100 μm. The

Figure 8. Fatigue performance of the 14Cr14Co13Mo5 steels for S0, S1, S2, S3, and S4. a) S–N curves. b) Relationship between the fatigue strength and
effective case depth. Staircase plots of c) S0, d) S1, e) S2, and f ) S3 and S4.

Figure 9. SEM micrographs of fatigue fracture of the untreated steel S0: a) low-magnification and b) high-magnification image on the fatigue crack
initiation site.
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depth of the crack initiation site will affect the effective external
stress, as the stress distribution under rotational bending loading
is gradient, accordingly the stress decreases from the surface to
the core.

The definition of the depth of the crack initiation site is shown
in Figure 11a and the statistical results are displayed in
Figure 11b. It can be seen that the data range between 40 and
160 μm for the groups S2–S4 and 40–80 μm for the group S1.
The difference may be mainly caused by the residual stress
gradients. As the residual compressive stress increases,
the depth of the crack initiation site becomes deeper. In
addition, within these depth ranges, the microstructure,
including carbide, plays a secondary role, which leads to differ-
ences in the depth of crack initiation site between different
samples.

3.4. Carbides in Fatigue Crack Initiation Site

The EDS analysis of the fatigue crack initiation site reveals that
two cases exist, as shown in Figure 12: case A—only Cr-rich
carbides are detected; case B—both Cr- and Mo-rich carbides
are detected. From a material perspective, there is only case A
in group S1, while both case A and case B exist in groups
S2–S4. For all carburized steel (groups S1–S4), there is either
a large Cr-rich carbide or a large cluster of Cr- and Mo-rich car-
bides in the center of the fatigue crack initiation site.

The element distributions of case B are further analyzed, as
shown in Figure 13. In line analysis, the counts of C, V, and
W elements are relatively small, so they are not displayed.
The positions of line and point analysis are marked in
Figure 13a, and the results are drawn in Figure 13b,c and listed

Figure 10. SEM micrographs of fatigue fracture of the carburized steels: a,b) S1; c,d) S2; e,f ) S3; and g,h) S4.
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in Table 2, respectively. It was verified that the white carbides are
Mo-rich, and the gray carbides are Cr-rich. Both Cr- and Mo-rich
carbides in the fatigue crack initiation site show some smooth
facets, which are the characteristics of cleavage fracture.
Furthermore, a particularly persuasive feature of cleavage
fractures is the river-like pattern evident in Mo-rich carbides,
as depicted in Figure 13d.

The content of Cr element (atomic percentage) in Cr-rich car-
bides remains stable at 22%, and the content of Mo element
(atomic percentage) in Mo-rich carbides remains stable at
18%. The Cr content in the matrix is close to that in the Mo-rich
carbides, while the Mo content in the matrix is much smaller
than that in the two carbides.

The cracking mechanisms of carburized and untreated steels
are significantly different. For the S0 steel, it is well known that
the fatigue cracks would initiate due to the irreversible slip of
dislocation causing the accumulation of plastic deformation in
large grains at surface for steel without inclusions.[29] In addition,
because of the lack of carburizing, there is no residual compres-
sive stress in the sample surface. Furthermore, the maximum
stress during rotational bending loading occurs on the surface
of the sample. The above factors may contribute to the fatigue
failure mechanism of the group S0.

As for the carburized steel (groups S1–S4), the carbides are
considered one of the key factors in the fatigue failure mecha-
nism. Du et al.[30] showed that under monotonic loading, large
M2C and MC carbides will crack at a stress of around 700MPa.
The microhardness of M2C and MC is in the range of
1500–2000HV, while the microhardness of M23C6 is in the range
of 1300–1650HV.[31] According to the general relationship
between strength and hardness of ceramics, the higher the hard-
ness is, the greater is the strength.[32] Therefore, the critical stress
required for the cracking of M23C6 and M6C carbides should be
slightly lower than 700MPa. In addition, the complex shape of
carbide clusters may further reduce the nominal stress required
for them to undergo cleavage fracture. The fracture of carbide
clusters was observed in sample that had not undergone fatigue
test, as shown in Figure 14. It may have cracked during the
sanding process.

However, even if the loading stress is larger than the stress
needed for carbide cracking, the sample might not fail when

the SIF at the crack tip is less than the crack propagation
threshold of the matrix. Only when the loading stress further
increases, the crack would be able to propagate into the matrix.
Nevertheless, due to the finite conditional life of fatigue test,
when the test is manually stopped, the SIF at the crack tip might
not yet have reached the KIC required for unstable fracture, and
the sample might still not have failed. Finally, as the loading
stress continues to increase, the accelerated crack propagation
could result in the final failure within the finite conditional
life. In summary, it is inferred that the fatigue failure is due
to the local cleavage fracture of carbides, leading to fatigue crack
initiation within a few cycles at the beginning of the fatigue test,
and the crack propagation may dominate the fatigue life.

3.5. Fast Evaluation of Fatigue Strength

Based on the assumption that the fatigue failure is caused by
carbide cracking and subsequent fatigue crack propagation,
the factors affecting fatigue strength should include the carbide
size and position, residual stress, and the fatigue crack resistance
of the matrix. Once the material processing is determined, these
factors are also determined, so as long as the relationship
between these factors and fatigue performance is established,
the fatigue performance can be quickly evaluated.

Generally, there are two ways to obtain the size of carbides:
from metallographic photographs and from fatigue fractogra-
phies as shown in Figure 15a–d. It can be seen that the carbide
sizes counted from the fatigue fracture surface are much larger
than that in the metallographic images, despite many metallo-
graphic photos have been collected. This is because the number
of large-sized carbides in the sample may be limited, and the
metallographic images can only cover a small part of the gauge
section of the sample, so the probability of capturing the largest
sized carbides is very low. Furthermore, the cross section is usu-
ally not in the plane of the largest diameter of the carbide being
examined. While for fatigue fracture, the fatigue crack initiation
usually occurs at the carbide with the largest size.[33] This also
suggests that evaluating fatigue performance based solely on
carbide sizes obtained from metallographic photographs may
lead to an overestimation.

Figure 11. Typical fatigue crack initiation site of the carburized steels: a) SEM and b) the relationship between d (depth of the initiation site) and the
effective case depth.
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Figure 12. SEM and EDS results of fatigue crack initiation site of carburized steels. Cr-rich carbides: a) S1, b) S2, c) S3, and d) S4; Mo-rich carbides:
e) S2, f ) S3, and g) S4.
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In order to illustrate what determines the fatigue strength,
Figure 15e plots and shows the relationship between the SIF
of carbides and fatigue life. The SIF of inner defects is
recommended by Murakami[23] to be calculated by

Kcbd ¼ 0.5 σmax

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π

ffiffiffiffiffiffiffiffiffi
area

pq
(1)

where Kcbd is the SIF of carbide, area is the projection area
of the carbide along the loading direction, and σmax is the
maximum local stress. Additionally, considering the carbide
position and the residual stress, the local stress could be
calculated by

σmax ¼ σað1� d=rÞ þ σRS (2)

where d is the depth of the initiation site, r is the radius of the
sample, and σRS is the residual stress.

Furthermore, it is found that the relationship between the
fatigue life and the SIF of carbides, as plotted in Figure 15e, could
be described by

Kcbd ¼ K0 þ CðNf Þm (3)

where the K0, C, and m are material-related constants. The
equations are as follows:

Kcbd ¼ 1.9þ 38837ðNf Þ�0.8 (4)

Kcbd ¼ 2.2þ 21143ðNf Þ�0.8 (5)

Kcbd ¼ 1.9þ 41127ðNf Þ�0.8 (6)

Kcbd ¼ 2.0þ 15177ðNf Þ�0.8 (7)

It is noted that b=�0.8 is suitable for all four series of
samples. It may be related to the composition of the material

Figure 13. EDS analysis of the carbides in fatigue crack initiation site: a) SEM image of sample from S3; b) EDS line 1; c) EDS line 2; and d) high
magnification of mark in (a).

Table 2. Chemical compositions of selected carbides analyzed by
SEM–EDS (at%).

Position Type Mo Cr Co Fe

A1 Mo-rich 18.3 5.8 4.3 20.8

A2 Cr-rich 5.5 21.4 3.0 25.7

A3 Mo-rich 18.5 6.5 4.7 22.7

A4 Cr-rich 3.9 22.1 3.9 30.8

A5 Mo-rich 18.7 6.0 4.7 22.2

A6 Cr-rich 3.7 22.1 3.0 26.7

Matrix – 1.1 6.9 11.2 56.7

Figure 14. The fracture of carbide clusters with complex shape in the
sample of carburized steel without fatigue test.
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matrix at the subsurface of samples, which has not changed sig-
nificantly. This type of data in Figure 15e is quite common in the
literature.[19,34–39] Therefore, it is reliable to evaluate the fatigue
strength through Equation (3).

For a certain sample, the carbide size is usually determined
and remains unchanged when the applied loading stress alters.
By reducing the stress amplitude σa, the corresponding Kcbd

also decreases according to Equation (3); thus, the fatigue life
should increase accordingly. When the fatigue life reaches
107 cycles, the corresponding stress amplitude would be the
predicted fatigue strength. The critical Kcbd at 107 cycles (KC)
could be calculated as 2.0, 2.3, 2.1, and 2.1MPam�1/2 for groups
S1, S2, S3, and S4, respectively. The predicted fatigue strength
could be calculated by:

σa ¼
�

KC

0.5
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π

ffiffiffiffiffiffiffiffiffi
area

pp � σRS

�
1

1� d=r
(8)

Based on the data from each fatigue fracture, a fatigue
strength can be predicted by Equation (8). With at least four valid
fatigue fractures for each group of carburized steel, the final
predicted fatigue strength is determined as the average of these
predicted fatigue strengths for each group. The error in this
determination is represented by the standard deviation of these
predicted fatigue strengths for each group. The comparison of
the predicted fatigue strength using carbide size obtained by frac-
ture and metallography is displayed in Figure 15f. It can be seen
that the predicted fatigue strength based on fractographies is

Figure 15. Fast evaluation of fatigue strength of the carburized steels. The carbide size of a) S1, b) S2, c) S3, and d) S4; e) the relationship between
effective SIF and fatigue life; f ) comparation of predicted fatigue strength using carbide size obtained by fracture and metallography.
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within 10% error and is conservative. This might be attributed to
the fact that the data used for establishing the relationships
(Equation (4)–(7)) were all from the broken samples, as
run-out samples, which could potentially be used in the staircase
method, were not available. On the contrary, the predicted
fatigue strength based on metallography is substantially overes-
timated because the probability to obtain the maximum size of
carbides through metallographic method is extremely low.

The critical carbide size under fixed stress amplitude can also
be calculated. Due to the gradient distribution of residual stress
and the external stress, the critical carbide size varies with depth,
as described by lines in Figure 15a–d. It is clear that a small
carbide size and high residual compressive stress are beneficial
to improve the fatigue performance of the present steel. These
lines in Figure 15a–d also indicate that the subsurface position
is the most dangerous for fatigue crack initiation and the change
of the external loading stress has limited influence on the depth
of potential crack initiation location.

Based on the analysis above, the fatigue failures of carburized
steels are usually caused by local cracking of large-sized carbides.
The maximum size of carbide can be revealed through fatigue
tests at relatively higher stress amplitudes, which usually has
much lower fatigue life and consumes shorter testing time.
By using these short-life data, the relationship between stress
amplitude and fatigue life can be established, thereby predicting
the long-life fatigue strength.

It is important to note that our method for assessing fatigue
strength utilizes fractured samples, which typically exhibit
shorter lifetimes compared to samples tested using methods
such as the staircase (up-and-down) method. In our study, the
total testing time for all the failure samples analyzed was
6.2� 107 cycles, whereas the total testing time for samples tested
using the staircase method was 17.4� 107 cycles. This compari-
son demonstrates that our method offers a significant time
savings of ≈65%. The reduction in testing time is a crucial
advantage of our method, as it allows for more efficient use of
resources and can expedite the process of material evaluation
and development. Furthermore, our method also reduces the
number of samples required from 24 to 18, which further enhan-
ces its practicality and cost-effectiveness.

3.6. Factors Affecting Fatigue Strength

There are several factors that can affect the fatigue performance
of carburized steel according to Equation (8). The material-
related factors that can be quantified are the carbide size, the
residual compressive stress, and the crack propagation resistance
of matrix (KC).

The group S2 has the highest KC and the lowest microhard-
ness simultaneously. This may be attributed to that the steels
with lower microhardness generally have better plasticity and
toughness, resulting in higher resistance to fatigue crack propa-
gation. However, the difference of KC for four group steels is not
significant. This may be because the carburizing carbon potential
and temperature of the steels from four groups are the same,
resulting in similar mechanical properties of martensitic matrix.

As for the carbide size, it refers to a single carbide or a carbide
cluster, rather than the carbide volume fraction. A large residual

compressive stress requires long carburization time, which can
lead to a high carbide volume fraction. However, when the car-
bide size is uniformly distributed, a large carbide volume fraction
and small carbide size can coexist. The carbide should be detri-
mental to fatigue performance, as it would exhibit cleavage frac-
ture when the crack tip approaches, leading to a sudden increase
in crack length. The average carbide volume fractions in fatigue
initiation sites are 8%, 16%, 21%, and 15% for S1, S2, S3, and S4,
respectively. Although S3 has the highest carbide volume
fraction in fatigue initiation site, its carbide sizes are uniform
(as shown in Figure 15c) and its residual compressive stress
is the maximum. This indicates that the fine and uniform
carbides, as well as high residual compressive stress, are the
most important factors beneficial to the fatigue performance.

4. Conclusions

In the present study, rotary bending fatigue tests were performed
using samples with four different effective case depths of a
14Cr14Co13Mo5 gear steel. The fatigue strength was evaluated
and fracture mechanisms were discussed on the basis of obser-
vation of crack initiation and fracture surface analysis. A fast eval-
uation method for fatigue strength was proposed. The main
conclusions are as follows: 1) The fatigue strength of the carbu-
rized steel increased considerably compared with the untreated
steel. Compared with the fatigue strength of 708MPa for
noncarburized samples, the fatigue strength of the carburized
samples in group S3 is as high as 1058MPa. The relationship
between the effective case depth and the fatigue strength is
not monotonically increasing; 2) The fatigue failure mode of
the steel changed from surface failure to internal failure after
being carburized, and the internal failure mode is induced by
carbide cluster cracking. A small carbide size and high residual
compressive stress are beneficial to improve the fatigue perfor-
mance of the present carburized steel; 3) It is possible to predict
the fatigue strength at long conditional life through the data of
the samples tested at high stress amplitude with short life. The
error of the predicted fatigue strength is within 10% for the pres-
ent material. Although the methodology can offer a degree of
time efficiency in evaluating fatigue strength, its applicability
is confined to scenarios where defects initiate cracking at a very
early stage; and 4) The total testing time for all the failure sam-
ples employed by the present method was 6.17E7 cycles. This
represents a significant time savings of ≈65% compared to
the 17.4E7 cycles required by the staircase method. In addition,
the number of required samples also decreases from 24 to 18
in the present study. The fatigue strength assessment method
proposed in this study not only improves testing efficiency but
also reduces costs. It is expected that this method will be vali-
dated in more material systems.
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