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Abstract: Inclusions are an important parameter affecting the fatigue life of materials. In this paper,
the type, size, and quantity of inclusions in bearing steel were quantitatively analyzed using scanning
electron microscopy and automatic scanning electron microscopy with an X-ray energy dispersive
spectroscopy function. The effects of the inclusion parameters and positions on the rotating bending
fatigue properties were analyzed using the rotating bending fatigue test. The results proved that for
samples 1 and 2, the inclusions were mainly sulfides, Ti-containing inclusions, and their composite
inclusions. For samples 3 and 4, the inclusions were mainly oxides or sulfide-oxide complexes. The
number and maximum size of inclusions in sample 2 were relatively small. This was mainly due to
the difference in the content of Al S, and Ca elements in the different samples. The inclusion distance
to the surface and the maximum inclusion size had a larger influence on the rotating bending fatigue
life in comparison to the inclusion type. Moreover, nitride—oxides had a more detrimental effect on
the rotating bending fatigue life as compared to the sulfide—oxide complex inclusions. A model was
established on the basis of the inclusion size, depth, and stress by using the Python software. The
simulation demonstrated that using five parameters fit well with the experiment results.

Keywords: fatigue; inclusions parameter; GCr15 bearing steel; position

1. Introduction

Fatigue fracturing is the most common failure mode of engineering structures and
components in engineering applications [1]. Many studies have focused on the effects of
the loading conditions [1,2], microstructure of the materials [3-7], and surroundings [8-13]
on fatigue behavior. According to the different material serving conditions, fatigue failure
can be classified as axial fatigue, rolling contact fatigue, and rotating bending fatigue. It
has been proven that for axial fatigue, fatigue strength is related to the defects with the
largest size [2]. Meanwhile, water pressure, temperature, and hydrogen can all influence
material fatigue life. In addition, fatigue life is strongly influenced by the microstructure
of the material. Yang reports that short fatigue cracks generally originate in ferrite grains
or on their boundaries [3]. In addition, it has been observed that larger Al,Cu precipi-
tates exhibit a higher tendency to fracture than smaller precipitates [4]. In particular, the
effect of inclusions or carbides on fatigue behavior has been widely investigated [14-16].
Zhan et al. [17-19] found that a large size of DS inclusions in 15-5PH stainless steel is one
of the main causes of fatigue failure, and through thermodynamic software and classical
thermodynamic theory calculations of molecular ion coexistence combined with laboratory
Al-O equilibrium experiments and slag steel equilibrium experiments, the formation mech-
anism of large-sized DS inclusions in 15-5PH stainless steel was clarified, and the formation
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conditions of large-sized DS inclusions were obtained. The key process parameters that
inhibit the formation of large-sized DS inclusions in steel are determined by optimizing the
slag composition and the deoxidation process. However, considering the inclusion type,
size, and position simultaneously as well as their effect on fatigue behavior is not enough;
they need to be discussed systematically.

Bearings are the most vital steel components in modern machinery and are applied in
a wide range of fields, such as vehicles, wind turbines, and aerospace. Warhadpande [20]
reported that the service conditions, however, can be damaging for the material; such
damage can be accelerated by increasing the contact pressure and temperature. For bearings,
rolling contact fatigue behavior has been studied thoroughly [6,15,20,21]. In addition, they
are always subject to rotating bending stress conditions. Nowadays, fatigue tests are always
conducted to evaluate product fatigue properties [3,22]. The rotating bending fatigue
behavior of gear steel has been considerably studied in recent years [4,23,24]; however, the
effects of the inclusion parameter and its position on the rotating bending fatigue behavior
also need to be deeply studied to evaluate bearing fatigue life.

The ASTM E 606 standard covers the determination of low-cycle fatigue properties
using uniaxial load specimens. However, the uniaxial test of low-cycle fatigue performance
according to the ASTM E 606 [25] standard is usually carried out on a hydraulic testing
machine. Due to the inaccurate clamping of the machine, the two ends of the sample can
become non-aligned, and there is also a risk of buckling of the sample during compression.
Therefore, this paper adopts a rotating bending test method to determine the low-cycle
fatigue performance. Compared with uniaxial tensile/compression tests, this type of test
can not only avoid the risk of the specimen buckling under compression when a smaller
specimen is used, but the test load is also lower because only the outer layer of the specimen
section is loaded with the maximum stress [26].

Fatigue life is always predicted based on the cumulative damage rule, local strains, and
number of cycles with the consideration of traffic data, in which the relationship between
fatigue life and local strain is derived according to the Basquin and Manson—Coffin laws. Up
to now, many models have been established to simulate fatigue life for different materials
under different operation conditions [27-29]. Due to the great influence of the inclusion
type and size on the fatigue life, a model should be established to simulate the fatigue life.
However, the co-effect of the inclusion characterization parameter, inclusion size and type,
and inclusion distance to surface on the rotating bending fatigue behavior of bearing steel
has not been systematically studied in detail. In this paper, the inclusion parameters and
their effect on the rotating bending fatigue behavior of bearing steel are deeply investigated.
In addition, the rotating bending fatigue life of bearing steel was simulated on the basis of
the inclusion characteristic parameter and its position by using the Python software.

2. Experimental Section

Four different batches of GCr15 bearing steel materials were selected for comparative
experiments. The contents of Si, Mn, P, Al, Ca, Nb, V, Ti, and Ni in the samples were
analyzed by an inductively coupled plasma emission spectrometer (ICP-OES) (iCAPRQ,
Thermo Company, Waltham, MA, USA), and the relative standard deviation was +5%. The
content of Cr in the sample was determined using the alkali fusion acid dissolution method.
The contents of [C] and [S] in the steel were determined using a high-frequency infrared
carbon sulfur analyzer (EMIA-920V2 type). The chemical compositions of the different
batches of GCr15 bearing steel are shown in Table 1, and the residual mass fraction is the
mass fraction of the Fe element. In the table, it can be seen that the main element contents
in the four samples were basically the same, and the contents of the trace elements S, Al,
and Ca were different. Among these, the highest content of the S element in sample 1# is
0.004%, the highest content of the Ca element in sample 3# was 0.0005%, and the highest
content of the Al element in sample 2# was 0.02%. A large number of studies have shown
that the dissolved oxygen content of Al-deoxidized steel is determined by the Al content in
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the steel [30]. Therefore, the dissolved oxygen content of sample 2# was the lowest among
the four samples.

Table 1. Chemical composition of the tested materials (wt.%).

C Si Mn P S Al Ca Nb \' Ti Ni Cr
1# 0.97 0.25 0.32 0.015 0.004 0.01 0.0003 0.003 0.004 0.002 0.01 1.42
2# 0.99 0.23 0.33 0.015 0.003 0.02 0.0004 0.003 0.003 0.002 0.01 1.44
3# 0.98 0.22 0.32 0.017 0.002 0.01 0.0005 0.001 0.003 0.001 0.01 1.48
4# 0.98 0.23 0.33 0.012 0.002 0.01 0.0001 0.003 0.003 0.002 0.01 1.48

To understand the inclusion parameters in the samples, the surface of the steel samples
(10 mm x 10 mm X 10 mm) was polished using 2000-mesh SiC paper. Subsequently, the
polished samples were mechanically polished using a 5 um diamond slurry on an automatic
polishing machine to achieve a mirror finish. The metallographic samples were scanned
and observed by an MLA250 scanning electron microscope combined with an energy dis-
persive spectrometer, and the types of inclusions were analyzed. To obtain the relationship
between the distribution size and chemical composition of the inclusions, the morphology
and chemical composition of the inclusions were analyzed using a scanning electron micro-
scope (SEM) and an automated SEM (EVO18-Incasteel, Zeiss Co., Oberkochen, Germany)
equipped with X-ray energy dispersive spectroscopy (EDS). The composition character-
istics, morphology characteristics, and the size distribution of non-metallic inclusions on
the mirror-polished surfaces of steel samples were analyzed. The maximum diameter of
an inclusion is defined as its size. The size was set to be greater than 1 um because the
interaction volume could potentially diffuse into the steel and excite electrons from the
surrounding environment of the inclusions with diameters smaller than 1 um.

Standard rotating bending fatigue cylinder specimens were machined to perform
the fatigue test under different stresses, and the size of the specimen pattern is shown in
Figure 1. In this paper, the values of D, d, L1, L2, and L3 were 6.25 mm, 3 mm, 52 mm,
22 mm, and 15 mm, respectively. The rotating bending fatigue tests were conducted at
ambient temperature in air using a rotating bending machine with a stress cycling frequency
of 80 Hz and stress ratio R = —1. At least nine specimens of each kind of material were used
to measure the fatigue life under different stress levels. After the fatigue tests, the fracture
morphologies of all the failure samples were observed by a FEI Quanta650 field emission
scanning electron microscope (SEM) and energy dispersive X-ray spectrometer (EDS) at
20 Kv. Finally, the relationship between the type, size, and position of the non-metallic
inclusions in the bearing steel and the rotating bending fatigue life was simulated using
the Python software.
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Figure 1. Specimen geometry and size for the rotating bending fatigue test.

3. Results
3.1. Inclusions

The quantity, size, and composition of the inclusions in the four bearing steels were
measured separately by the inclusion measurement equipment with an accelerating voltage
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of 20 Kv The actual measurement was always different from the setting measurement area
because the set area was decided by the two points. Meanwhile, the actual measurement
area was ascertained by a certain grid of the same size. Thus, the actual measurement size
was always larger than the set area. In this paper, the actual measurement areas of the
four samples were 69.12 mm?, 76.8 mm?, 69.12 mm?2, and 72.96 mm?, respectively. The
results are shown in Table 2. The results show that the total quantity of inclusions in the
measured samples 1#, 2#, 3#, and 4# were 159, 39, 169, and 177, respectively. The inclusion
quantity per area and maximum inclusion size in samples 1# and 3# are more and larger.
Moreover, it also can be seen that the inclusion in the four bearing steels were mainly Ti
carbides or nitrides, sulfides, oxides, and complex sulfides and oxides. However, the main
inclusion types were different. For samples 1# and 2#, the inclusions were mainly sulfides
and Ti-containing inclusions and its complexes. On the contrary, for samples 3# and 4#,
the inclusions were mainly oxides or complexes of sulfides and oxides. Figure 2 shows
the inclusion morphology and energy dispersive spectrum (EDS) results of samples 1#, 2#,
3#, and 4#, which were sulfides, oxides, Ti carbides or nitrides, and sulfides and oxides
complexes, respectively.

Table 2. The quantity and max size of the different inclusion types in the four bearing steels.

Quantity Max Size (um)
Inclusion Type

1# 2# 3# 44 1# 2# 3# 44
Ti carbides or nitrides 51 9 44 32 9.8 6.1 13.1 11.1
Sulfides 60 18 10 6 18.2 8.7 6.6 6.9
Oxides 3 2 92 34 12.6 14.2 16.7 10.5
Complexes of sulfides and oxides 45 10 23 105 13.3 5.6 12.6 11.3
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Figure 2. Inclusion images of samples 1#, 2#, 3#, and 4#: (a) sulfides in sample 1#; (b) oxides in
sample 2#; (c) Ti carbides or nitrides in sample 3#; (d) complexes of sulfides and oxides in sample 4#.

3.2. Fatigue Results

The rotating bending fatigue results of the four samples are shown in Figure 3. The
results demonstrate that the number of cycles to failure increased as the cyclic stress
decreased. Specifically, the results of number of cycles to failure for the samples under
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1400 MPa obviously imply that the maximum number of cycles for sample 2# was larger
than the others, and the number of fatigue cycles of sample 1# was the least. Table 2
shows that the quantity and size of the inclusions of sample 2# were the least and smallest,
which may be the reason for the larger number of fatigue cycles. However, for samples
1# and 3#, the smaller number of fatigue cycles may be related to the larger inclusion
size. In conclusion, the inclusion test results could predict the fatigue properties to some
extent. In other words, the rotating bending fatigue behavior can be assessed based on the
characteristic parameters of the inclusions.
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Figure 3. The number of cycles to failure obtained from the rotating bending fatigue tests for samples
under different stress: (a) sample 1#; (b) sample 2#; (c) sample 3#; (d) sample 4#.

3.3. Fracture Morphology

It has been shown that the distance of inclusions from the surface is another factor
influencing the fatigue properties [18]. In order to analyze the fracture initiation source, the
fraction morphologies of each rotating bending sample were observed. Furthermore, if an
inclusion served as the fracture initiation source, its composition, size, and distance from
the surface were measured. Figure 4 displays the fracture morphology of samples 1# and
4# subjected to a stress of 1400 MPa. It can be seen that the inclusions were the crack source
and that the inclusion types were different, including Ti-containing inclusions and complex
inclusions of oxide and sulfide. The inclusion depths were also measured, which were
about 120 um and 30 pm, respectively, for samples 2# and 4#. Additionally, as can be seen in
Figure 4, it is evident that the Ti-containing inclusion size was approximately 10 um, while
the complex inclusion size, comprising oxide and sulfide, was about 15 pm. Combining the
analysis of the SEM fracture images and EDS results of the inclusions, all the inclusion types,
sizes, and depths were all determined for the samples that involved inclusion-induced
fractures during rotating bending test. The high-magnification SEM results (Figure 5)
of the fractures for samples 2# and 4# subjected to a cyclic stress of 1400 MPa showed
that the fracture morphologies were mostly intergranular fractures and dimple fractures.
The morphologies of the two samples were basically the same, indicating that the crack
propagation mechanism occurred in the same way once the crack formed. Moreover, apart
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from the cracks initiated by the inclusions, for the samples without inclusions or with
inclusions far below the surface, the cracks typically initiated from surface defects.
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Figure 4. SEM fracture images showing fatigue cracks initiated at inclusions and EDS results of
inclusions of samples 2# and 4# subjected to cyclic stress of 1400 MPa: (a) sample 2#; (b) magnification
of Figure (a); (c) EDS result of (b) inclusion of (e); (d) sample 4#; (e) magnification of (d); (f) EDS
result of (e) inclusion.
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Figure 5. SEM fracture images showing fatigue fracture morphology: (a) sample 2#; (b) sample 4#.
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4. Discussions

It has been reported that cracks can initiate from non-metallic inclusions such as
AlO3, and the results of this study were consistent with former results [14]. According
to Figures 3-5, it can be concluded that the decrease in the fatigue life was mainly related
to the characteristic parameters of the inclusions and surface defects. Regardless of the
four kinds of composition differences, the relationship among the fatigue life, inclusion
size, and depth are discussed. All the inclusion-initiated rotating bending fatigue cracks
are included in Figure 6. This indicates that the number of cycles to failure decreased
with the increase in the inclusion size and decrease in depth. In particular, the number
of cycles to failure for the samples subjected to a stress of 1300 MPa was smaller than the
samples subjected to a stress of 1400 MPa, which was caused by the larger inclusion size
and smaller depth. It can be seen from Figure 6a that the depth was about 25 pm, and
the maximum inclusion size was larger than 30 um for the samples subjected to a stress
of 1300 MPa. However, for the samples subjected to a stress of 1400 MPa, the maximum
inclusion size was about 26 um, and the minimum depth was smaller than 25 um; thus, it
can be concluded that the inclusion size is a more influential factor in decreasing the fatigue
life compared to the depth. This conclusion is consistent with the results shown in Table 2
and Figure 2. The maximum size for sample 1# was the largest, and the fatigue life was the
smallest. The equivalent diameter of the largest non-metallic inclusion in Figure 6 of the
same sample was larger than the maximum size of the non-metallic inclusion in Table 2.
This is because the size of the fatigue sample was much larger than the measured size of the
inclusions. However, the measured inclusions results can offer a reference for evaluating

the fatigue life.
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Figure 6. The relationship among number of cycles to failure, inclusion size, and depth for the
samples subjected to different stresses: (a) 1300 MPa; (b) 1400 MPa.

From Table 2, it can be seen that the inclusion type in the four kinds of bearing steels
was mainly oxide, Ti-containing inclusions, sulfides, and complexes of sulfide and oxides.
The effect of the inclusion type on the fatigue life is also demonstrated in Figure 7. It
apparently shows that the maximum inclusion size is a more influential factor in decreasing
the fatigue life as compared to the inclusion type. A former investigation proved that
Ti-containing nitride is more detrimental to materials in terms of decreasing their fatigue
life as compared to sulfides and nitrides. Table 2 shows that the main inclusion types
were Ti-containing nitride or carbide, oxides, and complexes of sulfide and oxides. The
results shown in Figure 7 also prove that the inclusions that induced fatigue cracks were
mainly complexes of sulfide and oxide and Ti-containing inclusions. However, the depth
of the Ti-containing inclusions from the surface was smaller, and their size was smaller
than 10 pm, which made the fatigue life of the sample comparably larger compared to the
sample with inclusions larger than 25 pm. It can be concluded that the maximum inclusion
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size is the most detrimental factor in terms of decreasing the rotating bending fatigue life
of bearing steels.
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Figure 7. The relationship among number of cycles to failure, inclusion type, and depth for the
four kinds of samples subjected to stress of 1600 MPa.

Fatigue life models based on the microstructure and loading conditions have been
investigated for many years [21,31-34]. Fu [21] investigated a model based on the white
etching areas (WEAs), dark etching regions (DERs), and white etching bands (WEBs) to esti-
mate the bearing rolling contact life using the WEA appearance model. Murakami et al. [34]
first proposed the famous area parameter model in combination with the steel hardness
and inclusion size to estimate the fatigue strength for a specimen in which fatigue cracks
initiated from internal inclusions. The dark area was also named the fine granular area
(FGA) by Sakai et al. [35] or the “granular bright facet (GBF)” by Shiozawa et al. [36] when
observed by a scanning electron microscope (SEM). Murakami investigated the relationship
between the stress intensity factor range AK at the crack initiation site and the inclusion
size, which can be expressed as follows:

AK = Co\/ v/ Area €))

where ¢ is the applied stress amplitude; C is a constant; and v/ Area is the square root of
the area of the inclusion or granular bright facet. The equation indicates that the fatigue
life decreases with AK or the inclusion size. However, in this equation, the inclusion depth
is not considered. According to the experiment results in this paper, in addition to the
inclusion size and stress amplitude, it can be concluded that the depth is also an important
factor that influences the fatigue life. Thus, in this paper, the rotation bending fatigue life
based on the inclusion size, depth, and stress was simulated using the Python software
for studying the inclusion-induced cracking of bearing steel. The simulation results are
shown in Figure 8. The results show that the MSE (mean square error) inclined to zero
when the X variable was to the fifth power, which indicates that the simulation results fit
well. However, when the X variable was 6-9, the MSE value also inclined to 0, and the
computation time was comparably larger. The MSE increased when the highest power
increased to 10, which indicates that the simulation results did not correlate well with the
power. The MSE is a convex function, and it has a minimum value. In our paper, the value
is five. Thus, the fifth power gives the best simulation results. The model is shown in
Equation (2).

y=Y . ,CX"+b )
where y is the fatigue life; c; is a constant that can be obtained by the simulation result;
and X is the variables. In this paper, the variables are the inclusion size, depth, and stress.
MSE represents the variance between the predicted and actual values. The actual value is
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the cycle y. The simulation results prove that the five is the best choice. According to the
rotating bending fatigue experiment results, ¢; and b are shown in Table 3. It is noted that
the equation only fits to the inclusion-initiated rotating bending fatigue for bearing steel.

Power VS. MSE

50

40 |

MSE

20

10

2 4 6 8 10
Power

Figure 8. Simulation results for the round and MSE.

Table 3. Simulation results of C; and b.

1 2 3
C1 1715.609 80,533.775 —0.151
G 11,685.791 —4456.257 —3.232
Cs —573.446 77.673 —46.117
Cy 3.697 —0.497 —439.102
Cs 0.089 0.001 23.791
b 3,217,543.924

5. Conclusions

In this paper, the shape characteristics, distribution characteristics, and composition
types of non-metallic inclusions in four different batches of GCr15 bearing steel were
analyzed in detail using SEM and energy spectrum analysis. The morphology, composition,
and size distribution of the inclusions in the samples were obtained using an automatic
inclusion analysis system. Fatigue cycles for the different samples under different load
conditions were analyzed using rotating bending fatigue testing machines. Combined with
the fracture morphology analysis of all the failed samples, the relationship between the
type, size, and position of the non-metallic inclusions in the bearing steel and the fatigue life
of rotating bending were simulated using the python software. The following conclusions
were drawn:

(1) The inclusion type in the four kinds of bearing steel were mainly Ti carbides or
nitrides, sulfides, oxides, and complexes of sulfides and oxides, respectively. For
samples 1# and 2#, the inclusions were mainly sulfides and Ti-containing inclusions
and its complexes. Conversely, for samples 3# and 4#, the inclusions were mainly
oxides or complexes of sulfides and oxides. The inclusion quantity and maximum
size of sample 2# were comparably less and smaller. This was mainly attributed to the
difference in the content of Al, S, and Ca elements among the samples.
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(2) The rotating bending fatigue life for sample 2# was longer, which was consistent with
the inclusion measurement results; the inclusion results reflect the material’s rotating
bending fatigue to some extent. Compared to the inclusion depth and inclusion type,
the inclusion size was the most influential factor in reducing the rotating bending
fatigue life of the bearing steels.

(3) A simulation was attempted based on the rotating bending fatigue test using the
Python software. The results indicated that the rotating bending fatigue cycle could
be simulated using polynomials. The variables were the inclusion size, inclusion
depth, and stress y. The number of items was five. The coefficient was given.
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