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Abstract: A numerical study of stress distribution and fatigue behavior in terms of the effect of voids adjacent to inclusions was conducted
with finite element modeling simulations under different assumptions. Fatigue mechanisms were also analyzed accordingly. The results
showed that the effects of inclusions on fatigue life will distinctly decrease if the mechanical properties are close to those of the steel matrix.
For the inclusions, which are tightly bonded with the steel matrix, when the Young’s modulus is larger than that of the steel matrix, the stress
will concentrate inside the inclusion; otherwise, the stress will concentrate in the steel matrix. If voids exist on the interface between inclusions
and the steel matrix, their effects on the fatigue process differ with their positions relative to the inclusions. The void on one side of an inclu-
sion perpendicular to the fatigue loading direction will aggravate the effect of inclusions on fatigue behavior and lead to a sharp stress concen-
tration. The void on the top of inclusion along the fatigue loading direction will accelerate the debonding between the inclusion and steel matrix.
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1. Introduction

Fatigue property is one of the primary concerns of bearing
steel [1-2]. With the development of advanced industry, the
demand for the quality of bearing steels sharply increases.
The design life and service time of bearings also increase
dramatically. In certain areas, such as high-speed rail, power
generation, and aerospace industry, the demand for the fa-
tigue life of bearings exceeds 10° [3—6].

To meet the growing demands, researchers performed
considerable works to improve the quality of bearing steel
materials, including reducing impurities during smelting
[7-9] and optimizing the microstructure [10-12] during
rolling and heat treatment. With the ongoing efforts over cen-
turies, the compositions and macro-defects in bearing steel
can be well controlled through proper metallurgical tech-
niques. The homogeneity of microstructure has also been sig-
nificantly improved. Thereupon, the mechanical properties of
bearing steel continually grow. The concepts of high-strength
and ultra-high-strength steels have emerged. However, the
increased strength of steel causes the increase in crack sensit-
ivity. For the same defects or inhomogeneity in steel, such as
different phases and inclusions, cracks will initiate easily in
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high-strength steel [13—14]. Therefore, urgent research on
very high cycle fatigue (VHCF; fatigue life >10") based on
high-strength steels should be conducted.

Sakai et al. [15-16] compared the fatigue results of the
same kind of steel in rotating bending in terms of fatigue
crack inducement and observed that for low cycle fatigue, the
fatigue crack is usually induced by surface roughness, where-
as for VHCF, fatigue cracks are usually induced by internal
defects. Inclusions are the most common internal defects in
steel. At the micro-level, the particularities of different inclu-
sion features and their effects on fatigue properties, which
cause large fatigue data to scatter in the VHCF regime [17],
are non-negligible due to the high purity of steel. Several re-
searchers have conducted studies on the effect of inclusions
on fatigue life from the aspects of experiments and results.
Karr et al. [18] studied the fatigue properties of steel with
manganese sulfide inclusions and different densities of alu-
minate inclusions, reporting that the cracks initiated with dif-
ferent types of inclusions are related to the loading methods.
Gao et al. [19] studied the effect of inclusions on the VHCF
behavior of bainite/martensite multiphase steel with various
inclusion sizes. The results showed that the fatigue crack ini-
tiated from large-sized inclusions. Spriestersbach et al. [20]
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carried out ultrasonic fatigue tests with bainitic high-strength
steel and observed that the threshold values for the stress in-
tensity factors for VHCF are dependent on the inclusion type.
These studies revealed that the features of different inclu-
sions, including size, shape, compositions, etc., all affect the
fatigue behavior in different ways. However, when analyz-
ing the fatigue mechanism concerning inclusions, limited re-
search focused on the interface condition between steel mat-
rix and inclusions.

To conduct further studies on the fatigue mechanism and
predict fatigue life concerning inclusions, researchers de-
veloped models at different levels to overcome the difficulty
induced by the time cost of fatigue tests and the inhomogen-
eity of inclusion/defects distribution at the micro-level. The
microstructure-based modeling study for fatigue property
was initially introduced by Dunne et al. [21] and McDowell
and Dunne [22], and further developed by Musinski and Mc-
Dowell [23] and Przybyla and McDowell [24]. To study the
inclusion and defects, Przybyla et al. [25] proposed an al-
gorithm for estimating the cumulative probability distribu-
tion of cycles for crack formation and growth from notches
with microstructure-sensitive simulation. Castelluccio and
McDowell [26] exercised a microstructure-sensitive model
for smooth and through-hole specimens and claimed that
their three-dimensional small fatigue crack growth al-
gorithms can quantify the most damaging loading conditions
concerning strain ratios, multiaxial strain state, and mean
stress. Prasannavenkatesan et al. [27] developed a computa-
tional strategy to characterize the driving force for fatigue
crack nucleation at subsurface primary inclusions. Gillner et
al. [28-29] adopted the representative volume element
(RVE) model [30] and crystal plasticity model to predict the
fatigue life of inclusion with different types. Gu et al. [31-32]
further improved the accuracy of the RVE model by consid-
ering residual stress around inclusions. These studies con-
tinually improved the microstructure model reconstruction
methods of material characteristics in three dimensions (3D)
[33] and with finer resolution [34] and the accuracy of fa-
tigue life prediction. However, experiments and simulations
lacked focus on the actual interface condition between inclu-
sions and the steel matrix. Voids and debonding may exist
between inclusions and steel matrix, which will significantly
affect the fatigue process. Furthermore, the cases differ for
various inclusion types.

Therefore, in the present study, an in-depth experimental
and numerical study on the effect of voids in the interface
between different inclusions and steel matrix on the fatigue
process was performed. The outcomes of the study reveal
new insights into the fatigue mechanism caused by inclu-
sions in high-strength steels under VHCF, which can provide
another design variable for the development of high-strength
and fatigue-resistant steels. The experimental investigation
focused on the detailed analysis of the inclusion characteriz-

ation and fatigue crack initiation mechanisms with qualitat-
ive and quantitative methods. To support the discovered ex-
perimental findings, using the finite element model (FEM)
under different assumptions, in this work, we numerically
studied the stress distribution and fatigue behavior in terms of
different types of inclusions with and without voids/gaps
between the inclusions and matrix. Instead of a fully quantit-
ative prediction, the preliminary simulations results are ex-
pected to provide a consistent theoretical explanation of the
new findings in terms of fatigue mechanisms.

2. Materials and experiments

The materials in this study included high-carbon bearing
steel produced with different deoxidation methods: Al-deox-
idation and non-Al-deoxidation. The details of the deoxida-
tion methods and composition of the Al-deoxidation steel
were described in previous research [35]. Table 1 shows the
composition of non-Al-deoxidation steel. The steel billets
were hot rolled into bars, vacuum quenched with oil after 20
min holding time at 835°C, and then tempered at 180°C for
120 min. Inclusions larger than 1 um in the cross-section of
the steel bars were analyzed with the inclusion auto-analysis
system. The analysis area was 44.5 mm’.

Table 1. Main composition of non-Al-deoxidation steel wt%

C Si  Mn P S Cr Al
1.000 0.246 0.322 0.0136 0.0050 1.32 0.0030

Total oxygen
0.0011

The steels obtained after quenching and tempering were
processed into hourglass-shaped specimens for fatigue tests.
The specimens were acquired along the axial direction of the
steel bars. Fig. 1(a) shows the geometry of the specimen con-
ducted with an ultrasound fatigue test system under a fre-
quency of 20 kHz. Overall, 35 specimens were involved in
this study. The loading of fatigue stress in this system relied
on the resonance between the amplitude magnifying horn and
the specimen. The schematic diagram is shown in Fig. 1(b).
During the fatigue test, air cooling was added on the fatigue
specimens to protect them from overheating. The specimen
temperatures were kept under 50°C. After the fatigue tests,
the morphologies of the fracture surfaces were observed with
scanning electronic microscopy (SEM). Crack initiation was
analyzed with an energy dispersive spectrometer (EDS) to
clarify the critical feature for fatigue property in the speci-
men. The mechanical property was also tested through tensile
tests with the specimens obtained in the same direction as the
fatigue specimens.

3. Modeling and simulation

The inclusion-steel matrix model was built on a micro-
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Fig. 1. Schematics of (a) the geometry of fatigue specimen and (b) the ultrasound fatigue test system.

meter scale with the commercial software Abaqus 2017 to
analyze the behaviors of steel matrix and different inclusions
during fatigue loading. The steel matrix was set as a 70 um x
70 um square with different inclusions of different shapes
(spherical and quadrate) in the middle. The inclusion and
steel matrix were first assumed to be tightly bonded. After-
ward, a void on the interface between the inclusions and steel
matrix was introduced at different places. The steel matrix
was assumed to be homogeneous to highlight the stress dis-
tribution induced by inclusions during fatigue loading. Fa-
tigue stress, which was 2200 MPa in this simulation, was se-
lected based on the experiments. Given that the simulation
particularly focused on the interface between the inclusions
and matrix, and a qualitative correlation was desired, the
crystal plasticity model, which can provide an in-depth inter-
pretation of the plastic deformation with isotropic and aniso-
tropic hardening laws of the crystal matrix [36-37], was not
employed in the study. Instead, a simple isotropic Mises plas-
ticity model formation was assumed for the steel matrix.

The boundary and interface conditions were selected care-
fully to avoid the inaccuracy of the simulation. In this study,
the bottom side of the square steel matrix was fixed in the x-
direction, and the left side was fixed in the y-direction. The
square area should be a continuum in terms of mesh and de-
formation, enabling its collation and expansion to an infinite
steel area, to guarantee the representativeness of the steel
matrix. Therefore, periodic boundary conditions were also
set. The element type was “continuum-plane stress-3 nodes
(CPS3)”. The simulation type was static.

4. Results and discussion

4.1. Mechanical properties of steel matrix

Fig. 2 shows the stress—strain curve of the high-carbon
bearing steel in this study based on the results of the tensile
test. The mechanical properties were obtained accordingly
(Table 2).
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Fig. 2. Stress—strain curve of the high-carbon bearing steel
used in this study.

Table 2. Mechanical properties of the high-carbon bearing
steel used in this study
Yield stress / Tensile stress / Young’s modulus,
MPa MPa E/GPa
2502 2702 206

4.2. Inclusion characterization

Five main types of inclusions were included in the experi-
mental bearing steels: spinel, calcium aluminate, silicate, ti-
tanium nitride, and manganese sulfide. Among these inclu-
sions, the first four types of inclusions were all observed at
the fatigue crack initiation sites. Fig. 3 shows the proportion
of each inclusion in the total four types of inclusions in the
virgin steel before fatigue loading and at the fatigue crack ini-
tiation sites after the tests.

As shown in Fig. 3, silicate accounted for the largest pro-
portion among the first four types of inclusions with a nar-
row majority, whereas titanium nitride showed the smallest
proportion. The same trend was not observed in the inclu-
sions found at the fatigue crack initiation sites. At the fatigue
crack initiation sites, the number fraction of calcium alumin-
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Fig. 3. (a) Comparison of inclusions in steel and at the fatigue crack initiation sites; (b) inclusion sizes.

ate inclusions was over 70%. Silicate and spinel accounted
for less than 15%, although their proportion in the virgin steel
before fatigue loading were over 25%.

4.3. Morphologies of fatigue fractures induced by differ-
ent inclusions

After the fatigue specimens were broken, the fracture sur-
faces were observed by SEM. Based on the fracture morpho-
logies, the crack initiation sites were located and analyzed
with EDS. The results showed that the inclusions that
triggered fatigue cracks included spinel, calcium aluminum,
silicate, and titanium nitride. The characteristics of different
inclusions in the crack initiation sites differed widely. Fig. 4
presents the typical appearances of the inclusions. In this
study, the fatigue mechanisms caused by different inclusions
were summarized to further understand fatigue stress distri-
bution in the inclusion-steel system and provide a basis for
numerical studies.

As shown in Fig. 4, the evident features of the inclusions
existing at the fatigue crack initiation sites comprised 1) the
shape and type of inclusion, ii) presence of voids in the inter-
face between inclusions and steels (side void/top void), and
iil) cracking of the inclusion itself during the fatigue process.
All these features have significant effects on stress distribu-
tions and the fatigue crack mechanism concerning inclusions.
Table 3 shows a comparison of these features. According to
Table 3, titanium nitride and silicate inclusions cracked dur-
ing fatigue failure, whereas spinel and calcium aluminum in-
clusions remained unbroken and separated from one side of
the specimen completely. On the interface between inclu-
sions and steels perpendicular to the loading direction, voids
surrounded the calcium aluminum inclusions, whereas spinel,
silicate, and titanium nitride inclusions were tightly bonded
with the steel matrix. Along the loading direction, voids also
existed on the top of spinel and calcium aluminate inclusions.
These voids, which enlarged during the fatigue process, may
have already been generated before fatigue loading during

the rolling process due to the different deformation behavi-
ors of inclusions and steel matrix.

FEM simulations were conducted under different assump-
tions to further study the stress distribution and fatigue fail-
ure mechanism during the fatigue process in terms of the ef-
fect of voids adjacent to inclusions.

4.4. FEM simulation

The FEM simulation models included four types of inclu-
sions: spinel, calcium aluminum, silicate, and titanium ni-
tride. The mechanical properties of inclusions and steel mat-
rix needed in this simulation were obtained from references
and the results of tensile tests in the present study (Table 4).
The plasticity of the steel matrix was also considered based
on the result of the tensile test.

4.4.1. Stress distribution during fatigue loading when inclu-
sions were tightly bonded with steel matrix

In the present study, the inclusions were initially assumed
to be tightly bonded with the steel matrix. Fig. 5(a) shows the
related geometry model. The diameter of the inclusion was
20 pm. One cycle of tension—compression was loaded on the
model. Fig. 5(b) presents the loading curve. Points A and B
represent the largest tension and compression, respectively.

Fig. 6 displays the stress distributions and deformations of
the models in points A and B with different inclusions. The
positions of maximum stress are pointed out with white ar-
rows. The presence of inclusions led to stress concentration
near the inclusions. The stress decreased gradually when the
distance expanded from the inclusion. However, the largest
stress and the stress distribution inside the inclusion differed
distinctly in terms of various inclusion types.

As shown in Fig. 6, for the inclusions whose Young’s
modulus was smaller than the steel matrix, such as calcium
aluminate and silicate, the stress concentrations were in the
steel matrix side on the two sides of inclusions along the fa-
tigue loading direction. Such inclusions may contribute to the
generation of voids around the inclusion perpendicular to the
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Fig. 4. Morphologies of fatigue fracture surfaces with inclusions: (a;—a,) spinel [35]; (b;—b,) calcium aluminum; (c;—c,) silicate;
(dy)—(d,) titanium nitride (reproduced based on Ref. [31]).

Table 3. Comparison of different features of inclusions in fatigue crack initiations

. . Void on the interface between inclusions and steels
Inclusion type Fracture morphonology Inclusion crack

Side void Top void

Spinel JOJ x x N
Calcium aluminate A/QA x N N

Silicate L \ x x
¢

Titanium nitride W,E;»A v x x

Note: x and  represent existence and absence of the features, respectively.

loading direction to a certain extent. During the loading pro- strain and stress concentration in the steel matrix. When the
cess, the inclusion will give the steel matrix support against mechanical properties of the inclusions are closer to those of
the strain caused by fatigue stress, leading to a decrease in the the steel matrix, the support will get stronger, reducing the ef-
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Table 4. Mechanical properties of inclusions and steels
[38-39]

Material Young’s module, £ / GPaPoisson’s ratio, v
Spinel 271 0.26
Calcium aluminum 113 0.23
Silicate 100 0.168
Titanium nitride 320 0.19
Steel 206 0.33

fect on the steel matrix during the fatigue process.

On the other hand, when Young’s modulus of the inclu-
sion is larger than that of the steel matrix, which implies a
strain smaller than that of the steel matrix under fatigue load-
ing, the stress will concentrate in the inclusion side, for ex-
ample, spinel and titanium nitride. Under this circumstance,
the critical fatigue condition is not generated in the steel mat-
rix but inside the inclusion. Under an adequately large stress
concentration, the inclusion (titanium nitride) will fracture
before the steel matrix. The crack inside the inclusion will ex-
tend to the steel matrix during the following fatigue process.
If the stress concentration is insufficient, and a debonding
force exists between the inclusion and steel matrix, debond-
ing will occur earlier than the inclusion fracture (spinel).
Once the debonding begins, the gap on the interface will
grow rapidly due to stress concentration on the two sides of
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Fig. 6.
tride; (cy, ¢;) calcium aluminum; (d;, d,) silicate.

the gap, which will be described in detail in Section 4.4.3.
4.4.2. Stress distribution during fatigue loading when voids
exist around inclusions perpendicular to the loading direction

For inclusions, such as calcium aluminate, voids exist
around inclusions perpendicular to the loading direction. Fig.
7(a) shows the geometry model of the inclusion-steel system.
The void lies on the middle line of the square steel area.
Spinel, calcium aluminum, silicate, and titanium nitride in-
clusions were all inserted into the model. The loading condi-
tion is the same as that in Section 4.4.1. Figs. 7(b)-7(f) show
the modeling results.

As shown in Fig. 7, the void on one side of the inclusion
also led to stress concentration around the void boundary, es-
pecially on the point connecting the steel, inclusion, and void.
However, the maximum stress sites differed with the inclu-
sions. For calcium aluminate, silicate, and manganese sulfide
inclusions, the stress concentrated on two sides of the inclu-
sion when voids were absent. Then the void on one side ag-
gravated the stress concentration. Under this circumstance,
the maximum stress site was located on the steel matrix adja-
cent to the void. For spinel and titanium nitride inclusions,
stress concentrated on the inclusion without void. The exist-
ence of voids led to a region of stress concentration on the in-
terface between the inclusion and the void, but it did not
reach the peak. The maximum stress site was on the inclu-

L (b) Point A

- oint B

(a) Geometry model of the spherical inclusion—steel system; (b) fatigue loading curve.
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1200

Stress distributions of the models in points A and B with different spherical inclusions: (a;, a,) spinel; (b, b,) titanium ni-
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sion adjacent near the point connecting steel, inclusion, and
void. Therefore, the void on one side of the inclusion along
the loading direction will lead to crack initiation more easily
than inclusions without voids. This result, may not the only
reason, also solidly contribute to the fact that calcium alu-
minate is the most critical inclusion in bearing steels, since
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30 pum

the calcium aluminate inclusion is the only type of inclusion
with voids around the inclusion perpendicular to the loading
direction.
4.4.3. Stress distribution during fatigue loading when voids
are present on the top of the inclusion

Fig. 8(a) displays the geometry model of the inclusion-
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Fig. 8. (a) Geometry model of the inclusion-steel system with a void on the top of the inclusion; stress distributions of the models in
points A and B with different inclusions: (b, b,) spinel, (¢, ¢,) titanium nitride, (d;, d,) calcium aluminum, and (e,, e,) silicate (white
arrows point at the maximum stresses).
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steel system with a void on the top of the inclusion. Figs.
8(b)-8(f) show the modeling results of stress distributions
with spinel, calcium aluminum, silicate, and titanium nitride
inclusions.

As shown in Fig. 8, the stress concentration regions re-
mained the same with the cases without voids. That is, when
the Young’s modulus of the inclusion is larger than that of
the steel matrix, the stress will concentrate inside the inclu-
sion; otherwise, the stress will concentrate in the steel matrix.
In addition, in these cases, the voids in the models lead to
large stress concentration and plastic strain on the two sides
of the void along the loading direction, which will result in
further debonding between the steel matrix and the inclusion.
This further debonding also attributes to the unbroken spinel
and calcium aluminate inclusions and their separation from
one side of the specimen during the fatigue crack, which is
consistent with the experimental results.

5. Conclusions

In the present study, stress distributions under fatigue
loading in terms of the effect of voids adjacent to inclusions
were numerically studied with FEM simulations. Fatigue
mechanisms were also analyzed accordingly. The following
conclusions can be obtained.

(1) Different inclusions exhibit various features in fatigue
fracture in terms of the presence of voids on the interface
between inclusions and steels (side void/top void) and crack-
ing of the inclusion itself during the fatigue process.

(2) For the inclusions, which are tightly bonded with the
steel matrix, when the Young’s modulus of the inclusion is
larger than that of the steel matrix (spinel and titanium ni-
tride), the stress will concentrate inside the inclusion, leading
to inclusion fracture if the stress is large enough; otherwise,
the stress will concentrate in the steel matrix (calcium alu-
minate, silicate, and manganese sulfide), contributing to the
generation of voids around inclusions perpendicular to the
loading direction.

(3) The void on one side of an inclusion perpendicular to
the fatigue loading direction will aggravate the effect of the
inclusion on fatigue behavior and lead to a sharp stress con-
centration. The void on the top of inclusion alone the fatigue
loading will accelerate the debonding between the inclusion
and steel matrix. The top and side voids perpendicular to the
loading direction exist only in the presence of calcium alu-
minate. This condition contributes to inclusion debonding
and renders calcium aluminate as the most critical inclusion
in bearing steels to a certain extent.
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