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Abstract: This work aims to investigate the effect of main inclusions on crack initiation in bearing steel in the very high cycle fatigue
(VHCEF) regime. The size and type of inclusions in the steel were quantitatively analyzed, and VHCEF tests were performed. Some fatigue
cracks were found to be initiated in the gaps between inclusions (Al,O3;, MgO-Al,0Os) and the matrix, while other cracks originated from the
interior of inclusions (TiN, MnS). To explain the related mechanism, the tessellated stresses between inclusions and the matrix were calcu-
lated and compared with the yield stress of the matrix. Results revealed that the inclusions could be classified into two types under VHCF; of
these two, only one type could be regarded as holes. Findings in this research provide a better understanding of how inclusions affect the high

cycle fatigue properties of bearing steel.
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1. Introduction

With the development of metallurgical technology and
the industry, the fatigue property of many materials has con-
siderably improved. A large amount of research has focused
on very high cycle fatigue (VHCF), where inclusions play an
important role in failure. According to previous work [1—4], a
circular area called “fish-eye” could be observed when crack
initiation is caused by internal inclusions. Wang et al. [5]
claimed that most of the fatigue life of a material is spent in
the formation of round structures, which are caused by a
rough area inside the “fish-eye.” This area has been given
different names when observed by different apparatuses:
“optically dark area (ODA)” by Murakami et al. [6-8],
“granular bright facets” by Shiozawa et al. [9—-10], and “fine
granular area (FGA)” by Sakai et al. [11]. In this paper, the
term ODA is adopted.

Considering the effect of inclusions on fatigue failure,
these inclusions are often assumed to be holes by many re-
searchers. Based on this assumption, Murakami ez al. [12—-14]
proposed an “equivalent projected area model” and esti-
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mated the critical size of inclusions to determine the high
cycle fatigue of high-strength steel. Sun ef al. [15] devel-
oped another model to the estimate fatigue lifetime and
speed of failure with ODA fractures by observing cumula-
tive fatigue damage in several samples. Li et al. [16] pro-
posed a statistical method to estimate the distribution cha-
racteristics of high carbon chromium-bearing steel based on
the Weibull distribution and parameter optimization.

Several researchers have recently proposed that various
types of inclusions could exert different influences on fati-
gue life [17-18]. Spriestersbach et al. [17] determined the
threshold values of stress intensity for crack initiation by
FGA formation in the VHCF regime by runout tests and
claimed that the VHCF behavior is highly dependent on the
types of inclusions in the material. Karr ef al. [18] also stu-
died the VHCEF life properties of 18Ni maraging steel with
different kinds of inclusions. Despite the importance of the
topic, however, limited research has focused on the effects
of inclusion types on VHCF from the viewpoint of tessel-
lated stress between inclusions and a matrix caused by vari-
ations in temperature during heat treatment.
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In this paper, the effect of main inclusions on crack initi-
ation in bearing steel in the VHCF regime was presented
based on calculations of tessellated stresses between these
inclusions and the steel matrix. The VHCF properties of
Al-deoxidized bearing steel were also tested by an ultrasonic
fatigue testing machine. The nanoindentation test and the
inclusion automatically analysis method were applied to
characterize the steel matrix and inclusion distribution. The
present research provides a theoretical foundation for further
quantitative research on the influences of different types of
inclusions on the VHCF life of bearing steel.

2. Experimental
2.1. Materials and specimens

The material used in this study was the high car-
bon—chromium-bearing steel GCr15. The chemical compo-
sition of the investigated steel is shown in Table 1. The main
deoxidant used in the smelting of this steel was Al, and the
steel was prepared as round bars with a diameter of 35 mm
after hot rolling. Heat treatment procedures consisted of an-
nealing, quenching, and tempering. The quenching condi-
tion was vacuum oil quenching after holding for 20 min at
835°C. The tempering condition was holding for 120 min at
180°C. The microstructure of the steel was identified as
martensite, as shown in Fig. 1.

Table 1. Chemical composition of GCr15 bearing steel wt%

C Cr Si Mn P S Cu Al
1.03 137 021 033 0.0110 0.0008 0.0744 0.0110

Fig. 1. Microstructure of GCr15 bearing steel.

The specimens in the present work were taken from the
edges of the bars along the axial direction to obtain even
microstructure and inclusion conditions. The specimen
geometry for the fatigue tests is shown in Fig. 2. The middle
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portion of each specimen was polished along the circumfe-
rential direction to reduce the influence of surface roughness
on its fatigue properties.

$10
g 315
R30
wl e T== L
i [\ ¢3
g iL
|
Sl
=
410

Fig. 2. Geometry of the specimens used for the fatigue tests
(unit: mm).

2.2. Fatigue testing

Twelve specimens were subjected to fatigue tests under a
resonance frequency of 20 kHz, and the loading condition
was fully reversed tension—compression (R = —1). To ensure
that the material was not affected by temperature, the tests
were performed in air-cooled conditions. The temperature
was kept below 50°C during the tests, and the stress ampli-
tude was set to around 1000-1300 MPa. The ultrasonic fa-
tigue testing machine applied in the present work is shown
in Fig. 3. After the specimens had broken, their fracture sur-
faces were observed by scanning electron microscopy
(SEM). The chemical composition of the material at the
point of crack initiation was also analyzed by energy dis-
perse spectroscopy (EDS).

Fig. 3. Ultrasonic fatigue testing machine used in this work.
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2.3. Inclusion and nanoindentation analyses

Inclusions measuring over 1 pm around the center of the
specimens used for fatigue tests were automatically
scanned; the scan area was 38.2 mm?. Nanoindentation
tests were performed on the steel matrix by a triangu-
lar-pyramid-diamond indenter (Nano Indenter XP). The
corresponding load versus displacement curves were then
measured and compared with those of the inclusions. Here,
the displacement and load resolutions were less than 0.01
nm and 50 nN, respectively.

3. Results and discussion
3.1. Main inclusions in bearing steel

After scanning by the automatic inclusion analyzing
technology, the main inclusions in Al-deoxidized bearing
steel GCr15 were identified as AlLO;, MgO-Al,O3;, MnS,
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and TiN. Figs. 4(a) and 4(b) respectively show the size dis-
tribution and number density of these inclusions. The aver-
age sizes of ALO;, MgO-ALO;, MnS, and TiN were 2.0, 2.1,
3.0, and 1.8 pm, respectively. Al,Os inclusions are mainly
formed as deoxidization products [19], while MgO-Al,O4
inclusions are mainly generated by the combination of
deoxidization products AL,O; and [Mg] in liquid steel,
which usually comes from lining or slag [20]. TiN and
MnS inclusions are precipitates generated during steel so-
lidification [21].

3.2. Fatigue test results

Figs. 5(a) and 5(b) show the specimens obtained before
and after the fatigue tests. Fig. 6 shows the stress versus
cycles (S-N) data of the fatigue tests. All of the cracks in-
itiated in the broken specimens shown in Fig. 6 were caused
by inclusions (i.e., Al,O3;, MgO-Al,03, and TiN).
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Fig. 4. Size (a) and number density (b) of the inclusions in GCr15 bearing steel.
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Fig. 5. Specimens obtained before (a) and after (b) the fatigue
test.

Figs. 7 and 8 show the typical SEM images of the in-
itiated cracks and the compositions of the inclusions. ODA
structures were observed in both crack initiations in Figs. 7
and 8. In Fig. 7, gaps between MgO-ALO; inclusions and
the steel matrix can be clearly observed in the crack initia-

tion area. These inclusions remain unbroken, and the cracks
originate from the gap between the steel matrix and this type
of inclusions. Fig. 8 reveals no gap between TiN inclusions
and the steel matrix at the point of crack initiation. Under
this condition, the cracks originate from within the inclu-
sions and propagate toward the steel matrix.
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Fig. 6. S—-N data of the internal crack initiation.
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Fig. 7. Internal crack initiation at MgO-AlLO; inclusions (o = 1300 MPa, N; = 6.6 x 10° cycles): (a) fracture surface; (b) ODA
structure; (c) an inclusion in crack initiation; (d) EDS analysis of the inclusion. Arrows indicate the same location of crack initiation.
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Fig. 8. Internal crack initiation at TiN inclusions (o= 1150 MPa, V; = 3.2 x 10% cycles): (a) fracture surface; (b) ODA structure; (c)
an inclusion in crack initiation; (d) EDS analysis of the inclusion. Arrows indicate the same location of crack initiation.
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3.3. Effect of tessellated stresses of different inclusions on
crack initiation

Based on Refs. [22-23], a model to calculate the tessel-
lated stresses of inclusions was developed, as shown in Fig.
9. Assuming that the inclusion is spherical and that the ra-
dius of the matrix is far greater than the radius of the inclu-
sion, the radial stress or beneath the inclusion can be ex-
pressed by Egs. (1) and (2):

_ (ay —)AT 1
TR T 0,51+ o) + (1 - 200 ) , (1=20) W
Ey(1-d?) E
d=R/Ry 2

where oy and « are the coefficients of linear expansion of
the steel matrix and inclusion, respectively; vy and v are the
Poisson ratio's of the steel matrix and inclusion, respectively;
Ey; and E are the Young’s moduli of the steel matrix and in-
clusion, respectively; AT is the difference between the hold-
ing temperature before vacuum quenching and the room
temperature; R is the radius of the inclusion; and Ry is the
radius of the steel matrix around a single inclusion, which
can be calculated from the number density of inclusions, as
shown in Fig. 4(a).
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Fig. 9. Scheme of the model for tessellated stresses.
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The oy at the interface between the steel matrix and main
inclusions (i.e., AlLO;, MgO-ALO;, MnS, and TiN) in
Al-deoxidized bearing steel was calculated according to Egs.
(1) and (2), and the yield strength of the matrix was tested
though tensile tests. The radius of inclusion R in the calcula-
tions was chosen to be the actual maximum inclusion size of
GCrl5 bearing steel in the present experiment, which is
shown in Fig. 4(a). Table 2 shows the values of other para-
meters used for the calculations. Since the coefficient of
thermal expansion of MnS is larger than that of the steel
matrix, the resulting radial stress is a negative value. The
calculated tessellated stresses of AlL,O;, MgO-Al,O;, and
TiN inclusions are shown in Fig. 10. The tessellated stresses
of different types of inclusions varied, and the tessellated
stresses of the four types of inclusions and the yield strength
of steel matrix showed the following order: AlL,O; >
MgO-Al,O; > steel matrix > TiN > MnS.

Table 2. Mechanical parameters and coefficients of thermal
expansion [22,24]

Coefficient of linear ex- Young’s mod- Poisson's

Material ~
ateria pansion, &/ (10°°C)  ulus, E/GPa__ ratio, v
AlLOs 8.0 390 0.25
MgO-ALO; 8.4 271 0.26
MnS 14.8 103 0.30
TiN 9.4 320 0.19
Matrix 23.0 210 0.50
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Fig. 10. Effect of inclusion types on tessellated stress.

When the tessellated stresses of the inclusions are larger
than the yield strength of the steel matrix, these stresses will
cause plastic deformation in the matrix around the inclu-
sions, thereby generating gaps around the latter [19,23] that
grow larger during the fatigue process. Thus, for fatigue
damage caused by Al,O; or MgO-Al,O;, obvious gaps can
be observed between these inclusions and the steel matrix,
consistent with the experimental results. As the gaps further
develop, fewer interactions occur between the steel matrix
and inclusions, and these types of inclusions can be regarded
as holes when analyzing the fatigue process. However, when
the tessellated stresses of inclusions are smaller than the
yield strength of the steel matrix, no plastic deformation
occurs in the steel matrix around these inclusions, leading to
the formation of gaps only at their interface. Thus, for the
fatigue damage caused by TiN or MnS, the inclusions are
bonded to the steel matrix tightly and no obvious gaps are
observed. Under this condition, these inclusions cannot be
completely regarded as holes owing to the interaction be-
tween the matrix and inclusions.

3.4. Nano-mechanical characteristics of different inclu-
sions and the steel matrix

Fig. 11 shows the load versus displacement curves of the
steel matrix and inclusions (TiN and MnS) with tessellated
stresses smaller than the yield strength of the matrix as de-
termined from nanoindentation tests. The remnant indenta-
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tion depth order is TiN > steel matrix > MnS; thus, the plas-
tic deformation of MnS could be considered to be the smal-
lest and the elastic resilience of MnS could be considered
the best. In addition, the plastic deformation of TiN is the
largest and the elastic resilience of TiN is the poorest.
Therefore, when cracks are initiated due to inclusions with
tessellated stresses smaller than the yield strength of the
steel matrix (TiN and MnS), TiN will fracture before the
steel matrix does while MnS will fracture only after the steel
matrix does. Crack initiation caused by MnS was not ob-
served in the present work.
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Fig. 11. Load versus displacement curves of the matrix and
inclusions.

4. Conclusions

In summary, the effect of main inclusions on crack initia-
tion in bearing steel in the VHCF regime was presented
based on calculations of the tessellated stresses between
these inclusions and a steel matrix. The tessellated stresses
of inclusions in Al-deoxidized bearing steel and the yield
strength of the steel matrix showed the order of AlL,O; >
MgO-ALO; > steel matrix > TiN > MnS. Gaps formed
around the inclusions with tessellated stresses larger than the
yield strength of the matrix steel (ie., ALO; and
MgO-Al,0;) during the VHCF process. Under such condi-
tions, cracks were first generated around gaps in the steel
matrix. Other inclusions with tessellated stresses smaller
than the yield strength of the steel matrix (i.e., TiN, MnS)
were tightly bonded to the steel matrix during the VHCF
process. As a result, cracks are initially generated within the
inclusions. Considering the effect of inclusions on cracks,
only the former type of inclusions could be regarded as
holes.
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