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1 | INTRODUCTION

| Guangxue Yang' | Zhengyang Li* | Zhiming Liu' | Yujie Wei'*

Abstract

High-strength steels are widely used in high-performance bearings utilized in
most mechanical systems. However, there has been little statistical analysis
regarding the fatigue failure behaviour of the material, where surface peeling
resulted from contact fatigue during rolling is a significant life-limiting mech-
anism. In this study, we examine the statistical behaviour of surface-crack
nucleation, propagation, and peeling in a high-speed train axle bearing made
of GCr15 steel by using a laboratory rolling-contact equipment. We reveal that
cyclic rolling-contact leads to the formation of a hardness gradient in the outer
ring of the bearing. The gradient layer is of several millimetres. The peeling
rate could be as high as 28 um per million cycles when the contact pressure
is close to that applied in real service. Peeling-induced cracking is dominantly
transgranular. The incipient angle is about 23.2°, and its depth could be hun-
dreds of micrometres. The findings reported here could be employed to assess
the lifetime of bearings made of GCrl5 steel and possible other engineering

metals.
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cracking may initiate from either the contact surface or
subsurface, and cracks can be resulted from contami-

Bearings are widely used to transmit rotary motion and to
support radial and thrust loads. Axle bearing failure is a
serious issue that may result in operation delays and
even catastrophic accidents. It is broadly accepted that
rolling contact fatigue (RCF) is the primary mechanism
responsible for the failure of most bearings. Fatigue

nated lubricants, or foreign particles entrained in the
moving elements of the bearing produce wear or denting
of the bearing surfaces.' Several types of test methods are
applied to evaluate the RCF of bearings, including the
four-ball-rolling tester,” the five-ball-rolling tester,> the
v-groove/ball tester,” the rolling-element-on flat tester’

Nomenclature: Uy,iye, Speed of drive roller; Ugyiven, Speed of driven roller; E;, Young's modulus of driven roller; E,, Young's modulus of drive roller;
v, Poisson ratios of driven roller; v,, Poisson ratios of drive roller; R, radius of driven roller; R,, radius of drive roller; P, load of contact line; L, length
of contact line; I, crack length; [;, crack extension length after one cycle; r, maximum half-width; h,, crack opening displacement; h;, crack opening
displacement after one cycle; a, angle between the direction of frictional force and crack; &, angular opening velocity of crack; o, crack growth angle;

y, deflection angle; d;, crack depth; d,.x, maximum crack depth; u, friction coefficient; p(x), hydrodynamic pressure; 5, kinematic viscosity of bearing

grease; p, density of grease; F, resultant force per unit length; Kj, Mode I stress intensity factor; Ky;, Mode II stress intensity factor; 7.y, Maximum
shear stress; K(y), stress intensity factor of shear stress; K,(y), stress intensity factor of tensile stress; AKy,, threshold of stress intensity factor; oy,

0.2% offset yield stress; w, average grain size
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and the three-contact-point tester.® Materials with distinct
constitutive behaviour were considered by different
groups’ ' to connect the rolling behaviour with mechani-
cal properties, in particular how the hardening behaviour
of the materials would affect the RCF of those bearings.
In those studies, the researchers paid more attention
to the fatigue of ball bearings under point-contact condi-
tions and obtained many valuable conclusions at the
same time.

As reported by many groups, two fracture
modes are identified in the fatigue process of high-strength
steels under very-high-cycle fatigue. The first is the
surface-induced fracture, and the second is the interior
inclusion-induced fracture. The former mode tends to
occur at higher stress levels, while the latter may appear
even at lower stress levels. Liu'® noted that a fatigue crack
initiates from the surface of a specimen in the low-cycle
regime while starts from the inclusion in the interior of
the specimen in very-high-cycle fatigue regime.

It is generally believed that local heterogeneities pro-
mote RCF by forming microcracks from the subsurface.
The coalescence of these microcracks results in a
macrocrack that propagates to the surface. Consequently,
materials peel away from the surface.'* Given the statisti-
cal nature of the distribution of heterogeneities at the
microscale, surface peeling is statistical in nature.

7,8,11,12

TABLE 1 The chemical composition of the high carbon chro-
mium steel GCr15 (mass %)

C Cr Mn Ni Si

0.98 1.35

0.39

0.16 0.30

(B)

Therefore, it is of our interest to understand the statistical
characteristics of cracks due to RCF, which could be
employed for better lifetime assessment for these critical
rolling components in advanced machine systems. In this
paper, we choose the broadly used bearing material
GCr15 steel for this investigation and present its statisti-
cal rolling contact fatigue behaviour.

2 | MATERIAL PREPARATION AND
EXPERIMENTAL METHODS

The high carbon chromium steel GCr15is used in the outer
ring of bearings. Its phase composition is listed in Table 1.
We design a friction-and-wear testing machine to study the
RCF of the material. The set-up of the testing system is
shown in Figure 1A. In Figure 1B, we show the geometry
of the specimen geometry. The two counterface rollers
have a diameter of 45.4 mm, and the final set-up is shown
in Figure 1C. Load is transmitted to the counterface of the
rollers by the spring system. The system allows for the
applied load to be well controlled within the range of 0 to
1500 N, with a resolution of 1 N. An eddy current brake
is employed on the driven disc side to control the slip ratio
between the two rollers. All tests are conducted at a speed
of 1200 r/minute, corresponding to a line velocity of
200 km/hour. The slide-roll ratio, which is defined as
(Udrive — Udrivern)! Udrive, iS set to 2%. The friction coefficient
between the driven and drive rollers is approximately 0.1.
When there is relative sliding between the two surfaces in
contact, peeling is primarily seen in the driven surface.'?
We will focus our observation on the driven roller.

©

Driven roller D45.4 9
Test box
Driven rollerf™ S ——
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FIGURE 1 The assembly of the friction-and-wear testing machine. A, The contact system consists of a drive roller and a driven roller, and
peeling is primarily seen on the driven surface. B, The testing system runs with lubricating oil. C, The fatigue samples machined from the
same bearing of the HSR, and the exact dimensions [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 The indent distribution of the tested specimen and the hardness data distribution: A, SEM images of the indents and SEM
image of the indent in red circle and B, to D, hardness distribution of the rollers subject to different nominal contact pressure of 550, 700,
and 900 MPa, respectively. At each load, the hardness profiles at different duration of service 1 x 10°, 1.5 x 10°, and 2 x 10° are shown

[Colour figure can be viewed at wileyonlinelibrary.com|

Rolling contact fatigue testing usually takes a great
deal of time. Ancellotti’® proposed a fluid entrapment
model with fluid pressure inside the crack and found that
lubricant is necessary to trigger crack propagation. Li'’
proposed a rolling contact fatigue accelerating method
with a small slip rate: (1) The samples are first run at a
speed of 1200 r/minute for 1 hour without lubrication
while keeping the friction coefficient at approximately
0.4. (2) The test is then continued with lubricating oil
and hence a lower friction coefficient of 0.1. The length
of the contact zone is 3 mm. Considering the actual load
of the HSR bearing'® and the carrying capacity of the test
equipment, we use three normal loads 560, 900, and
1400 N by adjusting the spring. These loads in turn
produce a Hertz contact pressure of 550, 700, and
900 MPa, respectively. The specimen is lubricated using
a temperature-controlled oil sump to keep the oil temper-
ature constant (300 K).

2.1 | Microhardness test

The samples for the hardness measurements are sliced
from the cross section of the fatigue samples,

mechanically grinded using 5000-grade water sandpaper,
and then polished to achieve a mirror-like surface. The
Vickers hardness of the fatigue samples is measured by
an MH-6 microhardness tester. The hardness is measured
under a load of 300 g and a dwell time of 10 seconds at
room temperature. Five different zones are taken from
each sample and subjected to the hardness test. The mea-
surements are conducted along the radial direction, with
an indent spacing of 0.1 mm (see Figure 2A). The hard-
ness distribution is then obtained from the recorded
measurements.

For the X-ray diffraction (XRD) characterization,
the contact surfaces are grinded mechanically using
5000-grade sandpaper and then mechanically polished
by a diamond suspension to eliminate the mechanical
scratches. After 2 million cycles, three contact pressure
samples are selected for testing.

2.2 | Peeling characterization and fatigue
crack

Scanning electron microscopy (SEM) combined with
electron backscatter diffraction (EBSD) is used to
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evaluate the outer ring's peeling evolution. The specimen
is examined after four different durations of service at
900 MPa, 1 x 10° cycles, 2 x 10° cycles, 3 x 10° cycles,
and 4 x 10° cycles. For the SEM micrograph observation
of the peeling process, the samples are immediately
washed with acetone in an ultrasonic cleaner, and wiped
with a soft medical cotton ball, then flushed with abso-
lute ethyl alcohol and dried in warm air. Surfaces in
rolling contact in the specimen are observed to measure
the rate of peeling extension via SEM. For the EBSD char-
acterization, the sample subject to a nominal contact
pressure of 900 MPa for 2 x 10° cycles is chosen. The sam-
ple is grinded mechanically using 5000-grade sandpaper
and then mechanically polished by a diamond suspension
to eliminate the mechanical scratches. The mechanically
polished surface of a sample is further polished in a col-
loidal silica suspension for 2 hours to yield a stress-free
surface to achieve high-quality EBSD images. Afterwards,
the sample is immediately flushed with running water,
wiped with a soft tissue soaked with absolute ethyl alco-
hol, and dried in warm air. The SEM/EBSD characteriza-
tion is performed on a JEOL 6500F test platform, which is
equipped with HKL Channel 5 software for conducting
crystallographic analyses at a 20 kV accelerated voltage,
2.4 nA beam current, and 70° sample tilt. The step size
is 0.05 pm, and a square scan grid is used.

2.3 | Statistics of rolling fatigue

SEM is used to evaluate the crack propagation evolutions,
and the samples are cut from the cross section of the spec-
imen. For the cross-sectional observation, the samples are
grinded mechanically using 5000-grade sandpaper and
then mechanically polished by a diamond suspension.
For the SEM micrograph observation of the crack propaga-
tion process, 1.5 X 10° cycles and 2 x 10° cycles at 550, 700,
and 900 MPa are chosen. All cracks longer than 10 um in
the contact zone areas are counted from the SEM images.

3 | RESULTS AND DISCUSSIONS

3.1 | Microhardness

By using an MH-6 instrumented microhardness tester with
a continuous stiffness measuring function, the microhard-
ness of the cross sections of the fatigue specimens is mea-
sured. Its distribution is characterized as being a function
of the depth from the surface, as shown in Figure 2B to D.
Near the contact surface, the microhardness is approxi-
mately 770 HV and the highest, and it then decreases to
about 720 HV at a depth of ~2000 um, which is close to
the microhardness of the as-received bearing material.

The hardening behaviour in rolling contact has been
investigated in steels for a long time. Voskamp'® mentioned
that the bearing steel would lead to a steady-state condition
after 1000 to 2000 revolutions. Guo' studied bearing steels
at different operation distances, and observed clear grain
refinement and an inhomogeneous hardness distribution.
Strengthening mechanisms in martensitic steel usually
involve solid solution, dislocation, grain boundary, and pre-
cipitation strengthening.”*?* In the deformation zone with
large depth, a large number of dislocation walls and disloca-
tion entanglement structures are formed inside the mar-
tensite lath. As the depth of the surface decreases, more
and more dislocations and dense dislocation walls develop
in the martensite laths, and the resulted grain/cell size
decreases gradually with increasing strain and strain rate.**
Subboundaries are formed due to reconstruction of high-
density dislocation walls; the original martensite laths are
divided into small domains.>>*® Richman and Landgraf*’
and Voskamp et al'®*® also suggested that the cyclic hard-
ening of hardened steels was a consequence of the stress-
induced transformation of retained austenite. Arakere
et al*’ mentioned that plastic strain accumulation around
the carbide inclusions in bearing steel can result in a maxi-
mum steel hardness increase of approximately 12% after
~13.5 x 10° cycles. Xie et al’® reported that the hardness
of chrome molybdenum steel increases by approximately
50% in the contact surface zone area, owing to the local
plastic work-hardening effect. Therefore, it is necessary to
observe whether the material experiences phase
transformation.

We present in Figure 3 the X-ray diffraction patterns
for the contact surfaces of samples subject to different
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FIGURE 3 XRD pattern of materials subject to different contact
pressure after 2 x 10° cycles: A, 550 MPa, B, 700 MPa, and C,
900 MPa [Colour figure can be viewed at wileyonlinelibrary.com]
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nominal contact pressure of 550, 700, and 900 MPa. The
X-ray diffraction patterns reveal that the phase structure
of the bearing materials is mainly body-centred cubic
(BCC) martensite, with no identifiable peaks of retained
austenite at different contact stress levels and at different
duration of service, as shown in Figure 3. Hence, we con-
clude that the bearing steel hardening may result primar-
ily from dislocation-induced work hardening as there is
no change in the phase structure.

3.2 | Crack propagation and peeling
morphology

The micrographs in Figure 4A and 4B show examples of
typical surface-initiated peeling found on the roller con-
tact fatigue specimen. Typical patterns of crack propaga-
tion across the surface are illustrated by the SEM images,
as shown in Figure 4C to E. It can be seen that crack
growth prefers to the frictional force direction. Pawel®!
found that visible cracks have an initial angle of inclina-
tion to the surface of 20° to 30° in bearing steel. Deng*”
noticed that the crack propagation could be divided into
two phases: First, the crack propagates obliquely down-
ward from the bearing raceway surface with an approxi-
mate inclination angle of 30° relative to the raceway

surface. Second, after the crack propagates to a certain
depth, it changes direction and grows towards the surface
and possible crack branching. At the end, a piece of the
material may be removed, leaving behind a pit in the
surface. In our study, the crack propagates downward in
the contact zone and then towards the specimen surface.

In order to obtain peeling rate, we choose a typical
peeling position to record the extension process at differ-
ent cycles, as illustrated in Figure 5. The peeling length
shown in Figure 5A to 5D is, respectively, 65, 84, 108,
and 150 um. The peeling rate is estimated to be 19 um
per million cycles (um/M), 24 um/M, and 42 um/M, from
1 million cycles to 4 million cycles in turn. The average
growth rate is about 28 pm/M. We track about 110 peel-
ing cracks from our SEM images, and the comprehensive
statistic information is shown in Figure 6. The average
rate of peeling extension is stable at approximately
28 um/M cycles. The peeling extension rate does not
change as the number of fatigue cycles increases.

To investigate the orientations of the grains near the
crack, EBSD investigations are conducted. In addition to
grain orientation investigations, the aim of EBSD analyses
is to describe the strain distributions in those areas and
their influence on microcrack initiation.>* In Figure 7,
we present two different zones to illustrate the crack prop-
agation path. Areas 1-1 and 1-2 in Figure 7A depict the
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FIGURE 4 SEM images of a typical surface crack undergoing propagation and peeling at the nominal contact stress of 900 MPa but
different duration: A, 1 x 10° cycles and B, 1.5 x 10° cycles. C, D, and E, show the growing process, kinking and branching, and peeling
of a surface crack [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 SEM images of a typical peeling process at different duration of service in the sample subjected to a nominal contact stress of
900 MPa: A, 1 x 10° cycles, B, 2 x 10° cycles, C, 3 x 10° cycles, and D, 4 x 10° cycles [Colour figure can be viewed at wileyonlinelibrary.com|
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FIGURE 6 The results for different peeling propagation rates over different service duration: A, 1 x 10° cycles to 2 x 10° cycles, B,
2 x 10%cycles to 3 x 10° cycles, and C, 3 x 10° cycles to 4 x 10° cycles. From (A) to (C), we observe that the rate of peeling propagation is
stable, having no clear connection with the number of cycles [Colour figure can be viewed at wileyonlinelibrary.com]

middle and tail of the crack. Their corresponding ampli-
fied SEM images are shown in Figure 7B and 7C. The leg-
ible zones in the map correspond to areas with excellent
initial EBSD pattern quality, whereas the dark zones are
regions with poor EBSD pattern quality. The poor quality
is usually associated with severe lattice distortions or an
increase in dislocation density. The principal crack propa-
gates across the prior austenite grain in the middle area in
Figure 7D. However, the crack propagates along the prior
austenite grain at the tail of the crack in Figure 7E. Oka-
zaki et al** reported that a crack propagates along the prior
austenite grain and/or packet boundary under low stress
and that it propagates in the prior austenite grain and/or
packet boundary under high stress.

We show in Figure 8 that a principal crack propagates
into the prior austenite grain. Here, we focus on the second

cracks, as seen in Figure 8A to 8C. Secondary cracks are
observed to branch off the main crack and grow towards
the surface, eventually liberating a fragment of the material
and creating a pit formation.*" The secondary crack propa-
gates into the prior austenite grain in Figures 7D and 8C but
along the prior austenite grain in Figure 7E. The propaga-
tion direction of the secondary cracks is related to the main
crack in the same area. The growth of secondary branching
cracks shows a potential peeling mechanism, as the second-
ary cracks have been observed to propagate to the surface,
liberating a fragment of the material (see Figure 4).
Lankford*’ studied the growth of short cracks in a martens-
itic high-strength steel and demonstrated that crack arrest
occurred at prior austenite grains. However, Lankford did
not focus on the microstructure around the crack. Many
spheroidal cementite particles appear at the crack tip in
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FIGURE 7 Scanning electron microscopy images and microstructure characterization from an EBSD analysis of a cross section of the
900 MPa sample. A, SEM image of the longest crack. B, SEM image of red box (1-1) in A. C, SEM image of red box (1-2) in A. D, EBSD map
with IQ map of red box (1-1) in A. E, EBSD map with IQ map of red box (1-2) in A. Red lines represent prior austenite grain boundaries; oval

particles represent cementite. Abbreviations: PC, principal crack; SC, secondary crack; PAG, prior austenite grain; C, cementite; RD, rolling

direction; ND, normal direction). From (D) and (E), we see that the primary cracks primarily resulted from a transgranular fracture, while an

intergranular fracture played the primary role for the secondary cracking stage [Colour figure can be viewed at wileyonlinelibrary.com]|
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FIGURE 8 SEM images and microstructure characterization from an EBSD analysis of a cross section of the 900 MPa sample. A, SEM

image of the crack. B, SEM image of red box (2-1) in A. C, EBSD map with IQ map of red box (2-1) in A [Colour figure can be viewed at

wileyonlinelibrary.com]

Figures 7D, 7E, and 8C. Li3® reported the occurrence of a
fracture at the interfaces of martensite-cementite related
to the dissolution and coarsening of cementite particles.
Bhadeshia®” mentioned that a considerable amount of
deformation occurred around the cementite, which has
been shown to adversely affect the RCF life in accelerated
tests.*® Only high density carbide particles may effectively

prevent crack propagation.*® As a resultant of plastic defor-
mation, the microvoids are formed in the interface between
the cementite and the matrix, and they then develop to the
secondary crack. The propagation direction of principal and
secondary cracks has a relationship with the shear stress.
Principal and secondary cracks always extend through the
prior austenite grain near the contact area with high shear
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stress. When a crack reaches a certain depth, it expands
along the prior austenite grain due to the decrease in shear
stress. Meanwhile, the cracks prefer to propagate towards
the cementite-intensive area where its fracture toughness
is low.

3.3 | Rolling fatigue crack statistics

A typical crack is shown in Figure 9, where a is the angle
between the direction of the frictional force and the crack
and [ is the length of the crack. The maximum half-width
r for two elastic bodies in linear contact is given by the
following equation*>*':

1-2 | 1-v?

4P g 1

r=— 2+ 4 (1)
L i R2

where P and L are the load and length of the contact
line, respectively, R, and R, are the radius of the contact
rollers, E; and E, are the moduli, and v, and v, are the
Poisson ratios. Here, R, = R, =22.7mm, E; = E, =210 GPa,
v, = v, = 0.3. We then obtain r = 0.25 mm from Equa-
tion 1. Aditya*® noted that spalls initiated deeper in the
domain for cases of lower depths and that the initiation
occurred around the half-width area below the surface,
where the shear stress maximizes. Hence, our observation
will be focused on the contact area in the test.

Figure 10 shows the relationship between the crack
angle and the number of fatigue cycles counted in a series
of experiments. To generalize and compare the results of
the different tests, all cracks in the contact zone are
counted in each test. The mean value of the crack growth
angle is approximately 20° to 33.2°, which is consistent
with the theoretical calculations (between 15° and

»

Friction load

30°)."> Smith** and Timoshenko™ gave the stress distri-
bution generated by concentrated loads in a Cartesian
coordinate, from which we obtain the crack growth angle

o 1—u
to be ap = 23.2° as tan2ay = —— = 0.429.
1+u

The relationship between the crack length and number
of fatigue cycles is shown in Figure 11. It is apparent that
the crack statistics follow a Weibull distribution in our tests.
The average crack length is approximately 18, 30, and
47 um at 550, 700, and 900 MPa, respectively. The number
of cracks generally increases as the number of cycles
increases at a high stress level. It is also evident that the
effect of the contact pressure is to increase the propagation.

Figure 12 gives the fatigue crack-length distribution at
900 MPa. We see that the crack length increases with the
number of cycles from Figure 12A to C. However, the
number and length of cracks decrease significantly after
2 million cycles. The amount of peeling is rechecked via
SEM. Peelings are seen after 2 million cycles. Crack
branching has been associated with rolling contact fatigue
cracks in rolling bearings,* and it has been previously
considered to cause peeling under rolling contact.*>*” As
we all know, fatigue crack damage mainly consists of
crack initiation, propagation, and fracture. In sharp con-
trast with the stage of propagation, the crack fracture
growth rate increases rapidly. In this phase, the remaining
15% of the total life is devoted to pitting. In the final stages,
the pit formation exhibits a large growth rate of approxi-
mately 50 mm per million cycles.*" As the experiment pro-
gresses, fatigue cracks appear in the bearing material after
a certain number of cycles, and after 2 million cycles, the
amount of peeling increases significantly.

To obtain the final crack length shown in Figure 9B,
we derive the critical state for crack deflection in mixed
mode. Endo*® and Tzou™ derived an expression for crack

Raceway of outer ring
»X

3

] () l‘lm N

FIGURE 9 A RCF crack. A, SEM image of an RCF crack. B, Schematic of the crack propagation at different stages. The initial crack with
length [ has an opening displacement (COD) of hy. The COD becomes h; when the crack length becomes [ + [; after one cycle. When the
crack reaches a certain depth, it will kink by an angle y [Colour figure can be viewed at wileyonlinelibrary.com|
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FIGURE 10 Fatigue crack angle distribution at different loads: A, 1.5 x 10° cycles at 550 MPa, B, 2 x 10° cycles at 550 MPa, C, 1.5 x 10°
cycles at 700 MPa, D, 2 X 10° cycles at 700 MPa, E, 1.5 X 10° cycles at 900 MPa, and F, 2 X 10° cycles at 900 MPa [Colour figure can be viewed

at wileyonlinelibrary.com]

propagation in the presence of hydrodynamic pressure,
which is described as

_ 6;7pl3lg(1 - %C) &

(2
= )

p(x)

where 7 is the kinematic viscosity of the bearing grease
and 7 = 85 X 10~ °m?/second, p is the density of the
grease, p = 0.9 x 10°kg/m?>, [ is the crack length, and &
is the angular opening velocity of the crack. It may be

0.4d
related to l; (see Figure 9B) via [, = — 7149 Now the
sin a

. dly 0.4d;cos a.
crack growth rate is given as ——=-———5—a. By
dt sin“a
substituting the crack angular opening velocity into
Equation 2, we obtain the fluid pressure as follows:

3 X
 15npl lg(l —7) sin'a dl,
n n dycos o dt

3)

p(x)

Then, the resultant force (per unit length) can be
obtained from the integration of pressure as follows:

4.2
F:ﬁ)p(x)dx— 15npl*sin“a  dly

- bl 4
In10hid;cos a dt )

di
The two terms d_tl and h; are obtained from the exper-

iments: From Figure 12A and C, we see that the sample
subject to 900 MPa contact stress has an average crack
length about 30 um within 1 x 10° cycles and 50 um

dl
within 2 x 10° cycles, which leads to d_tl ~4x107°m/s

econd; to calculate h;, we count 195 cracks from our
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SEM images; the comprehensive statistic information is
shown in Figure 13. The COD is about h; = 1.5 X 10™°m.

Sih* calculated the approximate mode I stress inten-
sity factor (SIF) due to the presence of these resultant
forces by fluids:

512

K; = Q)

7l

According to Equations 4 and 5, the mode I SIFs is
rewritten as follows:

~18.82npl>*sin*a dl;
e Wdicosa  dt

(6)

and mode II SIFs is given as follows:

Ky = 1120 V7l (7)

A thorough theoretical analysis and corresponding
numerical calculations of crack rotating direction have
been given by Rice® and Zeng.>® The deflection angle is
given as follows:

3K% + /K] + 8KiK%

K7 + 9K%,

y = acos forK; >0and K > 0

Following Erdogan and Sih,>* the SIFs which repre-
sent the intensities of the fields of shear stress K, (y) and
tensile stress K,(y) near the crack tip are expressed by
the following formulas:

1
K:(y) == cos g[Klsin ¥+ Kp(3cos y —1)] (8A)

2
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FIGURE 13 Fatigue COD distribution at 2 million cycles in the
sample subjected to a nominal contact stress of 900 MPa [Colour
figure can be viewed at wileyonlinelibrary.com]

3
Ky(y) = cosg Kcos’y — EKHsin y (8B)

Both the critical condition and the direction of crack
growth were determined by the same criterion in
Equations 8A and 8B.*® The critical conditions in both
the tensile mode fatigue crack growth and the transition
from shear mode to tensile mode is given by K(y) > /\ Ko,
where /\K,,, is the threshold SIF.

Combining the results of Taira et al** and Mutoh
et al,>® the threshold SIF is given as follows:

Ko = 5.50y5v/w = 7.92MPa-/m 9)

where the yield stress and the average grain size (shown
in Figure 7) are o, = 1.8 GPa and w = 0.64 um,
respectively.

With Equations 6, 7, 8B, and 9, we obtain the critical
length of a crack I = 0.288 mm, and the corresponding
maximum depth d,,. the crack may reach is
dymax = Isinag = 0.114 mm. At this depth, the crack kinks
and starts to propagate to the surface, and eventually
leads to peeling. The estimated crack size and peeling
depth are consistent with experimental observations in
the rolling test, as seen in Figures 7A and 12.

4 | CONCLUSIONS

Axle bearings play an extremely important role in high-
speed rail (HSR) safety. Nevertheless, there have been
few experimental studies on railway axle box bearing
materials, in particular from the statistics aspect. This
study is motivated to investigate the microstructure
evolution and the peeling statistics of bearing materials
under rolling contact fatigue. We perform rolling contact
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fatigue tests to GCrl5 bearing steel using a two-
counterface roller test rig. The following observations
are obtained in this study: (a) Contact rolling results in
a hardness gradient in GCrl5 bearing steel. The depth
of the hardened region is about 2000 um. The hardening
mainly results from grain refinement and plastic work
hardening, other than phase transformation. (b) A crack
propagates downward from the contact surface at about
23.2°, which is determined by the maximum shear stress.
When a crack reaches a maximum depth, it will kink and
grow towards the surface, leaving behind a peeling in the
contact surface. Both the critical crack length and the
maximum depth could be calculated using classic fracture
mechanics by taking the fluid pressure into account. (c)
Principal and secondary cracks propagate across the prior
austenite grain in the high-shear-stress zone, and are
dominantly intergranular. The cracks propagate along
the prior austenite grain when they reach a certain depth,
and then prefer to propagate towards the cementite-
intensive area and become transgranular. (d) The crack
growth angle is approximately 20° to 33.2°, and the
number of cracks generally increases with the number
of cycles.
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