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A B S T R A C T

The cyclic contact stresses in cylindrical roller bearings are evaluated through the explicit finite element analysis
with rolling the roller instead of moving a constant contact pressure in the computational domain. A new damage
evolution equation in terms of the amplitude of octahedral shear stress is proposed, which considers the non-
proportional variation of stress, and the material parameters in which are easily obtained from torsion fatigue
testing data. Numerical simulations of crack initiation, crack propagation, and spalling are performed. The
simulation results are consistent with the previous experimental results. Furthermore, the coupling effect between
the contact stresses and fatigue damage is investigated, and the effects of contact loading on the fatigue life are
studied.
1. Introduction

Roller bearings are widely used in several types of mechanical
equipments, especially transmission systems and engines. Since bearing
rollers periodically roll between the raceway surfaces of the inner and
outer rings, the rings are subjected to cyclic contact stresses, which can
lead to the fatigue failure of bearings i.e. rolling contact fatigue (RCF).
Generally, the outer ring is more prone to failure in the form of spalling
on the contact surface. This is because that the number of contact cycles
between the roller and outer ring is more than that between the roller and
inner ring because the outer ring is usually fixed. Therefore, the RCF of
the outer ring is of significant concern and has received intensive
research attention.

RCF differs from the classical fatigue in several aspects, whichmakes it
a challenging issue. First, the cyclic stress that leads to the fatigue failure of
the outer ring is induced by the contact between the roller and the raceway
surface of the outer ring. Therefore, the critical zone is highly localised and
the stress state of the material in this zone is multi-axial. Second, in one
loading cycle, the stress components vary non-proportionally owing to the
nonlinearity of the contact state. Third, the contact state may keep
changing with the evolution of fatigue damage; in other words, the
coupling effect between contact analysis and fatigue damage calculation
should be considered. These factors result in the complexity of RCF and
pose difficulties in gaining an understanding of its mechanism.
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In recent decades, experimental studies have extensively been con-
ducted with the aim of observing the characteristics of RCF and under-
standing its mechanism. Zhao et al. [1] conducted an experimental study
of the subsurface crack propagation behaviour of silicon nitride under
lubricated rolling contact condition. Their results revealed that the RCF
life was mostly influenced by the contact loading and the lubricating fluid.
Examination showed that the original ring crack propagated during fa-
tigue testing and crack branching occurred. Furthermore, secondary sur-
face cracks were observed, especially under high contact stress. Forster [2]
conducted experiments of the RCF life endurance and spall propagation
on 208-size angular-contact ball bearings made of three materials: AISI
52100, AISI M50, and M50Nil. Spall propagation experiments showed
that all materials exhibited a rapid or critical spall growth rate after un-
dergoing initial low-rate spall growth. The growth rate was dependent on
the contact stress and was considerably fast in AISI 52100 steel. Chen et al.
[3] performed continuous observations of the initiation, propagation, and
failure of subsurface crack due to rolling contact in GCr15 bearing steel.
The mechanical behaviour of each stage was independent and distinct and
could be easily separated from each other. They also found that the re-
sidual stresses strongly influenced the propagation angle of a subsurface
crack in rolling contact. This angle was larger under larger tensile residual
stresses and smaller under larger compressive residual stresses.

Since cyclic contact stresses are the primary cause of fatigue failure of
rings, the first issue of concern is the analysis of contact stress. Hertz [4]
versity, Beijing 100191, China.
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Fig. 1. Schematic diagram of rolling contact between roller and outer ring.
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presented a classical analytical solution of normal contact between two
semi-infinite elastic bodies. This solution was widely used in the
approximate analysis of engineering structures or adopted for the veri-
fication of numerical models. Contact stress analysis of most engineering
structures relies only on numerical approaches. Bogdanski et al. [5]
presented the results of stress analysis of rail RCF cracks using the finite
element (FE) method, which enabled the stress field at the crack tip to be
described by the stress intensity factors in the framework of fracture
mechanics. Overall, the use of a numerical method is an effective
approach for the analysis of rolling contact stress in complex engineering
structures. However, the numerical model should first bevalidated by
comparison with the Hertzian solution.

Owing to the complexity of contact stress distribution and the
nonlinearity of variation of the stress field during periodic rolling con-
tact, it is difficult to establish the correlation between the fatigue life of
the rings and the rolling contact stresses. Over the years, many models
have been proposed to predict the lives of roller bearings in RCF. These
models can be classified as probabilistic and deterministic models [6]. On
the one hand, probabilistic models are largely empirical in nature and
include variables obtained via extensive experimental testing. Several
researchers such as Lundberg and Palmgren [7,8], Tallian [9], and Parker
and Zaretsky [10], carefully studied probabilistic models for RCF life.
Among these models, the one proposed by Lundberg and Palmgren [7,8],
termed the LP model, is considered as the classical model and has been
widely used for predicting the RCF life of roller bearings. Although
probabilistic models can provide a reasonable prediction of fatigue life,
they do not directly consider the details of the constitutive behaviour of
materials under contact loading; they also do not involve computations of
the residual stress and strain in the contact areas.

Deterministic models, on the other hand, take into account the actual
mechanics of the failure process and the constitutive behaviour of ma-
terials to predict the RCF lives. Under the assumption that the crack
initiation life is negligible in comparison to the crack propagation life,
Keer and Bryant [11] utilised the two-dimensional fracture mechanics
approach to evaluate fatigue lives in rolling/sliding Hertzian contacts. In
their study, a crack was assumed to be embedded in a rolling wheel, and
cyclic loading was simulated under the assumption that stresses having a
Hertzian distribution travel across the half space. The fatigue life could
be predicted by increasing the length of the crack and calculating the
stress intensity factor. By assuming that the RCF life is compromised by
crack initiation and crack propagation, Zhou et al. [12] proposed a life
model that included both the crack initiation life and crack propagation
life. They presented a micro-macro contact model for surface pitting in
rolling and sliding contacts. In their study, cracking was assumed to occur
when the accumulated strain energy of the dislocation reached a critical
value, and a three-dimensional crack propagating model was also used
for predicting the crack propagation life. Similarly, a micromechanical
model based on the dislocation pile-up theory was proposed by Cheng
et al. [13] to predict the crack initiation life in RCF. The influences of
residual stress, hardness, and temperature on the crack initiation life
were discussed.

The above mentioned approaches can be used to predict the RCF life.
However, they cannot describe the evolution process of fatigue damage
or reflect the coupling effect between the contact stress field and the RCF
damage. A continuum damage mechanics (CDM) approach has been
proposed to calculate fatigue life, wherein a damage evolution equation
was developed to describe the process of fatigue damage [14–16]. A
damage-mechanics-based model considers both the crack initiation and
crack propagation stages in a unified framework, and facilitates both the
evaluation of the crack initiation and crack propagation lives and
investigation of the mechanisms of these two stages separately.
Damage-mechanics-based approaches have been successfully adopted in
the life prediction of many types of fatigue problems, such as fretting
fatigue [17,18], defect tolerance analysis [19,20], and bolt fastener fa-
tigue [21–23]. Weinzapfel and Sadeghi [24] and Slack and Sadeghi [25,
26] presented a series of CDM-based methods to simulate subsurface
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crack initiation and propagation in RCF. All these methods [24–26]
considered shear stress along grain boundaries as the failure-causing
stress in fatigue life prediction and effectively simulated the entire pro-
cess of subsurface crack initiation and propagation. However, these
models have a drawback in that the stress history of materials was ob-
tained by moving a constant distribution of Hertzian pressure over the
computational domain. However, in practical applications, the distribu-
tion of contact pressure varies with the evolution of fatigue damage.

This study aims to develop a damage-mechanics-based approach for
subsurface-originated RCF of the outer ring of a cylindrical roller bearing.
First, a two-dimensional explicit FEmodel is built in ABAQUS to calculate
the cyclic rolling contact stresses. In the model, the roller is set to
repeatedly roll across the surface of the outer ring. Thus, the variation of
contact stresses with an increase in the number of rolling cycles can be
accurately considered, therebymaking it superior to themethod that uses
a pre-calculated Hertzian distributed pressure moving along the surface
of the outer ring [24–26]. Second, a new damage evolution equation
expressed in terms of the amplitude of octahedral shearing stress, which
considers the non-proportional variation of stress, is established in order
to describe the development of RCF damage. The material parameters
included in the equation can be easily determined from torsion fatigue
testing data. A numerical simulation of the accumulation of fatigue
damage with an increase in the number of rolling cycles is performed
using the VUMAT subroutine in ABAQUS. The processes of crack initia-
tion and crack propagation are simulated. Furthermore, the spalling
morphology and RCF life are predicted and compared with the previous
experimental results. Finally, the coupling effects between the contact
stress and fatigue damage are studied in detail and the effects of the
contact pressure on fatigue life are investigated.

2. Rolling contact stress analysis

2.1. FE model

A schematic diagram of the contact between the roller and outer ring
is shown in Fig. 1. In the figure, R1 and R2 are the radii of the roller and
outer ring, respectively. P denotes the load borne by the bearing per unit
length. In view of the uniformity of loading distribution along the axial
direction, the model can be simplified into a line contact (plane strain
condition), which typically occurs in roller bearings [24–26]. As shown
in Fig. 2, the radius of the rollerR1, is 9 mm, and the radius of the outer
racewayR2, is 56.5 mm. A reference point (RF) is set at the centre of the
roller, and the RF is coupled with the roller. Both the roller and outer ring
are made of AISI-52100 steel. The thickness of the outer ring is 17 mm.
There are twelve rollers rolling across the ring and hence, the entire ring
can be divided into twelve parts of an average length of approximately
30 mm. Considering the application of periodical boundary conditions
and stress distribution along the thickness of the outer ring, the calcu-
lated part of the outer ring is a rectangle with a height of 15 mm and
width of 30 mm. The results indicate that the chosen domain dimensions
are reasonable to model the actual contact conditions. The master-slave
surface algorithm is employed for simulating the contact between the
roller and outer ring. The surface of the roller is set as the master surface,



Fig. 2. Geometry of two-dimensional contact model for rolling contact stress analysis. Fig. 3. FE model for rolling contact stress analysis.
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and the upper surface of the outer ring is set as the slave surface. The
contact type is set as a finite slide, and the kinematic contact method is
adopted to simulate the rolling contact. The kinematic contact method is
a kind of algorithm provided by ABAQUS [27], and it is usually employed
for the case of hard contact with rough friction and no separation rela-
tionship. The friction coefficient is set as 0.05 due to the fine lubrication.
The plane strain element CPE3 is selected. An element size of 12 μm is
used near the contact region; however, away from the contact region the
mesh is relatively coarse. This mesh size has been chosen to provide an
accurate stress solution and convergent fatigue life value. The parameters
of the material and FE model are listed in Table 1. All the displacements
at the bottom of the outer ring are fixed, and a periodic boundary con-
dition is applied, in which the displacement of the surface at the left is the
same as that of the surface at the right. As shown in Fig. 3, a displacement
of 0.012 mm is applied at the RF along the Y-axis to generate the contact
load. Many researchers have used the application of constant forces in
rolling contact analysis. However, the application of force results in in-
stabilities in the calculation of the explicit solution. Therefore, a constant
displacement, rather than a constant force, is applied in this study. For
the purpose of obtaining an equivalent model, the maximum contact
pressures calculated using the two methods are verified. However, we
could only verify the initial contact pressure. It is known that, under the
condition of constant displacement, the contact force will decrease,
induced by the damage of the ring. The calculation result shows that the
decrease is not significant and mainly occurs at the end stage of fatigue.
Therefore, the constant displacement method is slightly more conserva-
tive than the constant force method.

An explicit FEmodel is adopted in this research; it offers the following
two advantages over an implicit FE model in the context of the present
study. First, the use of an explicit FE model facilitates a much smaller
interval, which provides a more complete history of the subsurface
stresses without increasing the computational cost. Second, the explicit
FE model can maintain the stability of calculation even when the elastic
moduli of some elements degenerate significantly.

It is worth noting that the quasi-static contact condition should be
satisfied when using the explicit method. The quasi static condition is
satisfied by setting a limit on the ratio of kinetic energy and internal
energy in ABAQUS. Several parameters, such as the linear bulk viscosity,
quadratic bulk viscosity, and mass scaling coefficient, may be adjusted to
obtain a reasonable value of the ratio. Usually, when the value of the
ratio is lower than 5%–10%, the quasi static condition is considered
satisfied. The ratio is kept lower than 10% in the present model.

For the purpose of validating the developed FE model, a static contact
Table 1
Parameters of material and FE model.

Elastic modulus
(GPa)

Poisson's
ratio

Density (kg/
m3)

Maximum contact pressure
(MPa)

200 0.3 7800 2500
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stress analysis is performed to compare its results with those of the
theoretical Hertz solution. Fig. 4(a)–(c) compare the results from the FE
model for the contact pressure and stress components σxx and σyy under
the static contact condition with those of the Hertz theoretical solution.
The comparison reveals that the FE model can accurately simulate
the static contact between the roller and outer ring. This model is
further used for the rolling contact stress analysis, which is detailed in
Section 2.2.

It can be observed that the calculated maximum contact pressure in
the static contact stress analysis is slightly lower than the given value of
2.5 GPa. This is attributed to that the displacement loading determined
by the consistence condition of maximum contact pressure in the rolling
contact analysis is directly applied in the static contact analysis. The
maximum contact pressure in the rolling contact stress analysis can reach
approximately 2.5 GPa due to the slight dynamic effect in the explicit
solution.
2.2. Rolling contact stress analysis

The rolling contact condition considered in this study is pure rolling.
Loading is applied in two steps:

(1) The roller is placed at the centre of the upper surface of the outer
ring and a displacement is applied along the Y-direction at the RF
to generate a contact load.

(2) A translational displacement with an amplitude of 0.45 mm and a
rotary displacement with an amplitude of 0.05 rad are applied at
the RF, as shown in Fig. 5. The roller periodically rolls back and
forth over the domain in a 8-s cycle. It should be noted that in
practice, the roller rolls in a single direction rather than back and
forth. However, it is inconvenient to simulate the contact with a
single rolling direction. Thus, we allow the roller to move back
and forth; however, the rolling contact stress analysis is performed
only when the roller rolls forward. That is, the backward motion
of the roller only enables it to return to the initial position.

Fig. 6 illustrates the variation of stress components at a point on the
contact surface in one loading cycle. Fig. 7 illustrates the variation of
stress components at a point located at the depth with the maximum σxy
in one loading cycle. Figs. 6 and 7 reveal that the stress components are
non-proportional, irrespective of whether they are on the contact surface
or subsurface. This characteristic of non-proportional variation must be
considered in the calculation of damage driving force.
Roller translational velocity
(μm/s)

Mass scaling
coefficient

Surface friction
coefficient

225 2� 108 0.05



Fig. 4. Comparison between the simulation and theoretical results of (a) contact pressure;
(b) stress along X-direction, σxx ; (c)stress along Y-direction, σyy .

Fig. 5. Displacement of the roller along X-direction.

Fig. 6. Variation of stress components at a point on the contact surface in one
loading cycle.

Fig. 7. Variation of stress components at a point located at the depth with the maximum
σxy in one loading cycle.
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3. Fatigue damage model

3.1. Damage variables

Damage refers to the formation and growth of micro-cracks or micro-
voids, which are discontinuities in a medium considered continuous at a
108
large scale [28]. In engineering, the mechanics of continuous media can
be described by a representative volume element (RVE). In CDM theory,
damage of a material is expressed as the stiffness reduction of RVE. Under



Fig. 8. S–N curve for AISI-52100 bearing steel in completely reversed torsion [33].
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the assumption of isotropic damage, the scalar damage variable D is
defined as

D ¼ E � ED

E
(1)

where E and ED are the elastic moduli of RVE without and with damage,
respectively.

Damage accumulates in thematerial with an increase in the number of
loading cycles. Macro-cracks initiate when the damage reaches a critical
value. From the CDM theory, a damage of 0 indicates that the material is
perfect and 1 represents the complete failure of the material. Therefore,
the theoretical critical value is 1. In practice, the damage of material is
usually less than 1, which is reached immediately before failure during
the test. This critical value of damage should be determined by the test.
However, it is difficult to obtain this value using a fatigue test. Therefore,
the critical value is considered as 1 for crack initiation analysis in high-
cycle fatigue [29] for the purpose of simplicity. However, when the
crack propagation is involved, the critical value cannot be considered as 1
to ensure the stability of calculation. In the present study, we select a
value of 0.95, which can ensure a stable numerical calculation but is
slightly less than the critical value of 1. Furthermore, it is known that a
major part of fatigue life is consumed at the early stage of damage.
Accordingly, this critical value is acceptable to model the real condition
approximately.

3.2. Damage-coupled constitutive equation

According to the hypothesis of strain equivalence, the damage-
coupled constitutive equation for the case of elastic deformation is
derived as follows [30]:

σij ¼ CE
ijklð1� DÞεEkl (2)

where σij is the Cauchy stress, CE
ijkl is the material stiffness, and εEkl is the

strain.

3.3. Damage evolution equation

Harris and Yu [31] determined that the subsurface octahedral shear
stress distribution could reflect the effects of surface shear stresses on
fatigue lives. Furthermore, the octahedral stress was adopted in the
damage model of Chaboche [32], and this model has been used effec-
tively for high cycle fatigue problems. Therefore, it is reasonable to
consider the octahedral shear stress as the failure-causing stress in fatigue
life prediction. Weinzapfel and Sadeghi [24] and Slack and Sadeghi [25,
26] presented a series of damage evolution equations that considered the
range of shear stresses acting on a particular grain boundary. On the basis
of the failure-causing stress in Ref. [31] and the form of the damage
evolution equation in Refs. [24–26], we propose a new damage evolution
equation herein:

dD
dN

¼
�

Δτ8
τrð1� DÞ

�m
(3)

where τr and m are material parameters, which can be determined from
the experimental data, and Δτ8 is the octahedral shear stress amplitude.
In consideration of the non-proportional variation of the contact stress
components, the expression for the calculation of Δτ8 is given as

Δτ8 ¼ 1
2
max

t
max

t0

�
3
2

�
sij;t � sij;t0

��
sij;t � sij;t0

��1=2
(4)

where sij;t and sij;t0 denote components of the deviatoric stress tensor ij at
different times within a loading cycle. Notably, the amplitude of octa-
hedral stress is not the difference between the highest and lowest stresses
in one cycle for the rolling contact case. As the stress state varies non-
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proportionally, it is difficult to define the highest and lowest stresses.
Accordingly, each cycle is divided into many intervals, and t0 and t
represent two arbitrary time points during a cycle. Based on the stresses
at the two given time points, a candidate of the octahedral shear stress
amplitude is calculated. Δτ8 is obtained by determining the maximum
value among these candidates at different time points.

3.4. Determination of material parameters

As mentioned before, two parameters τr and m are included in the
damage evolution equation (Eq. (3)). These two parameters are assumed
to be material parameters independent of the stress state for fatigue
failure induced mainly by shearing stresses. Accordingly, the data of
torsion fatigue test are used for the determination of the two parameters.

First, under the stress control test condition, the shearing stress range
was assumed to be constant. Further, we neglected the difference
between the critical values of 0.95 and 1. Thus, a simple integration of
Eq. (3) can be expressed as

∫ Nf

0 dN ¼ ∫ 0:95
0

�
τrð1� DÞ

Δτ8

�m

dD � ∫ 1
0

�
τrð1� DÞ

Δτ8

�m

dD

¼
�

τr
Δτ8

	m

∫ 1
0ð1� DÞmdD (5)

Finally, we have

Nf ¼ 1
mþ 1

�
τr
Δτ8

�m
(6)

where Nf is the number of cycles to failure. The conventional stress–life
curve for a torsion fatigue test is given by Ref. [33].

Δτ
2

¼ τf 1
�
Nf

�1=B1 (7)

where Δτ is the orthogonal shear stress amplitude, and B1 and τf1 are the
slope and stress-axis intercept, respectively, of the Δτ � N curve for the
material in torsion fatigue, as shown in Fig. 8. Eq. (7) can be expressed in
terms of Δτ8 as follows:

Δτ8
2

¼ τf
�
Nf

�1=B (8)

where B and τf are the slope and stress-axis intercept, respectively, of the
Δτ8�N curve for the material in torsion fatigue.

Subsequently, by integrating Eq. (8), we can obtain the expression of
fatigue life:
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Nf ¼
�
2τf
Δτ

�B
(9)
Fig. 9. Flowchart of numerical algorithm for crack initiation.
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Comparing Eq. (6) with (9) gives

1
mþ 1

�
τr
Δτ8

�m
¼

�
2τf
Δτ8

�B
(10)

Thus, the following can be derived:

m ¼ B; τr ¼ 2τf ðBþ 1Þ1=B (11)

Fig. 8 shows the experimentally obtainedΔτ � Ncurve and the fitted
curve for the AISI-52100 bearing steel [33]. Subsequently, the values of
the two material parameters can be easily determined as follows:

m ¼ 10:1; τr ¼ 4991 MPa (12)

4. Numerical algorithm for accumulation of fatigue damage

Generally, the process of fatigue failure of the outer ring can be
considered to occur in two stages: crack initiation and crack propagation.
In the following section, we present, in detail, a numerical algorithm for
the accumulation of fatigue damage in these two stages.

4.1. Numerical algorithm for crack initiation

Crack initiation analysis involves the calculation of the rolling contact
stress, computation of damage progress, and recalculation of stiffness
degradation and rolling stress until the criterion for crack initiation,
which is defined as D ¼ 0.95, is satisfied. On the basis of the stress
analysis method and theoretical damage model presented in Section 2
and Section 3, a numerical algorithm is developed for describing the
crack initiation process using decoupling of the damage evolution
calculation and stress analysis. Since it is computationally expensive to
simulate each loading cycle, a jump-in-cycles procedure [28] is adopted
in the numerical implementation, which assumes that the contact stresses
and damage progress are the same in each cycle in a block containing
ΔNcycles. Thus, the damage evolution can be interpreted to be piecewise
linear with respect to the number of cycles. Notably, the value of ΔN is
determined to obtain a convergent fatigue life. The detailed calculation
steps are as follows:

(1) Before the start of simulation, the entire material is assumed to be
undamaged, and hence, the initial damage to each element is
assumed to be 0.

D0
j ¼ 0 (13)

where j is the element number. In fact, the damage D is defined at the
integration point of each element. However, the element type CPE3 taken
in the current model is a type of constant strain element with only one
integration point. Therefore, the damage at the integration point is the
same as that of the element.

(2) The octahedral shear stress amplitude ðΔτ8Þij for the current block i
is calculated using the rolling contact stress analysis method
presented in Section 2.

(3) According to the analysis result of rolling contact stresses in one
cycle, the damage evolution rate for each element in the rolling
contact domain is calculated using the damage evolution equation
(Eq. (3)):

�
dD
dN

	i

j

¼
2
4 ðΔτ8Þij
τr


1� Di

j

�
3
5

m

(14)
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(4) The damage and elastic modulus of each element at the end of
block i are updated as follows:

Diþ1
j ¼ Di

j þ
�
dD
dN

	i

j

ΔN (15)

Eiþ1
j ¼ Ei

j

h
1� Diþ1

j

i
(16)

Generally, according to the literature [34], the value of ΔN is valid
when it satisfies the condition ΔN=N � 0:01� 0:02. Furthermore, the
value of ΔN varies from one loading case to another. For example, ΔN is
2:0� 104 for the initial maximum contact pressure of 2.5 GPa and 1:4�
106 for the contact pressure of 1.5 GPa.

(5) The algorithm repeats steps (2)–(4) for each block until the
accumulated damage at any integration point reaches the critical
value Dc ¼ 0:95. The corresponding number of cycles is defined as
the crack initiation life. The stiffness of the elements whose
damage reaches the critical value is retained in the global stiffness
matrix, rather than being removed for the purpose of stability of
calculation.

Niþ1 ¼ Ni þ ΔN (17)

The flowchart of the numerical algorithm outlined below is shown in
Fig. 9.
4.2. Numerical algorithm for crack propagation

The numerical algorithm for crack propagation involves the following
steps.
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(1) After the crack initiates, the damage evolution equation, i.e. Eq.
(3), is applied to the same FEmodel in consideration of the present
damage field. The damage of the first failure element remains
constant at Dc.

(2) The roller continues to roll over the outer-ring surface and the
damage evolves continuously in all the elements except the failure
element. With an increase in the number of rolling cycles, the
damage of the next element reaches the critical value Dc. Subse-
quently, the second element fails.

(3) Rolling continues, and consequently, an increasing number of el-
ements fail. All of them form a path, which is considered as the
crack propagation path. The number of cycles from the failure of
the first element to the occurrence of surface spalling is considered
as the crack propagation life. The sum of the crack initiation life
and crack propagation life is considered as the total fatigue life.

5. Results and discussion

5.1. Comparison of numerical results with experimental results

The simulation results of RCF are compared with the experimental
results reported in the literature [2,35,36]. All the experiments were
conducted under the same conditions of the material and loading as those
adopted in the current FE model. Comparisons of the spall shape and
crack propagation length can be found in Ref. [2]. The crack initiation
depth was investigated in Ref. [35], and the total fatigue life was eval-
uated in Ref. [36].

Fig. 10 shows the development of the damage zone with an increase
in the number of rolling contact cycles. It can be observed that the first
element whose damage reaches Dc is located at the subsurface, which is
in the region of maximum octahedral shear stress amplitude.
Fig. 10. Formation of s
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Subsequently, an increasing number of elements near the crack initiation
location undergo damage and these damaged elements form the crack.
The crack path is observed to be primarily parallel to the surface. With
further cyclic rolling, these damaged zones become increasingly longer,
subsequently curve towards the contact surface, and eventually reach the
surface, thereby forming a semi-elliptical spall; this is consistent with the
experimental observations [2] shown in Fig. 11. The crack propagation
length obtained from Fig. 11 is approximately 1–2 mm. The crack
propagation length in the current FE model is 0.75 mm, which is slightly
shorter than the experimental result. The reason for this discrepancy is
that the experimental spall may have been caused by the linking of more
than one crack band, but only one crack band can be included in the
current model. The distributions of Δτ8 in the computational domain at
four different times are shown in Fig. 12. From the distributions of Δτ8
before crack initiation and at the instance of crack initiation shown in
Fig. 12(a) and (b), respectively, we can observe that the crack initiates at
the location where Δτ8 is maximum. Fig. 12(c) shows the distribution of
Δτ8 when the crack propagation path starts to curve, which indicates that
Δτ8 causes a change in the crack propagation direction. Fig. 12(d) shows
the distribution of Δτ8 when the crack propagates to the surface and
spalling occurs. It can be observed that, although the values of Δτ8in the
damage zone decrease owing to the degeneration of stiffness, the dis-
tribution of the maximum Δτ8 is always consistent with the crack prop-
agation path.

In order to study the depth of the location of crack initiation, Chen
et al. [35] investigated the subsurface crack initiation depth using
experimental observations. In their study, a ring-type rolling fatigue rig
made of AISI-521000 steel was tested for the contact pressure of
2450 MPa, and the test results revealed that the depth at which the crack
initiated ranged from 0.173 mm to 0.612mm, and that the average depth
was 0.347 mm. The crack initiation depth calculated using the current
ubsurface spalling.



Fig. 11. Typical fatigue spall formed on AISI-52100 in endurance life experiments [2].
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model under the same condition is 0.23 mm, which lies within the
acceptable range of the experimental data.

Qualitatively, the location of crack initiation is directly related to the
octahedral stress or von Mises stress. However, the crack does not initiate
at the location of the maximum von Mises stress. Moreover, the two lo-
cations differ slightly from each other. Accordingly, it is acceptable to
approximately predict the depth of crack initiation according to the
distribution of von Mises stress. Subsequently, we compare the total fa-
tigue life calculated using the current model with the experimentally
determined values in Ref. [36], which were 1:5� 106, 1:08� 107,
1:66� 107, and 1:02� 108. Under the same conditions, the total RCF life
Fig. 12. Distribution of Δτ8 at (a) 5:66� 105cycles, (b) 8:04�
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calculated using the current model is 1:4� 106, which is slightly smaller
than the experimental result because themethod adopted is conservative.
This result is reasonable in view of the wide distribution of fatigue lives in
RCF.

5.2. Coupling between contact stresses and fatigue damage

In contrast to the models of Weinzapfel and Sadeghi [24] and Slack
and Sadeghi [25,26], in the current model, it is possible to consider the
coupling effect between contact pressure and fatigue damage. Paulson
et al. [37] and Bomidi et al. [38] investigated the effect of damage on the
contact pressure distribution. In the study by Paulson et al., this effect
was investigated by reevaluating the elasto-hydrodynamic lubrication
(EHL) pressure. Meanwhile, Bomidi et al. adopted a rigid roller model to
present the variation of contact pressure distribution. In our study, this
coupling effect is investigated through calculating the contact pressure
between two elastic bodies during the fatigue process.

Fig. 13 shows the variation of the maximum contact pressure and the
evolution of damage at the crack initiation point with an increase in the
number of rolling cycles. With an increase in the number of rolling cycles
from 0 to 7:5� 105, the damage increases gradually from 0 to 0.2 and the
maximum contact pressure decreases from 2.5 GPa to 1.5 GPa. This
phenomenon is attributed to the deterioration of the material owing to
the accumulation of fatigue damage.

Fig. 14 illustrates the evolution of the distribution of contact pressure.
It can be observed that the value of the maximum contact pressure in the
same zone becomes increasingly smaller as the number of rolling cycles
increases, whereas both the location of the maximum contact pressure
and the distribution shape vary. With an increase in the number of rolling
cycles from 0 to 1:19� 106, the distribution of contact pressure essen-
tially acquires a symmetric parabolic shape; however, it becomes un-
symmetrical when the number of rolling cycles exceeds 1:19� 106. This
phenomenon is attributed to the evolution of deterioration of the mate-
rial in the form of crack initiation and propagation with an increase in the
number of rolling cycles.

Fig. 15 illustrates the evolution of the distribution of the stress
component σyy along the rolling direction on the layer at the depth where
maximum σxy occurs. The absolute maximum value of σyy in the same
zone becomes increasingly smaller with an increase in the number of
rolling cycles and the location of maximum σyy also changes. Before crack
initiation, the shape of the distribution of σyy remains almost constant.
However, in the crack propagation stage, the distribution of σyy changes
significantly, which reflects the remarkable influence of crack
propagation.
105cycles, (c) 1:04� 106cycles, and (d) 1:40� 106 cycles.



Fig. 13. Evolution of damage at crack initiation point and variation of maximum contact
pressure with the number of rolling cycles.

Fig. 14. Evolution of the distribution of contact pressure.

Fig. 15. Evolution of the distribution of stress component σyy at the depth with
maximum σxy .

Fig. 16. Evolution of the distribution of stress component σxy at the depth with
maximum σxy .

Table 2
Crack initiation and total fatigue lives for different initial maximum contact pressures.

Pmax(GPa) Crack initiation life Total fatigue life

1.0 1:47� 1010 1:70� 1010

1.5 7:06� 107 8:14� 107

1.75 2:56� 107 2:96� 107

2.0 5:35� 106 6:17� 106

2.25 2:05� 106 2:37� 106

2.5 1:19� 106 1:40� 106
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Fig. 16 illustrates the evolution of the distribution of the stress
component σxy along the rolling direction on the layer at the depth with
maximum σxy . The inspection of this figure reveals that the effect of fa-
tigue damage on the distribution of this stress component is similar to
that observed in Fig. 15.
5.3. Effects of initial contact pressure on fatigue life

In order to investigate the effects of the initial contact pressure on the
RCF life, several contact loads with initial maximum pressures (Pmax)
ranging from 1 to 2.5 GPa are applied in the calculation. Table 2 lists the
crack initiation lives and total fatigue lives calculated using the proposed
method for different contact loads. It can be observed that both crack
Fig. 17. Comparison between Pmaxvs. fatigue life curves of the current model and LP
model (i.e. the theoretical result) for AISI 52100 bearing steel.
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initiation life and total fatigue life decrease with an increase in the
contact load. Fig. 17 shows a comparison between Pmax versus fatigue life
curves of the current model and the well-known LP model (i.e. the
theoretical result) [7,8]. The comparison reveals consistency between the
results of the two models.

6. Conclusion

This study proposed a new damage-mechanics-based approach to
investigate the crack initiation and propagation in RCF.

First, an explicit FE model is developed for cyclic rolling contact stress
analysis, in which the roller rolls along the contact surface. This model
reflects the variation of contact loading with the evolution of fatigue
damage well.

Second, a new damage evolution equation expressed in terms of the
amplitude of octahedral shear stress is established. The non-proportional
variation of the stress components in the rolling contact is also consid-
ered in this equation. The material parameters in the equation are easily
determined from torsion fatigue testing data. Subsequently, a numerical
simulation is performed using the VUMAT subroutine in ABAQUS to
calculate the accumulation of fatigue damage in the material.

The entire process from the crack initiation to the crack propagation
and spalling is simulated. The predicted shape of spall is consistent with
the previous experimental observations. Both the predicted depth of the
spall and the predicted fatigue life are within the range of the experi-
mental results.

The coupling effects between the contact stresses and fatigue damage
are investigated in detail, and the results reveal that fatigue damage
before the crack initiation mainly affects the magnitude of the contact
stresses and not the shape of their distribution. However, the damage in
the crack propagation stage considerably influences both the magnitude
of the contact stresses and the shape of their distribution. In addition, the
effects of contact pressure on the fatigue life are evaluated, and the re-
sults obtained by the developed model are observed to be consistent with
those of the well-known LP model.
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