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The continuum damage mechanics model incorporating wear was developed in the previous paper by
the authors [27] to predict the fretting fatigue crack initiation life for both cases of partial slip and gross
sliding. In the present study, the effects of external parameters on the fretting fatigue crack initiation
behaviour under partial slip condition are investigated systematically. Firstly, a different fatigue damage
accumulation rule is used, which can predict a more reasonable damage process. Secondly, the effects of
the relative slip amplitude and wear coefficient are evaluated based on the improved approach. It is
significant to note that the impact of wear coefficient on the fretting fatigue life is non-monotonic, and
the action mechanism of that is analysed in detail in this work. Finally, the combination and competition
between fatigue damage and wear are presented. The results indicate that none of the fatigue damage
and wear can be neglected in the fretting fatigue life prediction.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Fretting fatigue is a process of damage accumulation that
occurs when two bodies in contact experience small reciprocating
motion. Depending on the relative slip status between the two
contacting bodies, fretting fatigue can be classified into two dif-
ferent regimes: the partial slip regime and the gross sliding
regime. In the partial slip case, relative slip only occurs in the
portions of the contact zone and mainly results in crack nuclea-
tion. In the gross sliding case, all the contact surfaces experience
relative slip and the main form of fretting damage is wear. The
behaviors of the above fretting failure forms were widely inves-
tigated in the past decades.

Numerous efforts were undertaken to understand the behavior
of fretting crack nucleation. The critical plane method based on the
multi-axial fatigue model is widely used to predict the fretting
fatigue crack initiation life, which looks for the maximum value of
a predefined fatigue damage parameter over a number of planes
and predicts the crack initiation life based on that maximum value.
The location and orientation of the fretting fatigue crack are also
obtained using the critical plane method [1-4]. Vazquez et al. [5]
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combined the finite element simulation and the critical plane
method to investigate the effect of a textured surface on fretting
fatigue. With the improved understanding of the behavior of
fretting fatigue, further attention was devoted to the role of wear
on the fretting fatigue. Two kinds of wear models, the Archard
wear model and the energy wear model, were proposed by
Archard [6] and Fouvry et al. [7] respectively to describe the wear
mechanisms. Zeise et al. [8] proposed a novel comprehensive
modeling approach to simulate the complex fretting wear process
of assemblies including abrasion, corrosion, accumulation and
transport of the produced debris during dynamic loading. The
effect of wear is then combined with the critical plane method to
predict the behavior of fretting fatigue crack initiation [9-12].
Recently, the effect of surface wear was investigated by the fret-
ting-fatigue map concept [13] which was used to predict the crack
nucleation and crack arrest boundaries [14]. However, there are
two modelling simplifications in the critical plane approaches that
need improvement. The first one is the Miner-Palmgren rule
based on the accumulated fatigue damage, which ignores the
effect of the loading sequence. The other one is the fatigue damage
that is computed independently according to the stress and strain
fields without accounting for the effect of fatigue damage on the
stress and strain fields.

Actually, Fretting fatigue life consists of crack nucleation life
and the crack propagation life. These two issues often need to be
separately modelled, as in the literature [15-19]. An important
aspect of the “nucleation-propagation” method is the initial crack
length for the propagation period. It is difficult to define the
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macroscopic crack length, which is dependent on several factors.
In the macroscopic approaches, such as the critical plane method,
10 pm is a common used value for Ti-6Al-4V [15], which means
that the crack length is about 10 pm after the crack nucleation. In
the work of McCarthy et al. [18,19], the micro-mechanical
approach was used and a shorter initial crack with the length of
1.2 pm was used for 316 L SS. However, for some cases the crack
propagation life is very short comparing to the crack nucleation
life, in which the crack propagation can be neglected. This paper
focuses on the crack initiation behavior of fretting fatigue, which
means the research is mainly fit for the cases when the crack
initiation life is the majority of the entire fatigue life.

The continuum damage mechanics (CDM) approach has been
introduced in the fretting fatigue problem. A damage variable is
defined as a measurement of micro-cracks and micro-voids in the
material. The approach deals with the mechanical behaviour of a
deteriorated medium at the macroscopic scale and evaluates
progressive damage based on the damage evolution law derived
from thermodynamics until damage reaches a certain critical
value. Many CDM approaches have been used for the fretting
fatigue problem, including uncoupled CDM approach [16,17,20],
coupled CDM approach [21], and coupled CDM approach with
micro-structural characterization [22]. However, the effect of wear,
which is less severe than that in the gross sliding case but still
exists in the partial slip case [23-26], is ignored. In the previous
paper by Shen et al. [27], a coupled CDM approach with con-
sideration of wear was developed to predict the fretting fatigue
crack initiation life for both cases partial slip and gross sliding. The
damage coupled Chaboche plasticity model and a combined fati-
gue damage model are implemented in the approach. Besides, the
progressive change of the contact geometry caused by wear was
considered by using the energy wear model [7] in which a con-
stant wear coefficient was specified. The results of the literature
[27] agree well with the experimental data. However, two aspects
are worth studying further as outlined below.

On the one hand, in the literature [27], the total fatigue damage
is the sum of two components, the elastic damage caused by the
cyclic stress and the plastic damage due to the plastic strain during
each cycle. The accumulation method of fatigue damage gives
reasonable prediction of the fretting fatigue life. However, a lim-
itation of the method is that it is inappropriate for the cases with
large plastic deformation. For such cases, the accumulation of
fatigue damage is overestimated, resulting in significant error for
the prediction of the fatigue life. Since higher wear coefficient is
employed in this study compared to the literature [27], plastic
strain induced by wear will be greater. A more general method
was employed to investigate the fatigue damage evolution of
notched specimens [28], in which the total fatigue damage is the
greater one of the two components. Based on the similarity of the
mechanical behaviour at the notch tip and the critical contact
position such as the contact edge (the edge of whole contact zone)
or the stick-slip interface (the interface between the central stick
zone and outside slip zones), the improved accumulation method
is adopted to predict the fatigue damage evolution of fretting
fatigue.

On the other hand, the effects of external parameters, including
relative slip amplitude and wear coefficient, to the fretting fatigue
crack initiation behaviour under the partial slip condition need to be
investigated systematically using numerical implementation. The
effect of the relative slip amplitude was studied experimentally by
Jin and Mall [29]. The fretting fatigue life decreases in the partial slip
regime but increases significantly in the gross sliding regime as the
applied relative slip amplitude increases. Numerical simulations
were carried out by combining the wear model and the critical plane
method to describe the effect on the fretting fatigue life in the lit-
erature by Ding et al. [30] and Madge et al. [10]. However, the effect

on the contact stress and subsurface stress was discussed without
consideration of the fatigue damage. Wear coefficient is the other
important parameter influencing the fretting fatigue life. In these
numerical investigations, the wear coefficient used in the wear
model was usually determined based on the wear experiments.
However, the conditions of the fretting fatigue simulated numeri-
cally do not match exactly with the wear experiments, such as the
heat treatment of materials or the level of loading. Thus it is
necessary to identify the sensitivity of the fatigue life to the wear
coefficient. In this study, the effects of the relative slip amplitude and
wear coefficient to the fretting fatigue crack initiation behaviour are
investigated numerically by the coupled CDM approach with con-
sideration of the fatigue damage and wear, in which a series of slip
amplitudes and several wear coefficients are employed.

Besides, the competition between the fatigue damage and wear
are described empirically according to the failure form of the
fretting fatigue [10]. When the contact status changes from the
partial slip to the gross sliding, the corresponding failure form also
changes, from the initiation of fretting fatigue crack to the wear of
the contact components. In this study, a more detailed description
is studied using the evolution of the contact stress and subsurface
stress along the contact surface which are affected by both the
fatigue damage and wear.

In the present study, a different method of fatigue damage
accumulation is employed to investigate the fretting fatigue crack
initiation behaviour under the partial slip condition. The effects of
the relative slip amplitude and wear coefficient are evaluated
based on the improved approach. The progressive evolution of the
fatigue damage and wear scar are simulated under several simu-
lation conditions including five relative slip amplitudes and four
wear coefficients. The combination and competition mechanism of
fatigue damage and wear to the fatigue life is also identified.

2. Theoretical models

The coupled CDM approach includes three types of theoretical
models: damage coupled constitutive model, fatigue damage
model and wear model, which are briefly described in this section.

2.1. Damage coupled Chaboche plasticity model

Damage mechanics based model in solid materials is the
creation and growth of micro-voids or micro-cracks which are
discontinuities in a medium considered as continuous at a larger
scale. A damage variable is introduced to estimate the progressive
deterioration of the material due to fatigue loading. In this study
the case of isotropic damage is assumed with a scalar damage
variable D. Strictly speaking, fatigue damage is anisotropic even for
the initial isotropic materials. However, in the framework of CDM,
anisotropic damage models [31-33] are much more difficult to be
adopted in the fatigue damage analysis due to the inconvenience
in parameter calibration, the complexity of fatigue damage evo-
lution and the huge time requirement for calculations. Therefore,
the assumption of isotropic damage is still adopted for an
approximation of the real situation, which can also provide an
acceptable predicted result of fretting fatigue life [20,22].

In fretting fatigue, the elasto-plastic constitutive model is more
appropriate to use as one calculates the stress and strain in the
contact zone where plastic deformation may occur due to stress
concentration. The Chaboche plasticity model [34] is adopted in
this study due to its simplicity and ease of use. In the case of
fatigue damage, the damage variable is coupled into the Chaboche
plasticity model by using the effective stress in lieu of the stress
used in the elasticity law and in the Mises yield criterion, which is
based on the hypothesis of strain equivalence. The basic equations
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of the damage coupled elasto-plastic constitutive model are listed
below [35].

® The decomposition of the total strain for small strains is
expressed by

e D
& =& +¢ef M

where ¢f and gi}‘.’ are the elastic strain and plastic strain,
respectively.
® The elasticity law with damage is expressed by
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where E and v are the elastic modulus and Poisson’s ratio
respectively of the undamaged material. The variable ¢ is the
Cauchy stress of the damaged material.

® The yield function and plastic flow with damage are respectively
expressed by
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The subscript ‘dev’ and ‘eq’ represent the deviatoric part of the
stress and the von Mises equivalent stress, respectively. The
term ay is the deviatoric component of the back stress, 1 is the
plastic multiplier and p is the accumulated plastic strain rate.
The term o, represents the size of the yield surface which is
assumed to remain unchanged in this study.

® The kinematic hardening law with damage is expressed by

N
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where N is the number of the back stress components. Parameters
Cx and y, are material constants obtained from experimental tests.

2.2. Fatigue damage model

Plastic deformations may occur in the contact zone due to
stress concentration and wear. Using only one fatigue damage
model for either the high cycle fatigue or the low cycle fatigue is
inadequate to describe the evolution of fatigue damage. Therefore,
two fatigue damage models are employed in this study, which are
often used in the high cycle fatigue (HCF) and low cycle fatigue
(LCF). In the high cycle fatigue, the evolution of fatigue damage is
governed by the cyclic stress, which is expressed as follows
[21,36]:
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where Aj and oy mean are the amplitude of the octahedral shear
stress and the mean value of the hydrostatic stress in a loading

cycle, respectively. The term o max is the maximum equivalent
stress over a loading cycle, oy is the fatigue limit at the fully
reversed loading condition, and o, is the ultimate tensile stress.
The details for the stress-based damage model can also be
obtained by referring to the literature [21,37]. The five parameters,
a, My, B, by and b,, are determined by using fatigue test data of
standard specimens. In the low cycle fatigue, the corresponding
fatigue damage model is dependent on the accumulated plastic
strain, which is given by [35]

2
% _ (o_r?mx)
dN 2ES(1 - DY

m

C)]

where o7, is the maximum value of the damage equivalent stress
over a loading cycle. The parameters S and m are determined from
the experimentally determined curve of plastic strain versus
number of cycles to failure.

Two rates of fatigue damage can be calculated using the above
two models when plastic deformation occurs. A method of fatigue
damage accumulation was presented by the authors as the total
rate is the sum of two rates [27]. In this study a different method is
employed, which is more general for fretting fatigue and notch
fatigue [28]. The larger one of the two rates is assigned as the
current damage rate.

b _ max db. %
dN dN’ dN

2.3. Energy wear model

10

The energy wear model considers the interfacial shear work as
the significant wear parameter controlling the wear volume cal-
culation. For the 2D fretting model, at time t and position x along
the contact surface, the local wear depth can be expressed as
follows [11]

t
hix, t) = ¢ft:0q(x, byds(x, t) an
where ¢ is the wear coefficient, q(x, t) is the local shear traction
and ds(x, t) is the increment of local relative slip. Parameter ¢ is a
critical constant determined through the wear experiment.

From Eq. (11), one sees that the effect of wear has a direct
relation with the wear coefficient which should be obtained
through experiments. In the literature [27], a specified wear
coefficient was chosen in the numerical simulation due to lack of
tests conducted by the authors. For the purpose of evaluating the
effect of the wear coefficient on the wear scar and the fretting
fatigue life, three wear coefficients from the published literature
are adopted in this study.

3. Numerical algorithm

These three types of models mentioned above are imple-
mented in conjunction with the finite element code ABAQUS [38]
to analyze the fretting fatigue crack initiation behavior. The
numerical implementation used here is similar to that in the
previous paper [27] except the calculation method for the fatigue
damage accumulation is different. The flowchart of the algorithm
is shown in Fig. 1 and the detailed steps are presented below:

(1) The initial damage for each element is assumed to be zero.

(2) The damage coupled Chaboche constitutive equations, Egs. (1)-(7),
are solved to obtain the stress, and elastic and plastic strains. The
stress and accumulated plastic strain histories are calculated for the
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damage to 0

]

[ ABAQUS solver calculates stress and strain at each time J

[ Initialize all the parameters and set initial J

increment based on the given UMAT subroutine

]

Calculate wear depth change
for each time increment

Ah=gANg,As,

I )
Update contact node
coordinates and re-map the (=)
material variables
1 YES

Calculate the damage evolution rate (:—l\)) and accumulate

damage value, D' =D’ +(¢lﬂ\) AN

!

1 YES

Fig. 1. Simplified flowchart of the numerical algorithm.

current block of cycles. The loading block of cycles instead of the
individual loading cycle is applied in the numerical implementation
due to the computationally expensive approach (prohibitive in
some cases) to simulate each loading cycle. One loading block of
cycles includes AN loading cycles. The stress, accumulated plastic
strain and fatigue damage are assumed to remain unchanged in the
block of cycles.

(3) During each block of cycles, three steps that are used to
implement the wear model are listed below:

a. For a contact node, the increment of local wear depth at the
kth time increment for a block is given as

Ah = $ANq, Asy (12)

where g, and As; are shear traction and incremental slip for
the kth time increment, respectively. The increment of local
wear depth, Ah, is implemented by moving the surface
nodes in the local normal direction at the end of each time
increment.

b. The material variables are re-mapped to the new position by
solving the advection equations using a second order numer-
ical method termed the Lax-Wendroff method [38].

c. Repeat steps (a) and (b) until the number of time increment k
reaches the maximum number of time increment within one
fretting cycle, Mpnax. In this study, Mpax = 40.

(4) After each block of cycles, the following two steps are used to
update the damage value and the number of cycles. These steps
are listed below:

a. According to the stress and accumulated plastic strain
histories, the damage evolution rate is calculated based on
Eq. (10).

(5

(&) - max{(c“f)" (dg)}

dN); dN I dN i 13)
where i represents the current block of cycles and j is the
element number.

b. The damage values and the number of cycles for all elements
are updated at the end of the current block of cycles.

i
Di+1 = Dj + (d—D) AN
dN ), (14)
Ni+1 = Ni + AN (15)

It should be noted that the forward difference method is used

to solve Egs. (8) and (9). It is an explicit method and the
accuracy of the predicted results is relevant with the value of
AN. A central or backward difference method would be super-
ior. However, the results obtained by these three methods are
almost identical when the value of AN meets the relation of
AN/N; = 0.01 ~ 0.02 [21]. In this study, the value of AN is chosen
according to this relation in order to obtain the convergent
results.
The algorithm repeats steps (2)-(4) for each block of cycles until the
accumulated damage of any integration point reaches the critical
value D.. The number of cycles at this stage is the fretting fatigue
crack initiation life. In this study, the critical value is set to 1.

—

4. Material and finite element model

The fretting fatigue experiment conducted by Jin and Mall [29]
is used here to validate the CDM approach with consideration of
wear. The material of the pads and the specimen in the experi-
ment is Ti-6Al-4V. The method of the parameters identification
for the above models is presented in the literature [27] and the
parameters for Ti-6Al-4V are listed in Table 1.

Based on the symmetric configuration, one half of the fretting
contact is modeled by using ABAQUS, as shown in Fig. 2. The radius of
the pad is 50.8 mm and the width and one half thickness of the
specimen are 6.4 and 1.9 mm, respectively. The contact between the
fretting pad and the specimen is defined using the master-slave
algorithm for contact between surfaces. Coulomb friction is employed
based on the Lagrange multiplier contact algorithm to ensure the
exact stick condition when the shear stress is less than the critical
shear value. The parameter ADJUST is also used to eliminate the initial
contact gap. The sliding formulation is set as Finite Sliding and the
discretization method is Surface to Surface. A constant coefficient of
friction COF of 0.8 is considered throughout the analyses [10,21]. It is
noted that the origin of the coordinate plane is at the midpoint of the
contact zone along the specimen, as the red notations indicate in
Fig. 2. The element length and width on the contact surface are both
10 pm. A mesh convergence study is conducted to verify the appro-
priateness of the current mesh size in the contact region between the
pad and the specimen. Fig. 3 shows the comparisons of finite element

Table 1
Material parameters for Ti-6Al-4V.

E (MPa) v oy (MPa) G (MPa) n G (MPa)
11,6000 0.34 965 13,6500 1050 8100

72 oy (MPa) o9 (MPa) g aMaﬁ by (MPa—1)
45 1180 358 21 1.79 x 10-11  0.0013

by (MPa~!) a S(MPa) m

0.00055 0.75 9.9293 4.7846
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Fig. 2. Finite element model of fretting fatigue.

results of contact pressure, shear traction and oy, along the contact
surface with the theoretical solutions.

The results of the contact pressure and the shear traction agree
well with the theoretical results in spite of some fluctuations that
appeared in the central zone of the two figures, as shown in Fig. 3
(a) and (b). The main reason for the fluctuations is the use of first-
order fully integration element CPE4 which is less suitable to
calculate the contact problem than the first-order reduced inte-
gration element CPE4R or incompatible mode element CPE4I in
ABAQUS. Although the two types of elements, CPE4R and CPE4I,
are more suitable to be used in fretting fatigue, the user subroutine
UMESHMOTION to simulate the wear is not supported by them.
Therefore, the element type of CPE4 is chosen in this study.
Because no wear occurs in the central contact zone under the
partial slip condition and the fatigue damage localizes at the edge
of contact zone or the stick-slip interface which are both away
from the central contact zone, the fluctuations have little effect on
the predicted results. There are some deviations between the
calculated result and the theoretical solution for the distribution of
oy along the contact surface, as depicted in Fig. 3(c). Similar result
was also observed in the literature by Lykins et al. [3]. The error is
not relevant to the mesh refinement and the contact modeling
methodology. The main reason is that the elastic half-space
assumption of the theoretical solution is not quite satisfied. In
order to validate this opinion, the thickness of the specimen is
increased from 1.9 mm to 15 mm and the contact stress in the
contact zone is recalculated. The comparison between the dis-
tributions of oy, under these two cases is shown in Fig. 3(c). The
result in the case of 15 mm thickness specimen agrees better with
the theoretical solution.

It is worth mentioning that the dimensions of the elements in
the contact zone are close to the grain size of the material Ti-6AIl-
4V. This is for the purpose of obtaining accurate stress results that
agree well with the analytical solution. Strictly speaking, the
constitutive equations and the damage evolution model based on
the micromechanics [39-42] should be adopted for such small
elements. McCarthy et al. [18,19] developed a micro-mechanical
based methodology to predict the fretting fatigue crack nucleation
life and the propagation life, in which crystal plasticity constitutive
model, corresponding microstructure-sensitive fatigue parameter
for crack nucleation, and the short crack propagation method are
included. Sweeney et al. [43] also presented a strain-gradient
crystal plasticity methodology to investigate the grain size effects
on cyclic hysteresis response and LCF of CoCr alloy. However, for

approximate calculations, the continuum plasticity and damage
models may also be used to provide reasonable results [21,44].

As depicted in Fig. 4, a constant normal force P with a value of
208 N/mm is applied to the pad by using the Multi-Point Con-
straint (MPC). The axial fatigue stress o is loaded at the right side
of the specimen, which has a maximum value of 550 MPa and
stress ratio of 0.03 while the in-phase relative slip amplitude A is
applied to the pad by the MPC method.

5. Results and discussion

In the fretting fatigue, the specimen is stretched by the bulk
fatigue stress and the pad moves within the range of the relative
slip amplitude. When the maximum bulk fatigue stress is a con-
stant, the relative slip amplitude determines the contact status.
Table 2 lists the local relative slip amplitude and the contact status
calculated under different relative slip amplitude, the value of
which ranges from 20 pm to 43 pm. When the value of relative
slip amplitude is greater than 32 pm, which is also greater than
the maximum deformation of the material in the contact zone of
the specimen, the pad moves forward compared to the specimen.
The local relative slip amplitude increases with the increasing
relative slip amplitude and the contact status changes from partial
slip to gross sliding when the value reach 43 pm. A similar trend
can be found when the relative slip amplitude decreases from
31 pm to 20 pm. The only difference is that the pad moves back-
ward compared to the specimen.

The effects of the relative slip amplitude and wear coefficient
are considered for the condition of partial slip. In this study, five
relative slip amplitudes meeting the partial slip condition are
imposed and three wear coefficients referenced from the literature
[27,45,46] are applied, as listed in Table 3. The relative slip status
between the specimen and the pad are consistent under these five
relative slip amplitudes. The pad moves forward compared to the
specimen, which means that the resultant shear force on the
contact surface of the specimen is a positive number. In order to
unveil the effect of fatigue damage, a group of simulations with
zero wear coefficient are conducted as a baseline in this study, in
which the wear is ignored and only the fatigue damage is
considered.

One may notice that the CDM approach is used to predict the
position and the life of crack initiation while the orientation and
propagation of the fatigue crack are not involved. For the fretting
fatigue experiments conducted by Jin and Mall [29], Madge et al.
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Fig. 3. Comparisons of theoretical solutions and finite element results of (a) contact
pressure, (b) shear traction and (c) oxx (6 = 550 MPa, Q = —150 N/mm).

[15] used a “wear-nucleation-propagation” method to predict the
fretting fatigue life and the results indicated that the propagation
life is very short comparing to the nucleation life. Therefore, many
researches [10,21] only consider the crack initiation life when
simulating the experiments. In other words, in this study the

Load
A |

Fig. 4. Schematic view of fretting loading history.

Table 2
Calculated results under different relative slip amplitude.

Relative slip amplitude Local relative slip amplitude  Contact condition

(nm) (pm)

20 5.53 Gross sliding
23 3.42 Partial slip
25 2.88 Partial slip
27 242 Partial slip
30 1.66 Partial slip
31 142 Partial slip
32 1.26 Partial slip
34 1.79 Partial slip
36 2.36 Partial slip
38 2.99 Partial slip
40 3.67 Partial slip
43 5.17 Gross sliding

predicted results obtained using the CDM approach are compar-
able to the experimental results.

The predicted fretting fatigue lives are also listed in Table 3 and
the comparison with the experimental results from the literature
[29] is shown in Fig. 5. In addition, the predicted results in the
literature [27] are plotted in Fig. 5. It is noted that the local relative
slip amplitude Ajocy is used as the abscissa instead of the global
relative slip amplitude A. The parameter Ay, for the simulations
in Table 3 can be obtained directly from the finite element ana-
lysis, as listed in Table 2. However, the local relative slip amplitude
in the experiment is difficult to measure. A relationship [10]
between the two relative slip amplitudes is employed for the
experiment

Ceor
Gig (16)

Ajpcal = 4

where Ccor, Crg are constants which account for the effect on
compliance of COF and rig compliance, respectively. In this study,
the resulting value of Cig/Ccor is 16 based on the data from the
literature [47]. The minimum local relative slip amplitude calcu-
lated under A = 32 pm is greater than the minimum value in the
experiments, even greater than 1 pm. From the calculated results
in Table 2, one can deduce that a certain condition definitely exists
corresponding to a local relative slip amplitude less than 1 pm,
even being equal to zero. However, it is difficult to find this
condition in the simulation. As illustrated in Fig. 5, the coupled
CDM approach with consideration of wear can provide reasonable
prediction of the fretting fatigue life under partial slip condition
for ¢ = 2 x 10~7 MPa~. It is noted that no constant wear coefficient
for the fretting fatigue experiments conducted by Jin and Mall [29]
was determined in the published literature. The value of wear
coefficient, ¢ = 7.121 x 10-7 MPa!, used by Zhang et al. [11] was
obtained from the wear experiments under reciprocating sliding
conditions, the relative slip amplitudes of which are greater than



400 F. Shen et al. / Wear 338-339 (2015) 394-405

Table 3
Predicted results of fretting fatigue life.

Wear coefficient ¢

Fretting fatigue life under different relative slip amplitude

32 um 34 um 36 pm 38 um 40 pm
0 10.7 x 10* 8.1 x 10* 6.4 x 10* 5.2 x10% 3.7 x 10*
2.9 x 10-8MPa-1[45] 19.5 x 10* 13 x 10* 9.1 x 10* 7.3 x 10* 5.2 x 10*
2 x 10-"MPa-1[27] 7.6 x 104 5.7 x 104 4.6 x 104 3.7 x 104 2.7 x 104
7.121 x ]0—7Mp371[46] 43 x10* 29 x10* 1.8 x 10* 1.5 % 10* 11 x10*

2 x10 ® Experimental data
= - Predicted lives ¢=0
18 5 Predicted lives $=2.9x10MPa™
16 £ Predicted lives ¢=2x10"MPa™"
' - Predicted lives ¢=7.121x107MPa™"
%‘ 14} ----%---- Predicted lives in the literature [27]
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Fig. 5. Predicted fretting fatigue lives and experimental results.

the conditions in the literature [29] significantly. The value of
¢ =2 x 1077 MPa! is not from fretting wear experiments and can
be considered as a reference value for the fretting fatigue experi-
ments according to the comparison in Fig. 5.

5.1. Effect of the damage cumulative rule

Comparing the two curves for ¢ =2 x 10-7 MPa™!, the pre-
dicted results in this study are slightly higher than that in the
literature [27]. The reason is that the cumulative rate of fatigue
damage is calculated by choosing the greater one in the two rates,
which is less than that calculated by the sum of the two rates. As
reported in [27], the equivalent plastic strain is small and the
plastic damage rate calculated by Eq. (9) is about one magnitude
less than the elastic damage rate given by Eq. (8). The deviation of
the fretting fatigue lives predicted by the two damage cumulative
rules is insignificant for the cases of ¢ = 2 x 10-7 MPa™.

The difference between the two damage accumulation rules will be
obvious for the case with a greater wear coefficient. Fig. 6 shows the
comparison between the distributions of the equivalent plastic strain
along the contact surface for ¢ =2 x 10-7and 7.121 x 10~7 MPa™!
under A =32pm when the fretting fatigue crack initiates. When
¢ =2 x 1077 MPa~!, the maximum equivalent plastic strain is rela-
tively small and the elastic damage rate is about one magnitude bigger
than the plastic damage rate. With greater wear coefficient, the peak
of the equivalent plastic strain is higher, as shown in Fig. 6. For
¢ =7.121 x 1077 MPa™!, the maximum plastic damage rate at the
location of crack initiation is about 1.15 x 10~> while the maximum
value of the elastic damage rate is about 2.95 x 10->. If the two rates
with same magnitude are summed to calculate the fatigue damage,
the predicted fatigue life will be much shorter than that obtained in
this study. While for ¢ = 2.9 x 10-8 MPa!, the wear is insignificant
and the plastic strain hardly occurs along the contact surface. The

x 10

— ¢=2x10"MPa"", A=32um, 76000 cycles
$=7.121 x107MPa™", A=32um, 43000 cycles

Equivalent plastic strain
w
1

-05 -04 -03 -0.2 -01 0 01 02 03 04 05

Distance along x direction (mm)

Fig. 6. Comparison between the distributions of the equivalent plastic strain along
the contact surface for ¢ = 2 x 10~7 and 7.121 x 10~ MPa~! under 4 = 32 pm.

distribution of the equivalent plastic strain along the contact surface is
not plotted in Fig. 6. The maximum plastic damage rate is much less
than the elastic damage rate, which cause the results from the two
different damage cumulative rules to have an insignificant difference.

5.2. Effect of relative slip amplitude

The group of simulations with zero wear coefficient is chosen
to study the effect of relative slip amplitude A. As the value of the
relative slip amplitude increases from A = 32 pm to A = 40 pm, the
predicted fretting fatigue life decreases but the initiation position
of the fretting fatigue crack remains unchanged, at the left contact
edge. A qualitative explanation is that the greater relative slip
amplitude results in the higher frictional tangential force Q along
the contact surface. With the unchanged normal force P and axial
fatigue stress o, the increase of the tangential force Q will accel-
erate the initiation of the fretting fatigue crack. More detailed
explanation is presented by the distributions of the axial stress
component oy, and the shear traction along the contact surface, as
shown in Fig. 7(a) and (b) respectively. While the distributions of
contact pressure are not presented because they are identical for
all the five cases due to the same normal force P. Fig. 7(a) shows
that the peak value of ¢, grows obviously with the increase of the
relative slip amplitude. Since the peak value of the stress com-
ponent oy, at the left contact edge is much higher than the other
three stress components, the distribution of oy, determines the
fatigue damage process. Thus, the fretting fatigue life decreases as
the relative slip amplitude increases. Meanwhile, Fig. 7(b) suggests
the peak value of the shear traction has a small change as the
relative slip amplitude changes and the position of it is not at the
left contact edge, leading to the insignificant effect on the fretting
fatigue life.
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Fig. 7. Distributions of (a) oxx, (b) shear traction along the contact surface at dif-
ferent relative slip amplitudes.

5.3. Effect of fatigue damage

The distribution of ¢y changes as the number of cycles
increases due to fatigue damage. This phenomenon of stress
redistribution is a feature of the coupled CDM approach. In this
study, a direct method is employed to study the effect of fatigue
damage, instead of the comparative analysis [27]. The group of
simulations with zero wear coefficient is chosen to eliminate the
effect of wear. Fig. 8(a) and (b) depict the evolutions of the dis-
tribution of oy, along the contact surface for A = 32 pm and 40 pm
respectively. For the case of A =32um, fatigue damage con-
centrates on two contact edges, x = =+ 0.44 mm, and fatigue crack
finally occurs at the left contact edge. As the number of cycles
increases, the value of ¢, decreases at the damage zone. The
decline is more obvious at the left contact edge due to worse
fatigue damage. For the case of A =40 pm, fatigue damage just
concentrates on the left contact edge, and the value of oy
decreases rapidly with the increasing number of cycles. Finally,
fatigue crack initiates at the position of x = — 0.43 mm. The dif-
ference between the two cases mainly comes from the different
distributions of oy, as shown in Fig. 7(a).

a
800 T T T T
— ¢=0, A=32um, 0 cycle
700 $=0, A=32um, 50000 cycles
— ¢=0, A=32um, 75000 cycles
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200 b i |
1
i
100 | i J
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Fig. 8. Evolutions of the distribution of oy along the contact surface for (a)
A =32pm and (b) 40 pm.

Meanwhile, fatigue damage has insignificant effect on the dis-
tributions of the contact pressure and shear traction. Fig. 9(a) and
(b) depict the evolution of the contact pressure along the contact
surface for A = 32 pm and 40 pm respectively. The curves in Fig. 9
(a) and (b) are almost identical except that little variation occurs at
the zone near the left contact edge. Similar trend is obtained for
the evolution of the shear traction. Some fluctuations occur in the
central contact zone, which are away from the contact edges.

Fatigue damage is coupled into the Chaboche plasticity model,
which will weaken the mechanical performance of the material
under the contact surface. Due to the stress concentration, the
fatigue damage is localized at the contact edges. Fig. 10 shows the
distributions of fatigue damage along the contact surface for
A =32 pm and 40 pm when the fatigue crack initiates. The mate-
rial properties of several elements near the contact edges are
affected by the fatigue damage but these influenced elements
constitute only a very small part of the contact, which affects the
whole contact stiffness insignificantly. Therefore, no obvious effect
on the contact calculation, including the evolution of contact
pressure and shear traction, is found. While the stress component
oy 15 related to the material properties of the element directly, the
effect on oy is significant.
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Fig. 9. Evolutions of the distribution of contact pressure along the contact surface
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Fig. 10. Distributions of fatigue damage along the contact surface for A = 32 pm
and 40 um when the fatigue crack initiates.
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Fig. 11. Evolution of wear scar along the contact surface for 4 = 32 pmand ¢ = 2.9
x10-8 MPa~! without consideration of fatigue damage.

5.4. Effect of wear coefficient

Based on the principle of analysis for a single factor, the effect
of wear coefficient is investigated by the comparisons under the
same relative slip amplitude. In order to separate the effect of
wear, additional simulations are conducted based on the numer-
ical algorithm in Section 4 by ignoring step (4) which is conducted
in order to calculate the fatigue damage.

For the case of A = 32 um, Fig. 11 depicts the evolution of wear
scar along the contact surface for ¢ =2.9 x 108 MPa~l. Wear
occurs at two slip zones and the wear depth increases with the
increasing number of cycles. As the result of the evolution of
contact geometry, the distributions of contact stresses and sub-
surface stress vary from cycle to cycle. Fig. 12 shows the evolution
of 64 along the contact surface. The value of 6, at the left contact
edge x = — 0.44 mm drops due to the removal of material while
its value near the left stick-slip interface x = — 0.31 mm increases
slightly. The peak value is always at the left contact edge before
50,000 cycles. For the aim of investigating the effect of wear
coefficient, the investigators also carry out the wear simulation for
the case of ¢ = 2 x 10-7 MPa-. Fig. 13 illustrates the evolution of
oy along the contact surface. Under the higher wear coefficient,
the effect of wear on the stress evolution is more evident. The
same trends of the evolution at the left contact edge and the left
stick-slip interface are found by comparing Figs. 12 and 13. How-
ever, the stress value at the left stick-slip interface increases sig-
nificantly for ¢ =2 x 10-7 MPa~!. The peak moves from the left
contact edge to the left stick-slip interface as the number of cycles
increases to 20,000 cycles.

The effect of wear coefficient can be summarized in that the
value of stress component oy, decreases at the left contact edge but
increases at the left stick-slip interface. The increment is more
significant with greater wear coefficient, which makes the left
stick-slip interface as a critical position of the fatigue crack
initiation. Two main reasons can be concluded for the different
influence at the left stick-slip interface for the two wear coeffi-
cients: (1) The wear scar at the two slip zones is deeper with
greater wear coefficient, which weakens the loading capacity of
the slip zones. The loading condition at the central stick zone
grows more severe. (2) The deeper wear scar results in more
drastic change of the contact geometry at the left stick-slip
interface.
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Fig. 12. Evolution of oy along the contact surface for 4 =32pmand¢ =29
x10-8 MPa~! without consideration of fatigue damage.
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Fig. 13. Evolution of oxx along the contact surface for A =32pmand¢ =2
x10~7 MPa~! without consideration of fatigue damage.

Figs. 14 and 15 show the evolutions of s, along the contact surface
for A =40 umand ¢ = 2.9 x 10 MPa~', and 4 = 40 pm and ¢ = 2x
10-7 MPa~! respectively. A similar tendency to the cases of A = 32 pm
is observed for the evolution of o, for the cases of A = 40 um. The
position of the left stick-slip interface moves to x = — 0.17 mm but no
obvious moving of the right stick-slip interface is observed.

The authors also investigate the effect of wear coefficient on
the fretting fatigue life when the fatigue damage and wear are
both considered in the coupled CDM approach. The fatigue crack
occurs at the left contact edge for ¢ = 2. 9 x 10-8 MPa™!, which is
the same as the baseline simulation with zero wear coefficient.
Although the stress value at the left stick-slip interface increases,
the maximum value is still at the left contact edge. The rate of
fatigue damage accumulation is higher at the left contact edge
than that at the left stick-slip interface. Compared to the baseline
cases with zero wear coefficient, the predicted fretting fatigue lives
are larger for ¢ = 2. 9 x 10~8 MPa~, as shown in Fig. 5. The reason
is that the stresses at the left contact edge are reduced due to
wear. However, the fatigue crack initiates at the left stick-slip
interface for ¢ =2 x 10-7and 7. 121 x 10-7 MPa'. Fig. 16 shows
the distribution of fatigue damage along the contact surface for
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Fig. 14. Evolutions of oxx along the contact surface for A =40pmand¢ = 2.9
x10-8 MPa~! without consideration of fatigue damage.
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Fig. 15. Evolutions of oy along the contact surface for A =40pmand¢ =2
x10-7 MPa-! respectively without consideration of fatigue damage.

A =32 pmand ¢ =2 x 1007 MPa~! when the fatigue crack initi-
ates. Although the fretting fatigue crack occurs finally at the left
stick-slip interface, the peak of oy, is at the left contact edge at the
beginning of the simulation. Therefore, it is necessary to investi-
gate the accumulation of the fatigue damage at the two positions,
the left contact edge and the left stick-slip interface. Fig. 17 shows
the accumulations of the fatigue damage at the two positions for
A =32pumand ¢ = 2 x 107 MPa-1. At the beginning of the simu-
lation, the fatigue damage at the left contact edge is greater than
that at the left stick-slip interface. As the number of cycles
increases, the stresses at the left stick-slip interface increases
significantly due to wear. Therefore, the fatigue damage at the left
stick-slip interface exceeds that at the left contact edge after cer-
tain cycles. The predicted fretting fatigue lives for
¢ =2x10"7and 7. 121 x 107 MPa! are shorter than the baseline
results with zero wear coefficient.

The above results indicate the effect of the wear coefficient on
the fretting fatigue life is non-monotonic. A small wear coefficient
may prolong the fatigue life compared to the baseline case. The
fatigue life then decreases with the further increase of wear
coefficient. This tendency is attributed to the complex variation of
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Fig. 17. Accumulations of the fatigue damage at the two positions for
A=32pmand ¢ =2 x 107 MPa~1.

distribution of 6y, which can influence the fatigue damage accu-
mulation and critical position simultaneously.

5.5. Combined effects of fatigue damage and wear

The simulations for ¢ = 2 x 107 MPa~! in Table 3 are chosen to
investigate the combined effects of the fatigue and wear. Fig. 18
depicts the evolution of the distribution of ¢, along the contact
surface for A =32 pmand ¢ = 2 x 10-7 MPa~!. Different relation-
ship between the fatigue damage and wear can be obtained at the
two critical positions. The fatigue damage and wear combine to
decrease the value of oy at the left contact edge. The stress
component drops at the left contact edge as the number of cycles
increases to 60,000 cycles, as shown in Fig. 18. However, the
relationship between the fatigue damage and wear is competitive
at the left stick-slip interface. The fatigue damage decreases the
value of the stress component while the wear increases it. At the
beginning of the simulations, the value of the fatigue damage is
small and the effect of wear is predominant. Whereafter, the effect
of fatigue damage becomes significant compared to the effect of

1200 w w $=2x10"MPa™!, A=32m, 0 cycle
¢=2><10'7MPa'1, A=32pm, 20000 cycles
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Fig. 18. Evolution of the distribution of oy along the contact surface for
A=32pmand ¢ = 2 x 107 MPa~1.

wear as the fatigue damage increases and as the number of cycles
increase. Therefore, the combined effects increase first and then
decrease the value of sy, with the increase of the number of cycles.
This combined and competitive relationship also exists in the
simulations for ¢ = 2.9 x 108 and 7. 121 x 10-7 MPa.

However, whichever one of the two actions plays a crucial role
has a close relation with the value of the wear coefficient. In this
study, the combined effect is important for the prediction of
fretting fatigue life under ¢ = 2.9 x 10-8 MPa~! because the fatigue
crack initiates at the left contact edge. In the case of
¢ =2x10"7and 7. 121 x 107 MPa"!, the competition at the left
stick-slip interface is more significant, which leads to the initiation
of the fatigue crack.

6. Conclusions

In this study, the effects of the relative slip amplitude and wear
coefficient to the fretting fatigue behavior are evaluated in the
condition of partial slip based on the improved CDM approach.
Some key findings can be concluded as follows:

® The improved fatigue damage accumulation rule can predict a
more reasonable and accurate damage process.

® The stress component oy, With higher peak value is more sig-
nificant in the fretting fatigue compared to the other three stress
components. It almost determines the fretting fatigue behavior.

e The fretting fatigue life decreases with the increase of the
relative slip amplitude. This is because the peak value of oy
increases as the relative slip amplitude increases, which accel-
erates the initiation of fretting fatigue crack.

e The fatigue damage is restricted to a small zone along the
contact surface of the specimen, which obviously decreases the
value of 6y but has insignificant effect on the contact pressure
and shear traction.

® The influence of wear on the contact stress and the fretting
fatigue life cannot be ignored. The effect of the wear coefficient
is non-monotonic. This reason can be attributed to the complex
variation of the distribution of cyy.

e The combination and competition between fatigue damage and
wear is presented and evaluated. Whichever one of the two
actions plays a crucial role it accordingly has a close relation
with the value of the wear coefficient.
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