The effect of slip regime on fretting wear-induced stress evolution
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Abstract

A numerical approach to simulate fretting wear, based on a modified version of the
Archard equation, is applied to a cylinder-on-flat fretting configuration for gross sliding
and partial slip conditions. The evolution of contact geometry, surface contact variables,
including, contact pressure and relative slip, and sub-surface stresses are predicted.
Surface wear damage is predicted to have a significant effect on the near-surface
tangential and shear stress distributions for both slip regimes, with significant differences
between the partial slip and gross slip cases. The implications of these effects are
discussed with respect to fatigue prediction, leading to new insight into experimentally
observed effects of slip regime on crack initiation. The more detrimental effects of partial
slip conditions, with respect to cracking risk, are demonstrated quantitatively. In addition,

the results suggest an explanation for the observed variations in location of crack
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initiation within the slip zone under partial slip conditions. The work establishes a basis

for direct incorporation of the effect of slip amplitude on fretting fatigue life prediction.
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Notation

a contact half-width

c the half width of the stick zone

¢ the half width of the stick zone at the extreme of T(t)
E Young’s modulus

h total wear depth

H hardness of the material

k dimensional Archard wear coefficient

K non-dimensional Archard wear coefficient

Nt total number of wear cycles

Po maximum Hertzian contact pressure

p(x) contact pressure as a function of x-position

P applied normal load

R radius of contacting surface

s(X) contact slip during a quarter cycle as a function of x-position
S total (accumulated) slip distance

t time



T(t) friction force at time t

Tmax maximum friction force during one fretting cycle

\Y total wear volume

X,y rectangular co-ordinates

A1) applied displacement as a function of time

o* applied stroke half-amplitude

u coefficient of friction

ox, Oy normal stresses on planes perpendicular to the x, y axes

Ty shear stress in x-y plane

v, Poisson’s ratio

1) maximum penetration depth used in ABAQUS contact algorithm

Introduction

Fretting commonly occurs when two contacting bodies experience oscillating shear
tractions and small relative slip amplitudes typically in the range 5 to 100 um. The
resulting damage can be either wear or fatigue, depending on the imposed forces and
displacement amplitude. A theoretical basis for fretting fatigue and fretting wear analyses
was first addressed by Cattaneo [1] and independently by Mindlin [2], who provided an
analytical elastic solution of surface and subsurface stress distributions for the case of two
spheres under partial slip. Their results were extended to other loading scenarios and
contact geometries by Mindlin and Deresiewicz [3], Deresiewicz [4], Hamilton and
Goodman [5] and Hamilton [6]. More recently, Hills and Nowell [7] published a review

of analytical and numerical solutions of this problem involving various plane and



axi-symmetric configurations.

There is no general agreement on the use of the above-mentioned solutions for the
analysis of fretting fatigue and fretting wear, as wear may significantly modify the initial
surface profiles and, therefore, the surface and subsurface stress distributions. Hills and
Fellows [8] reported some considerations about changes of indenter shape under the
partial slip situation. They suggested that, since wear on a Hertzian (i.e. cylindrical)
indenter is small enough to have only a modest influence on the contact-stress state, the
use of the initial contact geometry is justified for predicting fretting fatigue. For the case
of full sliding, Dundurs and Comninou [9] deduced a closed-form solution for the worn
shape of an elastically rigid slider, assuming the high spots are worn until a uniform
pressure exists. However, it should be pointed out that these two works only considered

the change of indenter profile, not both indenter and counter-body profiles.

With the rapid development of finite element (FE) analysis for non-linear problems
including contact mechanics, it is possible to tackle contact-based wear modelling. In
1994, Johansson [10] proposed an FE algorithm to simulate evolution of the contacting
surface profiles and contact pressure, as induced by fretting wear. The present
authors [11] recently implemented an FE-based wear simulation method, using a
commercial FE code, and compared the predicted results against experimental wear
measurements. This paper investigates the evolution of subsurface stress fields due to
material removal by fretting wear, under both partial slip and gross slip regimes, using

the latter wear simulation tool.



Formulation of analytical solution

The cylinder-on-flat configuration is widely employed in the study of fretting, since the
solution for the initial stress, strain and slip fields is well known. A brief summary of

relevant theories and solutions is given in this section.

Consider the fretting contact depicted schematically in Figure 1. The indenter is
subject to a normal load P and an alternating tangential force T(t) of amplitude Tmax, €ach
per unit length of contact. If the two bodies have the same elastic modulus E, the
deformations of their surfaces conform exactly to each other. The shape and size of the
contact area are then determined by the profiles of the two surfaces and the normal

load P, independent of the tangential force T(t) [12]. The contact pressure p(x) is given by

p(x) = po,/l—:—z (1)

The contact half-width a and the maximum contact pressure po are given by:

the Hertzian solution [12]:
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R = (i+iJ_ (5)

Subscripts 1 and 2 correspond to the contacting bodies and R represents the principal

radius of curvature.

With the introduction of the tangential force T(t), relative slip occurs between the
two contact surfaces. In gross slip situations, the maximum tangential force, Tmax, IS equal
to the limiting friction force, i.e. 1P, where u is the coefficient of friction. Under this

instantaneous condition, the shear traction is given by:

A(x)/ ppy = —y1-(x/a)* (6)

If Tmax is less than 4P, partial slip occurs and a central stick zone of half-width c can be
developed with a partial slip zone occurring at the edge, ¢ < |x| < a. The shear traction

distribution corresponding to the extremes of T(t) can be described by Mindlin theory as:
q(x) = 14, {(az _ X2)1/2 _ (C*2 _Xz)l/z}/a @)
where c* is the instantaneous half-width of the stick zone, and is given by:

c* T

2 — ] Jmax

a 1P ®)
Details on the variation of the shear traction within one fretting cycle can be found
in [13]. The stress components for gross slip can be deduced by superposition of the
stresses due to the normal traction (pressure) p(x) and the tangential traction q(x). The
explicit formulations were given by Smith & Liu [14] and Sackfield & Hills [15]. The

stress fields for partial slip can be obtained by superimposing the stresses due to three



elliptical distributions, corresponding to (i) the normal traction distribution p(x)
over |x| < a, (ii) the shear traction distribution «p(x) over |x| < a and (iii) an additional

shear traction distribution of magnitude -gp(x/c)c/a over x| < ¢ [7].

Finite element analysis

The general purpose, non-linear FE code, ABAQUS [16] is used to calculate the surface
and subsurface stress distributions before and after wear. The finite element model is
shown in Figure 2. The radius of the cylinder is 6 mm. Detailed attention has been given
to the development of this finite element model, due to the difficulties associated with
frictional contact modelling of deformable bodies [16] and a more detailed description of
this development is given in [17]. However, some of the more important aspects are
mentioned here. The predicted surface traction distributions and sub-surface normal and
shear stresses have been validated for the unworn case [11,17] against the corresponding
Hertzian results [12]. The mesh (element size) in the contact area is very fine
(about 10 um) to capture the complicated variations of surface and sub-surface stresses
and relative slip. The transition from coarse mesh to fine mesh is achieved via multi-point
constraints (MPCs). Two-dimensional, four-node, plane strain (linear) elements are
employed throughout, as recommended for frictional contact problems [16]; second order
elements can give fluctuating pressure distributions. The contact surface interaction is
defined via the contact pair approach of ABAQUS, which uses a master-slave
arrangement to enforce the non-penetration contact constraint. The use of matching slave
and master surface meshes is well established to be critical to reliable surface traction

results. During the iterative contact solution procedure, the nodes on the slave surface are



permitted to penetrate the master surface by a user-controlled maximum penetration
depth w. In this study the cylindrical surface was chosen as the slave contact surface and
the recommended [16] o value of approximately 5 um, i.e. half the characteristic element
dimension, was employed. An unsatisfactory value for @ would give rise to difficulties in
achieving convergence or fluctuating surface tractions [16], neither of which occurred in
the present context, either for the unworn or worn cases; the issue of instabilities in the
wear simulation results has been discussed in detail in [11]. The wear simulation
algorithm [11] modifies the contact geometry in such a way as to maintain matching
meshes throughout the total wear simulation, thus ensuring smooth surface and sub-
surface stress distributions. In addition, the through-depth dimensions of the surface
elements are maintained approximately constant by ‘shunting’ down the sub-surface rows
of nodes, as the surface nodes are moved, so as to maintain essentially the same surface
element and sub-surface element depths. This ensures that implementation of the wear
does not affect adversely the element sizes or shapes, and that the worn meshes give
equivalent quality results to the validated unworn results. The basic Coulomb friction
model, implemented using isotropic friction in ABAQUS, is employed, with the frictional
contact conditions introduced via the Lagrange multiplier approach, for both normal and
tangential loading. This enforces exact sticking (zero slip) constraints between the bodies
when the equivalent shear stress is less than the critical shear stress. The alternative
approach is the more-approximate penalty method that permits an allowable elastic slip
for ease of convergence. Coefficient of friction u is taken as 0.6 from the fretting tests

reported in [11], for the configuration modelled here.

The elastic modulus and Poisson’s ratio of both the cylinder and flat are taken as



200 GPa and 0.3, respectively. Linear constraint equations are employed to ensure
uniform vertical displacement of the nodes on the top surface of the cylinder. To simulate
the fretting contact, a y direction normal load is applied to the top surface, and then a
periodic x direction displacement &t) of amplitude & is imposed on Point F (see Figure
2), introducing an oscillatory tangential friction force T(t) on the contacting surfaces. The
bottom of the flat substrate is restrained from movement in the x and y directions. In this
paper two different loading cases are studied (see Table 1), corresponding to gross slip

and partial slip situations, respectively.

Wear simulation method

A commonly used model for sliding wear damage is Archard’s equation [18]:

P
= Kﬁ )

v
S
where V is the wear volume, S is the sliding distance, K is the wear coefficient, P is the

normal load and H is the hardness of the material. For a given point on one of the

contacting surfaces, Equation (9) can be expressed as:

h
—k 10
s =k (10)

where h is the wear depth (m), k is the dimensional wear coefficient (MPa) and p is the

contact pressure (MPa). The differential formulation of Equation (10) is:

dh

— —k 11
g5~ P (11)

Based on Equation (11), a numerical approach has been developed to simulate



fretting wear. The approach is shown schematically in Figure 3. Specifically, for a given
contact geometry, the initial distributions of contact pressure and relative slip between the
contact surfaces are calculated by the finite element method. With this information, the
nodal wear depth for one increment of wear cycles (AN) is computed, permitting the
modified geometry of the FE model to be determined. Wear simulation is achieved by
repeating this procedure incrementally. Further detail can be found in [11]. It should be

noted that the effect of debris is neglected in the simulation described here.

Evolution of stresses due to wear

In order to assess the effect of fretting wear on the two-dimensional contact stress
distributions, the wear simulation approach has been applied for the two load cases of
Table 1, with an assumed dimensional wear coefficient of 1.0x107 MPa. This value is
representative of a nitrided CrMoV high strength steel, up to 18,000 fretting wear
cycles [11]. Figure 4 shows the contact surface profiles versus numbers of fretting wear
cycles for gross slip (Case 1). Note that the horizontal and vertical positions refer,
respectively, to the x and y coordinates of Figure 2, and that different scales are used for
the horizontal and vertical axes. As fretting-wear proceeds, the contact surface profiles
are modified, with the flat surface developing a dished profile; the contact tends towards

conforming.

Figure 5a shows the FE predicted contact pressure distribution p(x) versus number
of fretting cycles for gross slip (Case 1). These distributions correspond to the instant of
zero tangential displacement during the displacement cycle. The FE predicted distribution

at zero cycles overlays the Hertzian calculated distribution except for a very small
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dip at x = 0. As fretting wear proceeds, the size of the contact region increases and the
peak p(x) is dramatically reduced. At 18000 cycles, the peak p(x) is predicted to have
reduced to less than 15% of its initial value, and the pressure distribution along the
contact tends towards uniform. Figure 5b shows the evolution of the contact slip s(x)
corresponding to the +¢6 extreme of the fretting cycle (i.e. +10 um displacement). From
the unworn situation (0 cycles) to 18,000 cycles, the magnitude of s(x) is predicted to
increase by less than 1 um, although the extent of slip clearly increases from about
0.2 mm to more than 0.95 mm width, due to the increased contact area. The increase

in s(x) at the centre of the contact complements the decrease in contact pressure.

Evolution of the contact surface profiles also gives rise to variations in the
subsurface stresses. Figure 6 shows the distribution of subsurface normal stress ox and
shear stress zy at the +o6 extreme, at a depth of 0.005mm below the flat surface, for 0 and
18000 wear cycles. The normal stress ox has an initial maximum tensile (positive) stress
of 450MPa at the initial trailing edge (Point A). However, after 18,000 wear cycles it is
replaced by a small compressive (negative) stress at Point A. In contrast, at the new
trailing edge (Point B) ox is still tensile, although it again has a much-reduced value
of 120MPa. It is expected that ox at Point B will go negative with further development of

fretting wear.

Figure 7 shows the theoretical distributions of the initial shear stress zy at a depth
of 0.005mm due to normal loading, sliding tangential loading (with ¢ = 0.6) and the
combined loading case, based on Hertzian contact theory [12]. The FE-predicted =y

distribution for the unworn case of Figure 6b slightly under-predicts the peak stress and
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slightly over-predicts the contact edge stresses relative to the theoretical combined
loading distribution (Figure 7). These differences can be attributed to the assumptions of
Hertzian theory, e.g. elastic half-spaces, which is not the case for the FE model. Under
normal loading only, the theoretical shear stress is anti-symmetric about the x = 0
position, with peak values occurring at the contact edges; in contrast, the tangential load
distribution is symmetric about the x = 0 position and always of the same sign. The
combined loading gives rise to a rather sharp dip in shear stress at the x =—a contact
edge; the FE model predicts a similar but somewhat sharper dip. The FE distributions
also slide in the direction of applied displacement (Figure 6b). With the increasing
number of fretting wear cycles, the shear stress zy in the central region of contact is seen
to decrease significantly, while a local peak appears at the leading edge of the enlarged
contact zone. This local peak, which moves to the x = —a edge of contact with reversing
displacement, i.e. —¢, is attributed to the stress concentration associated with the

interaction between the cylindrical surface and the increasingly sharp wear scar edge.

If the imposed displacement is small enough, e.g. 2.5um of Case 2, slip only occurs
at the edge of the contact region and the central zone remains in a stick condition. The
magnitude of slip is much smaller than the imposed displacement. Using the same wear
coefficient as in Case 1, the predicted development of the contact surface profiles for the
partial slip conditions of Case 2 are illustrated in Figure 8. There is no wear predicted in
the stick region due to the absence of slip. Slight wear occurs in the slip regions, resulting

in an increased gap for the undeformed (i.e. unloaded) configuration in these regions.

Figure 9 shows the evolution of the contact pressure and contact slip for Case 2.

Note again that the contact pressure corresponds to zero tangential displacement of the
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displacement cycle, whilst the contact slip corresponds to the +¢ extreme, i.e. +2.5um
displacement. After 18,000 cycles, the central stick zone remains unchanged, but the
outer slip zone width has increased by 0.03mm (Figure 9b). Thus, the total contact width
increases by 20%, even for the partial slip situation. The initial p(x) distribution
(Figure 9a) is still consistent with the Hertz solution. However, after 18,000 wear
cycles, p(x) in the stick zone increases significantly, particularly at the slip-stick
boundaries where sharp peaks develop. In contrast, p(x) in the slip zones is reduced to
negligible values, due to the increased gap caused by wear. The pressure distribution
tends towards that of a sharp-cornered punch of width equal to the initial stick zone
width. Figure 9b shows that the contact slip increases by more than 50%, but the absolute

values are still small relative to the applied displacement of 2.5um.

The effect of wear on the ox and =y subsurface stress distributions at the +o
extreme, at a depth of 0.005mm below the flat surface, for Case 2, is illustrated in
Figure 10. After 18000 wear cycles the maximum tensile value of ox is increased from
about 400 to 460 MPa and its position moved from the initial (Hertzian) contact trailing
edge (Point C) to the stick-slip boundary (Point D). In addition, unlike for gross slip
(Case 1), the high tensile stress extends completely across the slip zone from the initial
contact trailing edge (Point C). There is a more dramatic change in zy with wear. The
maximum value of 7y increases from about 400 MPa, for the unworn case, to about
1200 MPa at 18000 cycles, and the location of this maximum moves from the edge of
contact to the stick-slip interface (point E in Figure 10b). Following the trend of contact
pressure, the worn shear stress distribution evolves to become like that of a sharp-

cornered punch. Theoretical solutions for the sub-surface stress distributions under a
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sharp-cornered punch for non-sliding normal and tangential loading has been presented
previously [19]. The distributions of Figure 10a and 10b show similar trends. The worn
normal stress ox distribution (Figure 10a) is the superposition of a symmetric
compressive stress distribution, with sharp peaks at the contact edges, and an anti-
symmetric stress distribution, again with peaks at the contact edges, compressive at the
leading stick-slip interface and tensile at the trailing stick-slip interface for the +o stroke
position. The symmetric distribution is attributable to the normal load and the anti-
symmetric distribution to the traction induced shear load. The predicted resultant o
distribution thus gives a damaging local tensile peak at the trailing stick-slip interface.
The worn 7y distribution of Figure 10b is amenable to similar interpretation. In
particular, under the stick condition the stress distribution due to the normal load is
dominant over that due to the tangential load, and the contact pressure distribution of
Figure 9a is expected to give sharp anti-symmetric peaks in thesy distribution at the
leading and trailing stick-slip interfaces, similar to that of Figure 7. The distribution is
shifted upwards with the superposition of the tangential load, resulting in the sharp,
damaging positive zy peak at the leading edge and the correspondingly sharp, but

smaller, negative peak at the trailing edge.

Discussion

The present work has compared, for a cylinder-on-flat fretting arrangement, the fretting
wear-induced changes in contact width, contact pressure and relative slip, under gross
slip and partial slip conditions (Figures 5 and 9). The contact width increases with

increasing number of wear cycles, although the increase is limited for partial slip. This is

14



consistent with experimental results by Fellows et al [20], for partial slip conditions.
They reported the fretting scar widths to be larger than predicted by Hertz theory,
although they attributed this to the effects of surface roughness. The present work
suggests that this difference may well be fretting wear induced. Under gross slip
conditions, recent work by the authors [11] has shown reasonable agreement between the

numerical predictions and experimental fretting scars.

Although a considerable number of studies into fretting fatigue and fretting wear
have been reported in the literature, some aspects are still not sufficiently well understood
to permit successful quantitative modelling. One such is the effect of slip amplitude on
both fretting wear and fretting fatigue, and the interaction between the two. Vingsbo and
Soderberg [21] have summarised the relationship between fatigue life and wear rate as a
function of slip amplitude, as shown in Figure 11; the risk for both wear and fatigue in
the partial slip regime is increased with increasing slip amplitude. In contrast, in the gross
slip regime, although the wear rate continues to increases with increasing slip amplitude,
fatigue damage is reduced significantly. A general and simple proposed explanation for
this is that embryo cracks are worn away before they have a chance to grow in the gross
slip situations [22]. However, this phenomenon is difficult to implement in life prediction
methods, due to the requirement for modelling of the three interacting aspects of short
crack growth, frictional contact and material removal. Another observation not
satisfactorily explained is the location of fretting fatigue cracks in the partial slip regime.
With respect to Hertzian type contacts, e.g. cylinder-on-flat or sphere-on-flat, cracks have
been observed to develop at the contact edge [23], within the slip zone [24] or at the slip-

stick boundaries [25].
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Numerous attempts have been made to predict the phenomenon of partial slip
fretting fatigue, employing both stress or strain based approaches, e.g. maximum
principal stress criterion [26], and empirical parameters, e.g. the Ruiz empirical parameter
[27]. One disadvantage of the former is that they do not explicitly include the effect of
slip amplitude. The Ruiz parameter, ozd, where o is the tangential near-surface stress,
Is the surface tangential stress and o is the relative slip, was an attempt to empirically
include the effect of slip amplitude in relation to the prediction of crack initiation for
dovetail contact geometries. The method predicted the location of crack initiation
accurately and consistently for that particular geometry and material combination but to
the authors knowledge has not been generalised to other geometry and material
combinations, especially for life prediction. During the last decade, most effort has
focussed on the process of crack initiation, since it is argued that the bulk of a
component’s life is determined not by growth but by the initiation process itself [7, 28]. It
is particularly emphasized that since the stress and strain beneath the contact are cyclic in
nature, any attempt to predict the nucleation of fatigue cracks due the influence of fretting
must account for the varying stresses [20,28]. Recently, Araujo and Nowell [23] have
discussed the possibility of at least two distinct modes of crack initiation and early
growth, namely tensile-dominated and shear-dominated. Which mode occurs depends on
strain amplitude, material type and stress state. Araujo and Nowell [23] also investigated
multiaxial fatigue models and techniques that can be used to predict crack initiation
location and the direction of early growth. Specifically, they employed an extended
Smith-Watson-Topper (SWT) parameter [29], for cracks that grow in planes of high

tensile strain, and the Fatemi-Socie (FS) parameter [30], for cracks that grow in the
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planes of high shear strain. The SWT parameter is expressed as:

SWT =0, (%) (12)

where Ag is the difference between the maximum and minimum strains
perpendicular to the critical plane during the displacement cycle and omax IS the
maximum value of the stress component perpendicular to that plane at any point in the
cycle; this parameter is maximised with respect to orientation of the plane to obtain the
critical plane for crack initiation. The FS parameter, which is also maximised to obtain

the critical plane, is expressed as:

where Ay is the difference between maximum and minimum values of shear strain
experienced during the cycle, omax IS the maximum value of the stress component normal
to the chosen plane, oy is the yield stress and « is a constant which approaches unity at
long lives and is reduced at shorter lives. These two parameters are calculated based on
the unworn contact geometry and suggest initiation locations for the cylinder-on-flat
configuration at the contact edges. Similarly, other stress or strain based methods
neglecting wear also predict the initiation location at the contact edges, although the
Dang Van and McDiarmid criteria have predicted the region of possible crack initiation

to extend across the slip zone [31].

The results of the present work are critical for improved understanding of the

initiation of fretting induced cracks in the presence of wear. For gross slip (Case 1), omax
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for the unworn geometry is approximately equal to ox at the trailing edge, since the
corresponding shear stress 7y instantaneously vanishes. However, due to wear-induced
material removal, the trailing edge ox changes to compressive with a significantly
reduced magnitude; meanwhile zy at the same position increases from zero to 80 MPa
(Figure 6). Under such a modified stress field both the SWT and FS parameters after
18,000 wear cycles are significantly reduced from their values at zero cycles, so that the

predicted risk of either tensile or shear type cracking is likewise significantly reduced.

For partial slip (Case 2), the region of high tensile ox grows, due to material
removal, from the initial trailing edge to cover the complete slip zone, including the stick-
slip boundaries, while zy increases markedly at the stick-slip boundaries (Figure 10) half
a cycle later. Under such a stress field, the location of omax is calculated to shift to the
stick-slip boundaries with an increase in magnitude, while Ag also increases, leading to an
increased SWT at 18,000 wear cycles relative to the zero cycle value. This suggests that,
if a tensile-type crack initiates within the early stages of fretting, when wear is negligible,
the initiation site will be at or close to the trailing edge, whereas, if it initiates after tens of
thousands of cycles when wear is not negligible, the initiation site will move to the stick-
slip boundaries. This conclusion is in agreement with that of Goryacheva et al. [32], who
evaluated the stress evolution in partial-slip fretting conditions using an analytical

method.

On the other hand, with the appearance of the peak shear stress zy at the stick-slip
boundaries after wear, Ay also increases significantly and so does the FS parameter,

leading to a much higher risk of shear-type cracking at the stick-slip boundaries. Since
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either tensile or shear nucleation is possible at the stick-slip boundaries, the initiation

angle can be expected to vary with the crack type.

It is clear from the above that wear has an important influence on the fretting
fatigue initiation location and life prediction, and this influence is dependent on slip
regime. Furthermore, according to the material removal phenomena reported on here, it
appears that although slip is widely observed to affect fretting fatigue life, it does not
necessarily need to be an explicit parameter in fretting fatigue prediction criteria, as
proposed by Ruiz. Thus fretting fatigue life prediction can still be based on stress or
strain based multiaxial fatigue methods, e.g. SWT, FS or Dang Van parameters, but the
evolution of these subsurface stresses and strains due to material removal needs to be
incorporated. It is important to note that in experimental investigations of partial slip
fretting fatigue, a constant or cyclic tensile bulk stress is generally applied to the plain
fatigue specimen onto which the contact pads are clamped, with a (generally) fixed
normal clamping load and cyclic tangential loads [20,23]. Although the present work is
based on a fretting wear test, which does not include the substrate fatigue stress, it is
anticipated that the substantial trends with respect to the evolution of sub-surface stresses
and strains under partial and gross slip conditions and their effect on crack initiation and

early growth would not be altered by this aspect.

The primary advantage of the present FE-based approach is its versatility with
respect to complexity of geometry, material properties and loading conditions. This
facilitates application to more realistic components such as high performance aeroengine
spline couplings [33], where fretting wear and life prediction are important issues, and

where systematic component testing is expensive and the application of simplified
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laboratory approaches is not straightforward due to the complexity of loading history.
The present work then represents the basis for a general fretting fatigue lifing
methodology for such complex components. Current work is focussed on two aspects,
the application of multiaxial fatigue lifing methods to the complex stress and strain
loading histories associated with friction contact between the spline teeth [34], and
application of the wear simulation method to the same component using FE-predicted
complex contact conditions. Together, these two aspects will permit lifing prediction

including the effects of slip amplitude.

The evolution of stress presented here is based on the sub-surface stresses at a depth
of 0.005mm, corresponding to the first row of Gaussian integration points (element
sampling points) below the surface of the flat. This is true even for the worn geometry
due to the rows of sub-surface nodes being ‘shunted” down as the surface nodes are
moved, in such as way as to maintain the same surface element depth and similar sub-
surface element depths. Although further mesh refinement would give stress predictions
at smaller depths and lead presumably to slightly different stress predictions and
consequently to different fatigue life predictions, it is unlikely that the trends predicted
would be changed significantly, particularly since these trends corroborate experimental
findings from fretting tests. An apparent dilemma nonetheless arises in relation to the
most appropriate choice of sampling depth for prediction of crack initiation. This issue
has been dealt with previously in terms of the determination of an ‘averaging volume’ for
fatigue parameters, which is typically empirically determined via correlation with test
data, and appears to have some relationship to grain sizes [23, 31]. This aspect of an

‘averaging volume’ would therefore need to be considered in the application of the
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present techniques to the prediction of crack nucleation.

Finally, the effects of wear debris on the wear process and on the change of surface
and subsurface stresses are not dealt with above, but merit some discussion. From the
tribological point of view, contact becomes much more complex with the introduction of
debris. Godet et al [35] have proposed a theoretical model to describe the third-body, i.e.
wear debris, which can accommodate load and displacement via elasticity, rupture, shear
and/or rolling. However, quantification of the effect of wear debris on fretting wear and
fretting fatigue remains a significant challenge. The authors will report on this aspect in

future work.

Conclusions

Fretting wear is a surface degradation process, but it has been shown in this paper to have
an important impact on the near-surface stresses, which affect the initiation of fretting
fatigue cracks. For the gross slip regime, the high wear rate leads to the contact edges
moving rapidly outwards, leaving the material previously at the contact edges in a
permanently compressive state, which prohibits fretting-fatigue crack initiation. This
suggests an explanation for wear being the predominant feature in gross slip with growth
of a fretting fatigue crack being much less likely. For the partial slip regime, wear,
although comparatively smaller, increases the maximum tensile normal stress and shifts
its location from the contact edges to the boundaries between the stick and slip zones.
The risk of crack nucleation is therefore greater at the contact edges for small numbers of
cycles and at the stick-slip boundaries for large numbers of cycles. In addition, the

dramatic increase in the shear stress at the stick-slip boundaries increases the risk of

21



nucleation of shear type cracks.
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Table 1. Parameters for fretting cases studied

Case Normal load Peak-to-peak stroke
(N) amplitude (um)
1 1200 +10
2 1200 +25
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Figure 2.
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Figure 1.  Fretting contact
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Finite element model of cylinder-on-flat configuration (note: x is horizontal
position and y is vertical position in subsequent figures)
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Figure 3.  Schematic fretting wear simulation
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Figure 4.
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