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a b s t r a c t

This study is devoted to the computation of realistic stress and strain fields at a local scale in fretting.
Models are proposed to improve surface and volume modelling, by taking into account the heterogeneity
of stress fields due to the irregular interface. This gives a new view toward damage mechanisms. The
surface heterogeneity which is considered here, results from the third body trapped in the contact zone.
This third body is known to drastically influence the contact conditions. The competition between wear
and crack initiation is investigated with respect to local stress fields. The first model is used to study
the evolutions of particles and the contact stress according to the loading conditions. Then, Dang Van’s
multiaxial fatigue model is used to predict crack initiation during the fretting test. This criterion may
highlight the presence of microcracking everywhere in the contact zone.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Damage prediction in contact areas submitted to fretting is an
serious issue, since it is often a limiting factor for the design of
industrial components. Most of the papers in the literature consider
a comprehensive approach of this problem, and use pure macro-
scopic models to evaluate the stress and strain fields at the contact
surfaces [1,2]. This does not take into account the fact that, in con-
tact problems, the volume of material enduring critical load levels is
remarkably small, i.e. much less than a cubic millimeter. This size
may be comparable to the size of several grains only in metallic
alloys and/or particles that could be trapped in the contact zone.
Thus, they probably have an impact in the prediction of the fretting
damage, and they must be introduced in the modelling.

The aim of this paper is to propose solutions to take into account
the heterogeneous character of the material, and to show that the
mechanism change can be captured by simple critical variables at a
local scale in the FE computation to point out the consequences for
life predictions. In fretting contacts, wear and fatigue mechanisms
interact, so one has to consider these two phenomena simulta-
neously. At low-displacement amplitudes in partial slip, fatigue
dominates, whereas wear prevails at large displacement ampli-
tudes in gross slip [3]. The concept of fretting map is used to define
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the conditions for which each damage mechanism is predominant
as described in section 2 for cylinder–plate tests performed on
titanium alloys. Some wear mechanisms, such as adhesion and oxi-
dation, might promote fatigue in partial slip [4]. In the gross slip
conditions, wear can prevent fatigue damage to occur by eliminat-
ing surface cracks at a faster rate than their growth [5].

Due to the complexity of the sliding surface interaction, lit-
erature presents many models about these damage mechanisms.
More than one hundred wear models are listed in [6]. Neverthe-
less, Archard’s law [7] often inspires wear modelling and it has been
adapted to fretting wear in finite element (FE) analysis [8–10]. In
this study, the wear model is based upon the Oqvist’s approach [8]
as described in Section 4. The model explicitly includes the third
body which is known to drastically affect the contact conditions.
Oqvist’s model has been adapted to represent the matter transfer
towards the third body.

A literature review on fretting fatigue modelling can be found
in [4]. These last years, applications of multiaxial fatigue parame-
ters [11,12], fracture mechanics [13] and fatigue mechanics [2,14]
to fretting contact problems have been developed. Some other
authors have studied the role of material modelling in fretting
fatigue prediction [1,15,16]

In our study, it has been decided to use Dang Van’s multiaxial
fatigue model to predict crack initiation during a cylinder–plate
fretting test. The definition of this model is recalled in Section
3. The important problem of the description of the third body is
considered here. It is known to drastically influence the contact
conditions. An attempt to develop an original description of this
material is then presented in Section 4. It allows to predict the cap-
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Fig. 1. Material response fretting map as determined by [20]. The loading conditions
of the computations performed in our study are indicated by black points in the
diagram.

ture of the matter inside the contact or its ejection in relation with
the loading conditions (Section 5). Its influence on wear and fatigue
life prediction is evaluated here and compared to FE computation
without considering the third body.

2. A material response fretting map

The concept of fretting map, already approached in the past [17]
has been introduced by [18,19] to underline the relation between
the transition from partial slip to gross slip and the transition from
crack initiation to wear. It has been recently applied to titanium
alloy (Ti6Al4V) which is chosen as an example in this study [20].
The corresponding response is drawn for 106 cycles (Fig. 1) of a
cylinder/plate fretting test. The cylinder radius is equal to 10 mm.
Depending on the displacement amplitude and the normal load,
one of these responses is observed: no damage, fatigue cracking,
fatigue cracking and wear or wear only. These four domains are
indicated in the material response fretting map (Fig. 1). By means
of linear elastic computations, the field can be splitted into a par-
tial slip and a total slip domain. In elastic–plastic computations, an
additional domain can be found where the relative displacements
between the bodies are not accommodated by contact sliding but
by near surface material flow. The horizontal boundary indicated
in Fig. 1 marks the onset of large plastic flow.

In the partial slip domain, no damage is obtained in experi-
ment with low normal forces (133 MPa). At higher normal forces
(266 MPa, 333 MPa), cracks have been detected in tests with suffi-
ciently high displacement amplitude. In the total slip regime, wear
is the only damage mechanism for low normal forces (133 MPa).
At higher normal forces (266 MPa, 333 MPa), wear and cracking are
both detected for lower displacement amplitudes, and only wear
for higher displacement amplitudes.

Adhesion is the main source of wear at low normal forces so
that the strain fields predicted with models using a von Mises cri-
terion are not relevant to fully explain the wear process. When
a microstructural scale material model is introduced, larger local
strains will be produced, due to a series of localization problems
that cannot be observed with classical plasticity models. This effect
is of increasing importance with increasing normal force – then
plasticity related wear may be predominant, and may hide the phe-
nomena linked to adhesion. The deepest cracks in fretting tests are
obtained in the “partial slip regime” where wear is also observed.

3. Material modelling

TA6V is a near � titanium base alloy. In the present state, it is
made of 50% lamellar packs of HCP �-phase and bcc �-phase and
50% � grains with a grain size of 30 �m. On the whole the �-phase
does not constitute more than a few percent in this alloy. A crystal-
lographic texture is present at two scales. The material exhibits a
macro texture. A preferential orientation of all the grains is present
at a macroscale. Additionally, a micro texture has been observed.
The domains of neighbouring grains have a very similar orienta-
tion constituting super grains [21]. Some qualitative information
about the macro texture of the material can be found in [22]. The
main texture is caused by a preferential orientation of the c-axis of
the hexagonal lattice in the normal direction (ND) of the specimen
whereby uniaxial tests with an imposed deformation in the “rolling
direction” (RD) were made. The elastic constants are respectively
119 GPa for the Young’s modulus and � = 0.29 for Poisson’s ratio.
The elastic limit is R0.2

p = 850 MPa and the tensile strength Rm is
around 1000 MPa. For cyclic material modeling a phenomenologi-
cal “von Mises” approach [2] was applied. All material parameters
were identified using cyclic fatigue tests under deformation control
at Rε = εmin/εmax = − 1.

As a first approach, we restrict ourselves to elastic computations.
The applications will show that the von Mises stress remains below
or just above the yield stress even in the contact area.

The classical version of Dang Van’s criterion introduces a com-
bination of the actual shear stress and hydrostatic pressure, P. For
a given facet, characterised by its normal �n, the circle that encloses
the shear path described during one cycle is defined. The shear ��n(t)
that is used in the criterion is the distance between the current point
of the shear path and the center of this circle. For a given time t, one
of the facet presents the highest value of the linear combination of
��n(t) and P(t), called equivalent Dang Van’s stress, �DV(t). The path
in the P–� plane should remain in the half space where this stress
remains smaller than a critical value, that is nothing but the fatigue
limit in pure shear, �0.

�DV (t) = max
�n

(��n(t) + bP(t)) (1)

f (�) = max
t

�DV (t) − �0 (2)

The material parameters b and �0 are constants that have
to be calibrated from two independent tests, either pure ten-
sion and shear fatigue, or two tensile tests with different R ratios
(R = �min/�max).

In the present application, an alternative formulation is used.
The Tresca type shear is replaced by a von Mises evaluation. The
load path is considered in the tensorial stress space, and one search
for the hypersphere that encloses the full path. Its center is a devia-
toric tensor. The actual shear at time t does not introduce any facet
definition. It is just computed as the distance in the deviatoric stress
space between the current point of the cycle and the previously
defined center, denoted by J*. Following the previous case, a linear
combination is introduced between J* and the trace I1 of the stress
tensor, I1(t) = Trace(�

∼
)(t). The computation of the criterion is much

faster in this case, since there is no facet. As a drawback, there is no
more information concerning the orientation of the crack initation
plane.

�∗
DV (t) = (1 − b∗)J∗(t) + b∗I1(t) (3)

f ∗(�) = max
t

�∗
DV (t) − �∗

0 (4)

With the shape chosen in Eq. (3), crack initiation occurs when
the critical stress reaches the fatigue limit �0 in pure tension under
reverse loading R = − 1. As an example, the maximum values of
�∗

DV (t) are respectively:
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