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Preface

This thesis dissertation should serve as a comprehensive guideline for fretting
fatigue tests under variable amplitude loading. In other words, it focuses
on improving the understanding of experimental fretting fatigue tests and
numerical methodology for the life assessment of components under variable
loading conditions. The primary motivation for this research is the lack of
literature on this topic. Although constant amplitudes are almost an exception
in real applications and not the rule, few studies have been conducted considering
fretting fatigue under variable amplitude loading. This was mainly due to the
limitations of the first fretting test apparatus. Therefore, the few existing
tests were based on the use of S-N curves generated by fretting fatigue tests
performed on one actuator fretting fatigue device (thus bulk and fretting loads
are coupled), the use of Miner’s damage rule, and uniaxial fatigue analysis to
estimate life. Recent advances in the experimental area have allowed for tests
with more complex loading configurations. This motivated the realization of
this work. The current Ph.D project aims to carry out a comprehensive set
of fretting fatigue tests under variable amplitude loading. So that could be
possible to study the effects of the loading sequence on the total life and propose
a robust numerical approach capable of accurately estimating the life.

From a more personal point of view, this work represents the individual efforts
of a researcher in search of his personal and intellectual development, however,
supported and encouraged mainly by his advisors. The thesis can be considered
as the compilation of the main findings made throughout the entire doctorate.
The publications that are part of this manuscript are the result of a progressive
evolution that played an imperative role in my personal development. The
exposure and analysis of the main physical phenomena involved in this study
were only possible due to the established proficiency in numerical modeling,
and the ability to perform tests such as traction, fatigue, crack propagation,
and fretting fatigue. In addition, it can be said that all models and numerical
predictions were verified and validated with our experimental data or the ones
available in the literature. This contributes to the authenticity and reliability
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Abstract

Generally, the fretting fatigue problem is treated with constant amplitude
loading. However, this condition is not the reality for industrial applications.
Although there are few studies on fretting fatigue under variable amplitude
loadings, they use a simplistic approach to life estimation (unable to capture the
effects of the complex multiaxial and non-proportional stress field that exists
under the contact interface) and only the bulk fatigue load has its amplitude
alternating. The objective of this work is to propose a numerical methodology
for the life assessment of components subjected to fretting fatigue under variable
amplitude loading and to study the effects of these loads. For this, experimental
tests were carried out by applying H-L (High-Low) and L-H (Low-High) loading
blocks to the tangential load, that is, the contact normal load and the amplitude
of the bulk fatigue load were kept constant while the tangential load has its
alternating amplitude. The numerical methodology proposed for fretting fatigue
life assessment includes the wear effect and crack propagation. The multiaxial
fatigue parameter SWT, the theory of critical distance TCD, and Miners’ linear
rule were used to compute the damage in the crack nucleation phase. The
node-displacement algorithm based on Archard’s law was applied to account
wear. In the crack propagation phase, the CDM (critical direction method)
was used to estimate the crack initiation angle considering the worn contact
surface, and then the crack is modeled and propagated. The still limited
range of experimental data done in this work for fretting fatigue under varying
loading blocks seems to indicate that the loading sequence has an effect on the
accumulated fatigue damage, mainly to the H-L loading sequences. Based on
this observation, a new non-linear damage model was proposed. Using this new
damage model, the life estimation results were within a scatter band of 1.2.
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Beknopte samenvatting

In het algemeen wordt het probleem van fretting-vermoeidheid behandeld
met constante amplitudebelasting. Deze voorwaarde is echter niet de
realiteit voor industriële toepassingen. Hoewel er weinig studies zijn over
fretting-vermoeidheid onder variabele amplitudebelastingen, gebruiken ze
een simplistische benadering van de schatting van de levensduur (niet in
staat om de effecten van het complexe multiaxiale en niet-proportionele
spanningsveld dat bestaat onder de contactinterface vast te leggen) en alleen
de bulkmoeheidsbelasting heeft zijn amplitude alternerend. Het doel van dit
werk is om een numerieke methodologie voor te stellen voor de beoordeling
van de levensduur van componenten die onderhevig zijn aan wrijvingsmoeheid
onder variabele amplitudebelasting en om de effecten van deze belastingen
te bestuderen. Hiervoor werden experimentele tests uitgevoerd door H-
L (High-Low) en L-H (Low-High) belastingsblokken toe te passen op de
tangentiële belasting, dat wil zeggen de contactnormale belasting en de
amplitude van de bulkmoeheidsbelasting werden constant gehouden terwijl
de tangentiële belasting heeft zijn wisselende amplitude. De numerieke
methodologie die wordt voorgesteld voor de beoordeling van de levensduur
van de wrijvingsmoeheid omvat het slijtage-effect en de scheurvoortplanting.
De multiaxiale vermoeidheidsparameter SWT, de theorie van de kritische
afstand TCD en de lineaire regel van Miners werden gebruikt om de schade
in de scheurnucleatiefase te berekenen. Het knooppuntverplaatsingsalgoritme
op basis van de wet van Archard werd toegepast op accountwear. In de
scheurvoortplantingsfase werd de CDM (critical direction method) gebruikt
om de scheurinitiatiehoek te schatten, rekening houdend met het versleten
contactoppervlak, en vervolgens wordt de scheur gemodelleerd en gepropageerd.
De nog steeds beperkte reeks experimentele gegevens die in dit werk zijn gedaan
voor fretting-vermoeidheid onder variërende blokbelasting lijkt erop te wijzen
dat de laadvolgorde een effect heeft op de geaccumuleerde vermoeidheidsschade,
voornamelijk op de H-L-laadsequenties. Op basis van deze observatie werd
een nieuw niet-lineair schademodel voorgesteld. Met behulp van dit nieuwe
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schademodel lagen de resultaten van de schatting van de levensduur binnen een
spreidingsband van 1,2.



Abbreviations

ASTM American Society for Testing and Materials
CDM Critical Direction Method
CMOD Crack-mouth-opening displacement
COF Coefficient of friction
FEM Finit Element Method
FS Fatemi-Socie parameter
GNP Gross National Product
HCF High Cycle Fatigue
LEFM Linear Elastic Fracture Mechanics
LM Line Method of TCD
LVDT Linear variable differential transformer
MERR Maximum Energy Release Rate criterion
MTS Maximum Tangential Stress criterion
PM Point Method of TCD
PSBs Persistent Slip Bands
SIF Stress intensity factor
SWT Smith, Watson and Topper parameter
TCD Theory of Critical Distance
XFEM eXtended Finite Element Method

vii





Nomenclature

a Contact semi-width/Crack size
ai Initial crack size
af Final crack size
A Material constants of LM equation
α Energy wear coefficient
b Fatigue strength exponent
b

′ Fatigue strength exponent in torsion
B Bulk fatigue load/Material constants of LM equation
β Exponent of the numerical damage rule
c Semi-width of the stick zone/Fatigue ductility exponent
c

′ Fatigue ductility exponent in torsion
C Paris’ linear coefficient of the straight section
Cij Direction-dependent coefficients
dh Material removal depth
ds Incremental relative slip/Length increment along the contour Γ
da/dN Crack growth rate
da Crack incremental size
d1 Damage generated in the first block
Df,n(x) Total cumulative damage
δ Local slip amplitude
δ1i Kronecker delta
e Offset of the stick zone
E Young’s modulus of elasticity
E∗ Effective modulus of elasticity
E1,E2 Young modulus of the bodies coming into contact
Ed Friction energy dissipated
Ed,max Maximum friction energy dissipated
ε Strain of the material
ε

′

f Fatigue ductility coefficient
εx,εy,εz Strain in the x, y, and z-axis directions
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x NOMENCLATURE

εij Strain tensors
εn(θ, t) Average normal strain for a given θ line at the time t
ε̄n,a(θ) Maximum normal strain range for a given θ direction
∆ε1 Maximum range of principal strain
f Coefficient of friction
fm Mean coefficient of friction
fs Coefficient of friction for the slip zones
fij Shape function
Fα(x) Elastic asymptotic cracktip functions
F Shape factor
F1,F2,F3 Generic loads applied in a material
G Shear modulus
Ge, Gk Energy release rate
γxy,γxz,γyz Shear strain in the xy, xz, and yz-plane
γ

′

f Shear fatigue ductility coefficient
Γ Arbitrary counterclockwise path
∆γmax Maximum shear strain range
H Material hardness
H(x) Discontinuous jump function
J J-integral
JIc J-Integral Fracture Toughness
K Stress intensity factor
K1 Ruiz fretting wear parameter
K2 Ruiz fretting fatigue parameter
KI ,KII ,KIII Stress intensity factor in mode I, II, and III
KIc Plane strain fracture toughness
Kmax Maximum stress intensity factor
Kc Critical stress intensity factor
Keq Stress intensity factor equivalent
Kk

I ,Kk
II K with infinitesimally small crack direction

K Dimensionless wear coefficient
k2 Material constant used in FS paramete
kw Local wear coefficient
∆K Stress intensity factor range
∆Keq Stress intensity factor range equivalent
∆Kth Threshold stress intensity factor range
L Critical distance for HCF
Ls Critical distance static strength
LM Critical distance at medium-high cycle fatigue
m Slope coefficient of the Paris’ equation
mi Outward normal vector on path Γ∗

n1,n2 Number of cycles applied in each loading block



NOMENCLATURE xi

n Normal vector
ni Number of cycles applied with an σa

nj Components of the unit vector normal to Γ
N1 Experimentally observed live for the high loading block
N2 Experimentally observed live for the low loading block
Ni Crack nucleation life
Np Crack propagation life
N0 Initial guess life to estimate LM

Nh Estimated life of the High block
Nl Estimated life of the Low block
Nf Number of cycles to failure
Nf,i Fatigue life expected for a given stress state
Nf,e Numerical estimated life
NI(x) Nodal shape functions for conventional FE formulation
NJ(x) Nodal shape functions for q0

j

NK(x) Nodal shape functions for qα
k

∆N Jumping factor
ν Poisson’s modulus
ν1,ν2 Poisson’s ratio of the bodies coming into contact
O Origin of coordinates in the plane
p(x) Pressure distribution between two cylindrical contact
p0 Peak pressure
P Normal load
ϕ Angle between the z and x′ axis
ϕ(z) Muskhelishvili’s potential
q Weight function in the area A∗

q0
j Nodal enriched degree of freedom vector

qα
k Nodal enriched degree of freedom vector

q(x) Tangential traction
Q Tangential load
Q1 Tangential load applied in the first block
Q2 Tangential load applied in the second block
Qa Tangential load applied
Qmax Maximum tangential load
Qmin Minimum tangential load
r Distance close to the crack tip
R Loading ratio
Rp Pad radius
R∗ Effective contact radius
R1,R2 Radius of the bodies coming into contact
S Total relative slip
Sy Yield strength



xii NOMENCLATURE

Sc Set of nodes surrounding the crack tip
Sut Ultimate tensile strength
SA Set of all nodes in the FE mesh
SH Nodes whose supports are cut by the crack (excluding Sc)
σ Stress
σx,σy,σz Stress in the x, y, and z-axis directions
σn Normal stress
σr Reference material constant
σb Bulk fatigue stress
σa Stress amplitude
σm Mean stress
σr Radial stress component
σθ Tangential stress component
σb,1,σb,2,σb,3 Bulk fatigue load applyed in each loading block
σ

′

f Fatigue strength coefficient
σij Stress tensor
σn,max Maximum normal stress
σij(r, θ) Stress distribution in the area near the crack tip
σ0

ij Finite stresses at the crack tip
σθθ Stress field for polar coordinates
σeff Effective stress
σmax Maximumm stress
σn(θ, t) Average normal stress for a given θ line at the time t
σ̄n,max(θ) Maximum normal stress range
∆σ−1 Uniaxial plain fatigue limit range (R=-1)
t Time
t Cauchy stress vector
tn Normal stress vector
T Period
T Stress tensor
Ti Traction vector
τ Shear stress
τ Shear stress vector
τmax Maximum shear stress
τxy,τxz,τyz Shear stress in the xy, xz, and yz-plane
τ

′

f Fatigue strength coefficient in shear
τrθ Shear stress field for polar coordinates
θ Angle between the x and z′ axis/Crack direction
θp Crack propagation angle
ui Displacement vector
uI Nodal displacement vector
uh(x) Nodal displacement for XFEM formulation
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V Volume of material removed
x′,y′,z′ New generic coordinate system
w Strain energy density
ζ Stabilization parameter
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Chapter 1

Introduction and literature
review

“The first chapter presents a brief introduction of fretting fatigue under variable
amplitude loading and address the objectives of this thesis”

Some parts of the text in this chapter was previously published as:
PINTO, André Luis, et al. Fretting fatigue under variable amplitude loading
considering partial and gross slip regimes: Numerical analysis. Tribology
International, 2020, 146: 106199.
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2 INTRODUCTION AND LITERATURE REVIEW

1.1 Fretting fatigue

In recent decades the phenomenon/mechanism of failure known as fretting
has been extensively investigated. Fretting occurs when two contacting parts
are subjected to fluctuating loads, provoking a relatively small amplitude slip
between them. Strong stress gradients and wear due to the contact loads may
lead to the early initiation of cracks. In this case, in the presence of bulk
fatigue loads, one has the so-called fretting fatigue phenomenon. Under such
conditions, initiated cracks may propagate at high rates resulting in strong
fatigue resistance reductions [99]. Fretting fatigue takes place in many practical
situations such as gears, aircraft fuselages, the connection between rotor and
blades in jet engines, flanges, bolted joints in pipelines and overhead conductors
[141, 173, 8, 15]. Fretting fatigue studies and tests have been carried under
constant amplitude loads [128, 135, 116, 59]. However, in practice, under actual
working conditions, components such as the blade and disk attachment and
overhead conductors are subjected to variable amplitudes over time [102, 29].
In such cases, some questions are not trivial, for instance: how to determine
the fatigue life of a component subjected to variable fretting loading conditions
from the knowledge of simple stress (S) × life (N) curves of the material? How
to account for the strong stress gradient inherent to fretting problems? Is it
necessary to consider wear in such an analysis? Questions like these are what
motivated the development of this doctoral thesis.

One of the first scientific studies on this failure process, carried out in 1911,
showed that on the contact surface of steel grips there was the presence of oxide
debris [55]. Although Tomlinson [163] associated the fretting process with very
small relative tangential displacements on the contact surface between materials
and Warlow-Davies [169] and McDowell [105] demonstrated the combination of
effects of fretting and fatigue could reduce material fatigue strength significantly,
only in the 1960s that parameters such as contact pressure, relative tangential
displacement, contact size, fretting wear, environment conditions and stress
concentration on fretting fatigue were analyzed independently [122, 123, 124,
125, 126]. These studies have shown that the frequency of cyclic loading has no
significant influence on life and that due to some fretting fatigue tests present
non-propagating cracks it can lead to conclude that despite the fretting process
collaborate for the crack nucleation, some parameters may retard or hinder
the evolution of these cracks. Tests investigating the influence of relative slip
showed that for values between 5µm and 50µm a fatigue strength was reduced
while above 50µm of slip displacement fatigue cracks were not observed. This
behavior was later investigated by Vingsbo and Söderberg [168], Figure 1.1
shows that the effect of wear is proportional to slip displacement. Nishioka and
Hirakawa [124] showed that the mean stress applied to the specimens did not
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Figure 1.1: Fretting map: wear (black line) and fatigue life as function of slip
amplitude [168].

have major effects on the life of components subjected to fretting fatigue, and
that cracks tend to initiate in the high stress zones close to the contact edges
and propagate entering the region behind the zone contact.

In 1973, Bramhall [24] carried out a study using constant peak pressure and
varying the size of the contact, this work showed that for a certain critical
size of the contact the life of fatigue is drastically reduced. He attributed this
behavior to the stress gradient effect, because, small contacts have steeper
stress decays, whereas larger contacts have smoother ones for the same levels of
surface stress. This behavior was later confirmed by other authors as [127, 6].
Later, studies by Endo and Goto [56] showed that the crack propagation process
in fretting problems has two distinct stages. In their tests, they performed
crack growth measurements on mild still using cylindrical pads under gross slip
conditions. First, in the crack nucleation process (stage I), it was noted that
cracks initiated on shear planes and then quickly started propagating nearly
perpendicular to the contact surface (stage II). A literature review of palliatives
for fretting fatigue as surface treatments, coatings, shims, and friction reduction
was carried out by Gordelier and Chivers [70] and another study focused on
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stress concentration effects by Wright and O’Connor [174].

Ruiz et al. [140] proposed a parameter based on the definition of an energy
damage parameter defined as the product of the local slip amplitude with the
maximum shear traction, K1 = δτ . This parameter is widely used to predict
fretting fatigue performance and predict the location of fretting fatigue crack
initiation. Later this parameter was modified including the maximum stress
component parallel to the contact surface, K2 = δτσxx. Although the modified
Ruiz parameter, K2, presents better estimates of the crack initiation site, the
physical interpretation of this parameter is not very clear [37].

In view of the expressive advance of the contact mechanics theory over the
last century due to works carried out by [77, 31, 113, 87], great advances were
made in studies on fretting fatigue due to the possibility of obtaining precise
information about the mechanical fields through analytical solutions of contact
mechanics. Given these advances, other authors were able to start working
with differences theories to predict fretting fatigue performance, such as notch
analogy [68, 10, 46], crack analogy [67, 36] and short crack arrest [6, 46, 65]. At
this point, it is almost impossible to cover all relevant contributions to the field
of fretting fatigue in recent years. Therefore, as this doctoral thesis aims to
investigate the effects of loads with variable amplitudes on the fretting fatigue
problem, the next section will bring a brief review of works related to this
subject.

1.1.1 Review of the state of the art on fretting fatigue under
variable amplitude loading

In the early 1980s Kantimathil and Alic [89] reported fretting fatigue tests
conducted on the 7075-T7351 experiencing variable loading. Specimens were
subjected to constant amplitude loading conditions followed by tensile overloads
applied at each 1,000 cycles. Compressive overloads were also assessed. For
the constant amplitude loading cycles, different load ratios were considered.
From their results, they have observed that the influence of the overloads
were negligible for constant amplitude cycles with high maximum bulk stresses.
However, for lower maximum values of the bulk stress in the constant amplitude
cycles, overloads seemed to have a beneficial effect in terms of fatigue resistance,
which may be explained by crack growth retardation due to plastic deformation
at the crack tip.

Mutoh et al. [114] published a paper in 1987 where they examined the fretting
fatigue resistance of a low strength medium carbon steel for two-step variable
amplitude loading blocks. Each block consisted of n1 cycles at a given bulk
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stress amplitude σb,1 followed by n2 cycles at σb,2. In other words, each block
consisted of (n1 + n2) fretting cycles. Different combinations of n1 and n2 per
block were considered in their analysis. They concluded that when the block
contained a large enough number of cycles and the number of blocks to failure
were smaller than 5 or 6, the variable amplitude loading condition lead to life
reductions up to 10 times. It was also shown that Miner’s linear rule did not
always provide good estimates, as it was the case for plain fatigue conditions.
Besides, they have highlighted that fretting fatigue life is highly influenced by
the number of cycles at high stress levels, where crack growth rates become
significant.

Two years later, Mutoh et al. [115] investigated the fretting fatigue resistance of
a high strength steel under random loading conditions. Two load spectrum were
examined (A and B). In spectrum A, the maximum value of the bulk stress was
45 % greater than its RMS over time, while in spectrum B it was 85 % greater.
Overall speaking, random loading conditions reduced fretting fatigue lives by
a factor of 1.5. In addition, Miner’s rule led to satisfactory life estimates but
being generally nonconservative.

In the late 1990s Troshchenko et al. [164] investigated the fatigue damage
accumulation in Al and Ti alloys under variable loading conditions in the
presence of stress concentration and fretting conditions. In their analysis, failure
is not necessarily assumed to occur when Miner’s cumulative damage reaches
the unity. Then, they reported that damage computations by assuming Miner’s
linear rule for the fretting fatigue case under variable amplitude loading were
equal or exceeded those from smooth specimens. The work was based on the
construction of S-N curves considering constant amplitude conditions for a
further comparison with tests carried out under variable amplitude programs.

Cortez et al. [39], in the same period, investigated the fretting fatigue behavior
of the Ti-6Al-4V under constant and variable amplitude loading. Besides, they
also evaluated the influence of the loading frequency on the experiments. For
the variable amplitude loading tests, the loading history consisted of 500 high-
frequency small amplitude cycles at 200 Hz followed by a single large amplitude
cycle at 1 Hz. The maximum load for small and large amplitude cycles were
the same. Different positive load ratios were considered in the small amplitude
cycles while a load ratio of about 0.1 was observed in the large amplitude cycles.
Two main conclusions were drawn concerning the variable amplitude loading
tests. Firstly, it was observed that the variable amplitude loading conditions
did not present a significant impact on the fretting fatigue resistance of the
Ti-6Al-4V assessed. In addition, from the constant amplitude fretting fatigue
loading tests, they have used Miner’s rule to estimate life at variable loading
conditions. In this case, Miner’s rule provided reasonably accurate results
although slightly optimistic.



6 INTRODUCTION AND LITERATURE REVIEW

Kinyon and Hoeppner [91] in 2000 also presented interesting results concerning
fretting fatigue tests under variable amplitude loading. Tests were carried out
on a Ti alloy. Three different amplitudes of bulk stress were considered in their
analysis (σb,1 > σb,2 > σb,3), where both two and three-step loading blocks were
investigated. For the two-step loading tests, the loading sequence consisted of
one cycle subjected to σb,1 followed by another cycle subjected to σb,2. These
two cycles with different amplitudes were repeated up to the specimen’s failure
(Case 1). Similarly, another two-step loading block was considered but at this
time replacing σb,2 by σb,3 (Case 2). For the three-step loading set (Case 3), the
specimen was subject to one cycle at each stress amplitude σb,1, σb,2 and σb,3,
where these three blocks were repeated until failure. Throughout fretting fatigue
tests performed with constant amplitude loads (σb,1,σb,2 and σb,3), the authors
found that the application of Miner’s rule provided unsafe life estimates for the
Case 1 and conservative predictions for the Cases 2 and 3. At the end, the
authors claimed that Miner’s rule did not seem appropriate to model fretting
fatigue lives.

In the 2000s Kondo et al. [92] investigated the fretting fatigue behavior under
variable amplitude loading conditions for a low alloy steel. In their work,
the authors first obtained a fretting fatigue limit diagram (like the modified
Goodman line) when considering constant amplitude loadings. Different tests
were carried out considering the same contact normal load but with different
fatigue load ratios. At this stage, for fatigue limit conditions under small mean
bulk loads, non-propagating cracks were observed. As the mean bulk load was
increased in the tests, cracks were not formed at all. In the next, the authors
carried fretting fatigue tests considering repeated two-step loadings. In this
setting, one of the loading blocks considered fatigue limit conditions by the
application of a fully reversed fatigue stress (σb,1), while the other block, with
amplitude σb,2, was set considering positive mean stresses. It is worth noting
that, in this case, σb,2 was chosen well below the fatigue limit obtained from
the fretting fatigue limit diagram with constant amplitude. Summarizing, it
was observed that, even though σb,1 and σb,2 were below the fatigue limit for
constant amplitude loading conditions, the repeated two-step loading of σb,1 and
σb,2 could lead to failure. At the end of the paper, these authors highlight that
care should be taken when using fatigue limit data from constant amplitude
fretting fatigue tests once under variable amplitude loading, failure may occur
even for stresses below fatigue limit conditions.

Massingham and Irvin [103] in 2006 started their work by highlighting the lack
of investigations on fretting fatigue under variable amplitude loading. They have
developed a finite element model to assess the influence of overloads followed
by the maintenance of constant amplitude loads during the simulations. As the
main conclusion, it is verified that in spite of the application of two or more
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overload cycles, the position of the stick-slip zone boundary as well as shear
stress distributions depends only on the largest previous cycle. In other words,
the order that the overloads are applied is important in determining whether
shear stress distributions are modified, besides, it is the largest previous overload
that will dictate the shear stress distribution in subsequent smaller amplitude
cycles. The authors also suggest that these changes in stress distribution tends
to make linear damage rules act conservatively.

More recently, Gandiolle and Fouvry [66] have conducted experiments and a
numerical study in order to evaluate the crack propagation rate for fretting
fatigue under variable loading conditions. Crack length was obtained during
the tests by using a potential drop technique. Further, a numerical decoupled
approach was used to obtain the crack stress intensity factor, which allowed
relating the crack extension with the number of cycles by considering Paris law.
Even though they have not focused on the specific effects of considering variable
amplitude loads, the strategy permitted the estimate of important parameters
such as crack arrest, the crack extension and the number of cycles to failure.

This comprehensive review of the state of the art on variable amplitude fretting
fatigue revealed that most of the research carried out up to now was based on
the use of (i) S-N curves generated by fretting fatigue tests performed on one
actuator fretting fatigue devices (thus bulk and fretting loads are coupled), (ii)
the use of Miner’s damage rule and (iii) uniaxial fatigue analysis to estimate life.
This is obviously a rather simple research approach as it misses the systematic
investigation of a number of well know important characteristics of the fretting
problem such as the wear, the stress gradient, the multiaxial state of stress, the
varying stress ratio, contact nonlinearities, among others parameters. As there
is a lack of control of such parameters in these previous works, it has not been
possible to draw more firm conclusions even about the applicability of Miner’s
linear damage rule to fretting fatigue [114, 115, 164, 39, 91]. Although more
detailed studies have been proposed more recently [103, 66], they are clearly
just a few, which considered a limited range of materials and loading conditions.

1.2 Objectives

In order to predict the fatigue life of a component subjected to variable amplitude
loads, or to random loads, a cumulative damage law must be used. Palmgren-
Miner’s law, or simply Miner’s rule [129, 109], is one of the most well known
in the technical literature. This is a linear damage accumulation rule, i.e., it
estimates that the order of application of the variable amplitude loading blocks
does not change the component fatigue resistance, as long as the total damage
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produced by such blocks is the same at the end. According to this law, the
order of application of the load blocks with variable amplitude does not change
the fatigue resistance or the fatigue life of the material as long as the fatigue
damage per each block is the same. In this setting, it is important to verify
Miner’s law applicability evaluating its performance in classical fretting fatigue
tests subject to loadings with variable amplitude. Although there are a few
works evaluating fretting fatigue response under variable amplitude loading
conditions, most of them rely on the construction of fatigue resistance curves
for further comparison with variable amplitude loading conditions. In this case,
even when Miner’s rule is considered, simple uniaxial fatigue approximations
are adopted.

With this in mind, the main objective of this thesis is to investigate the effect of
sequences of variable amplitude shear loadings on contact tractions/stresses and
on the development of life estimation methodologies for these more challenging
loading histories. Therefore, a numerical methodology will be developed capable
of computing the wear in the crack nucleation phase, estimating the crack
initiation angle, and propagating this crack until the failure. For validation of
the methodology, experimental data available in the literature and a wide set of
fretting fatigue under variable amplitude loading tests will be used.

Other more specific aims of this work are:

• To develop a FE model to estimate crack initiation (life and orientation)
which considers the update of the worn surface profile.

• To develop a numerical model to compute crack propagation path and
life under mixed cyclic loading mode.

• To perform a set of new fretting fatigue tests under variable amplitude
shear loading blocks to investigate the effects of the loading sequence in
the life assessment of cylinder on plane contact configurations, where both
specimens and pads were made of the aeronautical Al 7075-T651 alloy.

1.3 Thesis scope and methodology

The thesis is organized by first presenting an introduction to address the
scope, next a literature review is conducted and a detailed description of the
experimental work is provided. Then, the following chapters describe the
different analyses and results obtained by applying the different predictive
methodologies proposed in this work. More specifically, this thesis is structured
as follows:
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• Chapter 1: A general scope is given followed by a review of the main
research progress in the field of fretting fatigue under variable amplitude
loading.

• Chapter 2: This chapter is a literature review and addresses the following
aspects: fatigue, multiaxial fatigue, fracture mechanics, basic contact
mechanics, critical distance approach, wear, and numerical methods.

• Chapter 3: All experimental work carried out in this doctoral thesis
is summarized in this chapter. Initially, basic experimental tests are
presented for characterization of the material, and then the fretting fatigue
tests under variable amplitude loading are presented. A section is also
dedicated to present some experimental data available in the literature.

• Chapter 4: Three different numerical methods for life assessment of
fretting fatigue have been introduced in this chapter, which may or not
include the effects of surface wear. The XFEM method was used for
crack simulation and a new method to estimate crack propagation path,
that takes into account the effect of the load’s non-proportionality in
fretting conditions, is presented. In this case, fretting tests available in
the literature using an Al 2024-T3 cylindrical contact under partial slip
conditions are considered. The same set of experimental tests is employed
to investigate damage accumulation using a fixed and variable critical
distance.

• Chapter 5: This chapter investigates two different methods to predict
crack initiation direction in fretting problems subjected to partial slip
conditions. In addition, this chapter also investigates the influence of
considering wear to estimate the crack initiation direction. For validation
of the methods, experimental data from fretting tests conducted on an
AA7050-T7451 alloy were used.

• Chapter 6: A robust numerical model that includes all fatigue process
phases is presented in this chapter. That is a model that includes the
wear in the crack nucleation phase and estimates its initiation angle. In
addition, the crack propagation until material failure is included. This
methodology is applied and validated using the experimental data of
fretting fatigue under variable amplitude loading.

• Chapter 7: The main conclusions drawn from this thesis are highlighted.
Suggestions for future work are also addressed in this chapter.





Chapter 2

Background knowledge

“The main idea of this chapter is about background of different approaches that
are used in case of fretting fatigue problem”

11
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2.1 Fatigue

The origin of the word fatigue comes from the Latin expression fatigare.
Although this term is associated with physical or mental exhaustion, in
engineering, fatigue refers to damage and failures generated by cyclic loading
(even at stresses well below a given material’s ultimate strength) [152].

In 1837 Albert [142] developed an experimental apparatus to study observed
failures in crane chains. Despite being one of the first works carried out on
fatigue, it was only after Poncelet’s work in 1839 that the term began to be
used [134]. It is also noteworthy remembering one of the main names in fatigue,
August Wöhler, his work was motivated by railway axle failures. In the 1850s
he tested irons, steels, and other metals under bending, torsion, and axial loads.
His work has inspired great names like Gerber and Goodman on predicting
mean stress effects [49]. Schutzs in 1996 summarized several of the important
contributions in this area covering the period 1837 to 1996 [143].

It is quite common to associate the phenomenon of fatigue only with metallic
materials. However, many materials with applications in engineering have
become objects of great interest. In this context, research with non-metallic
materials such as ceramics [151, 139], polymers [79, 78] and composites [178]
are increasing.

Etimated 80% of the economic costs of fracture and its prevention involve
situations where fatigue is at least a contributing factor. About 3% of the gross
national product (GNP) of U.S. economy is expended with fatigue of materials.
Because of this, fatigue failures are a major concern in engineering design [49].
However, the understanding of this phenomenon and successive advances to
understand or minimize it permeate economic issues insofar as disasters are
avoided, saving lives.

2.1.1 The physical nature of fatigue damage

On a small size scale, the materials are anisotropic and inhomogeneous.
Because the materials are formed by an aggregate of small crystal grains
and the orientation of the crystalline planes is different from one grain to
another. Furthermore, tiny voids and inclusions (particles of distinct chemical
compositions) contribute to this inhomogeneity. As a result, stresses are
distributed in a non-uniform manner inside of the material, and regions, where
the stresses are severe, are usually the points where fatigue damage starts [49].

In 1903 Ewing and Humphrey carried out fatigue tests with specimens made
from high quality Swedish iron [58]. Examining the same region of the specimen
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Figure 2.1: Schematic representation of slip band formation [149].

at various stages of the fatigue life, they noticed slip lines on some of the
crystals (grains) after a few cycles. These slip lines increased in scale over the
cycles joining other crystals and finally developing a crack on the surface of the
specimen. Over the years, through testing with electron microscopes, X-ray and
other powerful tools, there has been a consensus that fatigue crack nucleation
is the result of alternating shear stresses and strains [149].

In general, as shown in Figure 2.1, we can say that the alternating shear
stresses/strains move the discordances of the crystalline planes that cause the
formation of the persistent slip bands (PSBs). Some slip bands called extrusions
to come out of the surface of the material, and intrusions go into the surface.
Some slip bands develop into cracks within grains, which then spread into
other grains, joining with other similar cracks, and producing a large crack that
propagates to failure. Crack nucleation occurs especially at the material surface,
when it occurs subsurface, it is usually caused by stress concentration in tiny
voids or inclusions [149, 49].

The crack nucleation, as well as the propagation within the material, are
extremely important to have a more robust description of the fatigue process.
The first cracks appear on the faces of individual grains. Although the crack
orientation is slightly different from one grain to another, the overall growth
path is maintained along planes of maximum shear stress (Stage I). Upon
reaching a large enough size, the crack turns to grow perpendicular to the
tensile stress axis (Stage II). Figure 2.2 illustrates this process. This transition
is governed by the material microstructure, loading (compression and torsion),
and the environment [149].



14 BACKGROUND KNOWLEDGE

Figure 2.2: Stage I/Stage II growth process [149].

2.1.2 Fatigue aproaches

There are two classic approaches to fatigue. They can be characterized in terms
of stress (S-N approach) and strain (ε-N approach). Both methods aim to
estimate the life in the number of cycles, Nf , until material failure or crack
nucleation. For this, tests are performed in laboratories with smooth specimens
(without initial cracks) controlling the stress (S-N) or strain amplitude (ε-N).
The S-N approach is indicated for high cycle fatigue or simply for Nf > 103.
In cases where the stress level is close to the yield point, involving significant
plastic deformation, the strain approach is recommended [142].

The S-N curves are plotted in terms of stress amplitude versus cycles to failure,
Figure 2.3. S-N curves vary with the material and are also affected by mean
stress, geometry, surface finish, chemical and thermal environment, frequency
of cycling, and residual stress [49]. The equation for representing S-N curves is:

σa = σ
′

f (2Nf )b (2.1)

where σ
′

f and b are respectively the fatigue strength coefficient and exponent.

In the strain-based approach, a strain versus life curve is plotted with strain
amplitude versus cycles to failure. A schematic diagram of a ε-N curve on
log–log coordinates is shown in Figure 2.4. It is important to note that the
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Figure 2.3: S-N curve for unnotched specimens of a steel [49].

strain amplitude can be split into elastic and plastic parts. The elastic strain
amplitude is related to the stress amplitude and, the plastic strain amplitude is
a measure of the half-width of the stress-strain hysteresis loop. With a separated
log-log plot of these curves, it is possible to identify the relationship between
the total strain amplitude and the life as:

εa =
σ

′

f

E
(2Nf )b + ε

′

f (2Nf )c (2.2)

The quantities ε
′

f and c are respectively the fatigue ductility coefficient and
exponent. Note that they are considered to be material properties. When
more than one amplitude or mean level occurs, the Palmgren-Miner damage
accumulation rule, or just Miner’s rule, may be used to life estimates by summing
cycle ratios as Eq. 2.3 [129, 108]. Where ni represents the number of cycles
in which a stress amplitude was applied, and Nfi is the number of cycles to
failure for that same stress amplitude. Note that the sum of damage generated
by each load block must equal 1 for the failure to occur.

∑
i=1

ni

Nfi
= 1 (2.3)
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Figure 2.4: Elastic, plastic, and total strain versus life curves [49].

2.2 Multiaxial fatigue life assessment

It is very common that real fatigue conditions can exhibit a multiaxial stress state.
Mechanical components in a fretting condition are one of those cases. Several
approaches and damage parameters have been used for problems subjected to
multiaxial stress conditions. The first experimental works in this area date
back to the 1930s and 1940s, they served in the future to give rise to the
first multiaxial criteria [71, 121]. These multiaxial models can currently be
classified as a critical plane [62, 146, 154], stress invariant approaches [41, 145],
fretting specific parameters [74, 44], and continuum damage mechanics approach
[97, 33]. In this work, two different multiaxial fatigue models based on critical
plane approaches are considered and reviewed in this section. However, a brief
introduction to the use of Cauchy’s Theorem to obtain the stress components
relative to a generic plane will be presented first.
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2.2.1 Stress components relative to a generic material plane

In a multiaxial fatigue context it is very important to understand how external
loads combine to produce stresses and strains in the critical location of a
structure or component [149]. Considering a body loaded by an external system
of forces, as in Figure 2.5, the stress state at point O is triaxial [153]. In other
words, at any instant t of the applied cyclic load history (having period T ) the
stress tensor at O can be expressed as:

T(t) =

σx(t) τxy(t) τxz(t)
τxy(t) σy(t) τyz(t)
τxz(t) τyz(t) σz(t)

 (2.4)

O

Fi

FjFk

x

y

z

Figure 2.5: Body subjected to an external system of forces. [153].

The Cauchy’s theorem can be used to investigate the stress state at any material
plane. As depicted in Figure 2.6, the Cauchy stress vector can be decomposed
into:
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t = Tn = tn + τ (2.5)

Since the normal stress vector is given by tn = σnn, the normal stress, σn, can
be calculated as follows:

σn = t · n = (Tn) · n (2.6)

Isolating the shear stress vector from Eq. 2.5 and substituting the values found
in the previous equations, this vector can be determined as:

τ = Tn − [(Tn) · n] n (2.7)

Considering a generic plane, as in Figure 2.7. The n is its normal unit vector
and x′, y′, and z′ are the new coordinate system. Where x′ is normal to the
inclined plane, y′ is parallel to the intersection between the inclined and the
x − y plane, and z′ is perpendicular to the x′ − y′ plane. Thus, in relation to
the new coordinate system, the stress vector can be written as:

t = σx′n + τx′y′ny′ + τx′z′nz′ (2.8)

With the bases of the new system given in spherical coordinates, the normal
and shear stress components can be calculated respectively as follows:

σx′ = (Tn) · n = (Tn) ·

cosθsinϕ
sinθsinϕ

cosθ

 (2.9)

τx′y′ = (Tn) · ny′ = (Tn) ·

−sinθ
cosθ

0

 (2.10)

τx′z′ = (Tn) · nz′ = (Tn) ·

−cosθcosϕ
−sinθcosϕ

sinϕ

 (2.11)

Furthermore, the strains can be computed for any plane too. Because the
strains εx, εy, and εz are analogous to the stresses σx, σy, and σz. However, it
is worth remembering that only one-half of the shear strains γxy, γxz, and γyz

are analogous to the shear stresses τxy, τxz, and τyz [149].
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Figure 2.6: Equilibrium condition applied to the Cauchy tetrahedron. F1; F2;
F3 are generic loads applied to the outer faces [3].

2.2.2 Smith, Watson and Topper parameter (SWT)

One of the most popular criterion used to determine crack nucleation point and
life, SWT parameter is a multiaxial strain energy-based critical plane approach
[146]. In addition to its simplicity, which makes this parameter one of the most
popular, is the possibility to deal with non-proportional loading conditions and
can be applied to high and low cycle fatigue [147]. However, it is important to
note that this parameter is better suited for materials and loading conditions
where cracks propagate perpendicular to the direction of maximum principal
stress and strain (Mode I cracks), as illustrated in Figure 2.8(a) [22]. The SWT
parameter can be defined as:

SWT = σn,max
∆ε1

2 (2.12)
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Figure 2.7: Stresses acting on a plane in a three dimensional coordinate system
[149].

where ∆ε1 is the maximum range of principal strain and σn,max is the maximum
normal stress in the plane where the maximum range of principal strain is
produced. It also allows estimating the component life by reference to a fully
reversed uniaxial test where stress (Basquin) and strain (Coffin Manson) life
relations can be combined yielding:

σn,max
∆ε1

2 =
σ

′

f

E
(2Nf )2b + σ

′

f ε
′

f (2Nf )b+c (2.13)

where σ
′

f and ε
′

f are the fatigue strength and ductility coefficients, respectively,
while b and c are the fatigue strength and ductility exponents, respectively.

2.2.3 Fatemi-Socie parameter (FS)

Fatemi and Socie [61] proposed this parameter based on Brown and Miller’s
parameter. Different from Brown and Miller, the parameter proposed by Fatemi
and Socie incorporated the effect of non-proportional loading and mean stress.
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𝜎 ∆𝜀 𝜎

𝛾

Figure 2.8: Physical basis of the SWT (a) and FS (b) model [149].

It is known that the FS parameter is suitable for situations where material
failure occurs in shear mode as illustrated in Figure 2.8(b), and additionally,
this parameter can predict the fatigue failure accurate for both in-phase and
out of phase loading cases. Fatemi-Socie parameter can be expressed as:

FS = ∆γmax

2

(
1 + k2

σn,max

Sy

)
(2.14)

where, ∆γmax is the maximum shear strain range, Sy is the yield strength and
k2 is a material constant and characterizes the effect of normal strain on initial
crack growth.

Most of the researchers [7, 100, 98] employed an alternative form proposed by
Socie et al. [148], this form to compute cycles to initiation under fretting fatigue
conditions can be written as:

FS =
τ

′

f

G
(2Nf )b

′

+ γ
′

f (2Nf )c
′

(2.15)

where, b
′ and c

′ are respectively the fatigue strength exponent and the fatigue
ductility exponent in torsion, γ

′

f is shear fatigue ductility coefficient, G is the
shear modulus and τ

′

f is the fatigue strength coefficient in shear.

2.3 Fracture mechanics

Fracture mechanics is a field of solid mechanics that deals with the mechanical
behavior of cracked bodies. This discipline was no longer just a scientific
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curiosity during World War II. A large number of ships supplied by the United
States to the United Kingdom during the war were built with an all-welded
hull, as opposed to the riveted construction of traditional ship designs. A large
number of these ships, known as Liberty Ships, had catastrophic failures. Which
in a way boosted the study on the behavior of cracked bodies [4].

After World War II, the fracture mechanics research group at the Naval Research
Laboratory was led by Irwin [86]. The first studies in an attempt to quantify
the effects of cracking were carried out by Inglis in the early 1900s [85]. He
published a stress analysis for an elliptical hole in an infinite linear elastic plate
loaded at its outer boundaries. Subsequently, based on his tests on cracked
glass spheres, Griffith transformed the Inglis analysis by calculating the effect of
the crack on the strain energy stored in an infinite cracked plate and proposed
that this energy should be taken as a measure of the tendency of the crack to
propagate [72]. Irwin, using the concepts developed by Inglis and Griffith, to
extend the Griffith approach to metals by including the energy dissipated by
local plastic flow.

2.3.1 Modes of fracture

There are three different ways of crack propagation, Irwin [86] proposed a
classification corresponding to the situations represented in Figure 2.9, the crack
can propagate in one of these loading modes or with a combination of them.
Traction loading gives rise to Mode I, the crack opening propagation mode, the
most common. Most crack propagation problems mainly involve mode I. Mode
II is the sliding mode, a result of shear in the crack propagation plane. Mode
III is the tearing mode, the result of shearing outside the propagation plane.

Modo I
y

x

z

Modo II
y

x

z

Modo III
y

x

z

Figure 2.9: Fracture modes, from right to left mode I, mode II and mode III,
respectively.
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For each mode, crack propagation can only occur in the x-axis direction (original
crack direction). In a more general case, a mixed-mode situation can generally
be observed, where modes overlap. In the mixed linear elastic problem, the
principle of stress superposition indicates that each contribution to a given
stress component is additive and can be written as:

σij = σI
ij + σII

ij + σIII
ij → i, j = x, y (2.16)

According to linear elastic theory, cracks introduce discontinuities in the
elastomer; therefore, when approaching the crack tip, the tension tends to
infinity. Irwin [86] discussed the singular behavior of the stress component at
a distance r from the crack tip. The relation he obtained can be written in a
simplified form as:

σ = K√
2πr

(2.17)

The stress intensity factor, K, plays a fundamental role in fracture mechanics, as
it characterizes the stress field at the crack tip. Equation 2.17 is valid only near
the crack tip, where the singularity 1/

√
r dominates the stress field. Stresses

distant from the crack tip are governed by remote boundary conditions.

2.3.2 Crack tip stress and displacement fields

Considering a static 2D crack in the plate under plane stress. Suppose there is
no tension on the crack surface, and the crack is positioned along the negative
x-axis, as shown in Figure 2.10. Then, the stress distribution in the area near
the crack tip can be derived as:

σij(r, θ) = KI√
2πr

f I
ij(θ) + KII√

2πr
f II

ij (θ) + σ0
ij (2.18)

for r → 0, i, j = x, y, and σ0
ij indicates the finite stresses at the crack tip. The

constants of the stress field KI and KII represent the stress intensity factors
(SIFs) for the corresponding modes I and II, respectively, and are defined as:

KI = lim
r→0

√
2πrσy(r, 0) (2.19)

KII = lim
r→0

√
2πrτxy(r, 0) (2.20)
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Figure 2.10: Crack tip stress field.

When considering the assumption of the two-dimensional mechanical problem
of Linear Elastic Fracture Mechanics (LEFM) in mixed mode, the size of the
plastic zone around the crack tip is very small compared to the size of the
structure. As shown in Figure 2.10, for the element near the crack tip, according
to Anderson [4], the two-dimensional formulation of calculating stresses and
displacement in a mixed mode is:

σx

σy

τxy

 = KI√
2πr

cos

(
θ

2

)
1 − sin θ

2 sin 3θ
2

1 + sin θ
2 sin 3θ

2
sin θ

2 cos θ
2 cos 3θ

2


+ KII√

2πr


sin θ

2
[
2 + cos θ

2 cos 3θ
2
]

sin θ
2 cos θ

2 cos 3θ
2

sin θ
2
[
1 − sin θ

2 sin 3θ
2
]


(2.21)

and

{
ux

uy

}
= KI

2G

√
r

2π

{
cos θ

2
[
k − 1 + 2sin2 θ

2
]

sin θ
2
[
k + 1 − 2cos2 θ

2
]}

+KII

2G

√
r

2π

{
sin θ

2
[
k + 1 + 2cos2 θ

2
]

cos θ
2
[
k − 1 − 2sin2 θ

2
]} (2.22)
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In which G is the shear modulus, small differences in the plane stress and plane
strain formulas are treated with k, where:

k =
{

3 − 4ν → PlaneStrain
3−ν
1+ν → PlaneStress

(2.23)

2.3.3 J-integral

Rice and Rosengren [136, 137] developed the J-integral method, used to evaluate
the rate of energy release in crack growth considering a non-linear elastic material,
as shown in Figure 2.11. The J-integral is a path-independent line integral and
measures the singular stresses and strains near the crack tip. Because it is a
path-independent integral, it allows for evaluating linear and non-linear elastic
energy release rates and elasto-plastic work far from the crack tip [4]. Consider
an arbitrary counterclockwise path (Γ) around the tip of a crack, as in Figure
2.12. J-integral can be written for a crack in the x-y plane as:

J =
∮

Γ

(
wdy − Ti

dui

dx
ds

)
(2.24)

where w is the strain energy density, which can be written as:

w =
∫ εij

0
σijdεij (2.25)

Ti and ui are respectively the traction and displacement vector components in
the coordinate system ahead of the crack. σij and εij are the stress and strain
tensors respectively, nj are the components of the unit vector normal to Γ, and
ds length increment along the contour Γ. The traction vector at a given point
on the contour Ti is given by:

Ti = σijnj (2.26)

J-integral can also be used as a basis for fracture resistance tests in accordance
with ASTM E1820. The advantage of using this method is that there is no
need to make large specimens, as the limitations of the Linear Elastic Fracture
Mechanical can be exceeded. The fracture toughness given by JIc can be used
to estimate KIc [49]. For a linear elastic material, we can obtain a relationship
between the J-integral and the energy release rate Ge, where J = Ge. In this
way, the J-integral can be written as:
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J = K2
I

E
→ (Stress plane state) (2.27)

J = (1 − ν2)K2
I

E
→ (Strain plane state) (2.28)

Figure 2.11: Schematic comparison of the stress-strain behavior of elastic-plastic
and nonlinear elastic materials [4].

2.3.4 Fatigue crack propagation

In the early 1960s, Paris showed that stress was not the parameter that controls
fatigue crack propagation, but the variation in the stress intensity factor, ∆K
[130]. In his experiment, Paris used two identical plates, made of the same
material and with a central crack of the same length. Due to the relationship
between the crack length and the stress intensity factor K, it is possible to
associate crack growth with a ∆K.

When plotting the curve da/dN vs ∆K in logarithmic form, a curve with three
very distinct phases is obtained, as shown in Figure 2.13. The information
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Figure 2.12: Arbitrary contour around the tip of a crack [4].

obtained through this type of graph can be used to predict the residual life in
cracked structures.

Propagation 
threshold

I II III

m

Fracture

∆Kth
Log ∆K

Kc

Log da/dN

Figure 2.13: Scheme of the da/dN vs ∆K curve.

In phase I, there is a propagation threshold known as the fatigue crack
propagation threshold (∆Kth-threshold). For values below the threshold the
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crack does not propagate, that is, the loads do not cause damage to the material.
Phase I ranges from ∆Kth to propagation rates of 10−7 to 10−10 mm/cycle, and
crack growth is discontinuous, being generated by micro-mechanisms sensitive
to the medium load, to the microstructure of the material, the environment and
the crack opening load [42].

Phase II comprises the largest region and can be between the rates of 10−10 ∼
10−9 to 10−6 ∼ 10−4 mm/cycle. Crack growth is approximately continuous
along its front, and this can be indicated by the streaks on the crack faces
seen in scanning electron microscopes. At this stage, propagation is not very
sensitive to microstructure, medium load, the environment, and the thickness
of the part [42].

The main characteristic of phase III is the unstable crack propagation or the
fracture of the part, which occurs when Kmax = ∆K/(1 − R) reaches the
toughness of the material. The fracture mechanisms are superimposed on those
of propagation, and can occur in a ductile (coalescence of voids) or fragile
(cleavage) form. This phase is sensitive to the average load and to the factors
that influence the toughness of the material, such as the microstructure, the
environment, and the thickness of the part [42].

Several well-known empirical models are used to describe the crack propagation
rate using parameters obtained from experimental data. These models partly
describe the shape of the da/dN vs ∆K curve, and some consider the effects of
∆Kth, Kc, and the ratio between the maximum and minimum stress intensity
factors. Paris and Erdogan [130] developed the most classic model and became
known as the Paris model:

da

dN
= C(∆K)m (2.29)

This model describes the behavior only in phase II and does not consider the
effects of the loading rate. Parameter C represents the linear coefficient of
the straight section and m the slope. These two parameters are obtained
experimentally for each type of material, this is done by applying a linear
regression on a log-log scale. In general, the value of m can vary between 2 and
4 for metallic materials [49].

For a mixed-mode loading, ∆K can be replaced by an equivalent SIF given by

Keq =
√

K2
I,max + K2

II,max (2.30)
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Therefore, the number of cycles to crack propagation until failure can be
calculated using

dN = Nf − Ni = Nif =
∫ af

ai

da

C(∆Keq)m
(2.31)

2.3.5 Crack propagation direction

The stresses and strains at the crack tip can be used to determine the crack
propagation angle. Therefore, it is very important to use a numerical method
that can estimate the stress field accurately. There are several methods available
in the literature widely used to predict the crack trajectory. Some of the most
widely used mixed mode criteria are the Maximum Tangential Stress criterion
(MTS) [57], the Maximum Energy Release Rate criterion (MERR) [75], and the
zero KII criterion (KII = 0) [40]. These methods are already implemented in
the commercial FE software ABAQUS 6.14. Therefore, the three methods were
tested in this thesis.

Despite the popularity and easy implementation of the methods mentioned above,
their performance in applications such as fretting fatigue was unsatisfactory
[84]. The fretting problem not only presents a non-linear behavior, i.e., it is load
history-dependent, but also has a non-proportional load. This explains why
traditional methods are unable to predict the crack path very well in fretting
applications.

Maximum Tangential Stress (MTS)

The MTS method assumes that the crack propagation angle will be perpendicular
to the maximum tangential stress at the crack tip [57]. The near crack tip stress
field for a homogeneous, isotropic linear elastic material is given by:

σθθ = 1√
2πr

cos
θ

2

[
KIcos2 θ

2 − 3
2KIIsinθ

]
(2.32)

τrθ = 1√
2πr

cos
θ

2 [KIIsinθ − KII(3cosθ − 1)] (2.33)

where r and θ are polar coordinates centred at the crack tip in a plane orthogonal
to the crack face. The direction of crack propagation then can be obtained
using either the condition ∂σθθ/∂θ or τrθ = 0. This can be expressed as:
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KIsinθp + KII(3cosθp − 1) = 0 (2.34)

θp = arccos

[
3K2

II +
√

K4
I + 8K2

I K2
II

K2
I + 9K2

II

]
(2.35)

where the crack propagation angle θp is measured with respect to the crack
plane, i.e., θp = 0 represents the crack propagation in "straight ahead" direction
and θp ⩽ 0 if KII ⩾ 0, while θp ⩾ 0 if KII ⩽ 0.

Maximum Energy Release Rate (MERR)

Hayashi and Nemat-Nasser [75] proposed a linear combination between the
SIFs KI and KII for a global crack with the SIFs of a crack with infinitesimal
length positioned at crack global tip. By considering a crack segment of length
l kinking out the plane of the crack at an angle θp the existing SIFs prior to
kinking for the original crack are:

Kk
I =

(
4

3 + cos2θ

)(
1 − θ/π

1 − θ/π

) θ
2π
(

KIcosθ + 3
2KIIsinθ

)
(2.36)

Kk
II =

(
4

3 + cos2θ

)(
1 − θ/π

1 − θ/π

) θ
2π
(

KIIcosθ − 1
2KIIsinθ

)
(2.37)

For the crack segment the relation between energy release rate (Gk) and SIFs
at small crack tip can be written as:

Gk = 1
E

[(
Kk

I

)2 +
(
Kk

II

)2] (2.38)

The MERR criterion assumes that the original crack initially propagates in
the direction that maximizes Gk. In this way, the MERR method establishes
for a general case of mixed-mode loading that the crack initiation occurs from
a global energy balance or a point of view of the local stress intensity.
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Criterion of local symmetry (Zero KII)

This criterion was proposed by Cotterell and Rice [40] and simply postulates
that a crack initially propagates in the direction that makes KII = 0. The
implementation of this criterion within the context of an FE model requires the
extension of an infinitesimally small crack from the crack tip, whose direction is
varied to attain a minimum for KII . There are a series of direction-dependent
coefficients Cij to estimate at the crack tip, the stress intensity factors for
different direction was proposed by Hayashi and Nemat-Nasser [75] and can be
expressed as:

Kk
I = C11KI + C12KII (2.39)

Kk
II = C21KI + C22KII (2.40)

It was mentioned that the criterion KII = 0 assumes that the crack will
propagate in the direction where Kk

II = 0. However, it was observed that the
variation on KII , with infinitesimally small crack direction, is approximately
linear over a wide range of angles. This linearity has been utilized in an improved
algorithm in ABAQUS for finding the optimum direction angle. Therefore, some
equation such as Eq. (2.37) can be used to find the next crack propagation
angle, which leads to minimum value of KII . In some loading conditions, which
are not possible to reach KII = 0, therefore ABAQUS searches for the minimum
value of KII .

2.4 Computational Fracture Mechanics

Through the LEFM (Linear-elastic fracture mechanical) it is possible to quantify
the stress field at the crack tip. For known geometries, this can be done
analytically. However, there are cases of complex geometries and loads that
require the use of numerical methods. There are several numerical methods such
as finite difference [95], finite element [177], and boundary integral equation
methods [138]. The latter two numerical methods have been applied almost
exclusively. In this thesis, the finite element method (FE method) was used.

At the beginning of the FE method development, it was noticed that the
mathematical singularity present at the crack tip was not represented faithfully
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[34]. To try to overcome this problem of the mathematical singularity at
the crack tip, 1/

√
r, special finite elements, known as “quarter-points”, were

developed. These elements were proposed by Henshell and Shaw (1975) and
Barsoum (1976), and their development brought a significant advance in the
use of FE method in problems of linear elastic fracture mechanics [76, 18].

These elements are quadrilateral isoparametric elements with mid-side nodes
moved to the quarter points. At the crack tip, quadrilateral elements (in two-
dimensional problems) are usually collapsed down to triangles, three nodes
occupy the same point in space, as depicted in Figure 2.14. For an elastic linear
analysis the collapsed elements are tied, however, for elastic-plastic analyzes, the
crack-tip nodes are untied and the location of the mid-side nodes is unchanged
[4].

Figure 2.14: Degeneration of a quadrilateral element into a triangle at the crack
tip [4].

2.4.1 The energy domain integral

The energy domain integral is a numerical solution of J-integral presented in
section 2.3.3. Shih et al. formulated the methodology [144, 112]. This approach
is extremely versatile, as it can be applied to quasi-static and dynamic problems
with response from elastic, plastic, or viscoplastic materials, as well as thermal
loading [4].

As shown in Figure 2.15, a closed contour containing an inner contour Γ0 and an
outer contour Γ1 is used, where the inner is vanishingly small and the exterior
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is finite. For quasistatic conditions, the J-integral can be written in terms of
the following integral around the closed contour Γ∗ = Γ1 + Γ+ + Γ− − Γ0:

J =
∫

Γ∗

[
σij

∂uj

∂x1
− wδ1i

]
qmidΓ −

∫
Γ++Γ−

σ2j
∂uj

∂x1
qdΓ (2.41)

where w is the strain energy density, q is a weight function in the area A∗

that allows the domain integral to be handled in the finite element formulation.
Usually, a linear function is chosen for q, which assumes a unit value at the
crack tip and a null value along the contour, Γ0 → q = 1, and Γ1 → q = 0. δ1i

is the Kronecker delta, σij is the stress tensor, mi is the outward normal on
Γ∗, and Γ+ and Γ− are the upper and lower crack faces, respectively. In the
absence of crack-face tractions, the second integral in Eq. 2.41 vanishes.

Figure 2.15: Inner and outer contours, which form a closed contour around the
crack tip when connected by Γ+ and Γ− [4].

Applying the divergence theorem for a linear or nonlinear elastic material under
quasistatic conditions, in the absence of body forces, thermal strains, and
crack-face tractions, Eq. 2.41 reduces to:

J =
∫

A∗

[
σij

∂uj

∂x1
− wδ1i

]
∂q

∂x1
dA (2.42)

Eq. 2.42 is equivalent to Rice’s path-independent J-integral (section 2.3.3).
When the sum of the additional terms as body forces, thermal strains, and
crack-face tractions is nonzero, J is path dependent.
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2.4.2 XFEM principles

It is possible to model a stationary crack using the conventional FEM (Finite
Element Method); however, there are a number of restrictions regarding the
mesh generation. The geometry of a cracked body needs to be matched with
the mesh making it necessary to use a very refined mesh. Therefore, the
simulation becomes cumbersome. Thus, in this study, the approach namely
XFEM (eXtended Finite Element Method) was used to model two dimensional
crack propagation problems. Belytschko and Black [19] first introduced the
XFEM. It is an extension of the conventional FE method based on the concept of
partition of unity by Melenk and Babuska [106], which allows local enrichment
functions to be easily incorporated into a FE approximation.

For the purpose of fracture mechanics analysis, as the XFEM technique
is the extended version of FEM approach, the FE method basically adds
some enrichment functions to the nodes of the elements where there is one
crack. These nodes receive other degrees of freedom through a change in
the displacement formulation of the finite element method. The enrichment
functions typically consist of the near-tip asymptotic functions that capture the
singularity around the crack tip and a discontinuous function that represents
the jump in displacement across the crack line (in case of 2-D) [110].

The total formulation of XFEM can be derived defining all the nodes in the
mesh by the set SA, the nodes surrounding the crack tip by the set Sc and the
nodes whose supports are cut by the crack (excluding the nodes in Sc) defined
by SH . The XFEM formulation can be written as:

uh(x) =
∑

I∈SA

NI(x)uI +
∑

J∈SH

NJ(x)H(x)q0
j +

∑
K∈Sc

4∑
α=1

NK(x)Fα(x)qα
k (2.43)

where, NI(x) is the usual nodal shape functions for conventional FE formulation.
uI , is the usual nodal displacement vector associated with the continuous part of
the FE solution. The second term is the product of the nodal enriched degree of
freedom vector, q0

j , and the associated discontinuous jump function H(x) across
the crack line. The third term is the product of the nodal enriched degree of
freedom vector, qα

k , and the related elastic asymptotic cracktip functions, Fα(x).
The usual nodal displacement vector, uI , is implemented to all the nodes in
the FE model. The second term, NJ (x)H(x)q0

j , is valid for nodes whose shape
function support is cut by the crack. The third term i.e. NK(x)Fα(x)qα

K , is
used only for nodes whose support is cut by the crack tip. Figure 2.16 shows
the discontinuous jump function across the crack surfaces, which is defined by:
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H(x) =
{

1 for, (x − x∗)n ⩾ 0
−1 else,

(2.44)

where x is a sample integration (Gauss) point, x∗ is the point on the crack
closest to x, and n is the unit outward normal to the crack at x∗.

Figure 2.16: Normal and tangential coordinates for a smooth crack using XFEM.

As Figure 2.16 shows, some elements are not entirely separate. In these cases,
the discontinuous jump function cannot be used to enrich the domain. Flemming
et al. [63] have shown that asymptotic crack tip functions in an isotropic elastic
material contained within the span of the following four functions:

{
Fα(r, θ)

}4
α=1 =

{√
rcos( θ

2 ),
√

rsin( θ
2 ),

√
rsin( θ

2 )sinθ,
√

rcos( θ
2 )sinθ

}
(2.45)

where (r, θ), is a polar coordinate system with its origin at the crack tip and θ = 0
is tangent to the crack faces. These functions forms the basis of the asymptotic
field around the crack tip. These four functions are used for enriching the field
near the crack tip, thus giving rise to four additional degrees of freedom in each
direction at a node, in addition to standard degrees of freedom. It should be
noted here that among the four the second function

√
rsin(θ/2) is discontinuous

along the crack surfaces, thus giving the effect of required discontinuity in
the approximation along the crack. The rest of the three functions are used
for improving the solution near the crack tip. The inclusion of

√
r term in

the enrichment function gives the required singularity in the stress field. It is
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important to note that, with the use of the above mentioned near tip enrichment
functions an element partially cut by the crack could be modelled [83].

2.5 Theory of Critical Distance (TCD)

The mechanical contact in the fretting problem is a stress raiser and, in this
case, it is necessary to consider the effects of the stress gradient caused by the
contact between the surfaces. In the 1930s, the development of the Theory
of Critical Distance (TCD) was started with the works of [119, 131] in an
attempt of predicting fatigue failures in metallic components in the presence
of geometric features. Neuber proposed the Line Method (LM) and Peterson
the Point Method (PM). Whitney and Nuismer [172] evaluating monotonic
loading conditions were capable of defining the critical distance for the PM and
LM through a relationship between the Mode I fracture toughness, KIc, and
the tensile strength of smooth specimens. A decade later Tanaka presented a
relation with an identical theoretical derivation and equally valid when applied
to High Cycle Fatigue (HCF) [159]. Subsequently, several studies were carried
out with the objective of proving the feasibility of predicting the fatigue limit
resistance by using the TCD for HCF [96, 160, 162].

In general, the TCD define an effective stress, σeff , which is obtained through
an averaging procedure over a volume surrounding the stress raiser. The method
assumes that fatigue failures occurs when σeff exceeds a reference material
strength. For 2D analysis, the volume method can be simplified by considering
stress averages over an area, line (Area and Line Methods, respectively) or
even at a point located at a critical distance, L/2, from the stress raiser (Point
Method) [9]. The PM is used in this work, Figure 2.17. In this approach, for
HCF, the critical distance assumes the following form [160]:

L = 1
π

(
∆Kth

∆σ−1

)2
(2.46)

where, ∆Kth is the threshold stress intensity factor range and ∆σ−1 is the
uniaxial plain fatigue limit range both obtained at fully reversed loading
configurations.

On the other hand, the relation to estimate the critical distance to static
strength of notched members is given by [161, 156]:

Ls = 1
π

(
KIc

σr

)2
(2.47)
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where the KIc is the plane strain fracture toughness and σr is a reference
material constant which may be equal to or greater than the ultimate tensile
strength, Sut.

As can be seen in Equations (2.46) and (2.47), the values of the critical distances
under fatigue and static loading are usually different, which leads us to assume
that, the critical distance, LM , at medium-high cycle fatigue regime depends
on the number of cycles to failure, Nf . The relationship between LM and Nf

can established by using a power law:

LM (Nf ) = ANB
f (2.48)

where the material constants A and B can be determined from a smooth
specimen fatigue curve together with a fatigue curve for specimens containing
geometrical features [156, 155]. Alternatively, in the absence of such data,
constants A and B can be obtained by using Eqs. 2.46 and 2.47. Note that this
approximation is very simple and inexpensive since the material constants are
readily obtained from empirical relations [9].

L

σeff

Figure 2.17: Schematic representation of the Point Method.

2.6 Contact mechanics

In practical engineering terms, it is well known that most of the mechanical
components are in contact with each other. The concentration of tension caused
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by contact, especially in the critical regions of the body, makes the contact
problem one of the great challenges of Solid Mechanics. When considering the
law of friction, the complexity of the contact problem arises, which leads to the
non-linear behavior of the connected bodies [83].

Fretting problems often involve the contact of highly complex components. In
this configuration, the numerical method becomes mandatory and the finite
element method is mainly the option of choice. However, this section focuses on
the analysis of contact problems and, more specifically, on the contact between
cylinders pressed on elastic half-plane. With a well-defined stress/displacement
solution, this contact configuration is usually evaluated experimentally. In
addition, these tests are easy to control, repeatable and insensitive to small
manufacturing defects [81].

2.6.1 Surface tractions distributions

Considering the cylinder on plane contact configuration as shown in Figure
2.18, this section presents the analytical solutions for determining contact
tractions. Hertz [77] showed that the pressure distribution developed between
two cylindrical contact surfaces subjected to a static normal load P is given by

p(x) = −p0

√
1 −

(x

a

)2
(2.49)

where p0 is the peak pressure

p0 = 2P

πa
(2.50)

a is the contact semi-width

a =
√

2PR∗

πE∗ (2.51)

where

R∗ =
(

1
R1

+ 1
R2

)−1
(2.52)

For the cylinder on plane configuration, R∗ is simply equal to the pad radius,
because R1 and R2 are the radius of the bodies coming into contact. The
equivalent Young modulus in Eq. 2.51 is given by
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E∗ =
(

1 − ν2
1

E1
+ 1 − ν2

2
E2

)−1

(2.53)

where E and ν are, respectively, the Young modulus and the Poisson’s ratio.
The subscripts 1 and 2 refer to each body in contact.

p(x)

q(x)

y

x

-a -c c a

body 2

body 1

Q
P

R

Figure 2.18: Schematic representation of the cylinder on plane contact
configuration.

The solution to the contact problem including the tangential load Q was
performed by Cattaneo [32] and independently by Mindlin [107]. When load Q
is included, shear tractions are developed along the contact surface. Due to the
elliptical distribution, the contact pressure tends to zero at the contact ends,
this means that when the Q/P ratio is less than the coefficient of friction f , two
symmetrical slip zones surrounding a central stick zone are formed along the
contact surface. The mathematical solution for the shear traction distribution
q can be seen as a perturbation of the solution for gross sliding:

q(x) = fp0

√
1 −

(x

a

)2
+ q′(x) (2.54)

where

q′(x) =
{

0, if c ⩽ |x| ⩽ a

−fp0
c
a

√
1 +

(
x
c

)2
, if |x| ≤ c

(2.55)
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where a is the semi-width of the contact zone and the semi-width of the stick
zone c is obtained imposing tangential equilibrium:

c

a
=

√
1 −

∣∣∣∣ Q

fP

∣∣∣∣ (2.56)

So far, the tangential traction q(x) is effective only when the tangential load is
applied monotonically from 0 to the maximum value Qmax (point A) (Figure
2.19). However, it is known that the tangential load Q changes over time under
fretting conditions, as shown in Figure 2.19. After the tangential load from point
A to point B is infinitesimally reduced, the entire contact surface experiences an
adhesion state. Note that the action of the tangential traction force is opposite
to the relative movement between the contact parts at this time; therefore, this
condition is violated. A further reduction of the load Q to point C will result in
the occurrence of reverse slip because, locally, the relative movement between
the contact parts has been reversed. In the knew slip zones, shear traction will
change from fp(x) to −fp(x). o capture these effects, a second correction term
q′′ has been added to the shear traction construction:

q′′(x) = 2fp0
c′

a

√
1 −

( x

c′

)2
(2.57)

For more details see Hills and Nowell [80]. Thus, the shear traction can be
obtained as:

q(x)
fp0

=


−
√

1 −
(

x
a

)2
, if c′ < |x| ⩽ a

−
√

1 −
(

x
a

)2 + 2 c′

a

√
1 −

(
x
c′

)2
, if c < |x| ⩽ c′

−
√

1 −
(

x
a

)2 + 2 c′

a

√
1 −

(
x
c′

)2 − c
a

√
1 −

(
x
c

)2
, if |x| ⩽ c

(2.58)
where again, from the equilibrium of forces in the tangential direction:

c′

a
=

√
1 −

(
Qmax − sQ(t)

2fP

)
(2.59)

where one assumes s = 1 when one moves from Qmax towards Qmin and s = −1
during the reloading phase, i.e. from Qmin to Qmax in the tangential loading
cycle, 2.19.
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Qmax

Qmin

A
B
C

D

E

F

t

Figure 2.19: Variation of the tangential load Q over time.

Figure 2.20 shows the shear traction distribution when the tangential load
Q moves from point A to point F in Figure 2.19. Even when the load Q is
zero, there is still shear traction distribution along with the contact. This
clearly shows the load history dependency in contact problems. It is also worth
mentioning that the contact solutions presented in this section are valid for
elastically similar bodies, that is, tangential loads do not modify the contact
pressure distribution and normal loads do not generate shear tractions.

2.6.2 Bulk load effect on the shear traction distribution

The fretting fatigue problem includes the presence of a fatigue load in one of the
bodies, called the bulk load. Let one considers here that only the specimen, body
2 in Figure 2.18 is subjected to a bulk load acting in phase with the tangential
load Q. This bulk load generates a bulk stress σb(t) on the specimen which will
cause a mismatch in strain between the contacting parts. This mismatch will
modify the Mindlin-type analyzes presented in the previous section. Now the
perturbation solutions q′ and q′′ in Eq. 2.58 need to be rewritten as follows:

q′ = −fp0
c

a

√
1 −

(
x − e

c

)2
(2.60)
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Figure 2.20: Shear traction distributions during a tangential cycle, Qmax/fP =
0.6.

and

q′′ = 2fp0
c′

a

√
1 −

(
x − e′

c′

)2
(2.61)

where the normalized offset terms e/a and e′/a are given respectively by:

e

a
= σb,max

4fp0
(2.62)

being σb,max the maximum value reached by the bulk stress over a cycle and

e′

a
= σb,max − sσb(t)

8fp0
(2.63)

Figure 2.21 shows the shear traction distributions at different times when the
sample is subjected to a sinusoidal bulk stress σb in phase with the tangential
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load Q (Figure 2.19). It is worth mentioning that these equations are only valid
for small values of bulk fatigue load, and the following relationships must be
observed: e + c < a and e′ + c′ < a.

Q/fP

0.6
0.3
0.0

-0.3

-0.6

x/a

q
(x
)/
μ
p
0

-1 -0.5 0 0.5 1

0

0.5

1

-0.5

1

Figure 2.21: Shear traction distributions during a fretting cycle, Qmax/fP = 0.6
and σb,max/fp0 = 0.8.

2.6.3 Sub-surface stress distributions

Muskhelishvili’s potential is the most popular method used to calculate internal
stress distribution in plane problems [113]. This potential, ϕ, is a function of
position, z, which is a complex coordinate, i.e. z = x + yi. The potential itself
can be obtained performing a full contour along the contact line:

ϕ(z) = 1
2πi

∫
contact

p(ζ) − iq(ζ)
ζ − z

ds (2.64)

Once the potential ϕ is found, stress components can be defined by
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σxx + σyy = 2
[
ϕ(z) + ϕ̄(z̄)

]
(2.65)

σyy − σxx + 2iσxy = 2
[
(z̄ − z)ϕ′(z) − ϕ̄(z) − ϕ(z)

]
(2.66)

where ϕ′(z) implies differentiation with respect to z and ϕ̄(z) implies taking
the conjugate. For the cylinder contact configuration in the plane evaluated
here, the pressure distribution has an elliptical profile. In addition, the shear
traction distribution is a superposition of the elliptical traction distribution. In
this configuration, two different potential expressions can be defined:

ϕn(z) = 1
2πi

∫
contact

p(ζ)
ζ − z

ds (2.67)

ϕt(z) = 1 − if

2πi

∫
contact

p(ζ)
ζ − z

ds (2.68)

where ϕn is obtained considering only the normal load, P , while ϕt is obtained
considering gross sliding conditions. Therefore, solving the linear system
described by Eqs 2.65 and 2.66, the following expressions for the σxx stress
component can be obtained for instance:

• At maximum and minimum loads:

σxx(x, y)
p0

=
(

σn
xx

(
x
a , y

a

)
p0

)
±

(
σt

xx

(
x
a , y

a

)
fp0

)

∓

(
σt

xx

(
x−e

c , y
c

)
fp0

)
+ σb

p0

(2.69)

where the signal combination + and - holds for the maximum load.

• During unloading and reloading phases:

σxx(x, y)
p0

=
(

σn
xx

(
x
a , y

a

)
p0

)
∓

(
σt

xx

(
x
a , y

a

)
fp0

)

±2f
c′

a

σt
xx

(
x−e′

c′ , y
c′

)
fp0

∓ f
c

a

(
σt

xx

(
x−e

c , y
c

)
fp0

)
+ σb

p0

(2.70)

where the signal combination -, + and - holds for the unloading phase.
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Similarly, other stress components can be obtained.

2.7 Wear modelling and damage accumulation

2.7.1 Wear model

Among the most well-known wear models, especially in fretting fatigue
applications, we can highlight for their wide use and easy applicability the
local formulations of Archad’s equation [45, 104] or the dissipated friction
energy [64, 47].

Archad’s equation for sliding wear can be expressed as [12]:

V

S
= K

P

H
(2.71)

where P , S and V are the normal contact load, total relative slip, and volume
of material removed, respectively. K is the dimensionless wear coefficient and
H is the material hardness. In terms of one locally expression, the wear can be
written applied for an infinitesimal area as:

dh = kwp(x)ds (2.72)

where p(x) is contact pressure and kw the local wear coefficient and dh is the
material removal depth for a given incremental relative slip ds.

While Archad’s equation correlates surface wear with normal contact load, total
relative slip, and material hardness the friction energy wear law consists in
relating the total wear volume to the accumulated friction energy dissipated on
the contact interface.

V = α
∑

Ed (2.73)

where Ed is the friction energy dissipated during a fretting cycle and α is the
energy wear coefficient. Locally, for an infinitesimal area, the wear depth can
be expressed as:

dh = αq(x)ds (2.74)

where q(x) is the contact shear traction.
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The equations 2.72 and 2.74 can be used to compute wear locally. However,
in the context of an FE code it is necessary to make some changes. From
a practical point of view, the simulation of all the desired wear cycles is not
feasible. In this case, a strategy commonly adopted is to compute the wear
during a fretting cycle and then multiply it by the jumping factor ∆N assuming
that the wear is nearly constant for ∆N wear cycles. This way, each contact
surface node will be updated after the application of the ith wear block ∆N as
follows:

• Archard’s law:

∆hi,j =
ninc∑
k=1

kwp(xj , tk)∆s(xj , tk)∆N (2.75)

• Frictional dissipated energy:

∆hi,j =
ninc∑
k=1

αq(xj , tk)∆s(xj , tk)∆N (2.76)

where ∆hi,j is the wear depth increment of the node j located at the contact
surface with position xj , α is the energy wear coefficient, kw is the local wear
coefficient and ninc is the total number of load increments over a fretting cycle.
The contact variables p(xj , tk), q(xj , tk) and ∆s(xj , tk) are respectively, the
pressure distribution, the shear traction and the contact relative slip increment
for the node j at the time increment tk. The total required number of wear
cycles, Nt, can be split in nw wear blocks, where each block corresponds to ∆N
wear cycles, i.e. nw = Nt/∆N . Thus, the total wear depth at Nt cycles for the
node j is given by:

hj =
nw∑
i=1

∆hi,j (2.77)

2.7.2 Damage accumulation method

With the evolution of wear, the stresses and strains change in each simulated
fretting cycle. Thus, it is necessary to calculate the damage in each wear step.
Miner’s linear cumulative damage rule [129, 108] was used in this work to
predict material failure. For a material sub-surface point x, the total cumulative
damage associated with the nth wear step is given by:
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Df,n(x) =
n∑

i=1

∆N

Nf,i(x) (2.78)

where Nf,i is the fatigue life expected for a given stress state, i.e. a multiaxial
fatigue model is used after determining the stress state σ(x, t) for given material
point x and time instant t over the ith fretting cycle to predict the fatigue life
Nf,i(x). It is important to note that Nf,i can be the life for crack nucleation
or failure, it depends on how the fatigue parameter used was calibrated. The
centroid of the elements was defined as the position to compute the damage
defined by Eq.(2.78). Due to the evolution of wear, the contact surface is
constantly changing, thus the position of the nodes and consequently the
centroid of the elements are changed. Therefore, the following numerical scheme
was adopted: as can be seen on Figure 2.22, after each ith fretting cycle
simulation, the damage value on the (i − 1)th fretting cycle was interpolated
from the (i − 1)th element centroids position to the new ith element centroids
location. In view of this, the actual damage field distribution at the ith damage
increment can be expressed as:

Df,i = D∗
f,i−1 + ∆Df,i (2.79)

where D∗
f,i−1 is the damage field from the previous fretting cycle simulation

(i − 1)th interpolated to the position of the element centroid points at the ith

fretting cycle.

Note that although surface wear is considered in both specimen and pad, the
damage generated in the material is computed only in the specimen, as shown
in Figure 2.23. Damage is computed at the center of all elements near the
contact region. The TCD is used to account for geometric features, this means
that the damage taken at the center of the elements is interpolated to obtain
an approximate value considering a distance L/2 from the contact surface, red
dots on Figure 2.23 . The same is true when using LM (critical distance as a
function of life). The wear process is stopped when the damage accumulated at
some point in L/2 or LM equals 1.



48 BACKGROUND KNOWLEDGE

𝐷𝑓,𝑖−1

𝐷𝑓,𝑖−1
∗

∆𝐷𝑓,𝑖

𝐷𝑓,𝑖−1 = 𝐷𝑓,𝑖−1
∗ + ∆𝐷𝑓,𝑖

a)

c)

b)

d)

Figure 2.22: Illustration of the strategy used in order to compute the damage
considering wear process: (a) accumulated damage at the centroid of the
elements at the (i − 1)th simulated fretting cycle, (b) incremental damage at
the centroid of the elements at the ith simulated fretting cycle, (c) accumulated
damage at the (i − 1)th simulated fretting cycle extrapolated to the position of
the element centroids at the ith simulated fretting cycle and (d) accumulation
of the total damage at the ith simulated fretting cycle.
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Figure 2.23: Damage accumulation procedure considering wear.





Chapter 3

Experimental work

“This chapter presents the experimental results for the characterization of
aluminum alloy Al 7075-T651 and discusses the experimental methods used to
study fretting fatigue behavior under variable amplitude loading”

51
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3.1 Material characterization

3.1.1 Aluminum alloy 7075-T651

The material used in this research was aluminum alloy 7075 with T651 heat
treatment. Developed in the 1930s by the Japanese company Sunimoto Metal
to be used in the fuselage of the Mitsybishi A6M2 Reisen “zero” fighter [150], it
had its first application in the industry only in 1943 by ALCOA [17]. Due to
its high strength and low specific mass, it continues to be widely used in the
aeronautical industry. Table 3.1 presents the chemical composition of the alloy
Al 7075-T651.

Table 3.1: Chemical composition of Aluminum Alloy 7075-T651 (%weight)
(ASM International).

Si Fe Cu Mn Mg Cr Zn Ti Al Outros
0.4 0.5 1.2-2.0 0.3 2.1-2.9 0.18-0.28 5.1–6.1 0.2 87.17-99.00 0.05-0.15

The aluminum alloy with the designation T651 undergoes solubilization
treatments, artificial aging and subsequent stress relief by stretching. The
process for obtaining the alloy consists of heating to a temperature of 480°C,
cooling and then reheating to a temperature of 120°C in order to artificially
age it. Finally, there is stress relief by stretching [38].

3.1.2 Metallographic analysis

To carry out the metallographic analysis of the 7075-T651 aluminum alloy, small
sample cubes of the material were removed. Then, the samples (cubes) were
cold embedded in transparent resin, leaving the faces to be analyzed exposed,
these perpendicular to the L, S and T directions, as shown in Figure 3.1.

Figure 3.1: Al 7075-T651 alloy samples embedded in resin.
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The surface of the samples was polished using a manual polisher model Polipan-
U, from Pantec. The surface preparation process consists of two steps: sanding
and polishing. The samples were sanded using silicon carbide water sandpaper
with granulometry 220, 320, 400, 600, 800, 1200, and 2000. Then, they were
polished with diamond paste (3 µm). The chemical attack on the surface was
carried out after sanding and polishing with Keller (2 mL HF + 3 mL HCl + 5
mL HNO3 + 190 mL H2O), as indicated in the standard ASTM E407-07 [14].
The duration of exposure to Keller on surfaces was between 10 and 20 seconds
for each sample. Finally, the images of the microstructure of each sample were
acquired using an Olympus laser confocal microscope, model OLS4100, with
the aid of the Olympus Stream application.

L

ST
100𝜇m

Figure 3.2: Three-dimensional image formed with metallography in each
lamination direction (T, S, and L).

In order to clearly visualize how the morphology of the grains varies with the
analyzed direction, the images obtained with a microscope for each of the
directions were placed on three faces of a cube, Figure 3.2. Thus, it can be
observed how the grains are arranged in the aluminum alloy analyzed. In figure
3.3(a), there is a micrograph in the lamination direction (L), where longitudinally
elongated grains can be observed with an average size of 528µm, and a width of
17µm. Figure 3.3(b) show the grains in the short transverse direction (S), where
the average size of the grains in the rolling direction is 263µm with 40µm of
width. Finally, Figure 3.3(c) present the results of the long transverse direction
(T). As can be seen, the average grain size is 201µm×28µm. As the stretching
was done in the alloy, there is a more homogeneous distribution of precipitates.
According to Zhao and Jiang [176], these precipitates (black dots) are particles
of Cr2Mg3Al18 and (Fe, Mn)Al6.
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a) b) c)

100𝜇m 100𝜇m 100𝜇m

Figure 3.3: Micrograph of Aluminum Alloy 7075-T651, in L (a), S (b), and T
(c) direction at 200x increase.

3.1.3 Hardness Test

Small samples such as those in Figure 3.1 were used for penetration hardness
tests. For this, the Zwick Roell ZHU 250 durometer presented in Figure 3.4 was
used.

Figure 3.4: Durometer Zwick Roell ZHU 250.

The penetration hardness test (Rockwell, Vickers, Brinell) consists of applying a
load to the surface of the material, with the penetration tip (indenter), leaving an
impression/mark on the sample, whose shape will depend on the indenter used.
The measured hardness was Rockwell Hardness, and the test was performed in
accordance with ASTM E18-19 [50]. Therefore, as the material studied is an
aluminum alloy, a spherical indenter with a diamond tip of 1/16 in (1.588 mm)
was used for the test on the Rockwell Hardness B scale to leave the impression
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on the piece and, in addition, a load of 100 kgf was applied to the sample. Each
sample had its hardness measured five times.

The hardness test was performed on two samples of aluminum alloy. Each
sample had its hardness measured five times, at random points on the surface of
the L-T plane. The test showed little variation in the values found for hardness
at these points. By calculating the average of these values, the hardness of the
aluminum alloy studied is 88.7 HRB. Compared to the value found in ASM
1990 for Rockwell Hardness of Aluminum alloy 7075 T-651, the difference is
only 1%.

3.1.4 Tensile tests

In order to obtain the monotonic mechanical properties of the Aluminum
alloy 7075-T651, three tensile tests were performed. For this, the servo
hydraulic machine MTS 810 was used, Figure 3.5. The specimens tested
were manufactured in accordance with ASTM E8/E8M-16 [54], and machined
in the alloy rolling direction. The dimensions of the specimens, in millimeters,
are shown in Figure 3.6. The specimens used in fatigue tests have the same
dimensions. The technical drawing is available in Appendix A.

Figure 3.5: Servo hydraulic machine MTS 810.
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Φ10 mmΦ15 mm R=80 mm

30.5 mm

Figure 3.6: Fatigue and tension test specimen.

The tensile test was carried out under displacement control (a rate of 2mm/min)
up to the final fracture. To obtain a more accurate deformation of the specimen,
a model 634.11F-24 strain gauge was used, illustrated in Figure 3.7. Due to the
operating limitations of this accessory, at a given moment of the test, the strain
gauge was uncoupled from the specimen and the test resumed normally.

Figure 3.7: Extensometer attached to the specimen during the tensile test.

Three tensile tests were conducted and their respective stress-strain curves are
depicted in Figure 3.8. The mechanical properties are summarized in Table 3.2.
It is noticed that the values found in the test are consistent with the literature.
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Figure 3.8: σ − ε diagram of Al 7075-T651 alloy.

Table 3.2: Mechanical properties of AL 7075-T651.
Monotonic properties

Young’s modulus, E 68 GPa
Yield strength, σy 506 MPa
Tensile strength, σu 570 MPa

3.1.5 Fatigue Test

Fatigue tests followed the protocols required by ASTM E739 and E466 [53, 51].
The specimens shown in Figure 3.6 were subjected to cyclic loading with loading
ratio R = −1 until failure. The MTS 809 axial/torsional servo-hydraulic
machine, Figure 3.9, with a capacity of ± 100 kN in the axial direction and ±
1100 Nm of torque was used for the uniaxial and torsional fatigue tests.



58 EXPERIMENTAL WORK

Figure 3.9: Photo of the axial-torsional MTS 809 servo-hydraulic test rig.

A total of 13 specimens were used to obtain the S-N curve. Results are reported
in Table 3.3. Figure 3.10 shows the final S-N curve. Note that the uniaxial
plain fatigue range, ∆σ−1, to loading ratio R= -1, is equal to 427MPa.

Figure 3.10: Al 7075-T651 alloy S-N curve.
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Table 3.3: Results from uniaxial fatigue tests.
Specimen f [Hz] σa [MPa] Nf × 103 [cyles]

1 0.5 458 1.49
2 0.5 458 5.77
3 0.5 458 4.62
4 7.5 280 232.14
5 7.5 280 458.31
6 7.5 280 229.50
7 7 280 317.43
8 7 229 947.22
9 7 229 904.68
10 7 229 103 >
11 8 204 103 >
12 8 204 103 >
13 8 204 103 >

Tests under pure torsion were also performed. The load ratio was R = −1.
Twelve specimens were used to obtain the τ -N curve. The data of each test are
presented in Table 3.4. Figure 3.11 shows the τ -N curve. Note that the pure
torsion fatigue range, ∆τ−1, to loading ratio R= -1, is equal to 337.35MPa.

Figure 3.11: Al 7075-T651 alloy τ -N curve.



60 EXPERIMENTAL WORK

Table 3.4: Results from pure torsion fatigue tests.
Specimen f [Hz] τa [MPa] Nf × 103 [cycles]

1 5 255 6.85
2 5 255 6.93
3 5 255 5.54
4 5 204 131.93
5 5 204 180.37
6 5 204 109.88
7 5 180 434.16
8 5 180 450.32
9 5 180 549.95
10 7 168 103 >
11 7 168 654.66
12 7 168 951.64

3.1.6 Curve da/dN vs ∆K and ∆Kth

Crack propagation tests were performed on an MTS 810 servo-hydraulic machine.
The specimen is pin-loaded by special clevises, described by ASTM E399 as
Tension Testing Clevis. Figure 3.12 shows the alignment of the grips and the
specimen. The software used to collect experimental data was MTS Fatigue
Crack Growth. The tests followed the ASTM E647 standard [52], as well as the
designing and fabrication of the specimens. Figure 3.13 presents the dimensions
in millimeters of the specimen known as Compact tension, CT. The technical
drawing is available in Appendix A.

An essential aspect of the test is associated with the accuracy of the measurement
of crack-mouth-opening displacement (CMOD) as a function of the applied
load and the stiffness of the system. This displacement is measured with the
clip gage that is attached to sharp knife edges, illustrated in Figure 3.14. The
knife edges can either be machined into the specimen, which was done in this
work or attached to the specimen at the crack mouth. The measurement of
the CMOD is an important parameter to be controlled during the test, as it is
related to the crack length, a. Therefore, to correctly measure the crack length
value it is necessary to ensure that the CMOD and loading values are accurately
measured.

To carry out the tests, it is necessary to create a pre-fatigue crack. According to
the E647 standard in the final stage of pre-crack generation (2.5% missing for
the maximum crack size), the stress intensity factor KI cannot be greater than
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Clevis

Clip gage

Pin

Specimen

Figure 3.12: Apparatus for testing compact specimens.

Figure 3.13: Picture of the compact tension specimen.

60% of the fracture toughness of the material, KIc. For all tests, the pre-crack
size was 2 mm.
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Figure 3.14: Measurement of the crack-mouth-opening displacement with a clip
gage [4].

The curves da/dN vs ∆K were obtained with tests of constant amplitude load
where the ∆K is increasing. During all tests, a constant load of 1.5 kN was
used with load ratio R= 0.1. Figure 3.15 shows the results of the da/dN vs ∆K
curves. A total of 6 tests were conducted, 3 performed in the S-L lamination
direction, 2 in the L-T direction, and 1 in the T-L direction.

Figure 3.15: Curve da/dN vs ∆K

To obtain the ∆Kth, tests were performed with decreasing ∆K. Where, Kmax at



MATERIAL CHARACTERIZATION 63

the beginning of the test was 5 MPa
√

m with a loading ratio R=0.1. The value
of Kmax decreases until the crack propagation rate is close to 10−7 mm/cycle.
As shown in Figure 3.16, 3 tests were performed, 2 in the S-L direction and 1
in the L-T direction.

Figure 3.16: Curve da/dN vs ∆K to obtain the ∆Kth.

Table 3.5 shows the values of the constants C and m (Paris’ constants), as well
as the propagation threshold ∆Kth.

Table 3.5: Results from crack propagation tests.
CT Direction ∆Kth (MPa

√
m) C ( mm

cycle /(MPa
√

m)m) m
1 S-L 2.88 5 × 10−7 2.81
2 S-L - 3 × 10−7 2.89
3 S-L 2.45 5 × 10−7 2.72
1 L-T - 5 × 10−7 2.74
2 L-T 2.9 5 × 10−7 2.59
1 T-L - 8 × 10−7 2.57

Mean 2.74 5.17 × 10−7 2.72
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3.2 Fretting fatigue tests

3.2.1 Experimental set-up

The testing machine used in this work was the MTS 322 Test Frame. This
fretting fatigue rig was modified by Almeida et al. [1] to work with four
uncoupled actuators, i.e., it is possible to independently control all the loads
involved in the fretting tests (bulk, normal and tangential loads). It means
that the loads can vary with time in-phase or out-of-phase, and they can also
be applied in their waveforms synchronously or asynchronously. The Basic
Test-Ware program was used to control the tests. The University of Brasília
laboratory also uses the Multipurpose Elite program. Both offer numerous
control features and allow a wide range of tests to be conducted on this machine.
The programs also have a practical and effective system of data acquisition
and monitoring of variables throughout the test. It is worth mentioning that,
despite not being part of the scope of this research, the apparatus was also
designed to perform tests at high temperatures (up to 750 °C).

The schematic drawing in Figure 3.17 depicts the main parts of the fretting
apparatus. As can be seen, there is in the machine rig a fixed and movable jaw
(6 and 7) that held the flat dog-bone tensile specimen between them, and the
pad holders (12) are mounted on a set of linear bearings (10 ) which allows
the application of varying normal loads or displacements to the pads. The
movable jaw (7) is linked to a load cell (4) and to a hydraulic actuator (3)
capable of applying loads up to 250 kN. This one is responsible for applying
the fatigue load on the specimen. The fretting apparatus is linked to the load
cell and LVDT sensor (2) and to the hydraulic actuator (1), which can provide
fretting loads up to 100 kN. And finally, the two MTS hydraulic actuators (9)
are responsible for applying the normal load to the fretting pads (11). Each of
these actuators can apply up to 15 kN force under cyclic or static conditions.
More details of the fretting apparatus design can be seen in the work done by
Almeida et al. [1]. Figure 3.18 shows a photo of the four actuators fretting
fatigue rig.

As previously mentioned, the specimens used in the fretting fatigue tests are of
the flat dog-bone type. Figure 3.19 shows a photo of the specimen (a) and pad
(b) used in the tests, both were made using the same material (Al 7075-T651).
All specimens have a cross-section of 13mm×13mm and the shoes have a radius
of R= 70mm. The technical drawing is available in Appendix A.

Before the tests, the specimens and shoes had their measurements and roughness
inspected. The roughness measurement was performed with the Olympus LEXT
OLS4100 confocal laser microscope and following the NBR ISO 4287/2002
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Side View

322 Test Frame

 

 
Servo-hydraulic Actuator 100 kN1 - 
Load Cell + LVDT2 - 
Servo-hydraulic Actuator 250 kN3 - 
Load Cell + LVDT4 - 
Load Cell5 - 
Upper 647 Hydraulic Wedge Grip6 - 
Bottom 647 Hydraulic Wedge Grip7 - 
Specimen8 - 
Servo-hydraulic Actuator 15 kN9 - 
Linear Bearing10 - 
Pad11 - 
Pad's holder12 - 
Igniter13 - 
Stiffiness bar14 - 
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1412 13

Figure 3.17: Schematic of the four actuators fretting fatigue rig [1].

standard. Three measurements were performed in the center of each side of the
specimen and on the surface of the radius of the shoes. The roughness values
obtained were lower than 0.4µm.

3.2.2 Test procedure

Before starting the fretting fatigue tests, the contact surfaces are cleaned with
ethyl alcohol. Then, the specimen is set in the jaws of the testing machine.
Before closing and pressurizing the jaws, it is necessary to ensure the alignment
of the specimen with the jaw walls to avoid twisting the specimen. At this stage
the mean fatigue load is applied in the absence of the pads.
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Fretting apparatus

a)

b)

Figure 3.18: Photos of the four actuators fretting fatigue rig (a), and fretting
apparatus(b).

a)
13mm

R=70mm
b)

Figure 3.19: The dog-bone specimen (a), and fretting pad (b) used for fretting
fatigue tests.

The pad must be positioned so that the sides of the specimen are aligned
with those of the pad. It is also necessary that the pad is perpendicular to
the specimen to ensure a uniform pressure field. A Fujifilm Prescale Medium
pressure film was used to check alignment. Figure 3.20 shows the marks taken
at two different positions of the fretting pad. A good pad alignment results in
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a linear and homogeneous pressure distribution, as shown in Figure 3.20(a). In
this way, crack nucleation begins at the contact center and the crack propagates
through the specimen up to the final rupture. On the other hand, a misalignment
as in Figure 3.20(b) causes an anomalous and faster crack initiation due to the
edge effect phenomenon, and eventually crack advances from the edge of contact
(a behavior known as corner crack) towards the opposite and lateral side of the
specimen performing a diagonal crack path advance. These tests are invalid.

13 mm 13 mm

Contact pressure
distribution

Crack 
nucleation

Crack 
nucleation

a) b)

Figure 3.20: Fretting fatigue contact alignment analysis using pressure film: the
well aligned (a) and misaligned contact (b) between fretting pad and fatigue
specimen.

After tightening the screws on the pad’s holder and aligning the assembly, the
normal contact load can be applied. The following test steps are carried out
with the help of the Basic Test-Ware program. Initially, a test is performed in
displacement control on the 100kN actuator (fretting actuator) applying only
the mean bulk fatigue load and constant normal contact load. In this test,
the fretting actuator displacement amplitude is gradually increased until the
load read from this actuator is equal to or slightly greater than the maximum
tangential load desired during the fretting fatigue test. Upon reaching this
desired load, the test is allowed to run for another 5,000 cycles. This step is
important to adjust the friction coefficient of the contact surface, thus reducing
the probability of the test failing due to gross slip when performed in force
control. After stabilization of the coefficient of friction, the load control test
begins. As stated before, the mean fatigue load is applied even before the
pad alignment and maintained throughout the test. Then the normal load
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is applied. Finally, there is the simultaneous application of the fatigue and
tangential-fretting loads. A sinusoidal wave shape was used.

Although the vast majority of laboratory tests are performed keeping the
amplitude of the bulk and fretting loads constant during the test, it is expected
that in most practical applications the loading history is random and quite
complex. Therefore, this work aims to investigate the effects of a variable
tangential load and of the sequence of application of these different tangential
loading blocks on the life of the Al 7075-T651 specimens. In this setting, we have
designed new tests consisting of two blocks of the fretting load, as illustrated in
Figure 3.21.

c) d)
Block
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n1 n2
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nfailure

D=d1 D=d2
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Low-High
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Figure 3.21: Schematic representation of the application of loads in the fretting
fatigue test: (a) representation of where each load is applied to the specimen,
(b) order of application of test loads, and the representation of the H-L (c) and
L-H (d) loading blocks.

Note that only the tangential load amplitude, Q will vary. The amplitude of
the bulk fatigue load, Fb, is the same during all tests and the normal load P is
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always constant. In Figure 3.21(c) one has a High-Low (H-L) loading sequence,
where, for a given number of cycles n1 and n2 the amplitudes of the tangential
load considered in the analysis are Q1 and Q2, respectively, with Q1 > Q2.
On the other hand, in Figure 3.21(d), the Low-High (L-H) loading sequence
considers first the application of a tangential load of amplitude Q2 followed by
the one of amplitude Q1. In this case, the first amplitude block Q2 is prescribed
over n′

1 cycles and this number of cycles is chosen so that the damage generated
by the low amplitude block is equal to the one generated in the high amplitude
block of the H-L loading sequence. Damage assessments are carried out by
means of Miner’s rule. Similarly, the number of cycles n′

2 is determined by
equating the damage of the high amplitude block in the L-H loading sequence
with the one present in the low amplitude block of the H-L loading sequence. It
means that the damage in the first load block for both loading sequences (H-L
and L-H) is determined as follows:

d1 = n1

N1
= n′

1
N2

(3.1)

where N1 and N2 are the experimentally observed lives for the high and low
loading blocks respectively. These lives are obtained by evaluating a test of a
single loading block until the failure.

3.2.3 Measuring the coefficient of friction - COF

Two tests were carried out in order to obtain the coefficient of friction under
fretting conditions for the aluminum alloy 7075-T651. Figure 3.22 illustrates
the procedure to obtain the mean coefficient of friction, fm, which consists of
a composition of the friction coefficients in the slip and the stick zones. The
methodology to obtain fm consists initially of performing a pure fretting test in
displacement control, that is, applying the normal load P (constant throughout
the test) and then the tangential displacement amplitude δa is prescribed during
the test and is increased gradually (steps of 2.5 µm at every 200 cycles) until
the tangential force read on its load-cell is equal to the desired tangential load.
After, the test is maintained for approximately 10,000 cycles so that the fretting
scar is properly developed. The second part of the test requires a monotonic
increase of the tangential load until full sliding is achieved and shear load at
this moment is recorded. This maximum Q/P ratio is the mean coefficient
of friction, fm. Note that fm is an average of the slip and stick zone friction
coefficients found on the contact surface.

To evaluate the tractions and subsurface stress field in fretting fatigue it is
necessary to use the coefficient of friction for the slip zones, fs. Hills and Nowell
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Figure 3.22: Test methodology to determine the mean coefficient of friction.

and after Araújo and Nowell [82, 7] proposed an analytical solution to obtain
the fs once the fm is known. It can be calculated as:

fm = fs +
[

4Q

πP

(π

2 − cotθs − θs

)
− π

2

(
fsϕs − Q

P
tanϕs

)]
(3.2)

wehere

θs = sin−1

√
Q

fsP
(3.3)

and

ϕs = cos−1

√
Q

fsP
(3.4)

Following the experimental methodology described above, two tests were carried
out to determine the coefficient of friction. Table 3.6 summarizes the results.
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Table 3.6: Coefficients of friction for the Al 7075-T651 alloy under fretting
conditions with a constant normal load.

Test Fretting test Monotonic test
P [N/mm] Qa [N/mm] Q/P fm fs

COF1 483 192 0.4 0.56 0.91
COF2 483 192 0.4 0.54 0.79

Mean 0.55 0.85

3.2.4 Experiments observations and results

The first step in carrying out tests with variable-amplitude loading blocks is to
define what the loading configurations of these blocks will be. Since the number
of cycles applied to the first block is defined based on the damage generated in
the material, it becomes necessary to identify the life to failure for each loading
configuration. In this work, a sequence of loadings of the H-L and L-H type was
chosen. However, before one conducts the tests with the H-L or L-H sequence of
blocks, it is necessary to perform tests just with the high amplitude shear load
configuration and later with low one. This will allow us to obtain the N1 and
N2 lives required to compute the fagitue damage performed by each loading
block individually.

Table 3.7: Loading configuration of the blocks High and Low.
Load

config.
Q

[N/mm]
P

[N/mm] Q/P Rp

[mm]
a

[mm]
p0

[MPa]
B

[MPa]
High 210 300 0.7 70 0.837 228 70
Low 120 300 0.4 70 0.837 228 70

Table 3.8: Fretting fatigue lives of the loading block individually (High and Low
blocks).

Test Load
config.

Nf

[cycles} Mean

FF1 High 122,037
143,281FF2 High 146,178

FF3 High 168,048
FF4 Low 345,313 348,102FF5 Low 350,891

Table 3.7 shows the loading configuration of each block and in Table 3.8 can be
seen the experimentally observed lives. In both loading blocks, High and Low,
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a loading ratio R= -1 for the tangential and bulk loads was considered. The
normal load P was held constant during all tests. As can be seen, the difference
between the High and Low blocks is only in the amplitude of the tangential
load used. The tangential load of the High block is 75% higher than that of the
Low block, this difference is large enough so that the average life of the High
block is 41% lower than the average life of the Low block.

Three tests were performed for the High block and two tests for the Low block,
both until the material failed. With these tests, it was possible to define the
lives N1 and N2 (averages of the observed lives of the High and Low blocks
respectively). Now it is possible to design and to carry out our set of fretting
fatigue tests under variable amplitude block loading. Table 3.9 shows the
loading configuration of the tests H-L and L-H. The results of tests performed
with loading sequences H-L and L-H are presented in Tables 3.10 and 3.11
respectively.

Table 3.9: Loading configuration of the tests H-L and L-H.
Load

config.
Q1

[N/mm]
Q2

[N/mm]
P

[N/mm]
B

[MPa]
H-L 210 120 300 70
L-H 120 210 300 70

Table 3.10: Fretting fatigue tests under H-L loading sequence.
Test. Load seq. d1 n1 n2 Nf

FF6 H-L 0.75 107,461 22,553 130,014
FF7 H-L 0.75 107,461 44,756 152,217
FF8 H-L 0.5 71,641 96,408 168,048
FF9 H-L 0.5 71,641 125,173 196,813
FF10 H-L 0.5 71,641 134,240 205,880
FF11 H-L 0.4 57,312 201,203 258,515
FF12 H-L 0.3 42,984 255,259 298,243
FF13 H-L 0.25 35,820 332,611 368,431
FF14 H-L 0.25 35,820 304,180 340,000
FF15 H-L 0.25 35,820 308,945 344,765

Figure 3.23 presents the experimental results as a function of the material
damage generated by the first load block. Figure 3.23(a) shows the results for
the H-L loading sequence. The solid black line in this figure represents the
life estimated by Miner’s damage accumulation rule, while the blue squares
are the experimental results. Likewise, in Figure 3.23(b), the results for the
L-H loading sequence are shown. In this case, the values estimated by Miner’s
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Table 3.11: Fretting fatigue tests under L-H loading sequence.
Test. Load seq. d1 n’1 n’2 Nf

FF16 L-H 0.75 261,077 57,889 318,965
FF17 L-H 0.75 261,077 62,910 323,986
FF18 L-H 0.5 174,051 87,025 261,076
FF19 L-H 0.5 174,051 79,038 253,089
FF20 L-H 0.5 174,051 67,142 241,193
FF21 L-H 0.35 121,836 92,175 214,011
FF22 L-H 0.25 87,026 97,975 185,000
FF23 L-H 0.25 87,026 175,895 262,920
FF24 L-H 0.25 87,026 168,501 255,526
FF25 L-H 0.25 87,026 150,370 237,395
FF26 L-H 0.15 52,215 145,048 197,263

rule are represented by the solid red line and the experimental data by yellow
triangles. Note that the behavior pattern differs when comparing the two
loading sequences. The L-H sequence is closer to the estimates using Miner’s
rule.

Figure 3.23: Experimental fretting fatigue lives of the H-L (a) and L-H (b)
loading blocks.

Figure 3.23(a) shows that if the damage generated in the first loading block (High
block) is d1<0.3, Miner’s rule is more conservative. Nonetheless, when applying
a number of cycles in the High block large enough to generate initial damage
greater than 0.3 a reduction in the actual total life is observed when compared
to that estimated by Miner´s rule. On the other hand, the experimental results
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of the L-H loading sequence, Figure 3.23(b), show that for this configuration,
the sensitivity to the loading sequence effect is much lower than in the H-L
because the results are closer to those predicted by the linear damage model.

These still limited range of experimental data for fretting fatigue under varying
block loading seem to indicate that the loading sequence has an effect on the
accumulated fatigue damage. Although this effect exists (especially for H-L
sequences), it does not mean that Miner’s rule can not be applied for life
assessment. Figure 3.24 presents all experimental results (H-L and L-H blocks)
compared with the estimated life using Miner’s rule. As can be seen, the data
are all within a scatter band of factor 1.5. This means that the margin of error
is between 50% and -33%.

1.E+05

1.E+06

1.E+05 1.E+06

Exp.

Miner

106

105

Factor of 1.5

105 106

Log( N𝑓,𝑝𝑟𝑒𝑑 .) [cycles]

Log(N𝑓,𝑒𝑥𝑝 .) [cycles]

Figure 3.24: Estimated and observed fretting fatigue lives under variable loading
conditions.

Fractography

Figure 3.25 (a) and (b) show the fretting scars after failure of specimens FF2
[H] (Table 3.8) and FF19 [L-H] (Table 3.11) respectively . Note that the fretting
wear scar has a width of approximately 1.64-1.70mm, while the theoretical
contact size 2a=1.674mm, and the crack that led to failure initiated at the edge
of the contact. In the FF19 [L-H] test, there is a load change, and it may have
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caused a more significant slip initially, which stabilized soon afterward. This
behavior explains the brighter aspect, as some of the debris at the edge of the
contact may have been dragged along with this slip during the load change.

1.64mm 1.70mma) b)

80mm

Figure 3.25: Fretting scar of the fretting fatigue specimens FF2 [H] (a) and
FF19 [L-H] (b).

Figure 3.26 indicates the fracture surface of the same tests as Figure 3.25.
Figure 3.26(a) is the specimen FF2 and Figure 3.26(b) the specimen FF19.
Note that, in both tests, multiple cracks nucleated at the contact surface. These
microcracks become a single dominant macrocrack that propagates along the
specimen until failure. Figure 3.26 indicates that the fracture surface consists
of two distinguished regions: one for cracks initiation site induced at contact
interface followed by crack propagation zone, and the other one for a rupture
region due to overloading.
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Figure 3.26: The fracture surface of the fretting fatigue specimens FF2 (a) and
FF19 (b).

Crack propagation trajectory

Figure 3.27 shows a three-dimensional image of the fracture surface of specimen
FF19. This three-dimensional image was used to obtain the crack trajectory
and consequently the initiation angle (considering a length of 2L = 39µm). As
crack path and initiation angle can vary significantly along the fractured surface,
five individual crack paths were measured along the fractured surface following
the dashed red line depicted in Figure 3.28. The crack path and initiation angle
for each test is defined as the average of them.

Figure 3.29 shows the crack path of tests FF2, FF5, FF8, and FF19. These
trajectories were obtained using the average of different trajectories on the
fracture face, as previously described. As can be seen, in all tests the initial
crack propagates under mixed-mode, and after that, the crack propagation is
governed by axial stress perpendicular to the contact interface. The initial crack
angle was measured for the four tests and is shown in Table 3.12.
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Figure 3.27: The three-dimensional fracture surface of the fretting fatigue
specimen FF19 (dimensions in mm).

Table 3.12: Initial crack angle observed for the crack size of 2L.
Test Load seq. Crack angle [°]
FF2 High 11
FF5 Low 2
FF8 H-L 17
FF19 L-H 14

Mean 11

3.3 Fretting fatigue data available in the literature

This section presents experimental data available in the literature for three
different aluminum alloys. Both basic properties of these materials and fretting
fatigue test results are provided. Some of these data were used in other chapters
to implement numerical models and even to validate the proposed methods.
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1 2 3 4 5

Figure 3.28: Methodology of fretting crack path and initiation angle
measurement.

a=-0.83

Figure 3.29: Crack propagation path of fretting fatigue specimens FF2, FF5,
FF8, and FF19.

3.3.1 Al 7075-T651

Tha basic material monotonic and cyclic properties of aluminum alloy 7075-
T651 are provided in Table 3.13. According to [21], the stress intensity factor
threshold range, ∆Kth, for this aluminium alloy is 3 MPa

√
m and in [20] the
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fully reversed fatigue limit range, ∆σ−1 (1×106 cylces), is 350 MPa, which yields
a critical distance parameter L = 23.4 µm. The friction coefficient between the
contacting surfaces for a cylinder on plane contact configuration may vary from
0.7 to 0.85, according to the tests carried out by the University of Seville fretting
fatigue research team [101, 23]. The local wear coefficient κw is 1.25 × 10−8

mm2/N according to [88].

Table 3.13: Mechanical properties of Al7075-T651 [167].
Monotonic properties

Young’s modulus E 71 GPa
Poisson’s modulus ν 0.33
Yield strength Sy 503 MPa
Ultimate tensile strength Sut 572 MPa

Cyclic properties
Fatigue strength coeff. σ′

f 1231 MPa
Fatigue ductility coeff. ε′

f 0.263
Fatigue strength exp. b -0.122
Fatigue ductility exp. c -0.806

3.3.2 Al 2024-T3

In this thesis, the experimental data of the fretting fatigue tests obtained
by Talemi et al. [84] were used to validate the method of life assessment
including wear and crack propagation. The material used was aluminum
2024-T3, a tempered aerospace aluminum with good fatigue properties. All
the test specimens were produced from a single sheet of aluminum 2024-T3.
The mechanical properties from the specification sheet are reported in Table
3.14. Table 3.15 shows the loading conditions in each fretting fatigue test and
respective life observed, where B represents the bulk fatigue load, Rp is the
pad radius, P is the normal force, Qmax is the tangential load and Nf is the
experimental total life to the complete failure of the specimens.

The S-N curve was provided by Newman et al. [120] and was obtained
considering uniaxial tests for different load ratios as shown in Figure 3.30.
To compute the wear using Archard’s equation, it is crucial to determine the
local wear coefficient k. Ashwin et al. [13] performed wear tests on 2024-T351
aluminum alloy specimens. The results indicate that the wear rate obtained was
in the order of 10−7g/Nm for the tested parameter conditions. Conservatively,
in this work, the lowest value for the wear coefficient was used. According to Eq.
2.71, it is enough to divide the wear rate by the density of the material (7,28
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Table 3.14: Mechanical properties of Al2024-T3 [84].
Monotonic properties

Young’s modulus E 72.1 GPa
Poisson’s modulus ν 0.33
Yield strength Sy 383 MPa
Ultimate tensile strength Sut 506 MPa
Fracture toughness KIc 2083 MPa

√
mm

Coefficient of friction f 0.65
Cyclic properties

Threshold stress intensity factor ∆Kth 100 MPa
√

mm
Uniaxial plain fatigue limit ∆σ−1 263 MPa
Critical distance L/2 23µm

Table 3.15: Test conditions of fretting fatigue experiments [84].
Test no. B

(MPa)
Rp

(mm)
P

(N/mm)
Qmax

(N/mm) Q/P p0
(MPa)

Nf

(cylces)
FF1 100 50 135.8 38.8 0.29 187 1,407,257
FF2 115 50 135.8 46.6 0.34 187 1,105,245
FF3 135 50 135.8 55.9 0.41 187 358,082
FF4 135 50 135.8 48.9 0.36 187 419,919
FF5 160 50 135.8 48.4 0.36 187 245,690
FF6 190 50 135.8 82.5 0.61 187 141,890
FF7 205 50 135.8 80.5 0.60 187 114,645
FF8 220 50 135.8 66.8 0.49 187 99,607
FF9 220 50 135.8 79.5 0.59 187 86,647

g/cm3) to obtain the local wear coefficient. Thus, the local wear coefficient was
defined as kw = 5.81 × 10−8MPa−1.

3.3.3 Al 7050-T7451

In order to test the accuracy of the proposed method to compute the crack
nucleation angle, the experimental data provided by Almeida et al. [2] was used
in this thesis. The material considered in [2] was an aluminum 7050-T7451.
The average size of the small grains of this material is 8 µm. Flat dog-bone
specimens and cylindrical pads both made of AA7050- T7451 were used in the
fretting tests. The specimens have a square cross-section of 13×13 mm. Two
sizes of cylindrical pads were considered in the tests: a smaller one with a radius
of 30 mm and a larger one with a radius of 70 mm.



FRETTING FATIGUE DATA AVAILABLE IN THE LITERATURE 81

Figure 3.30: Uniaxial fatigue data for the Al 2024-T351 [120].

Table 3.16 lists the mechanical properties of the aluminum alloy considered in
this thesis. Table 3.17 reports the loading conditions in each fretting fatigue
test, where σm represents the mean bulk load, Rp the pad radius, P the normal
contact force, Qa the tangential load amplitude and p0 the contact peak pressure.
The loading history considered in all the tests is depicted in Figure 3.31. Firstly,
a mean bulk, B, is prescribed on the specimen. Secondly, a constant normal load,
P , presses the cylindrical pad against the specimen. Finally, a fully reversed
tangential load with amplitude, Qa, is prescribed on the pad ensuring partial
slip conditions. Notice that the mean bulk stress σm is given by the ratio of
the mean bulk stress, B, to the cross-section area of the specimen.

Table 3.16: Monotonic and cyclic properties of 7050-T7451 aluminum alloy.
Young’s Modulus, E 71.7 GPa
Poisson’s ration, ν 0.33 MPa
Yield stress, Sy 469 MPa
Ultimate tensile strength, Sut 524 MPa
Fatigue limit range, ∆σ−1 292 MPa
Threshold stress intensity factor range, ∆Kth 5.5 MPa

√
m

Friction coefficient, f 0.54
Critical distance, L 113 µm

To compute wear using Archard’s equation, it is crucial to determine the
local wear coefficient kw. However, no data were found in the literature for
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Table 3.17: Loading and geometry configurations of fretting experiments.
Load

config.
Qa

(N/mm)
P

(N/mm) Qa/P Rp

(mm)
a

(mm)
p0

(MPa)
σm

(MPa)
C1 240 800 0.3 70 1.34 380 0
C2 320 800 0.4 70 1.34 380 0
C3 400 800 0.5 70 1.34 380 0
C4 136.4 341 0.4 30 0.57 380 0
C5 136.4 341 0.4 30 0.57 380 25
C6 136.4 341 0.4 30 0.57 380 50
C7 320 800 0.4 70 1.34 380 25
C8 320 800 0.4 70 1.34 380 50

Time

normal load, P
tangential load, Q
bulk load, B

Applied loads

Bmean

Figure 3.31: Schematic of tests loading history.

the material investigated. To overcome such an issue, the wear coefficient of
similar material (Al 7075-T651 [133]) has been considered in the analyses of this
material: kw = 1.25 × 10−8 MPa−1. The S-N curve considered in this work was
obtained by [90] from fatigue tests conducted on 7050-T7451 aluminum alloy flat
dog-bone specimens subjected to fully reversed push and pull loading conditions,
as shown in Figure 3.32. Table 3.18 presents the measured experimental crack
initiation angles for all the tests reported in [2].
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Figure 3.32: Uniaxial fatigue data of Al 7050-T7451 [90].

Table 3.18: Crack orientation measured for all tests.
Load Config. Test Exp. (°) Average (°)

C1 T1 12.8 21.4 +/- °12.2T2 30

C2
T1 28

29.5 +/- °6.4T2 36.6
T3 24

C3 T1 25.7 31.4 +/- °8.0T2 37

C4 T1 29.7 25.9 +/- °5.4T2 22

C5 T1 31.3 31.5 +/- °0.3T2 31.7

C6 T1 36.3 30.4 +/- °8.4T2 24.4

C7
T1 40.7

32.4 +/- °13.6T2 16.7
T3 39.7

C8 T1 46.5 37.2 +/- °13.2T2 27.9





Chapter 4

Effects of fretting wear
process on fatigue crack
propagation and life
assessment

“This chapter proposes a new methodology for fretting fatigue life assessment. It
uses a combination of multiaxial fatigue criteria, the theory of critical distances
and a node-displacement wear algorithm to account for the initiation life under
fretting. A new method is also introduced to predict the crack propagation path
under nonproportional loading conditions”

This chapter was previously published as:
PINTO, André Luis; ARAÚJO, José Alexander; TALEMI, R. Effects of fretting
wear process on fatigue crack propagation and life assessment. Tribology
International, 2021, 156: 106787.
and
PINTO, A. L.; TALEMI, R.; ARAÚJO, J. A. Fretting fatigue total life
assessment including wear and a varying critical distance. International Journal
of Fatigue, 2022, 156: 106589.

With respect to the original publication, a few symbols are changed to comply
with the general nomenclature and certain paragraphs are modified slightly to
avoid redundancy.
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4.1 Overview

The small relative movement which occurs between the contact surfaces of
mechanical assemblies subjected to vibration can give rise to two different
mechanical problems, fretting fatigue and fretting wear [171, 170, 168]. Fretting
fatigue presents a small relative slip between the contact faces sufficient for one
region of the contact zone to be stuck and the other part to slide (partial slip
regime). In this type of fretting the wear effects are small and the initiation and
further development of cracks is the dominant phenomenon. On the other hand,
in case the amount of slip increases so that all corresponding points within the
contact surfaces slide one with respect to the other, a gross slip regime takes
place. In such a regime the crack initiation problem is limited due the high
level of material removal caused by the wear in the contact region. Here fretting
wear is the dominant mechanical problem [22, 60].

Given the high-stress gradient in the contact problem, it is common to use
the theory of critical distance (TCD) in the solution of fretting problems by
taking advantage of the “notch analogy” approach [128]. As the values of the
critical distances under fatigue and static loading are usually different, it can be
assumed that the critical distance at the medium-cycle fatigue regime depends
on the number of cycles to failure. The majority of works carried out on fretting
fatigue, which applied the TCD, did not take into account its dependence on life
[27, 175, 166, 43]. Recently, some research has been conducted using TCD as a
function of life [9, 93], however, these researchers do not include surface wear
or crack propagation. Although Araújo et al. [5] have considered the effects
of wear and used a critical distance depending on life in their life estimation
approach, they did not separate initiation and propagation lives, and the effect
of wear was considered to compute total life based on a critical plane criterion.

In this chapter, a new approach will be presented in which the total life is
separated into the nucleation and crack propagation phases. In this new
approach, wear effects are computed only up to the crack nucleation life. This
new approach will be applied in two different ways, the first considering the
critical distance as a fixed value, and the second where the critical distance is
considered as a function of life. Fretting wear effects are taken into account using
Archard’s law. To compute the initiation life the Smith-Whatson-Topper (SWT)
multiaxial fatigue parameter is combined with a linear damage accumulation
law (Miner’s law) and the theory of critical distance (TCD, using the point
method). The eXtended Finite Element Method (XFEM) is then considered
to model crack propagation. Propagation lifetime is obtained by employing a
new method introduced to predict crack path under non-proportional loading
conditions. Experimental results obtained by Talemi et al. [84], presented in
Section 3.3.2, are used to validate the numerical methodology proposed. In the
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next sections, all the details are provided.

4.2 Methodologies to fretting fatigue life assess-
ment

This thesis presents three methodologies for fretting fatigue life assessment
(Methods 1, 2, and 3) which will be applied in two ways, one considering fixed
L and the other considering Lm as a function of life. Figure 4.1 presents a flow
chart for each of these methods. For all of them, the crack nucleation point was
calculated based on the location of maximum dissipated energy at the contact
interface during one full cyclic loading. Giner et al. [69] have reported that
different crack initiation angles do not strongly affect the orientation after a few
crack increments. Based on these facts the crack initiation angle was defined
based on experimental observation. The concept of cumulative dissipated energy,
Ed, was introduced by Monhrbacher et al. [111]. The total dissipated energy
after one cycle can be written as:

Ed = Σn
i=1τi × δi, (4.1)

where τi is the frictional shear traction and δi is the local slip amplitude.

In Method 1, easier to implement, the stress/strain history in a single material
point is used to estimate life. The horizontal position of such a point is defined
as the one where Ed is maximum, while the vertical position is located at a
critical distance from the contact surface, L/2. Under fatigue limit conditions
and considering the Point Method [9, 131], the critical distance, L, is calculated
by Eq. 2.46. At the medium-high cycle fatigue regime, the critical distance
depends on the number of cycles to failure, Nf . Usually, a power law relationship
[155] is used to relate LM and Nf . The critical distance, LM , is calculated by
Eq. 2.48.

In method 2, the life is divided between crack nucleation, Ni, and crack
propagation, Np. For the calculation of Ni, an approach similar to the first
method is used. However, in this case, the multiaxial fatigue parameter used
is calibrated for crack nucleation life and not for total failure. The crack is
modeled using the XFEM method. The propagation life, Np, is obtained using
Paris’ law.

Method 3, also presented in Figure 4.1, is the most robust among the methods
used in this work. In this method, in addition to the separation between crack
nucleation and propagation life (method 2), the effects of surface wear are
computed in the crack nucleation phase. The crack initiation point is defined
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in the first cycle of the wear simulation, and this point is the one where Ed is
maximum.

4.3 Numerical aspects

Three methodologies were presented for fretting fatigue total life assessment.
One of the methodologies includes surface wear and crack propagation, however,
the others are simpler (without surface wear), which may or not include crack
propagation. Therefore, the next subsections (4.3.1 to 4.3.5) will be dedicated
to detail the numerical aspects.

4.3.1 Critical distance application

The critical distance as a function of life was implemented as shown in Figure
4.2. To obtain the number of cycles to failure, an initial value of life (N = N0)
is guessed to calculate the critical distance that is determined according to Eq.
2.48. The history of stress/strain is then evaluated at a point that is at this
critical distance from the surface, LM , and the fatigue damage accumulation is
maximum, Figure 4.2(a). The number of cycles to failure, Nf,e, is calculated
using the multiaxial fatigue parameter. If the calculated Nf,e is different from
the trial value N , a new interaction is started considering N = Nf,e. This
recursive procedure is repeated until convergence between the calculated Nf,e

and the trial value N , Figure 4.2(b). In Methods 1 and 2 this process is done
only once, however, in Method 3 is repeated every time the surface is updated
due to the wear process.

4.3.2 Multiaxial fatigue parameter calibration

In this work, two methodologies separate the life, Nf , into nucleation and
crack propagation lives. When wear is neglected, the multiaxial parameter is
calibrated using an S-N curve obtained for the total failure of the specimens.
In this case, the calculated life or damage will always refer to total life, Nf .
However, should wear be considered, the fatigue damage is computed only up
to the crack nucleation life, Ni. Therefore, the multiaxial parameter must be
calibrated with a crack nucleation S-N curve.

To obtain the S-N curve for crack nucleation, it is necessary to discount the
crack propagation life, Np, for each fatigue test data of the S-N curve for failure.
Figure 4.3 demonstrates how this procedure is conducted. Note that it is
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Use 𝐿/2 or calculate 𝐿𝑀; Use 𝐿/2 or calculate 𝐿𝑀;

Use 𝐿/2 or 𝐿𝑀;

Figure 4.1: Flowchart of the third method for fretting fatigue life assessment.
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Figure 4.2: Procedure to estimate the critical distance LM : (a) definition of
the critical distance LM and (b) flowchart of the algorithm for fatigue life
calculation.

necessary to define an initial crack size, ai. According to [73], the 2024-T351
aluminum alloy has a grain size of 50 µm. Therefore, in this work, the initial
crack size was used as 100 µm, which is two times the grain size. The S-N curve
used in this work was obtained by conducting fatigue tests on flat dog-bone
specimens made of the 2024-T3 aluminum alloy under R = 0 and R = -1 loading,
and the specimens were electro-polished. In this way, Np could be obtained as
follows:

Np =
∑

∆N =
∑ ∆a

C∆Km
, (4.2)

where, C and m are constants of material and ∆a is the crack incremental size
(100 µm). ∆K was obtained according to the equation below:

∆K = Kmax = σmaxF
√

πa, (4.3)

σmax is maximum stress applied to the specimen and S is the shape factor that
for this geometry is obtained according to Eq (4.4) [48], where, a is the crack
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size and b is the width of the specimen.
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Figure 4.3: Process of calibration of uniaxial fatigue data (Al 2024-T351 [120])
for crack nucleation life estimation.

Two multiaxial fatigue models were used for life assessment, SWT (Smith-
Watson-Topper) and FS (Fatemi-Socie), defineds in Sections 2.2.2 and 2.2.3
respectively. To calibrate these fatigue models data provided by Newman et
al. were used [120]. The S-N curve was obtained considering uniaxial tests for
different load ratios as shown in Figure 4.3(a). The parameters SWT and FS
were calibrated for total life, Nf , and crack nucleation life, Ni, see Figures 4.4
and 4.5. To calibrate the parameters for total life, we have just used the same
data obtained in the literature, as they are for total fracture. However, for crack
nucleation life, it is necessary to subtract the crack propagation life from the
data, as in Figure 4.3(b). Therefore, considering an initial crack of 100µm, the
propagation life Np was estimated for all data using Paris’ law. In this way, it
was enough to subtract the propagation from the total life. Then calibrate the
multiaxial parameter for crack nucleation.
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b)a)

Figure 4.4: Uniaxial fatigue data for the Al 2024-T3 expressed in terms of the
SWT parameter: total failure (a) and nucleation life (b).

b)a)

Figure 4.5: Uniaxial fatigue data for the Al 2024-T3 expressed in terms of the
FS parameter: total failure (a) and nucleation life (b).

4.3.3 Wear modeling and damage accumulation

The strategy for the wear modeling and damage accumulation is the same used
in [26, 133] and can be accessed in Section 2.7. However, this research work
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proposes a different technique for the contact surface update. Instead of using
the remesh technique like in previous works, the moving node technique was
used, where the position of the nodes on the contact surface is changed in each
step using the same mesh in all simulations.

In this setting, Figure 4.6 displays a flowchart illustrating the FE-based wear
model coupled with the moving node technique. Herein, the main Python script
manages all the process which consists of the simulation of each fretting cycle i
followed by the contact surfaces updating, where contact nodes are vertically
moved according to Eq. (2.75). As can be seen in Figure 4.6, instead of creating
a new CAE file and consequently a new mesh, it is used the input file to run
the simulation. This way there is no need to create another mesh.

Launch
ABAQUS

i=1

Wear computation (Phython script which
reads outputs results from ABAQUS):

+

Results from one fretting
cycle simulation:

- Relative slip
- Contact pressure
- Coordinates

N = Nt
or

Pre-processing phase
Input data through Phython script

- Geometry and mesh discretization
- Material and contact properties
- Loads and boundary conditions
- Total number of wear cycles (N t)
- Initial cumulated damage, 𝐷i

Wear input data:
- Wear coefficient (k)
- Cycle jumping ΔN

Processing phase

Open inp. file to do the
contact geometry 
update modifying
the nodal positions

N += ΔN

i += 1

True

False
Post-processing phase ∆ℎ𝑖,𝑗 = 𝑘𝑝(𝑥𝑗 , 𝑡𝑘)∆𝑠(𝑥𝑗 , 𝑡𝑘)∆𝑁

𝑛𝑖𝑛𝑐

𝑘= 1
 ∑ 

𝐷𝑖 = 𝐷𝑖− 1 +  ∆𝐷𝑖  

𝐷𝑖 = 1 

Figure 4.6: FE-based model for wear analysis using the moving node technique.

4.3.4 Crack propagation direction

There are several methods available in the literature widely used to predict
the crack trajectory such as: the Maximum Tangential Stress criterion (MTS)
[57], the Maximum Energy Release Rate criterion (MERR) [75] and the zero
KII criterion (KII = 0) [40]. These methods are already implemented in
the commercial FE software ABAQUS 6.14. Despite the popularity and easy
implementation of these methods, their performance in applications such as
fretting fatigue was unsatisfactory. It was demonstrated in the work carried out
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by [84] and [132]. The fretting problem not only presents a non-linear behavior,
i.e., it is load history-dependent, but also has a non-proportional load [158].
This explains why traditional methods are unable to predict the crack path in
fretting problems.

Navarro et al. [117] proposed a methodology to predict the crack propagation in
fretting fatigue problems without including one crack on the mesh. This
methodology is based on multiaxial models of critical plane. Where the
parameter is calculated for all points along a straight line of an arbitrary
length starting from the contact trailing edge (x = a) and forming an angle
θ with a line perpendicular to the contact surface, as shown in Figure 4.7(a).
The material plane that coincides with that defined by θ is considered for the
criterion parameter evaluation instead of use that plane that produces the
maximum parameter value. This is repeated for different values of θ and using
the average value of each straight line is obtaining the polar contour depicted
in Figure 4.7(b). This methodology assumes that those lines having the higher
mean values of the parameter along a certain length are more likely to initiate
cracks. The results obtained by Navarro et al. [117] shown that the prediction
by using the SWT parameter has been much closer to the experimental crack
path than the FS parameter.

x

y

Specimen

SWT 
(mean value)

Parameter
distribution

Possible initiation
plane

θ (degrees)
0° 180°

maximum
 value

a) b)

Contact  pad

Material point

Figure 4.7: Illustration of the strategy used to (SWTmean)max.

In this work, an adaptation of this method described above was carried out. For
a better understanding, we call this approach (SWTmean)max. The procedure
is exactly the same with the difference that now a crack is included in the
mesh using the XFEM method. Basically the (SWTmean)max defines that the
crack will grow in the plane where the average of the SWT parameter values is
maximum.

Two other alternative methods to compute the crack path, also based on the SWT



NUMERICAL ASPECTS 95

x

y

Specimen

L/2

Contact  pad

Material
point

crack

Obtain 
stress/strain
and apply 

SWT

θ

Figure 4.8: Illustration of the strategy used to SWTL.

parameter, are here proposed. The first, SWTtip, considers the stress/strain
history at a single material point on the crack tip to obtain the orientation of the
incremental crack growth plane. Such procedure is then repeated at each step
of the simulation until the crack reaches 2 mm size (size of the experimentally
detected cracks to stop the tests). The second method, denominated SWTL,
computes the SWT crack orientation plane from the stress/strain history of
material point distant L/2 from the crack tip, Figure 4.8, where L is the critical
distance given by Eq. (2.46).

The XFEM approach (eXtended Finite Element Method) was used to model the
crack and apply the SWTL method. Regarding the contact conditions between
the crack faces, the Penalty approach was used to define the frictional contact
constraints for both normal and tangential behavior of the surface. The Paris
law was then used for calculating the number of cycles to final rupture. After
a convergence analysis, the crack propagation increment, ∆a, was chosen as
100 µm and the crack propagated until ∆Keq = KIc. The crack growth rate is
related to ∆K and written as:

∆a

∆N
≈ da

dN
= C (∆K)m

, (4.5)

where 1.41 × 10−12 (mm/cycle)/(MPa
√

mm) and m = 3.353 are material
constants [84]. In this investigation for mixed-mode loading, ∆K was replaced
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by an equivalent SIF given by:

∆Keq =
√

∆K2
I + ∆K2

II . (4.6)

Therefore, the number of cycles to crack propagation was calculated using:

∆N = ∆a

C (∆Keq)m . (4.7)

4.3.5 Numerical model and boundary conditions

Figure 4.9 depicts the FE model. A coarser mesh is used far from the contact
region, whereas, a refined one is considered near the contacting surfaces. In the
refined region, a structured mesh with linear quadrilateral elements are used
with an approximate size of 11.5 µm. Outside the refinement zone, the mesh is
not structured but is formed by the same kind of elements. For all simulations
plane strain elements are considered in the analyses. P is the normal load, Q
represents the tangential load, and B is the bulk fatigue load. In all tests, P
is remained constant while Q and B have loading ratios R = -1 and R = 0.1
respectively. As shown in Figure 4.10, the mean bulk fatigue load is applied
first and remains constant, on the second step of the simulation is applied the
normal load and in the third step, the bulk fatigue and tangential load are
cycled. Pad radius is Rp = 50 mm. Multi-point constraints are enforced on the
upper surface of the pad so that rotation is prevented. Regarding the contact
conditions, the Lagrange multiplier approach was used to define the frictional
contact constraints, and the contact nodes located at the specimen were defined
as the master ones while the slave nodes were set on the pad.

4.4 Results and discussions

4.4.1 Validation of the XFEM method for crack propagation

The first tests done with the XFEM method were performed using a cracked
plate under tension as illustrated in Figure 4.11(a). Where, b=50mm, h=50mm,
t=10mm and a=5mm (ai/b = 0.1 and af /b = 0.28). The crack was modeled
using the software ABAQUS 6.14. Figure 4.11(b) shows how this crack was
modeled and the mesh size used. The mesh size was 0.7mm and the crack face
was modeled through the elements. Note that the crack tip is located at the
edge of the last element.
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Figure 4.9: FE model for the fretting fatigue problem.
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Figure 4.10: Loading scheme.

Figures 4.12(a) and (b) show the variation of the stress intensity factor KI and
KII respectively for an initial crack of 2mm in a loading cycle with R = 0. For
two-dimensional problems, the XFEM method was implemented on Abaqus
to crack growing in monotonic loading. Therefore, the XFEM formulation
related to the enrichment of the nodes at the crack tip is neglected. Thus, the
KI and KII values obtained using the first contour (crack tip position) are
underestimated, as can be seen clearly in Figure 4.12(a).
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Figure 4.11: Cracked plate under tension (a) and crack modeling with XFEM(b).
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Figure 4.12: Time variation of KI (a) and KII (b).

With these in mind, the analysis was carried out using only the contours up 2 to
9. Figure 4.13(a) shows the results of ∆KI,XF EM and ∆KII,XF EM obtained
numerically against analytical values. The MTS method was used to estimate
the crack propagation angle. The final result of the crack trajectory and the
stress field around the crack tip can be seen in Figure 4.13(b).
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Figure 4.13: Analytical vs numerical stress intensity factor (a) and numerical
results of the stress field at the crack tip (b).

As previously mentioned, when the crack is modeled in two-dimensional problems
with XFEM in Abaqus the crack tip enrichment is neglected. So, the best
strategy would be to ignore the KI and KII values obtained on the first contour.
The numerical values for KI and KII obtained this way showed to be in good
agreement with the analytical solution, the divergence is insignificant. As the
loading condition used for this validation is proportional the MTS method
resulted in a good crack trajectory prediction.

4.4.2 Comparison between different crack path prediction
methods

The well-known methods for crack path prediction are Maximum Tangential
Stress (MTS), KII = 0, and Maximum Energy Release Rate (MERR) among
others. These three methods are already implemented as a standard tool in
Abaqus. Despite being well known and used, these methods do not take into
account the non-linear behavior and the effects of non-proportional loading.
Therefore, a new method is introduced to predict the crack propagation path
under non-proportional loading conditions which is based on calculating the
critical plane, based on the SWT damage parameter, at and near the crack
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tip. Three different values of SWT damage parameters are calculated, i.e.
(SWTmean)max, SWTtip, SWTL.

a) b)

Figure 4.14: Comparing the estimated crack propagation path using different
criteria and the experimental observation.

Figure 4.14 compares the estimated crack propagation path using different
criteria and experimental observation. As expected, the traditional methods
(MTS, MERR, and KII = 0) that do not take into account the effects of
non-proportional loading underperformed, where the crack propagates in the
opposite direction to the direction of propagation observed experimentally. The
three methods based on the critical plane multiaxial model had better results,
where the method that applies the SWT parameter at a critical distance, L/2,
had a better response. The use of stress in L/2 for the calculation of the critical
plane avoids the effects of the stress gradient at the crack tip, this may explain
the crack path estimated smoother than with the other methods.

Convergence analysis

The previous analyses have shown that the SWTL method performed better to
predict the crack path. Therefore, three tests were carried out with different
mesh sizes to verify the influence of the mesh on the crack path and later on
the KI and KII values.

Figure 4.15(a) shows that the mesh size does not interfere with the expected
crack path. This is because the proposed method is based on the stress and
strain field close to the crack. Therefore, as long as the mesh is refined enough
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to obtain a good estimate of the stress/strain field, the size of the elements will
no longer interfere with the estimate of the crack propagation angle.

However, Figure 4.15(b) shows that when is used mesh size of 46µm there
is a small variation for ∆Keq/Kc in the initial crack growth phase, in which
∆Keq =

√
∆K2

I + ∆K2
II and Kc is the fracture toughness. As the XFEM

method allows complete separation of the element at the crack tip. The ratio
between mesh and crack increment size, Mesh/da, should be as small as
possible. In this study da=100µm was used, so a mesh with 46µm elements
size represents almost 50% of da. This makes the crack after the simulation
greater than expected, causing a significant error in the life estimate, as shown
in Figure 4.16. Note that for meshes with elements smaller than 23 µm the
results start to converge.
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Figure 4.15: Convergence analysis using different mesh size: crack path (a) and
Stress Intensity Factor variation (b).

4.4.3 Application of XFEM and SWTL method for crack
propagation life and path estimation

The previous results showed that the XFEM method can be used to calculate
the SIFs (Stress Intensity Factors) with good accuracy. It was also observed
that the SWTL method has a better performance for crack trajectory prediction
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Figure 4.16: Life estimation using different mesh size.

than the usual methods that do not consider non-proportional loading effects.
With this in mind, these two techniques were used to estimate the life and crack
trajectory of the fretting fatigue tests performed by Talemi et al. [84].

Crack path and propagation life analyses

The crack nucleation position was calculated based on the maximum energy
dissipated at the contact interface during one full cyclic loading condition. The
crack initiation angle was defined as based on experimental observation. Figure
4.17(a) shows the trajectories obtained using the methods proposed in this
work. It is noted that, even with the increase in the magnitude of the loads
and different initial crack location, the trajectory of the crack is practically the
same for all cases. However, despite a similar trajectory, the crack propagation
life can be quite different, as shown in Figure 4.17(b).

The large variation in the estimated life is because tests with load configurations
of greater magnitudes have a higher initial ∆Keq/∆KIc ratio, as shown in
Figure 4.18(a). This implies that loads with this higher initial ratio will reach
faster the crack propagation stage III, in other words, will have shorter lives.
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Figure 4.17: Crack propagation trajectory (a) and Variation of the crack length
versus crack propagation life time (b) for FF1–FF9.
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Figure 4.18: Variation of normalized equivalent SIFs versus the crack length for
FF1–FF9 (a) and Estimated percentage of fretting fatigue crack initiation and
propagation lifetime (b).
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Figure 4.18(b) shows the percentage of crack propagation life estimated for all
tests performed in this work. As can be seen, subtracting the crack propagation
life estimated by the total experimental life, we have an average estimation of
86% of the total life composed by the crack initiation life.

Life assessment without the wear effects

In this section, two different approaches were used to estimate life (method 1
and 2). In the method 1, the stress/strain history in a single material point
is used to estimate life. The abscissa of such a point is defined where the
dissipated energy is maximum, Eq. (4.1), while the ordinate is located at a
critical distance from the contact surface, L/2. L, is determined by Eq. (2.46).
Generally, stresses/strains at a distance L/2 from the contact surface are used to
mitigate the effects of the high-stress gradient generated by the contact surface.
In this first approach, the parameters SWT and FS, calibrated for total failure,
are used to estimate life.

In the method 2, more complex than the first, life is divided between crack
nucleation, Ni, and crack propagation life, Np. In which, the sum of the two
represents the total life. For the calculation of Ni, an approach similar to
the first method is used. The stress/strain history of a given point is also
used to estimate life. However, in this case, the multiaxial parameters used
are calibrated for crack nucleation and not to total failure. In addition, the
coordinates of this point is defined horizontally as the one where the dissipated
energy is maximum, Eq. (4.1). Figure 4.19 shows the dissipated energy profile
in all the tests analyzed and a table with the location where the Ed is maximum.
Vertically, it is defined as the critical distance from the contact surface, L/2.
The propagation life, Np, is obtained through the solutions proposed by means
of Paris law and the techniques developed in Section 4.4.3. Thus, the total life
is Nf = Ni + Np.

Figure 4.20 presents the results for the two approaches. In which, Nf,SW T and
Nf,F S are the results for the method 1 (without crack propagation) using the
parameters SWT and FS respectively. And the results of the method 2 are
Ni,SW T + Np,XF EM and Ni,F S + Np,XF EM for the parameters SWT and FS
respectively. In this figure, the predicted life is plotted against the experimental
life and delimited by a scatter band equal to 2. The results in Figure 4.20 show
that for long lives FS parameter has a greater error since most of the results
are above the solid line, while SWT presents better and more conservative
performance. On the another hand, for short lives both SWT and FS are
conservative. Although Nf,SW T fall out the scatter band 2, the error is close to
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Figure 4.19: The energy dissipated along the surface contact for FF1-FF9.

50%. However, using the method Ni,SW T + Np,XF EM this problem is solved
and all data fall into the scatter band 2.

4.4.4 Effects of fretting wear process on fatigue crack
propagation

In this section, results will be presented including the effect of surface wear
on the contact region during the crack nucleation phase (method 3). Wear
effect can be computed using the local formulation of Archad’s equation or the
dissipated friction energy. In this work was adopted Archad’s equation, which
can be computed using Eq. (2.75). As shown in Section 4.4.3, the parameter
SWT provides more conservative results than FS for the material in question.
Therefore, in all tests including the wear effect, only the multiaxial parameter
SWT was applied.

Figure 4.21(a) shows the difference between the contact surfaces before and after
the effect of wear in the specimen FF4. There is a clear separation between the
stick zone and slip zones. This is because the region where there is no relative
slip the wear is not computed. The pressure distribution profile, depicted
in Figure 4.21(b), has a small increase in the central region of the contact.
However, while in the slip zones the pressure values are almost zero, peaks in
the transitions between stick and slip zones are observed.
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Figure 4.20: Estimated and observed fretting fatigue lives without and with
crack propagation.
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Figure 4.21: Comparison between surfaces (a) and normal pressure distribution
(b) after wear process to FF4 test.



RESULTS AND DISCUSSIONS 107

x [mm]

y [mm]
Np × 10

3 [cycles]

a [mm]

0

0.5

1

1.5

2

0 20 40 60 80-2

-1.5

-1

-0.5

0

-0.5 0 0.5 1 1.5

Experiment

without wear

with wear

a) b)

Figure 4.22: Comparison between crack path (a) and crack propagation life (b)
after wear process to FF4 test.

Figure 4.22 shows the crack propagation results using the methods described
in the previous sections with and without the wear effect. In Figure 4.22(a)
it is observed that the inclusion of wear practically does not change the crack
path. On the other hand, the crack propagation life with the worn surface is
approximately 30% less than when the wear effect is neglected. The results
presented in this section are only for the FF4 test. The same behavior was
observed for all tests.

As stated earlier, the SWT parameter has been more conservative in general
than the FS. Therefore, the analysis including wear was performed only with
the SWT. The results of life assessment can be seen in Figure 4.23. It is
noted that when the model is applied conventionally (method 1), i.e., without
including wear effect and crack propagation, the life predictions are close to
the experimental results for longer lives. While, in tests with shorter lives, the
results fall out the scatter band 2.

Using the methodology where life is separated into nucleation and crack
propagation life (method 2), there is a small improvement in data that fell out
the scatter band 2. The other tests continue within the desired region, but
with less conservative predictions and a dispersion a little higher in these cases.
Taking wear into account in the crack initiation phase (method 3) could correct
the dispersion previously found for tests with longer life and the life estimation
remained conservative. However, the life predictions were very close to those
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Figure 4.23: Estimated and observed fretting fatigue lives without and with
crack propagation including wear effect.

obtained without wear effect and crack propagation life. The inclusion of the
wear effect brought a clear benefit for tests with a shorter life, which not only
falls into the scatter band 2, but the error in the prediction became smaller
than in the other two approaches.

Over time, surface wear changes the contact geometry by increasing the stress
concentration. Apparently, with higher stresses, the life estimate should be
lower. However, the material loss on the contact surface, in theory, can remove
micro-cracks causing retardation in the nucleation of new cracks. Consequently,
this behavior generates an extension of life. In numerical terms, the movement of
the nodes on the contact surface represents this loss of material. This movement
reflects the damage accumulation in each element since the incremental damage
from the previous step is interpolated to the new position with the worn surface.
This process delays the evolution of the damage providing a longer life estimate.
This behavior explains why there was an improvement in the estimated data,
mainly in those tests with shorter lives.

In this work, among the three methodologies covered, two of them separate
the total life between crack nucleation life, Ni, and crack propagation life, Np.
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Table 4.1: Result of life assessment: with and without take wear into account,
checking the influence of wear in Ni and Np.

With wear Without wear (Ni,pwear − Ni,p)/Ni,p
Test Ni Np Ni Np ∆Ni ∆Np ∆Nf
FF1 1,390,000 168,200 1,967,600 301,761 -29% -44% -31%
FF2 600,000 86,010 840,270 128,359 -29% -33% -29%
FF3 242,000 41,600 336,880 57,788 -28% -28% -28%
FF4 342,000 48,690 480,560 69,944 -29% -30% -29%
FF5 162,000 26,600 425,140 40,705 -62% -35% -60%
FF6 78,000 9,003 59,164 11,218 32% -20% 24%
FF7 72,500 7,192 49,763 9,087 46% -21% 35%
FF8 67,000 7,129 49,418 9,348 36% -24% 26%
FF9 57,000 5,981 39,741 7,244 43% -17% 34%

Mean -2% -28% -6%

However, in one of these approaches, the wear effect is considered to compute
Ni. Table 4.1 presents the results of life estimates for these two methodologies
and compares the difference in the estimate of Ni and Np. It is noted that the
inclusion of wear has increased the estimated total life for some tests while for
others there is a reduction. As previously mentioned, the inclusion of wear in
the analysis generated a reduction in the estimated values of Np for all tests,
with an average reduction of -28%. However, the tests with shorter lives (FF6
to FF9) had an average increase in Ni of 39%, while the other tests (FF1 to
FF5) showed an average reduction of -35.4%. A similar result is seen when
assessing total life.

The variation in energy dissipated at the contact surface can be used to explain
why the inclusion of surface wear has brought clear benefits for some cases
and others not. Ruiz et al. [140] proposed two damage parameters for the
fretting fatigue problem. One of these parameters, the fretting wear parameter,
basically calculates the amount of frictional work at the contact interface and
can be written as K1 = τ × δ. The second parameter is called fretting fatigue
parameter and can be written as K2 = τ × δ × σx. The concept of cumulative
dissipated energy, Ed, introduced by [111] is the summation of parameter K1
in each increment of the time during one full cyclic loading condition.

With this in mind, it can be said that the higher the value of K1 and consequently
Ed, the greater will be the effect of wear in the failure mode of the material.
Figure 4.19 shows that the tests FF6 to FF9 are the tests with the highest
values of dissipated energy. The hypothesis that tests with a higher Ed values
would be more affected by wear is confirmed when we verify the results in
Figure 4.24. In this figure, the maximum energy dissipated is related to the
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error in life assessment of each test for each numerical model proposed. This
error is the subtraction between the experimental life and the life estimated
numerically. The tests that presented the highest values of Ed had fewer errors
in the life prediction when the wear is taken into account. It is also noted that
for Ed < 0.2µJ/mm2, in terms of life assessment there is no need for computed
wear, as the results are very close to the results obtained by the conventional
method where the processing cost is much lower.

Figure 4.24: Correlation between maximum energy dissipated with life prediction
error.

Parameter K1 does not consider the effects of tangential stress on the fatigue
specimen or the normal load on the pad. The inclusion of the load effect can
be done by normalizing parameter K2 with the maximum normal pressure, p0,
as shown in Figure 4.25. Note that considering the normalized K2 parameter,
the observed behavior is similar to that in Figure 4.24(b). But now it can be
said that for dissipated energy values Ed < 0.04µJ/mm2 there is no need to
compute the surface wear.

4.4.5 Results using the critical distance as a function of life

In the previous sections, the results presented were obtained using the critical
distance as a fixed value. In this section, on the other hand, the three methods
presented in Section 4.2 will be applied considering using the critical distance as
a function of life, LM . The wear was computed only during the crack nucleation
phase, as described in Section 2.7. Figures 4.26(a) and (c) present the results
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Figure 4.25: Correlation between maximum energy dissipated normalized with
life prediction error.

of the worn profiles and Figures 4.26(b) and (d) present the contact pressure
distribution, σy, after wear. As can be seen, all tests are in a partial slip regime,
that is, there is one stick zone and two slip zones. However, the FF6-FF9
tests have much larger slip zones and consequently a small stick zone. This
characteristic of the FF6-FF9 tests, in addition to causing a higher pressure peak
than in the other tests, also generates higher wear damage. Thus, the inclusion
of such an effect in the life estimation methodology can be extremely important.
Although the contact pressure is quite high, especially in the FF6-FF9 tests,
this occurs locally, only near the stick zone and after wear has been almost
completely evolved. Therefore, there is no need to be taken into account the
plastic deformation flow.

The crack initiation point is defined as the one where Ed is maximum, as
in Figure 4.19. For all cases, the initial crack size is 100 µm and θ =75° (θ
was represented in Figure 4.8). The initial crack angle was measured for a
crack of the same length based on the experimental results presented by [84]
Figures 4.27 and 4.28 present respectively the prediction of the crack path and
the propagation life, Np. Note that the inclusion of wear did not change the
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Figure 4.26: Comparison between surfaces worn from FF1 to FF5 (a) and from
FF6 to FF9 tests (c), normal pressure distribution from FF1 to FF5 (b), and
from FF6 to FF9 tests (d).

crack path, however, there is a significant reduction in propagation life (Figure
4.28(b)). This variation in life is due to a change in the distribution of normal
pressure. With higher stress the values of ∆Keq also increase, causing a decrease
in the life estimate.

Figure 4.29 shows the results of life estimation for the three methods proposed.
Figure 4.29(a) presents these results considering the fixed critical distance,
L/2 = 23µm. Figure 4.29(b) in turn, presents the results considering LM =
A(N)B . Note that Nf = Method 1, (Ni + Np) = Method 2 and (Ni,wear + Np)
= Method 3. When the critical distance with a fixed value is used, Figure
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Figure 4.27: Crack path without wear (a) and with wear effects (b).

Figure 4.28: Crack propagation life without wear (a) and with wear effects (b).

4.29(a), it is observed that only method 3 obtains all results within a scatter
band of 2. An analysis of the energy dissipation showed that the tests FF6-FF9
had Ed > 0.2µJ/mm2, and Figure 4.26(c) shows that these are the tests with
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the highest surface wear. For this reason, the inclusion of wear (method 3)
becomes essential in the methodology with constant L. On the other hand,
when using the critical distance as a function of life, LM = A(N)B , all methods
present results within a scatter band of 2. As shown in Figure 4.29( b), methods
1 and 2 have similar results, and only for the FF6-FF9 tests (those with greater
wear sensitivity) method 3 provided more accurate results. It is important to
mention that the computational cost of method 1 is extremely low, a test takes
about 5min. Method 2 has a slightly higher cost as it includes crack modeling,
something around 2h. On the other hand, method 3 has an extremely high
computational cost and depends on the estimated life, which can vary between
5 or 10h (considering the simulation of wear and crack propagation).

/

Figure 4.29: Fretting fatigue life assessment for tests FF1-FF9 with fixed (a),
and variable (b) critical distance.

Table 4.2 presents the results of Figure 4.29 and Table 4.3 shows the percentage
of the total fatigue life related to the crack initiation phase. As can be seen, Ni

represents 86% and 89% of Nf for methods 2 and 3 respectively when using
fixed L. When L is used as a function of life Ni represents 89% in both methods.
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Table 4.2: Fretting fatigue life assessment for tests FF1-FF9.
L/2 = 23µm L = A(N)B

Method 1 2 3 1 2 3
FF1 1,603,400 2,269,361 1,528,200 1,581,703 2,371,374 1,550,500
FF2 734,520 968,629 686,010 760,625 894,489 673,670
FF3 310,270 394,668 283,600 397,724 440,621 294,570
FF4 405,000 550,504 390,690 485,803 541,034 410,490
FF5 232,130 465,845 188,600 316,379 336,589 226,030
FF6 52,620 70,382 87,003 93,920 95,503 122,250
FF7 44,612 58,850 79,692 79,184 81,814 117,297
FF8 47,650 58,766 74,129 84,631 85,082 113,407
FF9 36,194 46,985 62,981 67,080 67,095 89,871

Table 4.3: Percentage of the total fatigue life related to the crack initiation
phase.

L/2 = 23µm L = A(N)B

Method 2 3 2 3
FF1 87% 91% 88% 90%
FF2 87% 87% 85% 88%
FF3 85% 85% 88% 88%
FF4 87% 88% 88% 90%
FF5 91% 86% 90% 75%
FF6 84% 90% 89% 92%
FF7 85% 91% 89% 94%
FF8 84% 90% 90% 93%
FF9 85% 91% 90% 93%

Mean 86% 89% 89% 89%

Table 4.4 presents the results of Figure 4.29 in terms of the error in life estimation.
This error is calculated as follows:

Error = (Nf,numerical − Nf,experimental)
Nf,experimental

. (4.8)

The results of Table 4.4 show that the average errors in the life estimate are
smaller when using L = A(N)B . Except for method 2, however, it presented a
very large dispersion when using constant L and a standard deviation of 52%.
Methods 1 and 3 showed more conservative results considering the average error
for both situations, constant or variable L.
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Table 4.4: Life estimation error, the mean and standard deviation of the error.
L = A(N)B L/2 = 23µm

Method 1 2 3 1 2 3
FF1 12% 69% 10% 14% 61% 9%
FF2 -31% -19% -39% -34% -12% -38%
FF3 11% 23% -18% -13% 10% -21%
FF4 16% 29% -2% -4% 31% -7%
FF5 29% 37% -8% -6% 90% -23%
FF6 -34% -33% -14% -63% -50% -39%
FF7 -31% -29% 2% -61% -49% -30%
FF8 -15% -15% 14% -52% -41% -26%
FF9 -23% -23% 4% -58% -46% -27%

Mean -7% 4% -6% -31% -1% -22%
Standard deviation 24% 36% 16% 29% 52% 15%



Chapter 5

Early crack orientation
prediction methods under
fretting fatigue loading
including wear effects

“In this chapter is investigated two different methods to predict crack initiation
direction in fretting problems subjected to partial slip conditions. In addition,
the influence of considering wear in the crack initiation direction estimates is
also investigated”

This chapter was previously published as:
PINTO, A. L., et al. Early crack orientation prediction methods under fretting
fatigue loading including wear effects. International Journal of Fatigue, 2022,
161: 106893.

With respect to the original publication, a few symbols are changed to comply
with the general nomenclature and certain paragraphs are modified slightly to
avoid redundancy.
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5.1 Overview

Strong optimum designing requirements by the modern industry in the recent
decades led engineers and scientists to investigate fretting crack nucleation
mechanisms closely, which resulted in the development of several methods
aiming to predict early crack orientation. In 1994, Cheng et al. [35] considered
dislocation pile-up to predict crack initiation life under contact fatigue. Seeking
to apply a more practical approach, Szolwinski and Farris [157] used the
Smith, Watson, and Topper (SWT) multiaxial fatigue damage parameter to
assess fretting crack initiation lifetime, crack site location, and direction of
early propagation. In 1997, Lamacq et al. [94] developed a theoretical model
to predict fretting crack sites as well as their initiation directions. Besides,
according to them, Stage I cracks might be divided in two groups: Type 1 when
crack initiation is mainly influenced by the shear stress range and Type 2 when
the normal stress range governs the process. Similar to the work of Lamacq
et al. [94], Neu et al. [118] used several different critical plane approaches in
an attempt to correlate the location of the fretting crack with experimental
results on pH 13-8 Mo stainless steel. The fretting fatigue damage parameter
proposed by Ruiz and Chen [141] was also investigated, and they stressed that
this parameter could not capture the crack orientation, however, it could predict
the crack initiation location.

Recently, Araújo et al. [25, 11] proposed The Critical Direction Method (CDM)
in an attempt to predict crack initiation orientation in fretting problems. Since
then, this method has become widespread because of its good accuracy and
easy implementation. Firstly, the CDM was confronted with fretting tests
conducted on steel alloys [65, 16]. In this case, [25] verified that the CDM in
conjunction with the maximum normal stress range (Type 2 cracks) provided
the best estimates. In [11] the same experimental data was considered; however,
authors have obtained better estimates by applying the CDM in conjunction
with a stress-based version of SWT parameter. Vantadori et al. [165] have
considered the CDM for predicting the crack initiation angle of fretting tests
conducted on an Al 7050-T7451 alloy. In this case, Carpinteri et al. [30]
multiaxial fatigue model was utilized in the analyses. Almeida et al. [2] carried
out fretting tests on an Al 7050-T7451 alloy aiming to investigate the influence
of the following parameters on the crack initiation direction: tangential load
amplitude, mean bulk stress and pad radius. This chapter also confronted the
experimental observations with the CDM combined with different multiaxial
fatigue parameters. In this setting, the SWT criterion yielded better estimates
than the other two shear stress-based models assessed.

This chapter investigates two methods for predicting crack initiation direction
in fretting problems. In one of them, the CDM is combined with the standard
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strain-based SWT parameter. In the second, early crack propagation is simulated
using a Linear Elastic Fracture Mechanics (LEFM) approach associated with
the SWT parameter. In addition, also investigates the influence of considering
wear in the prediction of crack initiation path. The motivation for so comes
from the fact that recent fretting modelling works [28, 5, 132] demonstrated
that fatigue life estimates either considering or neglecting wear provide similar
levels of accuracy when one has partial slip conditions. However, concerning
crack initiation path, it is still needed to verify the impact of modelling wear
on the results. For the simulation of wear, Archard’s law is applied on a nodal
basis through finite element (FE) simulations.

The methodologies for estimating the crack initiation angle presented in this
chapter use the multiaxial fatigue parameter SWT. This was implemented as
described in Section 2.2.2. The initial crack size, at which the initiation angle is
to be estimated, has as a reference twice the size of the material critical distance,
2L. This value is obtained by Eq. 2.46. More details on the Theory of Critical
Distance can be found in Section 2.5. As mentioned, the methodologies proposed
in this chapter will be investigated considering or not the effects of surface
wear. To this end, wear modeling and damage accumulation is implemented as
described in Section 2.7. The procedure for accumulating damage and updating
the worn surface is the same as shown in flowchart 4.6. Results from the CDM
and the LEFM approach assessed here are confronted with experimental data
in the literature [2] and are presented in Section 3.3.3. Table 3.17 reports the
loading conditions in each fretting fatigue test.

5.1.1 Multiaxial fatigue parameter calibration

One of the aims of this chapter is to investigate the wear effects on the estimate
of crack initiation path in fretting problems. Therefore, wear has to be simulated
up to the crack initiation lifetime. In this setting, the multiaxial fatigue model
considered in the computation of fatigue damage (Eq. 2.78) has to be calibrated
for crack initiation lifetime instead of total fatigue life. This subsection presents
the strategy adopted in the calibration of the SWT materials’ parameters for
predicting crack initiation lifetime.

To obtain the S-N curve for crack initiation, it is necessary to discount the crack
propagation life, Np, for each fatigue test data of a given S-N curve for failure.
Figure 5.1 illustrates how this procedure is conducted. Firstly, it is necessary to
define an initial crack size, ai, which was set as 2L in this chapter. The reason
for so comes from the fact that the experimental fretting data assessed in this
chapter evaluated crack paths up to this length. The S-N curve considered in
this chapter was obtained from fatigue tests conducted on 7050-T7451 aluminum
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alloy flat dog-bone specimens subjected to fully reversed push and pull loading
conditions, as shown in Figure 5.1 [90]. In this case, for each data on the S-N
curve, crack propagation lifetime, Np, can be computed according to Paris Law:

Np =
∑

∆N =
∑ ∆a

C∆Km
(5.1)

where, C and m are materials constants and ∆a is the crack size increment in
the propagation process. The stress intensity factor range, ∆K, was obtained
according to:

∆K = Kmax = σmaxF
√

πa (5.2)

where σmax is the maximum stress in each test, a is the crack size and S is the
shape factor for the specimen’s geometry considered [49]:

F = 0.265
(

1 − a

w

)4
+

0.857 + 0.265 a
w(

1 − a
w

) 3
2

 (5.3)

where w stands for the specimen’s width. Notice that, in Eq. 5.2, negative
stress intensity factor values were disregarded in the computation of ∆K by
assuming that cracks do not propagate while closed. The crack propagation life
in Eq. 5.1 is obtained when Kmax ≥ KIc.

Finally, from the S-N curve for crack initiation, the SWT parameter (Eq. 2.12)
can be set for predicting the number of cycles necessary to initiate a crack of
length ai, as depicted in Figure 5.2.

5.2 Methodology

This sectoin presents two different methodologies for predicting the crack
initiation direction when fretting under partial slip conditions takes place. In one
of them, the CDM is used in conjunction with the SWT parameter. Alternatively,
one also investigates a methodology based on LEFM crack propagation principles,
which also relies on the SWT model. Although the CDM method has already
been evaluated in other works [11, 165, 2], to the authors best knowledge, this is
the first time that the influence of wear is included in the analysis in an attempt
to see whether better predictions are achieved or not. Furthermore, the LEFM
approach here investigated is often applied to model Stage II cracks. Here, on
the other hand, one tests the applicability of this theory in modelling early
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Figure 5.1: Calibration procedure to represent uniaxial fatigue data (Al 7050-
T7451 [90]) in terms of crack initiation lifetime.
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Figure 5.2: SWT parameter calibrated for crack initiation life.

crack propagation, including or neglecting wear effects. In the next subsections,
more details are given concerning methods here investigated.
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5.2.1 Method 1: Critical Direction Method

Consider a 2L length line oriented by an angle θ with respect to the axis
perpendicular to the contact surface, Figure 5.3(a). In this case, the CDM
basically consists in averaging stresses and strains over each possible θ line for
further application in some multiaxial fatigue parameter. In this setting, the
critical direction, i.e., the crack initiation orientation, is given by the angle that
maximizes the considered multiaxial fatigue parameter. It is worth noting that
during the averaging process along any θ oriented line, stresses and strains are
always computed on the same θ planes (Figure 5.3(a)).

For the application of the CDM in conjunction with SWT parameter one needs
to compute average normal stresses and strains for each possible orientation θ
over time:

σ̄n(θ, t) = 1
2L

∫ 2L

0
σn(r, θ, t)dr (5.4)

ε̄n(θ, t) = 1
2L

∫ 2L

0
εn(r, θ, t)dr (5.5)

where σn(θ, t) and εn(θ, t) are the average normal stress and strain components,
respectively, for a given θ line at the time t. Now, the obtaining of terms
appearing in the SWT parameter (Eq. 2.12) is straightforward:

σ̄n,max(θ) = max
t

[σ̄n(θ, t)] (5.6)

ε̄n,a(θ) = 1
2(max

t
[ε̄n(θ, t)] − min

t
[ε̄n(θ, t)]) (5.7)

where σ̄n,max(θ) and ε̄n,a(θ) are the maximum normal stress and normal strain
range, respectively, for a given θ direction. According to the critical plane
definition considered in this work, crack initiation direction can be found by
maximizing Eq. 5.7 with respect to θ.

Concerning the CDM, two different approaches namely Method 1-A and Method
1-B are considered in this work. In the former, the contact trailing edge, −a, is
considered as the crack initiation point and the wear effects are not included
in the analysis as can be seen in Figure 5.3(a). Method 1-B, on the other
hand, has the same crack initiation point but includes contacting surface
changes due to wear, Figure 5.3(b). The main difference between these two
methods is that in the Method 1-A the CDM is applied to the initial contacting
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geometries, whereas in the Method 1-B, the CDM is employed considering the
worn contacting surfaces in both fretting pad and fatigue specimen. In this
case, the shape of the worn geometries is obtained by simulating wear up to the
number of cycles necessary to initiate a crack of length 2L.

a) b)

-a -a

Method 1-A (CDM) Method 1-B (wear + CDM)

Figure 5.3: Schematic representation of CDM at the contact trailing edge: (a)
without wear and (b) with wear. Positive θ angles in the counterclockwise
direction.

It is worth mentioning that microcrack paths in fretting problems are
affected by microstructural features (e.g., grain boundaries and crystallographic
orientations) and localized plastic deformation near the surface. It is also noted
that the orientation of the microcrack varies as the crack grows away from
the contact. However, the average stress/strain quantities used in the CDM
are based on homogeneous continuum elasticity assumptions. Accordingly, the
critical direction provided by the proposed method should be regarded as an
engineering estimate of the average path of a crack of length 2L emanating
from the crack initiation site.

5.2.2 Method 2: Method based on LEFM

In the Method 2, crack initiation path is estimated by actually propagating a
crack through LEFM concepts, Figure 5.4(a). In this case, consider a small
crack increment of size ∆a with orientation θi emanating from the contact
trailing edge (x = −a). This problem can be solved through FE modelling
in order to obtain crack’s stress intensity factors (KI and KII) over time.
Those, on the other hand, can be used to estimate the propagation direction
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of the next crack increment ∆a. In this work, this process is undertaken up
to the crack reaches the size of 2L. Concerning the Method 2, two different
cases are here investigated. In the Method 2-A, wear is neglected, i.e., crack
propagation simulation is carried out considering the initial cylinder-on-flat
contact configuration. In the Method 2-A, in its turn, crack propagation is
performed by accounting surface changes due to wear in both fretting pad and
fatigue specimen, Figure 5.4(b). In this setting, as in the Method 1-B, the
shape of the worn geometries is obtained by simulating wear up to the number
of cycles necessary to initiate a crack of length 2L. It is noteworthy that in
both cases the crack initiation point is the contact trailing edge (x = −a). In
this work, the crack propagation increment, ∆a, was set to 25 µm, whereas the
initial propagation angle, θi, was set to 45°. A convergence analysis showed that
25 µm was an adequate size for the simulation, furthermore this length is almost
ten times smaller than the final length of the crack. Such angle was chosen
since this is the direction that maximizes shear stress amplitude at the contact
trailing edge. In this case, one assumes that crack nucleation is governed by
the formation of slip bands.

-a-a

a) b)
Method 2-A (crack propagation) Method 2-B (wear + crack propagation)

Figure 5.4: Schematic representation of Method 2 at the contact trailing edge:
(a) without wear and (b) with wear. Positive θ angles in the counterclockwise
direction.

In order to obtain crack propagation direction, one maximizes the tangential
strain range in accordance to the critical plane definition adopted in this work.
In this case, the reconstruction of the stress components near the crack tip in
terms of stress intensity factor are given by:
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σr(r, θ, t) = KI(t)√
2πr

{
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2

)[
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σθ(r, θ, t) = KI(t)√
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(
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)
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)]
(5.9)

where σr and σθ are the radial and tangential stress components according the
reference system depicted in Figure 5.5. From plane strain assumptions, the
tangential strain component over time is given by:

εθ(r, θ, t) = σθ

E
− ν

E
[σr + ν (σr + σθ)] (5.10)

Therefore, the expression for the tangential strain range in terms of θ becomes:

∆ε(r, θ) = 1
2

(
max

t
εθ(r, θ, t) − min

t
εθ(r, θ, t)

)
(5.11)
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Figure 5.5: Schematic representation of stresses near the crack tip.
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In this case, the direction θ of crack’s next propagation increment is obtained
by maximizing Eq. 5.11. Notice that the distance from the crack tip r in Eq.
5.8 to 5.11 does not influence the results.

5.2.3 Numerical model and boundary conditions

FE model considered in the present analysis is the same presented in Section
4.3.5. The difference lies in the element’s size and the loads’ application sequence.
In the refined region, a structured mesh with linear quadrilateral elements is
used with an approximate size of 28 µm. Loading conditions considered in the
FE model are as follows: firstly, a mean bulk, B, is prescribed on the right side
of the specimen while its bottom and left sides have their appropriate movement
constraints. Secondly, a constant normal load, P , is applied on the upper surface
of the pad. Finally, a tangential fully reversed load, Q, is prescribed on pad’s
upper surface ensuring partial slip conditions.

In the Method 2, it is necessary to model the crack and calculate the stress
intensity factors (SIF’s). In this case, the conventional FE model was used to
model the crack and ABAQUS’ interaction integral method, J-integral, was
used to extract the individual SIF’s, KI and KII . Contact interactions between
the crack faces were also considered in the analyses, where the friction coefficient
adopted for the crack faces was the same as the one observed in the fretting
contact. Crack propagation analyses were performed by redefining crack’s
geometry and re-meshing the model for each crack propagation increment.

5.3 Results and discussions

Figure 5.6(a) depicts the worn contact profile for each experimental configuration
presented in Table 3.17. In this case, wear simulations were performed up to the
number of cycles necessary to initiate a crack of length 2L (226 µm). The wear
modelling strategy is presented in Section 2.7. However, it is worth noticing that
due the strong stress gradient found in contact problems, damage computations
(Eq. 2.78) were considered only for points L/2 distant from the contact surface.
In this case, the TCD by means of the point method helps dealing with the
stress gradient effects.

As can be seen in Figure 5.6(a), wear is noticeably higher in the 30 mm pad
radius tests. It happens once smaller contacts generate stronger stress decays.
In other words, it takes more cycles to reach a critical damage inside the fatigue
process zone. Larger contacts, on the other hand, present smother stress decays,
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favoring crack initiation. This behavior can be reaffirmed by looking at the
estimated crack nucleation life, Table 5.1. As can be seen, the 30 mm pad radius
tests (C4, C5 and C6) experienced longer crack initiation lives and consequently
higher levels of wear compared with the 70 mm pad radius configurations.
Figure 5.6(b) shows the contact pressure distribution by considering the worn
surfaces for each test investigated in this work. As can be seen, contact pressure
distribution for the 70 mm pad radius experiences only small changes while
keeping its near Hertzian shape. Pressure distributions for the 30 mm pad
radius, one the contrary, show a very strong variation with wear. In this case,
contact tractions resemble the ones found in complete contacts.
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Figure 5.6: Wear results for each test configuration: (a) worn surface and (b)
normal pressure distribution.

Table 5.1: Crack nucleation life prediction for tests C1-C8.
Load

config.
Crack nucleation

life, Ni

C1 182,000
C2 38,000
C3 13,000
C4 579,000
C5 354,000
C6 220,000
C7 26,000
C8 27,000
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Figure 5.7 presents crack path estimates for the tests C2, C3 and C4. The solid
black lines represent the experimental crack path. The dashed and dash-dotted
red lines depict, respectively, results from Method 1-A and Method 1-B. The
dash-x and dotted blue lines, on the other hand, present the results for Method
2-A and Method 2-B, respectively. Note that the crack paths obtained by
Method 1 are very close to the experimental ones. It is also possible to see that
the inclusion of wear (Method 1-B) had little effect on the results.

Considering Method 2, crack path estimates presented a deviation from the
experimental observations. Besides, as in Method 1, wear does not seem to
impact the crack path results. However, this deviation is not so pronounced when
compared to other methods such as the maximum tangential stress criterion
which cannot predict the crack propagation path under non-proportional loading
conditions.

Table 5.2 presents the predicted crack initiation angles for all the methods
investigated in this work. It also shows the measured experimental angles
reported in [2]. It is worth noticing that the Method 2-A/B does not provide
straight crack estimates. In this case, results displayed in Table 5.2 consider
the straight line connecting the crack initiation site with its tip. A similar
approach is considered for the experimental angles. Through the data presented
in Table 5.2, it is noted that 93.75% of the results obtained with Method 1-A/B
are within the experimental error margin, however, only 18.75% of the results
obtained by Method 2-A/B are within the experimental scatter. Besides, these
results reinforce that including wear in the analysis has little effect on the
estimates, whether considering Method 1-A/B or Method 2-A/B.

Concerning the worst estimates provided by the Method 2, it seems that
microstructural features and localized plasticity near the surface might not be
fully neglected when simulating the propagation of very small cracks. However,
the average stress/strain evaluations considered in the CDM approach seemed
to properly capture the macro behavior of initiation cracks.
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Table 5.2: Crack angle prediction for all tests using Methods 1 and 2.
Load

config. Test Exp. (°) Average (°) Method
1-A (°)

Method
1-B (°)

Method
2-A (°)

Method
2-B (°)

C1 T1 12.8 21.4 +/- °12.2 27 24 10 14T2 30.0

C2
T1 28.0

29.5 +/- °6.4 25 24 10 13T2 36.6
T3 24.0

C3 T1 25.7 31.4 +/- °8.0 23 23 9 12T2 37.0

C4 T1 29.7 25.9 +/- °5.4 35 30 20 9T2 22.0

C5 T1 31.3 31.5 +/- °0.3 35 32 16 10T2 31.7

C6 T1 36.3 30.4 +/- °8.4 35 33 15 11T2 24.4

C7
T1 40.7

32.4 +/- °13.6 25 24 9 12T2 16.7
T3 39.7

C8 T1 46.5 37.2 +/- °13.2 25 24 10 12T2 27.9
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Figure 5.7: Crack angle prediction for tests C2 (a), C3 (b) and C4 (c).



Chapter 6

Fretting fatigue under variable
amplitude loading considering
partial slip regime: numerical
analysis

“A robust numerical methodology for accessing component life under fretting
fatigue conditions is presented in this chapter. This method is applied to fretting
fatigue under variable amplitude load and validated with experimental results”
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6.1 Overview

One of the main reasons for not having so many studies carried out with variable
amplitude loading may have been the limitations of the testing equipment and
fretting apparatus initially developed. Many of the fretting apparatuses did
not allow the application of loads independently, so the few tests of variable
amplitude available in the literature present results in which the bulk fatigue and
fretting loads change the amplitude simultaneously. With the development of
the fretting apparatus performed by Almeida et al. [1], the loading configuration
possibilities increase significantly. As presented in Section 3.2.1, it is possible to
independently control all the loads involved in the fretting tests (bulk, normal
and tangential loads), and can also vary in-phase or out-of-phase, and they can
also be applied in their waveforms synchronously or asynchronously.

Therefore, the main objectives of this doctoral thesis are to investigate the
effects of the loading sequence on the life of components under fretting fatigue
conditions and to propose a numerical methodology capable of estimating the
life under these conditions. The experimental work was developed in Chapter 3,
where the experimental set-up, the test procedure, and the experimental results
are presented in detail. The tests were performed with constant normal load
and constant amplitude of bulk fatigue load. Therefore, the only load applied
with variable amplitude was the tangential load. Figure 3.21 illustrates the H-L
and L-H load blocks that were applied. This chapter, therefore, is dedicated
to the presentation of the numerical approach proposed to access the life of
components subjected to fretting fatigue under variable amplitude loads. All
numerical tools used here were developed and validated in previously published
papers, and are presented in Chapters 4 and 5. In the next sections of this
chapter, a summary of these tools will be presented, an analysis of the numerical
results and a comparison with the experimental results will be presented.

6.2 Numerical methodology

This section systematically summarizes the application of the numerical tools
developed in Chapters 4 and 5. The use of all these tools forms a single robust
method that includes the main steps and phenomena involved in the fretting
fatigue failure process. More specifically, the proposed approach separates the
crack nucleation and propagation phases, in addition to estimating the crack
initiation angle and computing the surface wear in the nucleation phase. Each
of these steps and the numerical tools used is explained below.
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6.2.1 Summary

The flowchart in Figure 6.1 summarizes the procedure to perform each step
of the proposed numerical method. The steps can be divided into two. First,
the crack nucleation life, Ni, and the worn contact profile are determined using
Archard’s law and LM as presented in Section 2.7. In the second stage, the
Critical Direction Method (CDM) is used to obtain the crack initiation angle,
as presented in Section 5.2.1. The crack initiation point is assumed to be the
contact trailing edge, −a. The crack is modelled and propagated until the
fracture of the specimen. In this stage, the propagation life, Np, and crack path
are obtained. The sum of Ni and Np is the total life to failure of the material,
Nf .

As the flowchart shows, data such as specimen geometry, mesh discretization,
material properties, contact conditions, and boundary conditions need to be
provided in the pre-processing phase. Section 6.3 lists all material properties
used in simulations and the calibration of multaxial fatigue parameter. In the
first step (determination of Ni), the results from one fretting cycle simulation
are used to compute material damage and surface wear. This process is repeated
until the damage Di is equal to 1. Remember that this verification is done
at a distance LM from the contact surface. At the end of the first stage, the
nucleation life, Ni, and the final worn surface are obtained.

In the second step, considering the worn geometry, the CDM method is applied
at the contact trailing edge (-a) to determine the initiation angle of a crack
with a length equal to 2L. Finally, a crack of length 2L and angle θ is modeled.
The FE model will provide the stress/strain field near the crack used to apply
SWTL and determine the crack propagation angle. The factors KI and KII

are also obtained, with which the propagation life can be calculated for an
incremental crack size (in this case da=100µm). Finally, the total life to failure
is obtained by adding the crack nucleation and propagation lifes.
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Figure 6.1: Flowchart of the numerical method proposed for estimating the life
of components subjected to fretting fatigue.
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6.2.2 Numerical model and boundary conditions

FE model considered in the present analysis is the same presented in Section
4.3.5. The difference lies in the element’s size and the loads’ application sequence.
The structured mesh has linear quadrilateral elements with an approximate
size of L/2 = 9.75µm. This means that it has a Gauss point at a distance of
4.87µm from the contact surface. Figure 6.2 demonstrates the load application
sequence. As presented, firstly, the mean bulk fatigue load, B, is prescribed
on the right side of the specimen while its bottom and left sides have their
appropriate movement constraints. Secondly, the constant normal load, P , is
applied on the upper surface of the pad. Finally, the tangential amplitude load,
Q, is prescribed on pad’s upper surface, and the amplitude of the bulk fatigue
load is applied together. The ratio of tangential and fatigue loading is equal to
R= -1 (fully reversed load).

Time

normal load, P
tangential load, Q
bulk load, B

Applied loads

Bmean

Figure 6.2: Schematic representation of the load application sequence.

The conventional FE model was used to model the crack and ABAQUS’
interaction integral method, J-integral, was used to extract the individual
SIFs, KI and KII . For the crack modeling, quadrilateral elements of the quarter
point type are used, where the mid-node is positioned at a quarter distance from
the crack tip. Contact interactions between the crack faces were also considered
in the analyses, where the friction coefficient adopted for the crack faces was the
same as the one observed in the fretting contact. Crack propagation analyzes
were performed by redefining the crack’s geometry and re-meshing the model
for each crack propagation increment.
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6.3 Materials and fatigue parameter calibration

The material used in this study is aluminum alloy 7075-T651. Table 6.1
summarizes all the mechanical properties necessary to carry out the wear
and crack propagation simulations. The material properties that could not
be obtained with the tests in Section 3.1 were found in the literature and are
presented in Section 3.3. Fretting fatigue tests performed with H-L and L-H
loading blocks are presented in Section 3.2. This section presents the fretting
apparatus and the procedures for carrying out the tests.

Table 6.1: Al 7075-T651 properties.
Monotonic properties

Young’s modulus E 68 GPa
Poisson’s modulus ν 0.33
Yield strength Sy 506 MPa
Ultimate tensile strength Sut 570 MPa
Fracture toughness KIc 26 MPa

√
m

Coefficient of friction f 0.85
Wear coefficient kw 1.25× 10−8 mm2/N
Critical distance static strength Ls 662µm

Cyclic properties
Threshold stress intensity factor ∆Kth0.1 2.74 MPa

√
m

Fatigue limit range ∆σ0.05 350 MPa
Paris’ constant C 5.17 × 10−7( mm

cycle MPa
√

m
m)

Paris’ constant m 2.72
Critical distance for HCF L 19.5µm

The S-N curve presented in Section 3.1 was obtained with tests to failure, so
it had to be calibrated as shown in Figure 6.3. This procedure consists of
calculating the propagation life Np for each test of the S-N curve considering
an initial crack size of 2L. Then just subtract it to get the nucleation life Ni.
Figure 6.4 presents the result of the calibration of the parameter SWT for total
failure (a) and crack nucleation (b).
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Figure 6.3: Process of calibration of uniaxial fatigue data for crack nucleation
life: Al 7075-T651.

Figure 6.4: Uniaxial fatigue data for the Al 7075-T651 expressed in terms of
the SWT parameter: total failure (a) and nucleation life (b).
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6.4 Results and discussions

In this section, the results of the simulation of wear and crack propagation will
be presented. However, first, a brief analysis of the use of critical distance as a
function of life will be shown. Finally, the numerical results will be compared
with the fretting fatigue under variable amplitude load tests (H-L and L-H
loading blocks).

6.4.1 L in function of life: -a vs Dmax

In Section 4.3.1 a way to apply the critical distance as a function of life together
with the wear routine was proposed. In this first model, an initial value for
life was defined, and with this value, the critical distance LM was calculated.
Then, at a LM distance from the contact surface, the position (x coordinate)
where the material damage was maximum (Dmax) was sought. In this position,
the stress/strain history was used to estimate the life, Nf,e, using a multiaxial
fatigue model. If the estimated life was equal to the initial guess N the process
was stopped, otherwise this recursive procedure was repeated until it found a
value LM that made the values Nf,e and N converge.

However, as shown in Figure 6.5, when using this technique the size of LM

initially decreases, and at a certain moment, it starts to increase. This happens
because at the beginning Dmax is close to the trailing edge of the contact, -a,
and in this region, the stress gradient tends to decrease with advancing wear, as
shown in Figure 6.6. Therefore, LM decreases in the first few cycles. However,
the position where the Dmax is located changes as the surface is worn down and
the normal and shear stresses are redistributed on the contact surface. While
at the edge of the contact there is a decrease in the stress gradient along the
cycles, in the region where the transition of the stick and slip zone is found,
there is an increase in the gradient due to the stress concentration in this region.
This causes Dmax to approach this region and at some point, the value of LM

starts to increase.

There are two problems with using this method. The first is very clear in Figure
6.5, which is the overestimation of life. When LM is calculated in this way
the crack nucleation life is much longer than when LM is estimated using a
fixed horizontal coordinate, such as the contact trailing edge, -a. The second
error is in the principle of the physical phenomenon of failure. Most damage
is accumulated in the first few cycles and on the edge of contact. And it is
precisely at -a, or close to this value, that the first cracks appear and propagate.
As the main objective of using TCD is to find effective stress for a given stress
gradient, this gradient must be that observed in the region where the material
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Figure 6.5: Variation of the critical distance along the cycles.

Figure 6.6: Stress gradient at the trailing edge of the contact, -a: distribution
of σx inside of the material.

will fail. Therefore, in this chapter, LM is estimated using a fixed x coordinate,
more specifically in -a.
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6.4.2 Life estimation: High and Low blocks

As mentioned before, two load blocks called High and Low blocks were defined.
The only difference between them is the magnitude of the tangential load Q.
Therefore, before estimating the life for the variable amplitude loads (H-L and
L-H), it is necessary to estimate the life of both High and Low blocks separately.

The numerical method proposed in this chapter separates the life between the
nucleation and crack propagation phases. The wear process is considered only
in the crack nucleation phase. Figure 6.7(a) shows the profile of the specimen
and pad before and after the wear process for the High block. The same can be
seen in Figure 6.7(b) for the Low block. For both loading blocks, it is possible
to clearly identify the stick and slip zones. The region where the material
is removed is where the slip is observed. Since by Archard’s law there is no
material removal where there is no relative slip on the surface, the stick zone
tends to remain intact until the end of the simulation. Note that the slip zone
of the High block is slightly larger than that of the Low block. This happens
because the tangential load is what causes the sliding between the surfaces, and
the greater this slip, the greater the surface wear.

Figure 6.7: Pad and specimen profile before and after wear: High block (a) and
Low block (b).

Figure 6.8(a) shows the profile of normal pressure and shear stress distribution
before wear for the High block. Meanwhile, Figure 6.8(b), shows the same results
for the final worn profile. Note that there is a decrease in the tensions in the
slip zone, and despite the tendency to present a flatter profile, the discontinuity
in the geometry due to the wear causes stress peaks to appear in the transitions
between slip and stick zones. This redistribution of stresses causes the stress
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gradient to decrease at the edge of the contact (Figure 6.6), justifying the drop
in the value of LM .

Figure 6.8: Stress distribution of High block: without wear (a) and with wear
(b).

The crack initiation angle is estimated with the worn profile of both blocks.
Table 6.2 summarizes the values of Ni and θ for the High and Low blocks.
Remember that θ is estimated for an initial crack length of size 2L. Note that
the initial crack slope obtained numerically is almost the same as that observed
experimentally, see Table 3.12. Figure 6.9(a) shows the crack propagation path
for the two loading blocks. As can be seen, the numerically predicted paths are
almost similar to those measured experimentally, in addition to showing the
same propagation tendency for the contact central.

Table 6.2: Crack nucleation life and crack initiation angle estimated for blocks
High and Low.

Load block Ni [cycles] θi [°]
High 96,000 11
Low 228,000 4

Figure 6.9(b) shows the propagation life, Np, for the High and Low blocks.
Note that the Low block’s Np is almost three times larger than that of the High
block. This is due to the magnitude of the applied loads. The High block has a
higher Q load, this makes the ∆Keq higher than the Low block, as shown in
Figure 6.10. Therefore, with higher ∆Keq, a shorter life is observed.

In Table 6.3, the experimentally observed lifes for the tests of High and Low
blocks are summarized, compared with the life obtained through the proposed
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Figure 6.9: Crack propagation path (a) and life (b) prediction for High and
Low blocks.

Figure 6.10: Evolution of ∆Keq as the crack grows.

numerical method. Note that the proposed method has high accuracy for life
estimation under conditions with constant amplitude loading, since comparing
the numerical estimation with the experimental mean life the error is 1.06% for
the High block and -0.05% for the Low block.
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Table 6.3: Numerical life estimation for High and Low blocks.
Test. Load

block
Nf,exp

[cycles]
Mean of

Nf,exp

Ni,num

[cycles]
Np,num

[cycles]
Nf,num

[cycles] Error %

FF1 High 122,037
143,281 96,000 48,800 144,800 1.06FF2 High 146,178

FF3 High 161,629
FF4 Low 345,313 348,102 228,000 119,922 347,922 -0.05FF5 Low 350,891

6.4.3 Life estimation: H-L and L-H loading sequences

When analyzing the experimental results for the fretting fatigue under variable
amplitude loading tests, it is possible to observe that there is a non-linear
pattern in the experimental lifes, different from that expected when considering
the use of Miner’s linear damage rule. When considering Miner, as shown
in Figure 3.24, the results would be within a scatter band of factor 1.5. For
the numerical model proposed here, where the average error is less than 1%,
the dispersion band would remain the same. However, for simpler life access
techniques, the errors considering variable amplitude could be much higher.

Evaluating the experimental data presented in Section 3.2, it was possible to
identify a relationship between the experimental life of each High and Low block
separately and the damage generated by the first block, d1, when applying the
sequences of H-L and L-H loading. Thus, a new damage accumulation model
was propose in order to consider the effect of the loading sequence:

D =
(

n1

N1

)β

+
(

n2

N2

)
(6.1)

where n1 and n2 are the number of cycles applied in the first and second blocks
respectively. And N1 and N2 are the estimated lifes to failure for the loading
configuration of the first and second block respectively. The β exponent can be
determined as follows:

β =
(

Nh

Nl

)(2.5 n1
N1

−1
)

(6.2)

where Nh and Nl are the estimated lifes of the High and Low blocks respectively.
Figures 6.11(a) and (b) show the prediction of Eq. 6.1 for loading sequences
H-L and L-H respectively. Note that for L-H loading the curve of the proposed
damage model tends to be closer to Miner’s rule. This is expected, since the
L-H tests are the ones that are less influenced by the loading sequence.
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Figure 6.11: Expected results using the Numerical rule for sequences H-L (a)
and L-H (b).
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Figure 6.12: Estimated and observed fretting fatigue lives under variable
amplitude loading condition: comparison between Miner’s rule and Numerical
damage model.

Figure 6.12 compares the results for life estimation of the H-L and L-H loading
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blocks when using the numerical damage model and Miner’s rule. In Figure
6.12, the red squares are the data using Miner and the blue balls are the results
when applying the numerical damage rule. Note that when applying Miner’s
rule the data are within a scatter band of factor 1.5, as expected. However,
there is a significant improvement when applying the numerical model. In this
case, most of the data falls within a scatter band of factor 1.2. That means
the error is between 20% and -16%. Table 6.4 presents the experimental and
numerical results for both damage models. Note that there is a reduction in the
mean and standard deviation of life estimation error when using the numerical
model.

Table 6.4: Numerical life estimation using Miner and Numerical damage rule
compared with experimental results.

Test. Load seq. d1
Nf,exp

[cycles]
Nf,Miner

[cycles]
Nf,Num.

[cycles]
Miner

error [%]
Num. rule
error [%]

FF1 High 1 122,037 144,800 144,800 18.65% 18.65%
FF2 High 1 146,178 144,800 144,800 -0.94% -0.94%
FF3 High 1 161,629 144,800 144,800 -10.41% -10.41%
FF4 Low 1 345,313 347,922 347,922 0.76% 0.76%
FF5 Low 1 350,891 347,922 347,922 -0.85% -0.85%
FF6 H-L 0.8 130,014 195,581 152,109 50.43% 16.99%
FF7 H-L 0.8 152,217 195,581 152,109 28.49% -0.07%
FF8 H-L 0.5 168,048 246,361 220,936 46.60% 31.47%
FF9 H-L 0.5 196,813 246,361 220,936 25.18% 12.26%

FF10 H-L 0.5 205,880 246,361 220,936 19.66% 7.31%
FF11 H-L 0.4 258,515 266,673 266,673 3.16% 3.16%
FF12 H-L 0.3 298,243 286,985 313,651 -3.77% 5.17%
FF13 H-L 0.3 368,431 297,142 333,412 -19.35% -9.50%
FF14 H-L 0.3 340,000 297,142 333,412 -12.61% -1.94%
FF15 H-L 0.3 344,765 297,142 333,412 -13.81% -3.29%
FF16 L-H 0.8 318,965 297,142 279,049 -6.84% -12.51%
FF17 L-H 0.8 323,986 297,142 279,049 -8.29% -13.87%
FF18 L-H 0.5 261,076 246,361 235,779 -5.64% -9.69%
FF19 L-H 0.5 253,089 246,361 235,779 -2.66% -6.84%
FF20 L-H 0.5 241,193 246,361 235,779 2.14% -2.24%
FF21 L-H 0.4 214,011 215,893 221,694 0.88% 3.59%
FF22 L-H 0.3 237,395 195,581 210,676 -17.61% -11.26%
FF23 L-H 0.3 185,000 195,581 210,676 5.72% 13.88%
FF24 L-H 0.3 262,920 195,581 210,676 -25.61% -19.87%
FF25 L-H 0.3 255,526 195,581 210,676 -23.46% -17.55%
FF26 L-H 0.2 197,263 175,268 191,547 -11.15% -2.90%

Mean 1.49% -0.40%
Standard
deviation 19.14% 11.79%





Chapter 7

Conclusions

“In this chapter, the methodologies used in this study and the main conclusions
are summarized”

147
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7.1 Overview

The fretting problem occurs when two bodies are in contact and there is a
micro slip between them. In cases where one of the bodies is requested by a
fatigue load (bulk fatigue load), there is the well-known fretting fatigue. The
fatigue phenomenon is widely known and is present in a multitude of industrial
applications. The introduction of fretting to the fatigue problem can further
reduce the life of mechanical components, in view of a high stress gradient
generated at the trailing edge of the contact.

As in any area of science, the first steps tend to be more timid and have simpler
approaches. This would not be different from the studies on fretting fatigue.
Therefore, the first tests always considered cyclic loads with constant amplitudes.
However, it is well known that most industrial applications present complex
loads with variable amplitudes over time. Currently, with the advancement of
new technologies, it is possible to develop test apparatus capable of replicating
this complexity in the laboratory. In the work carried out by Almeida et al. [1],
a testing machine had its fretting apparatus modified, making it possible to
apply loads independently and with variable amplitudes. The development of
this equipment motivated this research.

Therefore, the main objective of this doctoral thesis is to investigate the effects of
the loading sequence on the life of components under fretting fatigue conditions.
By carrying out tests with H-L and L-H loading sequences (alternating the
amplitude only of the tangential load) it would also be possible to verify the
applicability of the linear damage accumulation rule known as Miner’s rule. A
second objective, no less important than the first, is the development of a robust
numerical methodology capable of estimating the life of components subjected
fretting fatigue under variable amplitude loading conditions.

In Chapter 1, this manuscript begins by presenting the fretting problem and
a brief review of works carried out with variable amplitude loading. In the
same chapter, the main objectives of the development of this research are also
introduced. Soon after, in Chapter 2, a fundamental background was provided
for understanding the main failure mechanisms involved in the fretting problem
(multiaxial fatigue, mechanical contact and wear) and numerical tools used to
develop the proposed numerical approach. All experimental work carried out
in this doctorate is summarized in Chapter 3. It contains details about the
equipment used in the tests, the results of the characterization of the 7075-
T651 aluminum alloy, and mainly, the fretting fatigue under variable amplitude
loading tests.

Some numerical works were developed and published even before all the
experimental tests were carried out. This was done in order to validate
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techniques that would later be coupled to a single robust numerical method for
accessing component life under frettig conditions. These works are presented in
Chapters 4 and 5. Chapter 4 presents an approach where the crack nucleation
and propagation life are obtained separately. In the nucleation phase, the
effect of surface wear is computed and then, with the worn surface, a crack is
introduced and propagated. In this work, a new approach to predict the crack
path was also proposed, where the application of a critical plane model (SWT)
is applied at a certain distance from the crack tip to determine the propagation
angle. Finally, a study on the use of critical distance as a function of life is also
carried out. In Chapter 5, a study was carried out on the effects of wear by
applying two different methods to predict the crack nucleation angle in fretting
problems.

Finally, in Chapter 6, all these tools are coupled in a single numerical approach.
In this approach, wear is computed in the crack nucleation phase, and the
critical distance as a function of life is used to check the accumulated material
damage. Afterwards, the CDM is used considering a crack size of 2L to obtain
the crack nucleation angle, which is then modeled and propagated. The sum
of the nucleation and propagation lifes results in the total life to failure of
the mechanical component. This chapter also introduces a new damage model
(non-linear rule) that provides better results than Miner’s rule to estimate the
life of components subjected to loads with blocks of variable amplitude.

In the next sections, the conclusions obtained in each study carried out in this
doctoral research will be presented in detail. Finally, suggestions for future
numerical and experiments works are provided.

7.2 Effects of fretting wear process on fatigue crack
propagation and life assessment

This research aimed to propose a numerical methodology to estimate the life of
components subjected to fretting fatigue including the effects of surface wear
and crack propagation. To calculate the wear, Archard’s law was applied and
the crack modeling was performed using the XFEM method. The conclusions
are drawn as follows:

• Among the methods proposed to predict the crack trajectory, the SWTL0

method stood out, obtaining a better crack trajectory than traditional
methods like MTS, KII = 0, and MERR.
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• A comparative study between the parameters SWT and FS, without the
presence of wear, showed that SWT presents more conservative results
than FS for the material studied. Therefore, subsequent analyses including
the wear effect were performed only with the SWT parameter.

• In terms of life assessment, the two simplest methodologies performed
well for long lives, over 2 × 105 cycles. However, for short lives, the
predictions were outside the scatter band 2. The proposed methodology
including wear effect and crack propagation presented more conservative
and accurate results than the other methods. All the results fell within
the scatter band 2, with an error between 11% and -39%.

• It is important to note that, because of the wear effect inclusion, Np had
an average reduction of -28 %, in which all tests had a similar result.
However, the tests with shorter lives (FF6 to FF9) had an average increase
in Ni of 39 %, while the other tests (FF1 to FF5) showed an average
reduction of -35.4 %. A similar result is seen when assessing total life.

• The analysis of the maximum friction energy dissipated during a fretting
cycle showed that the wear effect was noticeably greater in tests with
Ed > 0.2µJ/mm2. In these cases, this phenomenon plays a very important
role in the failure mechanism of the material.

• In an attempt to generalize the results to the use of other alloys or loading
configurations the Ruiz’s parameter K2 was normalized by the pressure.
This way all the main loads that influence the fretting fatigue problem
are included in the analysis. Therefore, it can be said that for an energy
dissipation greater than 0.04µJ/mm2 it is important to include the effects
of wear.

This research also investigates the influence of using the critical distance, L,
constant or dependent on life. The conclusions about this topic are drawn as
follows:

• The methodology to compute the wear, Section 2.7, provided results
consistent with the expected, where the wear profile clearly shows the
separation between the slip and stick zones. It is also possible to observe
that the tests with higher loads and consequently shorter lives are also
those that had the most worn contact surface (FF6-FF9 tests).

• The crack path predicted with the methodology proposed in Section 2.3.5
provided results close to that observed experimentally. It was also possible
to observe that the inclusion of the wear effect did not change the crack
path, however, the propagation life was reduced.
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• In terms of life access, in the constant L approach, only method 3 provides
a life prediction within a scatter band of 2, Figure 4.29(a). The inclusion
of the wear effect increases the accuracy of the life estimation, however,
this improvement is more significant only in tests with short lives as they
present greater energy dissipation on the surface, which therefore increases
the wear effect (FF6-FF9 tests).

• On the other hand, when using L = A(N)B , from the simplest one to the
most robust method presented results within a scatter band of 2, Figure
4.29(b). Although method 3 has a very low mean of errors and a lower
standard deviation than the other methods, Table 4.4, its computational
cost is very high. Thus, the simplest method becomes the most viable
since the tests are in a partial slip regime and medium or high cycling
fatigue.

7.3 Early crack orientation prediction methods
under fretting fatigue loading including wear
effects

This paper investigates two different approaches, namely Method 1 and Method
2, to predict crack initiation direction in fretting problems subjected to partial
slip conditions. In addition, the influence of including surface wear in the
analysis was investigated for both methods. Experimental data from fretting
tests conducted on an AA7050- T7451 alloy [2] were used for validation. In this
setting, the following conclusions could be drawn:

• Method 1, which is based on the CDM in conjunction with SWT’s fatigue
model, provided crack initiation angle estimates in good accordance with
the experimental observations. Besides, for this method, the inclusion of
wear in the analyses (Method 1-B) led to nearly the same results as when
wear is disregarded (Method 1-A).

• On the other hand, Method 2 proved to be less accurate in predicting
crack initiation angle either with (Method 2-B) or without (Method 2-A)
the inclusion of wear in the analysis. Almost all the predicted angles by
this method were out of the experimental margin of error. In addition,
the inclusion of wear had little effect on the estimates.

• Furthermore, it is worth mentioning that besides providing better crack
initiation direction estimates, Method 1 is considerably easier to implement
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and presents a very small computational cost compared to Method 2,
which involves crack propagation simulation.

• Last but not least, the inclusion of wear in the analysis significantly
increases computational costs while not showing any appreciable
improvement in the crack initiation angle estimates. Therefore, at least
for partial slip conditions and for the material here investigated, there is
no need to include wear in the analyses.

7.4 Fretting fatigue under variable amplitude load-
ing considering partial slip regime: Experimental
and numerical analysis

Chapters 3 and 6 present respectively the experimental and numerical results
of the study carried out on fretting fatigue under variable amplitude loading.
Tests were performed with two blocks of loads (H-L and LH), where only the
amplitude of the shear load is changed in each block. The normal load and
the bulk fatigue load amplitude remain constant. A numerical method for life
estimation and a new damage model were also proposed through these studies.
In this setting, the following conclusions could be drawn:

• In the Chapter 3, several experimental tests were carried out in order to
characterize the material under study. The results found are in agreement
with the values in the literature. In this way, it can be said that the
characterization of aluminum alloy 7075-T651 was successful.

• Fretting fatigue tests with the H-L loading sequence will show a greater
sensitivity to the effect of the loading sequence than the L-H tests. For the
H-L loading sequence, Figure 3.23(a), if the damage generated in the first
loading block (High block) is d1<0.3, Miner’s rule is more conservative.
Nonetheless, when d1>0.3 is observed a reduction in the life if compared
with the expected life by Miner’s rule.

• Despite the existence of the loading effect (especially for the H-L sequence),
it does not means that Miner’s rule can not be used. Considering the
mean experimental life of the High and Low blocks of 143,281 and 348,102
cycles respectively (Table 3.8), Figure 3.24 shows that the data are all
within a scatter band of factor 1.5. In other words, Miner’s rule provides
estimates with a margin of error between 50% and -33%.
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• The proposed numerical method for life estimation is divided between the
nucleation and crack propagation phases. In the nucleation phase wear is
considered and maximum damage is computed at a critical distance from
the surface, LM . An initial analysis showed that, physically, the correct
way to estimate LM is considering a fixed horizontal coordinate (near the
trailing edge of the contact). Thus, LM tends to decrease over the cycles
due to surface wear and stress gradient variation.

• Table 6.2 shows the crack nucleation life and initiation angles for the High
and Low blocks separately. Note that the values obtained for the angles
are very close to those observed experimentally, as shown in Table 3.12.
As expected, the nucleation life Ni for the High block is shorter than for
the Low block, however, the surface wear is higher. This is because the
load Q (responsible for the fretting process) is higher in the High block.

• The numerical results for the propagation phase are quite consistent.
Likewise, the propagation life, Np, is longer for the Low block and shorter
for the High. This is because the High block has a higher initial ∆Keq

than the Low block. The crack path obtained was close to that observed
experimentally and with a tendency of growth towards the center of the
contact.

• In terms of life acessement, the proposed method presents excellent results.
The error in estimating the life of both blocks (High and Low) has an
error (compared to the mean experimental life) of 1.06% and -0.05% for
the High and Low blocks respectively, Table 6.3.

• A new damage model that considers the effect of the loading sequence
was proposed, Equation 6.1. When comparing the proposed damage
model with the results obtained with Miner’s rule (linear), it is possible
to identify a significant improvement in the estimated life for blocks H-L
and L-H, Figure 6.12. While Miner’s rule gives results within a scatter
band of 1.5, the Numerical damage model provides estimates of lives in a
scatter band of 1.2 (errors between 20% and -16%).

• Table 6.4 shows the experimental and numerical results using Miner and
the Numerical damage rule. For cases where the amplitude is constant
(FF1-FF5 tests), the estimates are the same, however, the differences are
quite expressive in some cases with H-L and L-H blocks. In general, the
mean error and standard deviation show a reduction when applying the
Numerical damage model. The mean error decreased from 1.49% to -0.4%,
and the standard deviation from 19.14% to 11.79%.
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7.5 Future work

7.5.1 Numerical modelling

The proposed numerical model separates the total life into two phases (crack
nucleation and propagation), where the surface wear is computed in the crack
nucleation phase. The wear model uses Archard’s equation and, as in almost
all models available in the literature, multiplies the wear computed in each
simulation step by a jump factor, ∆N . In this way, it is considered that
the profile of the stress distribution on the contact surface remains constant
throughout ∆N cycles. This procedure is adequate and somehow reduces the
simulation time, reducing the computational cost. However, for more severe
loading configurations or even for materials with high wear coefficient, the value
of ∆N needs to be somewhere between 100 and 2,000 cycles only. Otherwise,
wear will produce surface discontinuities that increase stress peaks (especially
at the contact trailing edges) making it difficult for the FE model to converge.
Therefore, future works could develop an algorithm for smoothing the contact
surfaces to make it possible to use ∆N above 10,000 or 20,000 cycles, drastically
reducing the computational cost of wear simulations.

In the crack propagation phase, it is necessary to define the point of its initiation.
In validating the CDM model, the effect of surface wear on the initiation angle
estimation was investigated. However, the influence of the choice of crack
nucleation point was not verified. Therefore, the next works can study what
would be the results of applying the CDM model considering different positions
for crack initiation. Criteria to define this position could be the coordinate
where the surface damage or dissipation energy is maximum, in addition to the
most common approach in the literature, which is the contact trailing edge. By
doing so, it will be possible to verify not only if there is an influence on the
estimation of the nucleation angle but also the path and crack propagation life.

7.5.2 Experimental

In this doctorate, fretting fatigue under variable amplitude loading tests was
performed. However, the tests were performed considering only two loading
blocks, that is, the amplitude is modified during the test only once. In addition,
the normal load and the bulk fatigue load amplitude were kept constant in all
tests.

With only two loading blocks (H-L and L-H) it was possible to observe an effect
on the experimental life due to the load application sequence, mainly for the
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blocks of the H-L sequence. Based on these results, a new damage model was
proposed to estimate lives. However, since the L-H sequence was less affected
by the loading sequence, it is necessary to carry out more tests with three or
four loading blocks to verify the applicability of the proposed damage model.
As the number of loading blocks increases, the influence of the High block on
total life may decrease.

As mentioned, the tests were performed keeping the normal load and the bulk
fatigue load amplitude constant. To reinforce the validation of the proposed
damage model, it is also suggested to carry out tests similar to those that were
performed, but changing the amplitude of normal and bulk fatigue loads. These
tests can be done by changing the amplitude of just one of the loads or even
combining two or three loads to change simultaneously.





Appendix A

Technical drawing of
specimens

157



158 TECHNICAL DRAWING OF SPECIMENS

14
0,

30
 ±

1

35
 ±

0,
1

35
 ±

0,
1

15 
+
 
0,025
0

10 ±0,025

15 
+
 
0,025
0

30
,5

0 
±1

R80

R80

Ra
 0

,2

C
as

o 
d

e 
d

úv
id

as
, c

on
ta

ct
ar

:
ja

au
nb

@
gm

ai
l.c

om
pe

d
ro

vi
ni

93
@

gm
ai

l.c
om

8
7

AB

2
3

4
5

6
1

5
7

8
2

4
6

1
3

E D CF
F D B AE C

D
ES

EN
.

C
oo

rd
.

D
IM

EN
SÕ

ES
 E

M
 M

ILÍ
M

ET
RO

S
TO

LE
RÂ

N
C

IA
S

   
LIN

EA
R:

 ±
 0

.1
   

A
N

G
UL

A
R:

 ±
 1

5'

A
C

A
BA

M
EN

TO
: É

 n
ec

es
sa

rio
 q

ue
a 

su
pe

rfí
ci

e 
ce

nt
ra

l, 
in

cl
ui

nd
o 

os
fil

et
es

 te
nh

am
 u

m
a 

ru
go

sid
ad

e
m

ai
s p

ró
xim

a 
po

ss
ív

el
 d

e 
0,

2 
Ra

.

N
O

M
E

D
A

TA

M
A

TE
RI

A
L:

TÍT
UL

O
:

D
ES

. N
º

ES
C

A
LA

: 2
:1

FO
LH

A
 1

 D
E 

1

A
3

A
l 7

07
5-

T6
51

C
or

po
 d

e 
Pr

ov
a 

de
 F

ad
ig

a
E4

66

10
11

A
34

Un
iv

er
sid

ad
e 

de
 B

ra
síl

ia
En

ge
nh

ar
ia

 M
ec

ân
ic

a

A
nd

ré
 L

ui
s P

in
to

Pr
of

. J
os

é 
A

. A
ra

új
o

11
/0

9/
20

18
11

/0
9/

20
18

VE
RI

F.
M

ig
ue

l
12

/0
3/

20
18

Figure A.1: Technical drawing of fatigue specimen.
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Figure A.2: Technical drawing of compact tension specimen.
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Figure A.3: Technical drawing of fretting fatigue specimen.
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Figure A.4: Technical drawing of pad used in fretting fatigue test.
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