N
N

N

HAL

open science

Analysis of the stress gradient effect in Fretting-Fatigue
through a description based on nonlocal intensity factors
Claudio Montebello

» To cite this version:

Claudio Montebello. Analysis of the stress gradient effect in Fretting-Fatigue through a description
based on nonlocal intensity factors. Solid mechanics [physics.class-ph]. Université Paris Saclay (CO-

mUE), 2015. English. NNT: 2015SACLN019 . tel-01238905

HAL Id: tel-01238905
https://theses.hal.science/tel-01238905
Submitted on 7 Dec 2015

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://theses.hal.science/tel-01238905
https://hal.archives-ouvertes.fr

®
EAQILYS§£§J$G ONS université

. PARIS-SACLAY
C A C H A N

NNT : 2015SACLNO019

THESE DE DOCTORAT
DE L’UNIVERSITE PARIS-SACLAY,
préparée a I’Ecole Normale Supérieure de Cachan

ECOLE DOCTORALE N° 579

Sciences mécaniques et énergétiques, matériaux et géosciences (SMEMAG)

Spécialité de doctorat : Mécanique

Par

M. Claudio Montebello

Analysis of the stress gradient effect in Fretting-Fatigue through a description
based on nonlocal intensity factors

Theése présentée et soutenue a Cachan, le 26 novembre 2015 :

Composition du Jury :

M. Daniel Nelias, Professeur, INSA Lyon, Rapporteur
Mme Marie-Christine Baietto, Directrice de Recherche - CNRS, INSA Lyon,
Rapporteur

M. Yves Nadot, Professeur, ENSMA Poitiers, Président du jury l

M. David Hills, Professeur, University of Oxford, Examinateur
M. Yoann Guilhem, Maitre de Conférences, ENS Cachan, Examinateur

Mme S. Pommier, Professeure, ENS Cachan, Directrice de thése




Université Paris-Saclay
Espace Technologique / Immeuble Discovery
Route de I'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France



Acknowledgements

I would like to take this opportunity to sincerely thank all the people with whom I
had the opportunity to work at the LMT-ENS Cachan and at SNECMA Villaroche.
I spent a great time there, in a challenging environment, working on a project that
passionates me. When I decided to pursue a PhD I knew that the road would have
been long and arduous. Luckily, in these three years, I encountered a lot of amazing
people that contribute to make my research work much easier.

I would like to sincerely thank all the members of the jury for the interest showed
in my work. Their questions and remarks undoubtedly contribute to increase the
quality of the manuscript.

My sincere thanks need to be addressed to Sylvie Pommier, my PhD advisor.
Her support, her suggestions and her always positive attitude have been extremely
important to perform my work in the best possible conditions.

Similarly, I have really appreciated the possibility to have a constant interaction
with my industrial advisors at Snecma. A special thanks goes to Jean Meriaux; he
is at the origin of the project on which I worked, but more than that, he has always
been ready to help me whenever I had a problem. I cannot forget Julien Leroux,
Karim Demmou and Nathalie Serres; all of them have been really kind and helpful.

I would like to thank all of my present and former colleagues at the LMT-ENS
Cachan: Amaury, Matteo, Enrico, Andrea, lonut, Maxime and all the others for the

great times we had.

Last but not least, a big thanks to Manon and my family for unconditionally
supporting me during these three years.

Claudio Montebello






Contents

List of Figures v
List of Tables xi
Nomenclature xiii
Introduction 1
1 Industrial Context and State of the Art 5
1.1 Industrial context . . . . . . . .. ..o 7
1.1.1 Turbofan. . . . . . . .. ... . 8

1.1.2  Connection between disk and blade root . . . . . . . . .. .. 10

1.1.3 In-flight loading condition experienced at contact interfaces . . 12

1.1.4 Snecma dimensioning process . . . . . . . .. ... L. 13

1.1.5 Industrial objectives . . . . . . . ... ... 14

1.2 Fretting-fatigue modeling . . . . . . . . . ... 16
1.2.1 Historical review . . . . . . ... ... .. 16

1.2.2  Fretting-fatigue test geometries . . . . . . . ... .. ... .. 20

1.2.3  Fretting-fatigue test apparatus . . . . . . . .. ... ... ... 22

1.2.4  Slip quantification for transition criteria . . . . . . . . . . .. 25

1.3 Damaging mechanisms in fretting-fatigue . . . . . . . .. . ... ... 27
1.3.1 Frettingmap . . . . .. ... 28

1.3.2  Crack initiation . . . . . . . ... ..o L 28

1.3.3 Crack propagation . . . . . ... ... ... ... ... ..., 32

1.34 Crackarrest . . . . .. ... 35

1.3.5  Fretting-fatigue peculiarities . . . . . . . . .. ... ... ... 37

1.4 Life prediction criteria . . . . . . .. ... 40
1.4.1 Crack initiation prediction criteria. . . . . . . . . .. . .. .. 41

1.4.2  Life prediction criteria . . . . . . . . ... ... 45

1.5 Scientific challenges . . . . . . . . ... 47

2 Nonlocal description of the fretting-fatigue problem 51
2.1 Background . . . . ... 53

2.2 Mechanical field partitioning technique . . . . . . . . . ... ... .. 55



Contents

2.3 Contact mechanics and FE computation . . . . . ... ... ... ..
2.3.1  Stick-slip evolution for plain fretting . . . . ... .. ... ..
2.3.2  Stick-slip evolution for fretting-fatigue . . . . . ... ... ..
2.3.3 Stress field computation in the substrate . . . . . .. ... ..
234 FEmodel details . . .. ... ... ... ... ...

2.4 Nonlocal stress intensity factor computation . . . . . ... ... ...
2.4.1 Selection of the reference fields . . . . . ... ... ... ...
2.4.2 Normalization of the reference fields . . . . . . .. .. ... ..
2.4.3 Nonlocal intensity factor computation . . . . . . ... .. ...
2.4.4  Evolution of the intensity factors during fretting-fatigue . . . .

2.5 Influence of the contact geometry on the reference functions . . . . .

2.6 Sensitivity analysis . . . . .. ..o
2.6.1 Influence of the size of the extraction zone . . . . . .. .. ..
2.6.2 Influence of the mesh size . . . .. . .. ... ... .. ....
2.6.3 Influence of the mesh type . . . . . .. .. .. ... ... ...

2.7 Chapter highlights . . . . . ... ... ... ...

3 Application of the approach to fretting-fatigue test data
3.1 Application strategy . . . . . . . ..
3.2 Experimental data . . . . ... .. .. ... L
3.2.1 Test apparatus . . . . . . ... .o
3.2.2 Ti-6Al4V . . ..
3.23 Inconel 718 . . . . . .o
3.2.4 35NiCrMol6 low-alloyed steel . . . . . . ... ... ... ...
3.3 Application of the approach . . . . . .. ... ... ... ... ...
3.3.1 Gross slip frontier . . . . . ... ..o
3.3.2 Plain fretting . . . . . . ..o
3.3.3  Fretting-fatigue . . . . . .. ..o
3.4 Influence of the friction coefficient variation . . . . .. .. .. .. ..
3.5 Chapter highlights . . . . . ... ... ... L

4 Crack initiation prediction criteria
4.1 Crack initiation frontier prediction strategy . . . . . . . . . .. .. ..
4.2 Multiaxial fatigue criteria . . . . . .. ... L
4.2.1 From velocity field to stress field . . . . . .. .. .. ... ...
4.2.2 Reference field interpolation . . . . . ... ... ... ... ..
4.2.3 Computation of the strain and stress field . .. ... ... ..
4.2.4  Application of the multiaxial fatigue criteria . . . . . . . . ..
4.3 Fracture mechanics approach . . . . . . .. .. ... 000
4.4  Chapter highlights . . . . . .. .. ... ... ... 0.

Conclusion and perspectives

A Karhunen-Loeve transform

-1l -

89
91
92
93
93
95
96
98
99
102
104
107
110

111
113
113
113
114
118
123
139
142

145

151



Contents

Bibliography 157

- il -






List of Figures

1.1
1.2
1.3
1.4

1.5

1.6
1.7

1.8
1.9

1.10

1.11

1.12

1.13

1.14

1.15
1.16

1.17
1.18

(a) LEAP; (b) SaM146. . . . . . . . . ...
Turbofan schematic. . . . . . . . ... ... .. ... .. ...
(a) Disc-blade dovetail type joint; (b) disc-blade fir-tree type joint.
(a) CFMb6-7B fan blade hub; (b) disc-blade connection load compo-
Nents. . . . ..o e e e

(a) Airbus A380-842 disc failure; (b) section of the IP turbine disc;
(c) damages resultant from disc failure, [ATSB, 2010]. . . .. .. ..

In-flight relative displacement at the contact interface, [Mary, 2009]. .
Evolution of the stress tensor at the contact surface and far from it
as a function of the contact status, i.e. stick or stick-slip. . . . . . ..
FE model of the blade root attachment. . . . . .. .. .. ... ...
Stress distribution at the blade root / disc contact surface, [Ferré et al.,
2013]. .+ o
Effect of relative slip on fretting-fatigue strength, [Nishioka and Hi-
rakawa, 1969al. . . . . ..o
(a) Fretting-fatigue S-N curves for aluminium alloy 2014A in the
fully aged condition; (b) fretting-fatigue S-N curves for stainless steel
EN58A in the annealed condition, [Waterhouse et al., 1983]. . . . . .
(a) Schematic of the dog bone specimen/cylindrical pad configuration;
(b) fretting-fatigue apparatus, [Aratjo and Castro, 2012]. . . . . . . .
(a) Schematic representation of the loading at the interface disc/blade
root; (b) dovetail blade root test apparatus [Rajasekaran and Nowell,
2006]. . e
(a) Fretting-fatigue single actuator machine; (b) Fretting-fatigue dou-
ble actuator machine, [Lee and Mall, 2004]. . . . . . .. ... ... ..
Geometrical and load simplifications in fretting-fatigue tests. . . . . .
Transition between fretting regime and reciprocal sliding, [Meriaux,
2010, Mary, 2000). . . .« o oo
Transition criteria in fretting regimes, [Fouvry et al., 1996]. . . . . . .

Loading conditions described by the term fretting-fatigue, [Hills and
Nowell, 1994]. . . . . . .. .

21

27



List of Figures

1.19

1.20

1.21
1.22

1.23
1.24
1.25
1.26

1.27
1.28
1.29

1.30

1.31

1.32

1.33

1.34

1.35

2.1

2.2

2.3

(a) Relation between slip amplitude and wear rate, [Vingsbo and
Soderberg, 1988]; (b) material response fretting map, [Fouvry et al.,

1996]. . o 29
(a) Stress concentration at the contact surface; (b) fretting scar and
crack initiation, [Proudhon et al., 2006]. . . . . .. .. ... ... .. 30
Different crack propagation stages under plain fretting. . . . . . . .. 30
Quantitative analysis of a 3D fretting crack morphology by X-ray

tomography: evolution of the nucleation and propagation angles 9J;,
v, and ¥, measured inside the material along the specimen thickness,

[Proudhon et al., 2007]. . . . . . .. ... 31
Crack loading modes. . . . . . . . . . ... .. Lo 32
Typical fracture mechanics fatigue crack propagation behavior. . . . . 34
Kitagawa-Takahashi diagram, [Miller, 1993b]. . . . . . ... ... .. 35
(a) Crack length evolution in function of the number of cycles under

plain fretting, Py e = 700 MPa, Q0. = 280 N/mm; (b) maximum

crack length in function of @,,q., [Kubiak, 2006]. . . . . . . . ... .. 36
Short crack arrest schematic representation [Kubiak, 2006]. . . . . . . 37
Different crack propagation stages under fretting-fatigue. . . . . . . . 38
[Mlustration of the fretting-fatigue mapping concept defined for partial

slip condition, [Fouvry and Kubiak, 2009]. . . . . ... ... ... .. 39
Fretting-fatigue Map, (P = 227 N/mm, py = 450 MPa (a): AISI
1034/52100 (Radius pad = 40 mm); (b) Ti-6Al- 4V/52100 (Radius
pad = 30 mm), [Fouvry and Kubiak, 2009].. . . . . .. ... ... .. 40
Experimental crack initiation boundaries in term of maximum local
quantities for Inconel 718 in plain fretting as a function of the pad
radius [Amargier et al., 2010]. . . . . . .. ... oL 44
Schematic representation of the radial shape process volume, [Proud-
hon et al., 2005]. . . . . . ... 45
Evolution of the crack tip stress intensity factors for plain fretting
and fretting-fatigue, [de Pannemaecker et al., 2015]. . . . . . . . . .. 46
(a) Typical fretting-fatigue mark on an unbroken specimen, [Bellecave
et al., 2014]; (b) stress gradient evolution for two plain fretting test
with different pad radii. . . . . .. ... 48
(a) Wear on the internal part of a CFM56-3A fan root; (b) fretting-
fatigue scar; (c) cracks initiation sites. . . . . ... ... L. 49

Crack analogue approach (flat punch over planar surface), [Giannakopou-

losetal., 1998]. . . . . . . . . 53
(a) Tllustration of the different scales in fracture mechanics ;(b) refer-
ence frame attached to the crack tip T, [Fremy et al., 2012]. . . . . . 55
Reference frame (R') attached to the contact tip in which the velocity
field (Equation 2.8) is defined. . . . . . .. ... ... 56

- Vi -



List of Figures

2.4

2.5

2.6

2.7

2.8
2.9

2.10
2.11

2.12

2.13

2.14
2.15
2.16
2.17
2.18
2.19

2.20

2.21
2.22

2.23
2.24
2.25
2.26

Schematic representation of cylinder-plane contact configuration under
fretting-fatigue. . . . . . ...
Evolution of the stick-slip zone as a function of the tangential force
for cylinder plane configuration in plain fretting. . . . . . . . . . . ..
[ustration of Mindlin surface shear distributions generated in partial
slip cylinder/plane contact under plain fretting and fretting-fatigue
loading conditions, [Fouvry et al., 2014]. . . . . . ... ... ... ..
(a) Von Mises stress distribution in the substrate; (b) Stress tensor
evolution as a function of the normalized depth. . . . . . . . . .. ..
FEM parameters and loading evolution used. . . . . . . . . .. .. ..
Extraction of the velocity field over a circular zone centered at the
contact edge. . . . . .. L
Different steps in the FE computation to extract the reference fields.
(a) Comparison between radial evolution of d* and radial evolution
of the displacement field at the crack tip (mode I); (b) Comparison
between tangential evolution of d° and tangential evolution of the
displacement field at the crack tip (mode I). . . . . .. ... ... ..
(a) Comparison between radial evolution of d* and radial evolution
of the displacement field at the crack tip (mode II); (b) Comparison
between tangential evolution of d* and tangential evolution of the
displacement field at the crack tip (mode IT). . . . . . . . .. ... ..
(a) Error evolution introduced by the approximation; (b) evolution of
the stick-slip region during fretting-fatigue cycle; (c¢) cyclic tangential
load, Q. . . . . . .
(a) Radial evolution of d° (b) (++) evolution of g¢(¢) applied on a
circle around the contact tip.. . . . . . . .. .. e
Evolution of I* and I° during a plain fretting FE simulation. . . . . .
Evolution of I* and I¢ during a plain fretting FE simulation. . . . . .
Schematic representations of the steps of the algorithm: (—) classic
path, (—) the re-computation of the reference fields is skipped. . . .
Comparison of g%(¢) for different geometries characterize by a change
in pad radius. . . . . ...
Comparison of ¢°(¢) for different geometries characterize by a change
in pad radius. . . . . ...
Comparison of g¢(9) for different geometries characterize by a change
in pad radius. . . . . ...
Plane/plane contact configuration with rounded edges. . . . . . . ..
Schematic representation of the sensitivity analysis concerning the
effect of the variation of the size of the extraction zone, 2. . . . . . .
Nonlocal intensity factor as a function of radius. . . . . . .. . .. ..
Error evolution as a function of radius. . . . . . . ... ... ... ..
Mesh employed in the FE computations. . . . . . ... ... ... ..
Nonlocal intensity factor as a function of the mesh size. . . . . . . . .

- vil -

29

64

76

77

77



List of Figures

2.27 Error evolution as a function of the mesh size. . . . . . . . .. .. ..

2.28 Nonlocal intensity factor as a function of the mesh size and element
type: CPE3 (linear triangular element), CPE4R (linear quadrilateral
element), CPE6M (quadratic triangular element) CPESR (quadratic
quadrilateral element). . . . . . . ...

2.29 Error evolution as a function of the mesh size and element type:
CPE3 (linear triangular element), CPE4R (linear quadrilateral el-
ement), CPE6M (quadratic triangular element) CPESR (quadratic
quadrilateral element). Example of triangular and quadrilateral meshes

for a configuration corresponding to 10 elements for half-contact width. 86

3.1 Different steps in the application of the methodology developed in
Chapter 2. . . . . . . . .
3.2 (a) Plain fretting; (b) fretting-fatigue test apparatus. . . . .. .. ..
3.3 (a) Crack initiation frontiers in plain fretting for different contact
configurations; (b) evolution of the crack initiation frontiers in fretting-
fatigue for two different radii (o5(R = 0.01)), TI-6Al-4V. . . . . . ..
3.4 (a) Crack initiation frontiers in plain fretting for different contact
configurations , Inconel 718. . . . . . . . . ... ...
3.5 (a) Crack initiation frontiers in plain fretting for different contact
configurations; (b) evolution of the crack initiation frontiers in fretting-
fatigue for two different radii, 35NiCrMo16 low-alloyed steel. . . . . .
3.6 (a) Evolution of the gross slip limit in nonlocal coordinates for different
Coulomb’s friction coefficients and different geometries (Table 3.5); (b)
relation between local and nonlocal friction coefficient (35NiCrMol6
low-alloyed steel). . . . . . . ...
3.7 (a) Evolution of the gross slip limit in nonlocal coordinates for different
Coulomb’s friction coefficients and different geometries; (b) relation
between local and nonlocal friction coefficient (TI-6Al-4V). . . . . . .
3.8 (a) Evolution of the gross slip limit in nonlocal coordinates for different
Coulomb’s friction coefficients and different geometries; (b) relation
between local and nonlocal friction coefficient (Inconel 718). . . . . .
3.9 Nonlocal crack initiation boundaries for Inconel 718 in plain fretting.
3.10 Nonlocal crack initiation boundaries for Ti-6Al-4V in plain fretting. .
3.11 Nonlocal crack initiation boundaries for 35NiCrMo16 low-alloyed steel
in plain fretting. . . . . . . ...
3.12 Nonlocal crack initiation boundaries evolution with the introduction
of a cyclic bulk load, og, for 35NiCrMo16 low-alloyed steel in fretting-

3.13 Nonlocal crack initiation boundaries evolution with the introduction

of a cyclic bulk load, o, for Ti-6Al-4V in fretting-fatigue. . . . . . .
3.14 Nonlocal crack initiation frontier in fretting-fatigue for Ti-6Al-4V. .

- viii -

97

. 106



List of Figures

3.15 (a) Variable displacement method to compute the friction coefficient
(b) evolution of the friction coefficient as a function of contact radius
and maximum Hertzian pressure, [Fouvry et al., 2014]. . . . . . . . |

3.16 Variation of the crack initiation frontiers as a function of the friction
coefficient for TI-6A1-4V. . . . . . . . . . . ..

4.1 Crack analogue approach, 0 < ¢ <27 . . ... ... ... . .....
4.2 (a) Comparison between radial evolution of d° and radial evolution
of the displacement field at the crack tip (mode I); (b) Comparison
between tangential evolution of d° and tangential evolution of the
displacement field at the crack tip (mode I). . . . . . ... ... ...
4.3 (a) Comparison between radial evolution of d" and radial evolution
of the displacement field at the crack tip (mode II); (b) Comparison
between tangential evolution of d* and tangential evolution of the
displacement field at the crack tip (mode II). . . . . .. ... ... ..
4.4 Interpolation of g*(d). . . . ... ...
4.5 Interpolation of g*(J). . . .. ... ...
4.6 Comparison between the evolution of 0., pr at the contact front and
o.ror at the crack tip (FF: fretting fatigue, CT: crack tip). . . . . .
4.7 Stress field re-construction by using the nonlocal intensity factors
(FE parameters: plain-fretting analysis, Pad radius = 20 mm, friction
coefficient = 1.0, Young’s modulus = 119400 MPa, Poisson’s ratio =
0.3, P = 347Nmm™! and Q* = 237 Nmm™!), IF: intensity factors,
FE: finite elements. . . . . . . . ... L oo
4.8 Schematic view of the different steps in the application of the modified
Woéhler Curve Method, [Aratjo et al., 2007]. . . . . . ... ... ...
4.9 (a) Material plane and normal and tangential components of the stress
tensor projection; (b) rectangular hull with orientation bounding the
shear stress path v, [Aratjo et al., 2011]. . . . . . .. . ... ... ..
4.10 Crack initiation frontier obtained by applying the modified Wohler
curve method to the nonlocal crack initiation map for Ti-6Al-4V.
4.11 Crack initiation frontier obtained by applying the modified Wohler
curve method to the nonlocal crack initiation map for Inconel 718. . .
4.12 Crack initiation frontier obtained by applying the modified Wohler
curve method to the nonlocal crack initiation map for 35NiCrMol6
low-alloyed steel. . . . . . . . . ...
4.13 Crack initiation frontier obtained by applying the Crossland criterion
to the nonlocal crack initiation map for Ti-6Al-4V. . . . . . . .. ..
4.14 Crack initiation frontier obtained by applying the Crossland criterion
to the nonlocal crack initiation map for Inconel 718. . . . . . . . . ..

4.15 Crack initiation frontier obtained by applying the Crossland criterion

. 130

131

to the nonlocal crack initiation map for 35NiCrMo16 low-alloyed steel. 135

- ix -



List of Figures

4.16

4.17

4.18

4.19

4.20
4.21

5.1

5.2

5.3

Al

A2

Schematic representation of the assumption made to decouple the
effect of the plain fretting loading to the cyclic bulk force. . . . . .. 136
(a) Evolution of 1%  as a function of op in a situation where no
tangential force, @, is applied as described in Figure 4.16b; (b) Predic-
tion of the experimental data by applying the assumption presented
in Equation 4.86. . . . . . . ... 137
Tridimensional crack initiation frontier obtained by applying the mod-

ified Wohler curve method to the nonlocal crack initiation map for

Ti-6A1-4AV. . . . 138
Tridimensional crack initiation frontier obtained by applying the Cross-
land criterion to the nonlocal crack initiation map for Ti-6Al-4V. . . 139
(a) Kinked crack; (b) Fretting-fatigue analogue problem. . . . . . .. 140
Comparison between different strategies to predict the crack initiation
frontier location. . . . . . . . . ... L 142
Details of a 3D cylinder-plane contect FE model, used to extract the
nonlocal intensity factors. . . . . . . .. ... 148

(a) Triaxiality variation as a function of the specimen width, d; (b)
Nonlocal intensity factor variation as a function of the specimen width.149
Schematic representation of the nonlocal intensity factor extraction
process applied to an industrial component. . . . . .. ... ... .. 150

Example of the utilization of the POD technique to reduce the image

SIZE. . . 154
Evolution of the error in the POD approximation as a function of the
number of terms used. . . . . ... 155



List of Tables

3.1
3.2
3.3
3.4
3.5

3.6

4.1

4.2

4.3

4.4

Mechanical properties of Ti-6Al-4V used in [Ferré et al., 2013]. . . . . 94
Mechanical properties of Inconel 718 used in [Amargier et al., 2010]. . 96
Mechanical properties of 35NiCrMol6 low-alloyed steel. . . . . . . .. 96
Test data for 35NiCrMo16 low-alloyed steel presented in [Fouvry et al.,

2014] (PF: plain fretting, FF: fretting-fatigue), number of cycles = 10°. 97

Gross slip frontier evolution in nonlocal quantities for 35NiCrMo16
low-alloyed steel. . . . . . . . ..o 100
Variation of the ratio between local and nonlocal friction coefficient
as a function of the material considered. . . . . . . ... .. ... .. 100
Coefficient values allowing to interpolate g*(¢/) and g*(¢) and the ones

obtained for crack-tip displacement field in mode I and mode II. . . . 118
Percentage relative error between the stress tensor at the contact edge
and at the crack tip for 9 =3/2m. . . . . ..o 122

Calibration values used for the modified Wohler curve method and
the Crossland criterion, [,.¢: normalization length for confidentiality

ISSUE. . . o v v v e e 133
Location of the initiation frontier following a fracture mechanics ap-
proach. . . . . . .. 141

-xi -






Nomenclature

Abbreviations:

LEFM Linear Elastic Fracture Mechanics

Ys Yield Strength

uTs Ultimate Tensile Strength

Symbols

d’(x) Symmetric spatial reference field

d*(z) Antisymmetric spatial reference field

d°(z) Complementary spatial reference field

I5(t) Intensity factor (symmetric part)

I(t) Intensity factor (antisymmetric part)

I°(t) Intensity factor (complementary part)

I . Maximum value of the intensity factor (symmetric part) over a cycle

J . Maximum value of the intensity factor (antisymmetric part) over a
cycle

I .. Maximum value of the intensity factor (complementary part) over
a cycle

v(zx,t) Velocity field expressed in the reference frame attached to the con-
tact edge

Gmax Maximum tangential shear stress at the contact surface

Do Maximum normal pressure at the contact surface

P Linear normal force applied to the cylinder pad

Q Fretting linear tangential force applied to the cylinder pad

Fretting linear tangential amplitude

- xiii -



Nomenclature

Fretting displacement

Maximum fatigue stress amplitude

Stress intensity factor range

Radial evolution of the spatial reference field
Tangential evolution of the spatial reference field
Error of the elastic approximation

Error of the total approximation

Coulomb friction coefficient

Nonlocal Coulomb friction coefficient

- Xiv -



Introduction

Aerospace structures are usually designed to operate for a long period of time (30-40
years and sometimes even more) assuring the same level of safety all lifelong. In this
context, fatigue problems are the most common way of failure, as shown by the rare
accidents occurred in the past.

The aircraft engines do not escape this fact. In the case of Snecma, among the
different research area where the company is currently active, one in particular is
becoming more and more important which is fretting-fatigue.

This phenomenon concerns all the engineering assemblies subjected to vibrational
loading. Microsliding is experienced over part of the contact interface, which will
damage the surface, leading to crack initiation very early in the life of the compo-
nents. The disc-blade root attachment of the turbofan engine is the perfect spot
for observing fretting-fatigue related damage. This is the reason why Snecma has
funded an important research campaign intending to improve the understanding of
fretting-fatigue with a direct consequence on the company procedures in terms of
dimensioning rules and methodologies.

The main challenges from a scientific and industrial standpoint are the following
ones:

e Ameliorate the existent numerical methods capable to predict the knockdown
factor introduced by fretting-fatigue.

One of the reasons why this phenomenon is particularly difficult to handle is
the fact that the contact between the bodies introduces an important stress
gradient in the components. The latter has to be taken into account in order
to have a good prediction of damaging process.

On the other hand, fretting-fatigue is a highly multiscale phenomenon. For
instance, considering the example of the disc-root attachment, its size is some
centimeters, the fretting scar observed at the interfaces is limited to some
micrometers while the variation of the stress magnitude is already evident
some micrometers far form the surface.

Furthermore, the evolution of the stress gradient depends on the geometry
of the contact, which makes the results obtained through experimental tests,
difficult to transpose to different geometries.

e Be able to handle the different scales introduced by the fretting-fatigue problem
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through some kind of model reduction techniques in order to conceive new
algorithms that can be used in industrial applications.

In this manuscript a practical solution to overcome the aforementioned challenges
is proposed.

A new method to describe the stress gradient effect in fretting-fatigue through
nonlocal intensity factors is developed. The interest of the approach comes from
the geometry independent nature of the nonlocal intensity factors. Therefore, they
can be used to characterize the stress field around the contact edges for any given
geometry and represent an objective way to compare experimental results coming
from different test campaigns. This description is obtained through nonintrusive post-
processing of FE computations and is conceived in order to be easily implementable
in an industrial context.

The manuscript is divided into four main chapters:

e Chapter 1. The fretting-fatigue phenomenon is introduced by describing its
effects on the industrial applications. Then a focus is done on the turbofan en-
gine, explaining in detail its functioning which allows the reader to understand
why some components are particularly sensitive to fretting-fatigue damage.

In the second part of the chapter, a bibliographic review is presented which
has the function to introduce some important concepts. The following topics
are addressed: damage mechanism in plain fretting and fretting-fatigue, the
different fatigue criteria available in the literature and the effect of the stress
gradient.

The chapter ends with a discussion on how the research work presented here
is intended to add some new knowledge to the fretting-fatigue research com-
munity.

e Chapter 2. A new method to describe the stress gradient effect in fretting-
fatigue is presented. By analyzing the mechanical fields in the proximity of the
contact edges, it has been possible to extract nonlocal intensity factors that
take into account the stress gradient evolution. For this purpose, the kinetic
field around the contact ends is partitioned into a summation of multiple terms,
each one expressed as the product between nonlocal intensity factors, I°, I,
1¢, depending on the macroscopic loads applied to the mechanical assembly,
and spatial reference fields, d°, d*, d°, depending on the local geometry of the
part.

A sensitivity analysis is performed in order to understand the impact that some

key parameters have on the algorithm outcome.

e Chapter 3. The procedure presented in Chapter 2 is applied to fretting-fatigue
test data.
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In particular, it is shown that is possible to describe the crack initiation mech-
anism taking into account the gradient effect, by using the nonlocal intensity
factors as reference quantities.

Chapter 4. Several multiaxial fatigue criteria are coupled to the description
of fretting-fatigue through nonlocal intensity factors to obtain an analytical
crack initiation frontier, function of common material data such us the pure
torsion and the push-pull fatigue limit. By exploiting the description developed
to partition the velocity field, the associated stress field is computed which is
used as input for the multiaxial fatigue criteria.






Chapter 1

Industrial Context and State of
the Art

Fretting occurs every time a junction between components is subjected
to oscillating forces or vibrations. At the contact surface a micro relative
tangential displacement over part of the interface is experienced. Com-
bined with cyclic bulk fatigue loading, the so-called fretting-fatigue is a
frequent source of failure constituting a major concern in safety-critical
industries such as aerospace or nuclear power generation.

In the first part of this chapter the industrial framework, in which this
research has been performed, is presented. Then, the principle of func-
tioning of a modern turbofan is introduced, focusing in particular on
the reasons why some components may suffer fretting-fatigue problems
during the engine lifespan.

In the second part, a more academical description of fretting-fatigue
is presented, articulated around a brief review of the major scientific
breakthroughs in the comprehension of this phenomenon during the last
century. The attention is focused on the damaging process; the crack
initiation phase is analyzed as well as the propagation stage which can
end with the arrest of the crack or continue until the failure of the part
depending on the fretting-fatigue load magnitude. The main fatigue
criteria used to predict crack initiation or crack arrest are then listed.
The chapter concludes with a discussion on how the research presented
in this manuscript may ameliorate the way in which fretting-fatigue is
described in relation with the limitations of the existent approaches.
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Industrial context

1.1 Industrial context

Aircraft are among the most complex engineering systems that have been developed.
Since the first flight of the Wright brothers in 1903, enormous technological break-
throughs have transformed the initial pioneering experience of flight in the safest
way to travel.

Despite this “idyllic” portrait of the aviation industry, in-flight failures still occur.
In particular, a recent study [Findlay and Harrison, 2002] shows that fatigue-related
problems are the cause of almost 60% of the total in-service failures. The most
famous ones are probably the two Comet crashes in 1954, both of them caused by
explosive cabin decompression. Scrupulous investigations proved that the failure of
the pressurized cabin was due to fatigue crack growth initiated at windows caused by
square corners that generate a severe stress concentration, [Withey, 1997]. Although
serious fatigue failures had occurred before, as discussed in [Williams, 1965], these
two accidents clearly demonstrated for the first time the negative impact that fatigue
could have on the aviation industry. Since then, fatigue in aircraft structures has been
a well-recognized problem with significant implications for transportation safety.

In the last twenty years the attention has been focused on turbofan engines that
due to their complexity are the perfect candidates for fatigue failure. A massive
research project, National Turbine Engine High Cycle Fatigue (HCF) Science and
Technology (S&T) Program, funded by the Air Force, the Navy, and NASA, has
started in 1994, aiming at reducing the negative impact that high cycle fatigue has
on engine safety, reliability and readiness. An economic quantification of this impact,
[Garrison, 2000], shows that it can exceed $400 million per year.

Looking more closely at the reasons of failures in aircraft engines, one in six of
all accidents are caused by fretting, [Thomson, 1998]. Fretting occurs every time
two contacting bodies are subjected to oscillating forces or vibrations, which give
rise to micro relative tangential displacement over part of the interface. Combined
with high cycle fatigue loading, the so-called fretting-fatigue has a negative effect on
the material fatigue limit [Lindley, 1997], and represents a major concern for engine
makers. In this context, Snecma, part of SAFRAN group, has designed and funded
an important research campaign, the COGNAC project (COmpetion between the
Gradient effect and the scale effect in Notch fatigue And Contact fatigue), intending
to improve the understanding of fretting-fatigue with a direct consequence on the
company procedures in terms of dimensioning rules and methodologies. This PhD
thesis has been performed as a part of this research framework.

In the next section the principle of functioning of a turbofan engine is presented
which is followed by a deeper analysis of the mechanism that makes some of the
engine components the perfect spot for failures caused by fretting-fatigue.
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1.1.1 Turbofan

The turbofan is an air-breathing jet engine widely used in commercial aircraft and
business jets due to the high thrust combined with good fuel efficiency. As its name
suggests (“turbo”+ “fan”), it is composed by a gas turbine which generates mechanical
energy from combustion, and a ducted fan that exploits this energy to accelerate the
airflow rearwards.

Figure 1.1: (a) LEAP; (b) SaM146.

The first and the most characteristic component in the engine is the fan, which
purpose is to suck air from the outside accelerating it. The amount of air that the
fan can handle is enormous considering that at takeoff this value can overcome a
ton per second of air. Passing through the fan, the air separates into two streams;
only 15/20 per cent of it flows into the internal core of the engine (hot stream) while
the remaining 80/85 per cent (cold stream) is ducted along the outside of the core
and is forced through a narrowing space which increases its speed (Figure 1.2). The
ratio of the air bypassing the core to the air passing through it, is called bypass
ratio. Because of its huge volume, the bypass air only needs to accelerate by a small
amount in order to develop huge thrust.

The hot stream enters the internal core where two compressor stages, the low-
pressure compressor (LPC) and high-pressure compressor (HPC), force its temper-
ature and pressure to rise. Here the air passes through several smaller stages, each
consisting of a set of rotating blades in between a set of stationary blades. Then
the air enters the combustion chamber where its energy level is greatly increased by
adding fuel through a series of injectors and igniting it. The higher is the pressure
of the air the more energy will be added during combustion and the more efficient
the process becomes. This is why the compressor stages are so important.

At the exit of the combustion chamber the super heated (the air at this stage can
reach 1700 °C) and compressed air enters the high-pressure turbine, which has the
purpose to extract enough energy from the air to turn the high-pressure compressor.
Then, the hot stream flows into the low-pressure turbine that has the task to power
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the low-pressure compressor as well as the large fan thanks to the remaining energy
absorbed from the airflow.

Fan LPC HPC C‘ér:b”“b" HPT LPT Nozzle
, . . . amber ) , ,

Cold stream

Hot stream

Figure 1.2: Turbofan schematic.

Finally the combusted air races out through the exhausted nozzle at the back
of the engine to be accelerated one last time. This exhausted stream produces only
20 percent of the engine total thrust. The remaining 80 percent is produced by the
large volume of accelerated bypass air exiting the fan duct.

The description of the principle of functioning of the turbofan helps to realize the
complexity of this engineering system. A small amelioration in one of the steps listed
above can have a huge impact on the performance. Engine makers like Snecma, are
challenged to continuously increase the overall efficiency of their products, in order to
remain competitive: a little reduction in the fuel consumption means a considerable
saving for airline companies. This optimization can be obtained in different ways:

e a better understanding of the aerodynamics inside the rotating parts can
increase the performance of the compressor and turbine stages;

e new materials able to withstand higher temperatures have a positive effect on
the thrust and fuel consumption;

e the use of composite materials, as it is the case for the fan of the LEAP engine,
allows to reduce the weight of the structure;

e a better comprehension of the material deterioration due to fatigue will reduce
maintenance costs.

The last point is the one debated in the research work, presented here, aiming at
bringing new knowledge to ameliorate the understanding of fretting-fatigue, reducing
in this way the maintenance cost and optimizing the design of the parts concerned
by this phenomenon.
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1.1.2 Connection between disk and blade root

In the previous section the principle of functioning of a modern turbofan engine has
been presented. To sum up, the turbine stages extract the energy from the airflow,
exiting the combustion chamber, to turn the compressor and the fan. It is clear,
therefore, that the rotating parts play a major role. They usually share a common
design configuration: a set of blades attached to a disk that is fitted onto the shaft
which is responsible for the transmission of the power from one stage to another.

Concerning the attachment between blade root and disk, different choices can be
made to ensure the connection. In Figure 1.3, the most common configurations are
shown. The blades are fitted into the disk via a dovetail or a fir-tree connections,
that ensure the radial retention of the blade, transmitting at the same time the
tangential force to the disk. In addition, they allow the easy insertion and removal of
the blades, which represents a fundamental requirement since in case of failure only
the damaged blade is replaced with positive consequences in terms of maintenance
cost and reliability.

(b)

Figure 1.3: (a) Disc-blade dovetail type joint; (b) disc-blade fir-tree type joint.

The strength of this type of connection represents also its weakness. The easy
insertion and removal capability requires a small clearance between the dovetail
blade root and the corresponding disc surface. Once the engine is switched on the
centrifugal force tends to pull apart the joint, generating a normal load that presses
the two bodies one against the other while the interaction between the airflow and
the blades causes vibrations that propagate up to the contact surface where a relative
displacement (0) is experienced, (Figure 1.4).

The micro-slip is the cause of surface damage which leads to the initiation of
embryo cracks very early in life. The initiated cracks can then propagate either in
the blade root or in the disc due to the cyclic bulk fatigue loading generated by the
centrifugal force. The design of the turbofan is such that the failure of a blade root

- 10 -
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Figure 1.4: (a) CFM56-7B fan blade hub; (b) disc-blade connection load compo-
nents.

with consequent detachment of the part can be absorbed entirely by the external
structure of the engine, as it was the case for the accident reported in [ATSB, 2002].
On the contrary, the disc failure will inevitably have more serious consequences
since its mass coupled with the high rotational speed gives it enough energy to pass
through the engine case. The crash of a DC-10 in Sioux City, lowa, in 1989 or the
most recent uncontained engine failure experienced by an A380 in Singapore (Figure
1.5) show the results that this type of malfunctioning can have.

In order to limit the damage at the contact interface between the blade root and
the disk some solutions can be adopted:

e the modification of the surface properties through the introduction of a com-
pressive residual stress can stop or at least slow down the crack propagation
process, [Liu and Hill, 2009, Mall et al., 2011];

e the intercalation of a thin layer of softer material between the contacting bodies
works as a shelter preventing the propagation of the damage into the substrate
[Fridrici et al., 2003].

The analysis presented in the following sections does not take into account the
aforementioned techniques to mitigate the damage at the contact surface. With that
said, there are no particular limitations for the introduction of the effects of these
palliative techniques inside the methodology developed and this could be the object
of future works.

- 11 -
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(a)

Figure 1.5: (a) Airbus A380-842 disc failure; (b) section of the IP turbine disc; (c)
damages resultant from disc failure, [ATSB, 2010].

1.1.3 In-flight loading condition experienced at contact in-
terfaces

The first step in the process of preventing catastrophic failure of the blade root/disc
attachment is the knowledge of the exact load spectrum that this part will experience.
An accurate estimation, however, is hard to obtain since it is almost impossible to
perform in-situ measurements during in-flight service. A first evaluation can be done
by simplifying the classic flight mission in three different phases: take off, cruise and
landing (Figure 1.6).

take-off cruise landing
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to aeroelastic effects

Figure 1.6: In-flight relative displacement at the contact interface, [Mary, 2009].

During the take-off phase the engine starts and the centrifugal force, experienced
by the blades, attains its maximum. As a consequence an important displacement
is observed at contact interface (50 - 100 pm). Once the aircraft reaches its cruise
altitude the rotational speed of the turbofan remains almost constant as well as
the centrifugal force. This phase of the flight is characterized by high frequency
vibrations caused by the interaction between the airflow and the blades resulting in
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micro-displacement over part of the contact interface (~10pum). Finally at the end
of the landing phase, the engine is switched off and the loads fall to zero.

To sum up, the connection between blade root and disc experiences two types of
fatigue loading;:

i) low cycle fatigue (LCF) loads that characterize take-off and landing;

ii) high-cycle fatigue (HCF) loads caused by high frequency vibrations that are
predominant during cruise.

Fretting-fatigue is generated by the coupling between this two type of loading;
the high frequency vibrations produce micro-displacements over part of the contact
interfaces damaging the surface and promoting the initiation of cracks (fretting)
while the fatigue loads, generated by the cyclic variation of the centrifugal force, play
an important role in the crack propagation.

A more detailed analysis of the contact status at the interface between the disk
and the blade root, highlights the presence of a central zone where the two bodies are
in stick condition, surrounded by a second zone in the proximity of the contact edges
where slip is experienced (Figures 1.7). The discontinuity at the transition between
stick and partial slip zone creates a strong stress concentration. Furthermore, the
influence of the contact rapidly vanishes as soon as we move away from the surface,
thus a steep stress gradient is observed.

Evolution of the stress
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Figure 1.7: Evolution of the stress tensor at the contact surface and far from it as
a function of the contact status, i.e. stick or stick-slip.

1.1.4 Snecma dimensioning process

As previously mentioned, it is difficult to obtain the exact load distribution and
evolution experienced by the blade root/disc connection during flight. Numerical
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computations are therefore employed to enrich the data obtained through experimen-
tal tests. For this purpose, finite element models are extensively used to compute the
quantities - stress, strain or displacement - used for the dimensioning process of the
part as well as for its optimization. By simulating the aerodynamic interaction be-
tween the blades and the airflow and the effects of the centrifugal force, it is possible
to estimate the mechanical loads arising in the structure. For instance, this type of
computation permits to compute the relative displacement between the contacting

bodies.

Figure 1.8: FE model of the blade root attachment.

The drawback of this procedure relies on the sensitivity of the results obtained
to the level of mesh refinement. A fine mesh (few micrometers) is needed to obtain
a convergent solution of the stress distribution at the contact interface (Figure 1.9).
This requirement, however, is in conflict with the need of fast computations that can
be used for dimensioning purposes. A compromise is therefore reached in order to
obtain a sufficiently precise result, minimizing the computational cost.

To ensure the robustness of the procedure a safety factor is applied to the results
obtained.

One of the objects of the work presented here is to provide a solution at the
“precision vs computational cost” problem. This is possible through a multiscale
description of fretting-fatigue that will be presented in the next chapter.

1.1.5 Industrial objectives

The work presented in this manuscript is part of a research framework started by
Snecma in 2010, the COGNAC project (COmpetion between the Gradient effect
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Confidential

Figure 1.9: Stress distribution at the blade root / disc contact surface, [Ferré et al.,
2013].

and the scale effect in Notch fatigue And Contact fatigue), aiming at better un-
derstanding the gradient effect with respect to crack initiation and propagation in
fretting-fatigue. Several questions on how to deal with this phenomenon remain open
and need to be answered:

e For a contact condition characterized by the presence of a partial slip zone
over part of the surface, the discontinuity between the stick and the slip zone
introduces a singularity at the origin of a strong stress concentration (Figure
1.7).

For industrial applications, usually, a 3D FE model is employed to compute the
stress distribution at the contact surface. However, due to the presence of the
stress concentration factor, to obtain a convergent solution a fine mesh is needed
(few micrometers) close to the transition zone. For industrial applications, this
requirement is difficult to respect since the computational cost would be too
high .

It is therefore important to develop prediction tools which use as input quan-
tities that are easier to obtain than the local stresses. This is particularly true
for applications characterized by complicate geometries.

e The influence of the contact rapidly vanishes far from the surface. The microc-
racks, initiated at the interface can therefore stop as a result of the decreasing
stress tensor value which is no more sufficient to promote crack growth.

In addition, for the same stress value at the contact surface, different geometries
generate different stress gradient evolutions with a direct effect on the fatigue
life of the part. Therefore, an analysis based on local quantities (maximum
contact pressure, pg, and shear stress amplitude, g,q,) will produce outcomes
depending not only on the material of the contacting bodies but also on the
geometry of the experimental setup.

- 15 -
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This is a major problem for Snecma, because it makes the experimental data
obtained on laboratory test machines almost unusable for dimensioning pur-
poses since the scale of these specimens are usually very different from the real
industrial part.

A local approach is not sufficient to describe properly the effect of the stress
gradient.

e The material volume interested by a stress level able to cause fatigue damage
is low and comparable to the grain size. As a consequence fatigue life scatter
and size effect are observed which are linked to the probability of encountering
a favorable site for crack initiation.

Regarding the research framework in which this work has been performed, three
other PhD thesis have been funded on complementary subjects with the aim to
achieve a breakthrough in the understanding of fretting-fatigue. In particular, Johan
Bellecave, and Barabara Ferry are performing their research in collaboration between
the LMT laboratory in Cachan and the university of Brasilia under the supervision of
Sylvie Pommier and Alex Aratjo. Their works focus on the experimental investigation
of the competition between gradient effect and size effect in fretting-fatigue. The
fourth PhD thesis is performed at Pprime, by Julien Simon and supervised by Yves
Nadot. The aim in this case is to study the effect of the stress gradient in v-notch
specimens focusing on the similarities with fretting-fatigue.

The 4 thesis are linked by the challenge to reproduce accurate results concerning
initiation, propagation or fatigue life prediction in fretting-fatigue just by using data
coming from experimental tests performed on v-notch specimens. These tests are
relatively simple and cheap compared to the ones needed for fretting-fatigue. If this
possibility is confirmed, it will represents an important result.

1.2 Fretting-fatigue modeling

1.2.1 Historical review

Historically, the first authors reporting fretting related effects were Eden, Rose and
Cunningham in a scientific article published in 1911, [Eden et al., 1911]. Despite
the initial object of their research was to determine the effect of rotational speed
on the Wdlher curve of a steel specimen using a rotating beam apparatus, they
observed the formation of oxide debris in the steel grips of the testing machine.
This curious phenomenon was the object of further investigations in the work of
Tomlinson, [Tomlinson, 1927], who designated a test apparatus to produce small
amplitude relative movement between two contacting bodies. He concluded that
the resultant “brown stain” appearing on the surfaces was related to the tangential
motion between the two parts.

- 16 -
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Meanwhile fretting side effects started to be observed in industrial applications.
Almen [Almen, 1937] performed some research at General Motors on false brinelling
as a response to severe wheel bearing damage observed in automobiles that were
transported by ship or train before to be delivered. The conclusion was that the
vibrations caused during the transportation were at the origin of the damage.

The first big step forward in the understanding of fretting is accomplished thanks
to the work of Tomlinson and his colleagues [Tomlinson et al., 1939] that in 1939
published a paper that introduced some fundamental concepts. In particular it is
shown that the corrosion observed has mechanical origins rather than chemical
ones, and in addition it is recognized that slip - the tangential relative motion over
part of the contacting surfaces - is the sine qua non of surface damage appearance.
Furthermore, the authors suspected a relation between the fretting damage spot and
the crack initiation site. Lastly, it is in this paper that the term “fretting corrosion”
was employed for the first time.

The appreciable loss in fatigue properties caused by fretting was confirmed in
[Warlow-Davies, 1941]. The author performed a series of tests where the specimens
experienced first a fretting load in order to create the classic fretting scar on the
surfaces, and later the same specimens were inserted in a fatigue machine. By this
means, the negative effect of fretting can be quantified by measuring the percentage
loss in fatigue strength with respect to the unfretted specimen. The tests were
performed for a medium carbon steel and for a nickel-chromium-molybdenum alloy
steel showing a fatigue strength reduction of around 13 and 18 per cent, respectively.

Similar results were obtained by [McDowell, 1952, Fenner and Field, 1958]. The
first showed that the conjunction of fretting and fatigue produce fatigue strength
reduction factors up to 5, while the second proved that fretting works as a catalyst
for the crack initiation process observing that the reduction effect was related to
the slip magnitude. Fenner showed that the fatigue strength of an aluminum alloy
decreases progressively with the increase of the size of the partial slip zone up to
10 pm.

Despite the first scientific and technical breakthroughs, at that time, fretting was
still an obscure subjects for engineers. I find amusing what (Sir) Stanley Hooker
(assistant chief engineer of Rolls-Royce Ltd) said about Warlow-Davies, [Sharman,
2002], who works under his direction from 1942 to 1946:

“No scratch or frettage was too microscopic to escape his attention, and he possessed
the sixth sense of being able instantly to recognize whether such a mark would lead
to a dangerous failure” .

Be able to recognize whether a fretting scar was dangerous or not for the mechanical

integrity of the part was seen as a magical sixth sense capability!

In the last 50 years an increasing interest on fretting-fatigue has driven a lot
of researchers towards important advancements in the discipline. Among the most
relevant works, it is worth mentioning the series of papers published by Nishioka
and Hirakawa, [Nishioka et al., 1968, Nishioka and Hirakawa, 1969a, Nishioka and
Hirakawa, 1969b, Nishioka and Hirakawa, 1969c, Nishioka and Hirakawa, 1969d,
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Nishioka and Hirakawa, 1972]. The authors recognized the importance of the slip
magnitude in the determination of the damage caused by fretting-fatigue. They
focused their attention on press-fitted axles assemblies analyzing the effect of various
factors such as size, shape, clamping pressure, magnitude of nominal stresses, on the
amplitudes of the relative slip.

They noticed that the damage produced was not proportional to the slip mag-
nitude, in particular, when the relative slip becomes larger than a certain value (in
their case 25 microns) the alternating tangential stress to apply in order to observe
crack initiation increases. Once the micro-cracks initiate they are soon worn out.
This observation will be confirmed and validated some years later by Vingsbo and
Soderberg, [Vingsbo and Soderberg, 1988], who defined three regimes: stick regime,
mixed stick-slip regime and gross slip regime, as a function of the damage produced.
Furthermore, they observed that the cracks usually started in the zone where the
stress concentration due to contact is the highest one, (at the contact edges) with
an angle inclined towards the center of the contact zone, which is found to be the
direction which maximizes the shear stress.
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Figure 1.10: Effect of relative slip on fretting-fatigue strength, [Nishioka and Hi-
rakawa, 1969a).
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During the Seventies, on the one hand, an increasing number of papers are
published focusing on better understanding the fretting-fatigue damage mechanisms,
on the other hand, some researchers start addressing the problem of how to efficiently
design against fretting-fatigue. It is the case of the papers published by Waterhouse in
1976, [Waterhouse, 1976] and by Hoeppner and Gates in 1981, [Hoeppner and Gates,
1981], where the authors try to give some practical advice in order to avoid fretting-
fatigue damage. For instance, the use of lubricant decreases the friction coefficient
diminishing the damage at the contact interface. The careful selection of compatible
materials, the reduction of the vibrations at the interface in order to limit the slip
magnitude, an intelligent design aiming to reduce the stress concentration factors
at the contact borders, are some of the advice given by the authors. Furthermore,
surface treatments appeared to be one of the best way to avoid or at least to slow
down the negative effect of fretting-fatigue as it is proved by the numerous papers
that start to be published in those years analyzing this technique, [Waterhouse et al.,
1962, Taylor and Waterhouse, 1972, Waterhouse et al., 1983]. In [Waterhouse et al.,
1962] the influence of electrodeposited metals on the mechanical response of a mild
steel is investigated concluding that the overall effect depends on the balance between
the reduction of fretting damage and the negative effect of plating on the fatigue
strength of the material. In [Taylor and Waterhouse, 1972] the same type of analysis
is carried out, focusing on the effect of sprayed molybdenum coatings. Similar results
were obtained. Another possibility to reduce the fretting-fatigue negative effects is to
introduce compressive stress on the surface of the part by the use of shoot-peening,
[Waterhouse et al., 1983] (Figure 1.11). This last techniques is still used nowadays.
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Figure 1.11: (a) Fretting-fatigue S-N curves for aluminium alloy 2014A in the
fully aged condition; (b) fretting-fatigue S-N curves for stainless steel EN58A in the
annealed condition, [Waterhouse et al., 1983].

With the publication of Jonhson’s monograph on contact mechanics, [Johnson,
1985|, another improvement in the understand of fretting-fatigue mechanism is
achieved. Some interesting analytical results concerning stress and strain at the
interface between two contacting bodies are derived, enriching the existent solu-

- 19 -



Chapter 1: Industrial Context and State of the Art

tions presented some decades before in [Hertz, 1882, Cattaneo, 1938, Muskhelishvili,
1953]. Together with this new information on the mechanical fields arising at the
contact surface, some authors started to applied fracture mechanics tools to predict
fretting-fatigue endurance. In [Edwards, 1984], the life estimation is done using stress
intensity factors that take into account the bulk stress and the forces introduced by
fretting. Today, this approach remains very promising as it is proven by a recent
article published by Hills and his colleagues, [Hills et al., 2012], who use a similar
approach to predict the fatigue life of the specimen.

In the last years the number of articles on fretting-fatigue is increased exponen-
tially. A rapid search on ScienceDirect shows that the number of papers related to
fretting-fatigue published in the last twenty years (5122) is more than 3 times the
total number of articles published before 1990 (1591). This is the reason why, even if
I tried to be exhaustive, I would inevitably miss some important papers. With that
said, I would like to spend some words on the work of Hills and Nowell, [Hills and
Nowell, 1994] and the one of Giannakopoulos and his colleagues, [Giannakopoulos
et al., 1998, Giannakopoulos et al., 2000]. With “Mechanics of Fretting Fatigue”,
Hills and Nowell have written a book that is now a bestseller of the fretting-fatigue
literature in which a state of the art description of this phenomenon is presented.
Giannakopoulos and his colleague, instead, are among the first to demonstrate a
quantitative equivalence between contact and fracture mechanics. This two works
have had an important influence on the research performed and presented in this
manuscript.

1.2.2 Fretting-fatigue test geometries

Fretting-fatigue is considered a plague for the modern industry and its negative
effects on mechanical assemblies have been experienced in many different sectors
such as automotive, aerospace, train, construct equipment, wire ropes, etc. No matter
which industry is concerned, all of them share the need to certify the components to
ensure that are riskless for the users. For this purpose experimental test campaigns
are usually needed and, considering the wide range of contact configurations existing
in the industrial components, a simplification is required. Experimental tests are
standardized around three different reference contact configurations: sphere/plane
contact, cylinder/plane contact, plane/plane contact.

1.2.2.1 Sphere/plane contact

Sphere/plane contact, is a uni-dimensional configuration for which analytical results
obtained by Hertz, [Hertz, 1882], for frictionless normal contact, and by Cattaneo
and Mindlin, [Cattaneo, 1938, Mindlin, 1949], are available. This configuration has
the advantage to be relatively easily to setup from an experimental point of view
since there is no problem related to the alignment of the sphere with respect to the
plane being the contact surface a point. On the other hand a 3D computation of the
mechanical fields is required whenever the loads are not axisymmetric or the crack
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propagation phase is studied; in these cases the computations become heavily time
consuming.

1.2.2.2 Cylinder/plane contact

In this case the contact is bidimensional. This statement is true for a value of the ratio,
b/a higher than 5, where b is the thickness of the pad, and a is the contact semi-width
as it is proven in [Fellows et al., 1995]. In other words, if this condition is respected, the
highest stresses will be reached at the center of the specimen (Figure 1.12a), and they
will correspond to a plane strain condition. Therefore, the problem can be represented
as if it was bidimensional. Due to this important characteristic, this configuration is
the one commonly used in fretting-fatigue test campaign; first, the experimental setup
is well mastered, secondly, a fast comparison between experimental and computational
results is possible.

(a) (b)

Figure 1.12: (a) Schematic of the dog bone specimen/cylindrical pad configuration;
(b) fretting-fatigue apparatus, [Aratjo and Castro, 2012].

1.2.2.3 Plane/plane contact

This configuration leads to a tridimensional contact characterized by a stress distri-
bution that, close to the contact borders becomes discontinuous. Some important
difficulties in the experimental setup, such us the alignment of the pad, and the
need to perform tridimensional FE computations, limit its application. It is worth
mentioning that in the last years some analytical solutions concerning the stress
distribution have been obtained, [Ciavarella and Macina, 2003].
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1.2.2.4 Dovetail/blade root contact

In an article published in 2006, [Rajasekaran and Nowell, 2006], the authors conceived
an experimental apparatus to reproduce the loading experienced by a dovetail blade
root in an aircraft gas turbine. Certainly, this setup allows to well represents the
industrial attachment but, at the same time, it applies to only a specific geometry
and is far more difficult to put in place with respect to the aforementioned contact
configurations. For this reason this type of test machines represents a niche among
the fretting-fatigue test apparatus.

(a)
Fc

\. Disc

Blade

Figure 1.13: (a) Schematic representation of the loading at the interface disc/blade
root; (b) dovetail blade root test apparatus [Rajasekaran and Nowell, 2006].

1.2.3 Fretting-fatigue test apparatus

In the previous section the different contact configuration used to simulate fretting-
fatigue have been described. Here a detailed description of the whole apparatus
employed in the test campaigns is presented. With the exception of the dovetail /blade
root contact configuration the other ones share more or less the same setup. In
Figure 1.12b, the fretting-fatigue apparatus used by Aratjo and his colleagues at the
university of Brasilia is shown while in Figure 1.14 a schematic representation of a
single actuator test machine and a double actuator one are presented.

Concerning the double actuator test machine (Figure 1.14b), two clamps hold
the specimen in the right position. The first one is fixed while the second one is
connected to an hydraulic actuator, (actuator 2) that is free to move in the axial
direction controlling the bulk tension in the specimen. A second actuator, (actuator
1) is connected to a cradle, carrying the fretting pad arrangement. The two pads
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Figure 1.14: (a) Fretting-fatigue single actuator machine; (b) Fretting-fatigue dou-
ble actuator machine, [Lee and Mall, 2004].

are pressed onto the specimen surface to create the normal force, P, while the
tangential force, @), is regulated by the displacement of the actuator, (actuator 1).
The displacement between the specimen and the pads is then recorded, for instance,
through the use of laser sensors.

In the case of a single actuator test machine (Figure 1.14a), as its name suggests,
there is a single actuator which control the bulk tension in the specimen, og. The
fretting pad arrangement is attached to the fatigue test frame and works as a spring
that reacts to the motion of the pads pressed against a “dog bone” fatigue specimen.
The reaction of the spring results in the cyclic tangential load, (), whose value is half
of the difference between the forces measured at the lower and upper load cells of
the servo-hydraulic system.

To sum up, fretting-fatigue is a complex phenomenon that can provoke the failure
of the assembly and therefore laboratory tests are needed to understand the damage
mechanisms. Since the geometry of the industrial parts are usually extremely complex,
a first simplification is made in order to develop a reasonable complex fretting-fatigue
test bench. This means that usually one of the following contact configurations -
plane/plane, cylinder/plane, sphere/plane - shown in Figure 1.15, is retained.
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Figure 1.15: Geometrical and load simplifications in fretting-fatigue tests.

A second simplification is done on the load evolution experienced at the disc/blade
root connection. Considering that the aeroelastic vibrations can reach frequencies
close to 400 Hertz, it is clear that the ratio between the number of fatigue cycles
(centrifugal force due to engine switch-on and switch-off) and the fretting ones
(generated by the vibrations due to the interaction with the airflow) is really low.
In other words, for each flight, just one fatigue cycle is registered while millions of
fretting cycles are experienced by the part. This is something to bear in mind since
during test campaigns this condition is usually not respected.

The possible test scenarios (with some exceptions) are therefore two: in the case
in which a single actuator fretting-fatigue apparatus is the only available, the fatigue
load and the fretting ones are inevitably in phase, while the two load modes can
be decoupled within certain limits with a double actuator machine. Analyzing the
literature on fretting-fatigue, the first setup has been really common and is now
replaced by better performing double actuator devices. With that said, even with
this setup it is difficult to simulate the real in flight loads ratio experienced by the
disc/root blade attachment, since it would mean to have extremely long tests with
important costs. As a consequence, the effect of the fatigue load will be overestimated.
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1.2.4 Slip quantification for transition criteria

As it is already mentioned before, one of the peculiarities of fretting-fatigue is repre-
sented by the microdisplacements over part of the interface that can severely damaged
the surface. It is necessary to quantify the “micro” displacement in order to separate
the different slip regimes that have a direct effect on the damage mode.

A first distinction can be made between fretting regime, characterized by a central
zone which is never exposed to the external environment, and reciprocal sliding. A
simple way to formalize the transition between these two conditions is obtained using
the ratio of the displacement amplitude, 6*, to the contact semi width, a., [Fouvry
et al., 1996]. For values of the ratio higher than 1, the contacting parts are in total
slip condition otherwise fretting regime is established (Figure 1.16).

Fretting regime =——=————» Reciprocal sliding

; Transition ;
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Figure 1.16: Transition between fretting regime and reciprocal sliding, [Meriaux,
2010, Mary, 2009].

In this manuscript we focus on the fretting regime since is the situation experi-
enced at the attachment between disc and blade root. With that said, by analyzing
the contact behavior through the evolution of the tangential force, @), as a function of
the displacement, ¢, a subdivision of the fretting regime can be made. Three different
slip conditions are observed, as described in [Vingsbo and Séderberg, 1988]:

e Stick condition: in this case the tangential force at the contact interface, ¢(x),
is lower than the Coulomb limit, up(x), where u is the Coulomb’s coefficient
and p(z) is the local normal force. The displacement registered is therefore
exclusively produced by the elastic deformation of the parts;

e Stick-slip condition: locally the Coulomb’s slip limit is reached, ¢(z) > up(z)
and, as a consequence, a slip zone is created that is located at the extremity of
the contact surface. The macroscopic response of the assembly, Q(¢), has an
elliptic shape. The nonlinear evolution of () is related to the friction at the
contact interface that can be coupled with plasticity if the local stresses are
high enough;
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e Gross slip condition: the Coulomb’s slip limit is reached on the whole con-
tact surface and the response of the assembly, Q(0), is characterized by a
plateau where the tangential force, (), remains constant with the increase of
the displacement.

Among the three fretting regimes, the stick-slip condition is the one which causes
more damage as it is explained in Section 1.3. It is therefore important during
experimental tests to be able to recognize precisely the transition between stick-
slip and gross-slip regime. In [Fouvry et al., 1996] three transition criteria for the
sphere/plane contact configuration are presented: the energy ratio criterion, A =
Eq/Ey, the aperture ratio criterion, B = d,/6*, and the system free ratio, C' = E;/Ey,
(Figure 1.17). By comparing the three criteria to the respective constants, A;, By,
C;, that represents the theoretical value at the transition from partial slip to gross
slip, it is possible to estimate correctly the stick-slip limit.

To sum up, the damaging process in fretting-fatigue is highly dependent on the
fretting regime experienced by the specimen. As a consequence, a good knowledge
of this parameter is needed to perform representative test campaigns. The criteria
presented by Fouvry and his colleagues, [Fouvry et al., 1996], are an effective way to
control the transition from stick-slip to gross slip condition.

Fretting cycle under partial slip
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Figure 1.17: Transition criteria in fretting regimes, [Fouvry et al., 1996].
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1.3 Damaging mechanisms in fretting-fatigue

In the previous sections the words fretting and fretting-fatigue have been used some-
times as synonyms. Of course the distinction is clear and the use of one term to
replace the other was only related to the fact that, with respect to the arguments dis-
cussed, this simplification was acceptable. Conversely, speaking about the damaging
process, a precise distinction is needed.

The diagram presented in Figure 1.18 describes the effects of a given combination
of fretting and fatigue loads. If the example of the cylinder/plane fretting-fatigue
test apparatus is considered, when the fatigue component, opg, is small, then the
damaging process is mainly driven by the fretting loads, P and @ (Figure 1.14). By
increasing the values of the tangential and normal force experienced at the interface
between the specimen and the pad, it is likely that crack initiation will occur very
early in the life of the part, followed by a long crack propagation phase which may
end with the arrest of the crack if the fatigue load is not big enough. Following
the same reasoning, if the bulk load becomes important cracks propagate faster and
therefore the initiation phase becomes the dominant part in the life of the specimen.
A further simplification leads to decouple the two components of fretting-fatigue,
assuming that the crack initiation is controlled only by the fretting damaging process
while the crack propagation depends mainly on the bulk loads. Surely, this is not
completely true. For instance, in [Meriaux, 2010] an effect of the fatigue load on
the initiation phase is observed, and, on the other hand, the fretting load influence
the propagation phase even if their impact rapidly decreases far from the contact
surface.
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Figure 1.18: Loading conditions described by the term fretting-fatigue, [Hills and
Nowell, 1994].

For the sake of simplicity, in the next paragraphs, the aforementioned simplifica-
tion is done, i.e., the effects of the damage caused by fretting-fatigue are described
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as if the fretting component (P, @)) could be perfectly decoupled from the fatigue
one (op).

1.3.1 Fretting map

Nishioka and Hirakawa, [Nishioka et al., 1968] were among the first, in 1969, to observe
a direct effect of the slip magnitude on the life of specimens subjected to fretting
loading. This was confirmed some years later by Vingsbo and Soéderberg,[Vingsbo
and Soéderberg, 1988], that precisely quantify this dependence.

Regarding the three fretting regimes introduced in Section 1.2.4, here the relation
with the wear rate and the effect on the fatigue life of the specimen are investigated.
Wear is produced as a consequence of the interactions between surfaces and consists
in the removal and deformation of material on the interface, which can be caused
by fretting, corrosion, oxidation, abrasion, etc. In Figure 1.19a a plot presenting the
variation of wear produced during fretting cycles as a function of the slip amplitude
is shown. For low slip amplitudes, corresponding to a stick or stick-slip condition,
the wear rate is extremely small. Conversely, a sharp increase in the wear rate is
observed as soon as the slip amplitude approaches the value where the contact
surface experiences gross slip. A plateau is reached when the contacting parts are in
reciprocal sliding. The evolution of the fatigue life as a function of the slip amplitude
is presented in Figure 1.19a. The curve has an inverted bell shape with a minimum
located at the transition between partial slip and gross slip.

The increase of the slip amplitude leads to higher shear stresses at the surface,
which in turn, accelerates crack initiation, reducing the fatigue life of the part, as
demonstrated in [Nishioka et al., 1968]. However this trend is inverted for slip am-
plitude corresponding to gross slip since the increase of the wear rate eliminates the
nucleated cracks, slowing down the crack initiation process. To sum up, depending
on the fretting regime in which the specimen operates, a different damage mode will
be observed: crack initiation followed by crack propagation for partial slip condition
or surface wear for gross slip (Figure 1.19b).

The work presented in this manuscript focuses on crack initiation and propagation
mechanisms; the partial slip regime is the condition in which the totality of the results
reported, are obtained.

1.3.2 Crack initiation

Crack initiation is a process involving the gradual accumulation of damage, which
takes place even if the macroscopic load applied to the structure is lower than
the material elastic limit. Inclusions, surface or subsurface flaws, manufacturing
defects or geometric singularities work as stress concentration factors creating cyclic
small plastic deformations. This behavior results in an increase of the number of
dislocations, which organize themselves in characteristic patterns, the slip bands, in
order to minimize the total energy of the system. The cyclic nature of the loading
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Figure 1.19: (a) Relation between slip amplitude and wear rate, [Vingsbo and
Soderberg, 1988]; (b) material response fretting map, [Fouvry et al., 1996].

feeds this process and, as the cycles accumulates more crystals display sign of slip
bands and ultimately some of them develop into small cracks.

The aforementioned description of the initiation mechanism applies to crack
initiation in general. Fretting, however, introduces some peculiarities that are not
present in plain fatigue. In particular the strong stress concentration at the contact
surface is so localized that the location of the crack initiation site can be predicted.
The shear stress reaches its peak at the transition between stick and partial slip
zone, that corresponds to the usual crack nucleation site as it is shown in Figure
1.20 where the stress distribution at the contact surface for a cylinder/plane contact
configuration is presented.

Once the crack is nucleated, it will grow following the direction maximizing the
shear stress (Figure 1.21), which is usually inclined toward the interior of the contact
by an angle close to 45 degrees (Stage I, mode IT propagation). Since at this stage the
crack length is really small, 10 or 20 pm, the same order of magnitude of the grain size,
it is interesting to analyze whether the material microstructure influences the crack
path. This is what has been investigated by, Proudhon and his colleagues, [Proudhon
et al., 2006], who studied the nucleation and propagation of a crack under fretting
wear loading in a 2024 Al alloy, employing X-ray tomography technique. In Figure
1.22 the 3D reconstruction of the fretting crack observed during the experiment is
shown. Starting from this data, three angles can be defined: J; corresponds to the
crack path angle with respect to the Y axis at the initiation point, (crack length of
around 20 pm), ¥, is defined as ¥; for a crack length between 20 pm and 200 pm and
¥, for a crack length larger than 300 pm.

Concerning the initiation an important feature can be observed, (Figure 1.22).
The evolution of ¥; as a function of X is pretty scattered confirming the influence
of the microstructure on the initiation angle. Nevertheless, a series of plateaus with
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Figure 1.20: (a) Stress concentration at the contact surface; (b) fretting scar and
crack initiation, [Proudhon et al., 2006].
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Figure 1.21: Different crack propagation stages under plain fretting.

an inclination close to 45 degrees is observed as well. This is in accordance with the
theoretical value maximizing the shear stress at the contact interface.
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Figure 1.22: Quantitative analysis of a 3D fretting crack morphology by X-ray to-
mography: evolution of the nucleation and propagation angles v¥;, ¥, and ¥s measured
inside the material along the specimen thickness, [Proudhon et al., 2007].
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1.3.3 Crack propagation

Once the crack overcomes the first microstucutural barriers, the grain distribution
has a smaller influence on the path and the mechanical field becomes the dominant
mechanism in the crack path definition. This is confirmed by the observations made by
Proudhon and his colleagues. In Figure 1.22 it is possible to see how the propagation
angle, ¥,, describing the crack inclination during the propagation phase (length
between 20 pm and 200 pm) is almost constant, (¥, ~ 25°C), and it corresponds
to the direction maximizing the tensile stress. This behavior reflects the change of
propagation mode from mode I to mode I.

1.3.3.1 Linear elastic fracture mechanics

mode | mode I mode lll

A

Figure 1.23: Crack loading modes.

Speaking about mode I and mode II, we are implicitly adopting the linear elastic
fracture mechanics (LEFM) approach to describe whether the crack will growth or
not and its velocity. The assumption behind this approach is to consider that the
plastic deformation at the crack tip is negligible with respect to the size of the crack,
which is called small-scale yielding condition. If this hypothesis is respected than the
stress state around the crack tip can be described as follows:

K
\27r

as the product between a dimensionless factor depending just on 1, and a second
one depending on r. By applying the principle of similitude it can be stated that
for similar crack geometries the stress evolution with respect to r and ¥ remains
the same and therefore only K, the stress intensity factor, is needed to univocally
characterize the stress state in the proximity of a crack. This formalism has been
introduced by Irvin in 1957, [Irwin, 1957], based on the analytical solution of the

oij(r,0) = fij () + higher order terms, (1.1)
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stress and strain displacement ahead of a sharp crack developed by Westergard some
years before, [Westergaard, 1939].

The load experienced by the crack can be decomposed in a combination of three
different modes, as Figure 1.23 illustrates. In mode I loading, or opening mode, tensile
forces are applied to the body, such that the displacement of the crack surfaces are
perpendicular to the crack plane. Conversely in Mode II, shear forces parallel to the
direction of propagation promote the sliding of the crack surfaces over each other.
Mode III refers to out-of-plane shear.

As a consequence of what has been said above, if one assumes that the material
failure is related to a critical combination of stress and strain, then it follows that
fracture must occur at a critical value of the stress intensity factor, K . Thus, K,
is a measure of fracture toughness.

In some engineering applications such as the aircraft engines a damage tolerance
approach is applied. It is based on the assumption that flaws can exist in any structure
and they can be safely handled by knowing the crack growth process. Inspection
intervals are then set in order to replace the damage part before the occurring of a
critical failure. Thus, the relation between, K, and the crack growth rate per cycle,
da/dN, is needed. For a common alloy, tested in fatigue, this relation is characterized
by the trend shown in Figure 1.24.

Three distinct regions are highlighted. In Region I, the damage produced by the
cyclic loading at the crack tip is almost zero; for AK lower than the threshold value,
A Ky, no macroscopic crack growth is observed. In Region 11, instead, the relation
between da/dN and AK can be approximated with the law introduced by Paris and
Erdogan in 1963, [Paris and Erdogan, 1963]. Thus, the two variables are related by
a power law dependence. In region III, the crack growth rate increases exponentially
up to failure. At this level the K,,,, experienced by the crack is close to the material
fracture toughness, K;..

1.3.3.2 Short crack

One of the main problems encountered by engineers in the design process against
fatigue is that the propagation laws used to predict the crack growth rate are ex-
trapolated from cracks that are relatively long (some millimeters). However for some
applications it is necessary to know the growth rate when the crack is extremely
short, lower than 500 pm, for instance. Experimental evidence shows that in this case
the crack can propagate much faster than what can be inferred from Figure 1.24,
even for AK values that are lower than AKy,. The reason of the difference is due
to the fact that linear fracture mechanics relies on the principle of similitude. The
strain and stress tensor experienced at the crack tip is the same, regardless of the
loads applied, if and only if the stress intensity factors are equal. For short cracks
this principle is no more valid. To obtain the same AK, one should compare a long
planar crack, weakly loaded, to a 3D short crack strongly loaded. In addition the
small scale yielding approximation is no more valid since the size of the plastic zone
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Figure 1.24: Typical fracture mechanics fatigue crack propagation behavior.

at the crack tip becomes not negligible.

This behavior has to be taken into account if a precise estimation of the total
fatigue life of the part is needed. With that said, the transition between short and
long crack is tricky. Miller [Miller, 1993a] approaches this problem by dividing cracks
into three families as a function of their length:

e microstructural short cracks that have a characteristic length close to the grain
size;

e mechanically short cracks that have a size varying in range from 50 pm to
500 pm;

e and long cracks with a length of some millimeters or more, that can be described
by the linear elastic fracture mechanics.

This qualitative classification is coupled with a quantitative determination of the
frontiers between the three regimes that is based on the Kitagawa-Takahashi diagram,
[H. Kitagawa, 1976]. The two authors observed the growth of small cracks initiated
from very small surface notches under uniaxial cyclic tension loads. Through this
procedure they determined the frontier between propagation and non propagation as
a function of the load applied and the crack length. As it is possible to see in Figure
1.25, for cracks smaller than a critical length, a., LEFM falls short in predicting the
crack arrest frontier. In this way it is possible to discriminate whether the crack is in
the short or long regime. Furthermore a. is a material constant that can be obtained
through experimental tests.

As a consequence of what has been presented in this section, it is clear that the
crack evolution presented in Figure 1.22 has all the features of short cracks. This
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is the typical scenario observed when fretting crack are analyzed. To predict the
growth rate an interesting approach is proposed in [Brugier et al., 2013]. LEFM is
enriched by including the non-singular terms of the asymptotic developments, the
T-stresses, which allow to estimate the crack growth rate of short and long cracks in
the near threshold regime.
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Figure 1.25: Kitagawa-Takahashi diagram, [Miller, 1993b].
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1.3.4 Crack arrest

The damaging process under fretting loading is generated by the forces arising at the
surface as a result of the interaction between two contacting bodies. Therefore the
stress tensor will be characterized by a peak close to the contact edge followed by
a decrease in magnitude since, far from the surface, the influence of the superficial
loading weakens. Thus, the initiated crack will propagate as long as the stress field
is big enough to promote the growth process.

The crack arrest as a result of the decreasing stress field has been observed
experimentally by several authors. In Figure 1.26 the test data obtained by Kubiak
[Kubiak, 2006], are presented. As it is possible to see, the crack length after 10°
cycles reaches a plateau, stopping to propagate. In addition, the author investigates
the relation between the maximum crack length and the fretting loading applied. In
Figure 1.26b the influence of the tangential load, @, is shown. As expected a bigger
tangential force will result in a longer non propagating crack. A similar dependency
is observed with respect to the normal force.

Furthermore, an other interesting aspect observed experimentally, [Proudhon
et al., 2006], is the fact that, in this phase, the microstructure restarts to have an
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Figure 1.26: (a) Crack length evolution in function of the number of cycles under
plain fretting, Py e = 700 MPa, Qe = 280 N/mm; (b) maximum crack length in
function of Q,4., [Kubiak, 2006].

influence on the crack path. This is coherent, since the stresses at the crack tip
rapidly decrease far from the contact surface, becoming too small to propagate the
crack in mode I. Therefore there must be some points in the material, where the
influence of the microstructure ahead of the crack front becomes significant again,
and this is exactly what it is shown in Figure 1.22. Analyzing the values of 9,, which
represent the crack inclination for a situation where it is close to the maximum
reached length before to stop, the trend followed is quite scattered; v/, varies in a
range from -30 to 45 degrees.

By analyzing the evolution of the stress intensity factor at the crack tip, and
comparing it to the Kitagawa-Takahashi non propagation frontier, it is possible to
predict the maximum length that the crack will reach before to stop. In the short
crack domain, a < a., the frontier is defined by the following relation:

ARy = AK 2.
Qe

The aim is therefore to be able to define the evolution of AK as a function of the
crack length, AK = f(a), and comparing it with the arrest frontier described in
equation 1.2, to define whether the crack will stop or not. There are several methods
allowing to compute this relation:

(1.2)

e finite element computation and post-treatment analysis of the mechanical field
obtained through the use of J integral [Rice, 1968, Proudhon, 2005] to compute
the stress intensity factor evolution;

e computation of the stress intensity factors by using the weight function method
[Bueckner, 1970, Rice, 1972];
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e application of the distributed dislocation method [Nowell and Hills, 1987, Fou-
vry et al., 2008].

In Figure 1.27, the typical behavior of the fretting crack is presented. It will
nucleate due to the peak stress at the contact edge, and it will propagate as long as
the influence of the surface load (P, @) is high enough to promote the growth process.
The stress intensity factors at the crack tip will increase during early propagation
and then rapidly decrease far from the contact. As a consequence, sooner or later,
AK value becomes lower than propagation frontier resulting in the arrest of the
crack.
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Figure 1.27: Short crack arrest schematic representation [Kubiak, 2006].

1.3.5 Fretting-fatigue peculiarities

In the previous sections, the attention has been focused on the damaging process
under fretting loading; the evolution of a crack, from the nucleation to the arrest has
been analyzed. Here, we investigate the case in which a cyclic bulk load is present
in addition to the fretting loading.

In Figure 1.28, the different stages in the crack propagation process are listed.
With respect to fretting a first important difference is shown. The crack initiates
at the contact surface due to the high stress concentration factor (stage I) and, in
the next 100 - 200 pm, propagates mainly under the influence of the contact loading.
As the crack penetrates deeper, the effects of the fretting loading starts to weaken
and the cyclic bulk load becomes the dominant propagation driver. The transition
from stage II to stage III is characterized by a change in the crack inclination that
gradually orients itself perpendicular to the fatigue load. In this stage the growth
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Figure 1.28: Different crack propagation stages under fretting-fatigue.

process is driven by the principal maximum stress, and the crack will propagate in
mode I. If the fatigue load is high enough, then the failure of the part will be the
inevitable result. In brief, stage I and II are almost the same either for fretting or
fretting-fatigue, while stage III and stage IV, being strongly influenced by the bulk
load are a peculiarity of fretting-fatigue.

As a consequence of what has been presented, engineers have to deal with three
main problems in order to effectively design against fretting-fatigue:

i) Will the crack initiate or not for a given fretting-fatigue loading combination?
ii) Will the crack arrest or propagate up to failure?
iii) Is it possible to estimate the crack growth rate?
Aiming at proposing an integrated tool to answer the questions above, Fouvry and
Kubiak [Fouvry and Kubiak, 2009], introduced a fretting-fatigue mapping concept

in which three important domains are defined (Figure 1.29):

e the safe crack nucleation domain, where for the given combination of (P, @,
op), no crack nucleation is experienced,

e the safe crack propagation domain characterized by the fact that the initiated
crack propagates and then stops before to reach a critical length,

e the failure domain in which the loading combination provokes the failure of
the part after a certain number of cycles.
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Figure 1.29: Illustration of the fretting-fatigue mapping concept defined for partial
slip condition, [Fouvry and Kubiak, 2009].

This type of representations is quite useful since it constitutes a powerful tool to
decide which design approach to follow as a function of the material employed.

In Figure 1.30a the fretting-fatigue maps for a low carbon steel alloy, AISI1034, is
presented. It is obtained through an experimental campaign using a fretting-fatigue
test apparatus. The two crack initiation and arrest frontiers intersect each other in
0B.CA,,, Which represents the fatigue value, over which, if crack initiates then it will
propagate until fracture occurs. Two scenarios will then be possible:

o if the structure experienced a fatigue load lower than op ¢g,,, then for the
condition characterized by small contact loads a safe crack nucleation approach
can be considered while for the other cases a safe crack arrest design is still
applicable;

e in the case in which the fatigue load is higher than op ¢4,,, the only strategy
applicable is the one aiming at avoiding crack nucleation.

By comparing Figure 1.30a and Figure 1.30b it is extremely clear that the two
materials, a steel alloy and a titanium alloy, have a quite different behavior in terms of
crack initiation and propagation. The titanium alloy displays a larger crack initiation
domain and a very little crack arrest domain. For this material therefore the optimal
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strategy seems to be the one in which the design of the part focuses on avoiding
crack initiation.

Concerning the crack growth rate, the idea is to estimate the fatigue life of the
part by computing the stress intensity factors evolution and by comparing it with
the Kitagawa-Takahashi diagram for the short crack domain and the S-N curve for
the long crack domain.
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Figure 1.30: Fretting-fatigue Map, (P = 227 N/mm, py = 450 MPa (a): AISI
1034/52100 (Radius pad = 40 mm); (b) Ti-6Al- 4V/52100 (Radius pad = 30 mm),
[Fouvry and Kubiak, 2009).

1.4 Life prediction criteria

In the previous section a qualitative analysis of the damaging mechanism under
fretting-fatigue has been presented. Due to the loads at the contact surface, the
crack can initiate and propagate until the failure of the part or stop if the fatigue
bulk load is not strong enough to promote the growth process far from the surface.

In the design process against fretting-fatigue, this behavior has to be analyzed.
For instance, our industrial partner, Snecma, applies a policy based on the fact that,
for aircraft engine components, crack initiation has to be avoided, but at the same
time for certification procedures it is necessary to prove that if cracks initiate then
they will stop before to reach a critical length. To meet this requirements, two families
of fatigue criteria exist: the ones focusing on the crack initiation prediction based
on multiaxial fatigue approach, and the others analyzing the stress intensity factor
evolution in order to predict whether the crack will stop or not.
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1.4.1 Crack initiation prediction criteria

As presented in Section 1.3.2, the accumulation of plastic deformations at the grain
boundaries is one of the main mechanisms in the crack initiation process. Experi-
mental evidence shows that a big role is played by the shear stress that is at the
origin of the crystallographic slip band formation along preferential slip planes and
by the normal stress with respect to these planes promoting the crack opening. This
two mechanisms are the basis for some of the most used crack initiation prediction
criteria:

e Critical plane approaches.

The main components of the critical plane criteria are the normal and shear
stresses acting on a selected material plane. Several formulations are presented
in the literature, [Papadopoulos et al., 1997]. They differ in the way in which
the terms are computed, but the process followed is merely the same. Once
the critical plane is determined, it is checked whether the criterion is satisfied
on this plane or not. If the criterion is not satisfied, the selected plane can
experience crack initiation.

— Findley criterion.
To(@™, &) + KON max (@™, @) < A, (1.3)

where k£ and A are material parameters, 7, is the shear stress amplitude
and oy is the normal stress on the critical plane, which is determined as
follows:

(%, a") : r(na>)< [Ta(p, @) + KON maz (@, )] - (1.4)
XeY

— Modified Wohler curve method, [Aratjo et al., 2007]
O-N,max(gp*a Oé*)
Ta(p*, %)

where k and A\ are material parameters, 7, is the equivalent shear stress
and oy is the normal stress on the critical plane, which is determined as
follow:

T.(o", ") + K <\, (1.5)

(p*, %) . max|[r,(p,a)]. (1.6)
(p,a)

e Approaches based on the stress invariant.
These criteria are based on a linear combination between hydrostatic stress
and the second invariant of the stress deviator tensor. They are well suited for
predicting crack initiation for proportional fatigue loading since they do not
take into account the possibility that the principal stress plane may vary along
the loading cycle. As a consequence the orientation of the potential fatigue

crack is by no means specified by these criteria.
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— Sines criterion

\/ J27a + '%UH,m < )\, (17)

where k and A are material parameters, J , is the amplitude of the second
invariant of the stress tensor and oy, is the mean value of hydrostatic
stress during load history.

— Crossland criterion

\V J2,a + KO H max < /\7 (18)

where k and A are material parameters, Js , is the amplitude of the second
invariant of the stress tensor and o ,, is the maximum value of hydrostatic
stress during load history.

e Mesoscopic scale criteria.

All the criteria presented before try to predict the fatigue behavior of the
materials from a macroscopic scale point of view. A different choice consists in
focusing on the microscopic phenomena at the dislocation scale while a third
possibility is to consider an intermediate scale between the macro and micro
levels. This is the mesoscopic scale, which is the scale of the metal grains of a
metallic aggregate. The criterion formulated by Dan Vang, [Dang Van et al.,
1982] is based on the mesoscopic scale approach. The initiation is experienced in
the grains that have slip system orientations compatible with the macroscopic
load direction. Those grains will suffer plastic deformation before to reach
elastic shakedown condition. Residual stresses, p*, will therefore appear. The
local stress tensor, &(t), used in the fatigue analysis is defined as the sum of
the stresses due to the macroscopic loads, ¥(t), and the residual stresses, p*,

5(t) = (1) + p*. (1.9)

Similarly to what is done for the critical plane approaches, the direction which
maximizes the resolved shear stress is computed,

]Enao){ {Ir%%x [%(go, a) + ozlf’h(t)} } <A\ (1.10)

@,

e Incremental criteria.
These methods are based on the definition of a damage function, D, to account
for the material degradation as a function of the experienced mechanical loading.
The advantage with respect to the criteria presented above lies in the fact that
the computation of the damage evolution can be done in an incremental way,
cycle by cycle.

Fatigue damage is usually modeled by means of cyclic damage laws [Chaudon-
neret, 1993], i.e. laws for damage increment per cycle,

N = G(0g4,...) (1.11)
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expressed in terms of stress amplitude o, = Ao /2 and either the mean stress,
Om = 1/2(0min + Omaz), Or the stress ratio, R = 0yin/0maz, quantities defined
over a cycle.

Ruiz criterion, [Ruiz and Chen, 1986], can be included in this family, and it
has been developed studying the damage on dovetail joints. According to this
criterion, surface damage driving factors are the relative slip, 9, and the contact
shear stress at the interface 7¢,;.. As a consequence a fretting damage parameter
(FDP) can be defined as the product between these two quantities,

FDP = 7,4 - 6. (1.12)

Criteria application to fretting

The application of the criteria presented in the previous section to fretting-fatigue
is not straightforward. To understand why, it is interesting to look at the results
presented in Figure 1.31 where the experimental crack initiation boundaries founded
by Amargier [Amargier et al., 2010] are presented. The experimental tests have been
performed employing a cylinder /plane configuration, with different pad radii (further
details are presented in Chapter 3). The initiation frontiers are defined with respect
to the maximum local quantities at the contact surface, ¢,,., and pg.

It is clear that this values are not sufficient to univocally characterize the initiation
frontiers. A fundamental role is played by the pad radius. By varying the macroscopic
loads applied to the pad, it is possible to ensure the same stress distribution at the
contact surface no matter which radius is used, still for two different pad radii,
different initiation frontiers will be experienced.

To interpret this trend, two different explanations are possible. By keeping the
same contact distribution for different radii it follows that the size of the contact
varies, as it can be inferred from equation 1.13 where some basics relations between
macroscopic load and contact size for cylinder/plane contact configuration are re-
ported.

I4P/ZR a / Q /P/ZE*

where P is the normal force per unit length. The surface of the zone in stick-slip
condition will increase as well. Therefore, the size effect can be reputed to be a possible
cause of the behavior observed in Figure 1.31. From a statistical point of view, the
increasing of the stick-slip surface will increase the probability to encounter a material
defect or a grain with a favorable orientation for initiation. The quantification of
this effect is one of the research objectives of the PhD work of Barbara Ferry who is
performing experimental tests at the university of Brasilia. With that said, regarding
the crack initiation frontiers presented in Figure 1.31, the surface is in the same
order of magnitude and does not seem to be sufficient to explicate the difference
encountered.
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Figure 1.31: Experimental crack initiation boundaries in term of maximum local
quantities for Inconel 718 in plain fretting as a function of the pad radius [Amargier
et al., 2010].

The second explanation of the crack initiation frontier dependency to the radius
used can be attributed to the gradient effect. As it has already been mentioned,
fretting is characterized by a stress concentration at the contact surface (at the
transition between stick and partial slip zone) followed by a steep gradient. For
a simple configuration as the cylinder/plane one, the mutual dependency between
radius and stress gradient can be summed up by saying that for a smaller radius a
steeper stress gradient is experience by the specimen. With that said, it is important
to notice that two factors influence crack nucleation; (i) the maximum stress at
the hot spot and (ii) the material process volume over which the maximum stress
operates. The increase in pad dimension extends the influence of contact stress below
the surface, and therefore increases the process volume,[Neuber, 1958].

In view of what has been said, it is clear that all the initiation criteria presented
in Section 1.4.1 (with the exception of the empirical ones) if applied in a classic way,
i.e., using as input the stress values at the hot spots, will underestimated the fatigue
life of the part.

To mitigate the effect of the stress concentration or, in other words, to take into
account the gradient effect, the multiaxial fatigue criteria are usually coupled with
some sort of averaging technique over a critical distance. Fouvry, [Fouvry et al.,
2000}, shows that by averaging the stress tensor components over a cubic volume,
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Figure 1.32: Schematic representation of the radial shape process volume, [Proud-
hon et al., 2005].

the length needed to match the experimental result is close to the grain size of the
material, establishing therefore a relation with a characteristic material property.
The same approach is applied by Proudhon, [Proudhon et al., 2005], with the only
difference that the cubic volume is replaced by a circular surface as presented in the
schematic representation of Figure 1.32. Araijo and his colleagues, [Araijo et al.,
2007], coupled the modified Wélher curve method with the theory of critical distance.
This approach is based on the assumption that the damaging process causing crack
initiation is confined within the so-called structural volume. The size of this volume
is considered not to be dependent on either the stress concentration feature or the
complexity of the stress field damaging the fatigue process zone. It is equal to the
value that divides the long crack from the short crack regime, being therefore a
material constant.

This approach shows good results being capable of correctly predicting failures
with an accuracy of about +20%. With that said, it is important to say that to
compute the quantities for applying the above criteria, the stress gradient evolution
needs to be accurately determined. Since its value decreases really fast far from the
surface, to capture this evolution by means of a FE technique, a really fine mesh is
required which makes this criteria difficult to be employed in industrial context.

1.4.2 Life prediction criteria

Two factors play an important role in the crack propagation process under fretting-
fatigue: the surfacic stresses (¢(z), p(z)) have a huge impact in the first part of the
growing path weakening far from the contact where the cyclic bulk stress, o5, becomes
dominant. Depending on the magnitude of the fretting-fatigue loading components
(P, Q, oy ) two different scenarios are then possible as it is presented in Figure 1.33;
either the crack will stop or it will propagate until failure if the bulk load is strong
enough.

For industrial applications, such as, turbofan engines, it is fundamental to be able
to discriminate between these two possible outcomes to achieve a better prediction
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Figure 1.33: Evolution of the crack tip stress intensity factors for plain fretting
and fretting-fatigue, [de Pannemaecker et al., 2015].

of the fatigue life of the component. Several criteria have been developed to address
this issue. Almost all of them try to model the different stages in the crack growth
process (Figure 1.28) to obtain an estimation of the total life of the part. Usually a
crack initiation criterion is coupled with a crack propagation model.

This is the case of the research work performed by Chambon [Chambon and
Journet, 2006], in which for each different stage, stage I, stage II, stage 11T and stage
IV, (Figure 1.28) a phenomenological model is proposed. By assuming that, from an
engineering point of view, cracks nucleate almost immediately when loads are applied,
Chambon exploits the crack-analogue approach, [Giannakopoulos et al., 1998], to
describe the contact problem through fracture mechanics “tools”. Stress intensity
factors are therefore computed and, by applying the Paris’ law, it is possible to
quantify the number of cycles needed for the crack to propagate (stage I and stage
IT). Once the crack penetrates deeper in the specimen a weight function approach for
a kinked crack is used. During this stage, the crack propagates in mode I under the
effect of the bulk load. Once again, the Paris’ law can be used to predict the crack
growth rate; in addition crack arrest can be anticipated by comparing the evolution of
the stress intensity factors with the non propagation threshold, (Kitagawa-Takahashi
diagram, Figure 1.25). The results obtained with this multi-criteria approach match
the experimental total fatigue life with an accuracy rate of +30%.

A powerful tool to accurate predict the crack propagation path and growth
rate is represented by the X-FEM technique. Using this approach Baietto and her
colleagues, [Baietto et al., 2013] propose a methodology coupling experimental data
and numerical simulations in order to predict crack initiation and propagation. In
particular a series of fretting-fatigue tests were performed and interrupted after a
given number of cycles in order to analyze whether the crack was initiated and its
inclination. This data were used as input for the prediction of the crack growth path
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computed using X-FEM algorithm, which is a technique where the finite element
method (FEM) approach is enriched by using discontinuous shape function bases able
to capture the interface discontinuities and the asymptotic behavior close to the crack
front. By comparing the results obtained with the outcome from the experimental
tests, a very good agreement in terms of crack path and growth rate is observed.

1.5 Scientific challenges

In this first chapter an overview of the industrial challenges introduced by fretting-
fatigue have been presented. The damage process caused by this phenomenon can
lead to mechanical failures very early in the life of the part. As a consequence, in
the last fifty years, important research efforts have been done aiming at improving
the design technique against fretting-fatigue.

Undoubtedly, the researchers have made some important progresses. The physical
mechanism leading to crack initiation are now much better known than some decades
ago, increasing computational power and new numerical algorithms (X-FEM for
instance) allow to estimate more accurately the crack propagation phase and finally
fatigue criteria adapted to fretting-fatigue have shown to be able to predict well the
experimental results in terms of fatigue life.

However some issues remain to be addressed. In Figure 1.31 crack initiation
frontiers for a test campaign performed with a plain fretting apparatus are shown.
The different frontiers corresponds to the different pad radii employed in the tests.
Clearly the geometry plays an important role. In particular, the stress gradient
arising as a result of the concentration factor at the surface depends on the contact
configuration. In Figure 1.34b, the stress evolution in the specimen, corresponding
to cylinder/plane contact, is shown. By varying the macroscopic loads, P and @), it
is possible to ensure the same stress distribution for the two different geometries,
nevertheless a different gradient evolution will be experienced and, as a consequence,
a different behavior in terms of crack initiation will be observed.

From practical applications, the dependency of the fatigue behavior on the geom-
etry, is a real problem. To understand why, let’s consider the case of an engine maker,
producing different engines characterized by different size and power. Of course, all
the components need to pass the certification procedures to validate the design. In
this process, fretting-fatigue poses two main problems.

First, it is impossible to perform laboratory test on simple geometries, like the
cylinder/plain one, to infer the effect of fretting-fatigue in terms of life reduction; the
size of this setup is not representative of the real industrial part. The use of these
simple tests are therefore limited to comparative analysis between different material
surface treatments or lubricants.

Secondly, even if a difficult and expensive fretting-fatigue test apparatus is devel-
oped in order to test the fatigue life of the compressor blades, for instance, the analysis
is valid exclusively for that particular design configuration. In other words, the in-
ability to transfer the experimental results between different geometries represents
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Figure 1.34: (a) Typical fretting-fatigue mark on an unbroken specimen, [Bellecave
et al., 2014]; (b) stress gradient evolution for two plain fretting test with different
pad radii.

an enormous cost for industrial applications.

To answer this issue a nonlocal description of the mechanical fields arising in the
proximity of the contact edges is developed. It is based on nonlocal stress intensity
factors (1%, I*, I¢) which, as it is proven in the following chapters, are objective
quantities. In Linear Elastic Fracture Mechanics (LEFM) the similitude principle
states that if two different structures experienced the same stress intensity factor K
at the crack tip, then their behavior in term of crack propagation is identical. It is
therefore possible to transpose the test results obtained on laboratory setup to the
real industrial components, provided that K is the same. By using the nonlocal stress
intensity factors (I°, 1%, I°) the same approach can be applied to fretting-fatigue
problems.

In Section 1.4 several strategies to predict the damaging process have been
presented; some of them ensure good results in terms of fatigue life prediction.
However the application of these criteria are often limited to academic research.
Fretting-fatigue is, in fact, a heavily multiscale phenomenon as it is shown in Figure
1.35. If we consider the blade root/disc attachment, blade dimension is in the order
of some centimeters (Figure 1.35a), the scar produced at the contact surface by
fretting has a characteristic length of some millimeters (Figure 1.35b) while the
stress gradient evolution and the typical crack initiation length is in the order of
some micrometers (Figure 1.35¢).

The fatigue criteria existing in the literature to deal with fretting-fatigue related
problems can be divided in three families:

e The local criteria which are multiaxial fatigue criteria applied by using as input
the stress tensor values at the hot-spot zones in the proximity of the contact
edges. Since fretting-fatigue is characterized by the presence of a strong stress
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Figure 1.35: (a) Wear on the internal part of a CEFM56-3A fan root; (b) fretting-

fatigue scar; (c) cracks initiation sites.

gradient, this approach performs poorly and greatly underestimate the fatigue
life of the components.

The nonlocal criteria that differ from the first ones by the fact that they take
as input the stress tensor at a specific distance to mitigate the effect of the
stress gradient. Acceptable results are obtained. However, a good resolution
of the stress variation is needed. To meet this requirement by means of FE
computations a micrometric mesh size is necessary which is too small and non
compatible with industrial applications due to the excessive computation time.

The criteria based on fracture mechanics which, by analyzing the evolution
of the stress tensors at the crack tip, estimate whether the crack will stop
or propagate. The analysis of the K evolution as a function of the crack
length implies to set up a computational strategy to determine the crack path
resulting from the macroscopic load application. This operation is heavily
time-consuming and difficult to implement in industrial procedures.

To sum up, even if different criteria exist, some of them ensuring good estimations
of the negative effects related to fretting-fatigue, their industrial applications remain
marginal.
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The method developed and presented in this manuscript aims at answering this
issue. The description of the mechanical fields, arising in fretting-fatigue in the
proximity of the contact edges, based on the use of nonlocal stress intensity factors
is well suited for a multiscale approach and is non intrusive; two features that make
it easily implementable in the industrial context.
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Nonlocal description of the
fretting-fatigue problem

In this chapter a new method to take into account the stress gradient
effect in fretting-fatigue is presented.

The approach is applied to the velocity field generated by the interaction
between the contacting bodies in the proximity of the contact edges. In
particular, v, is partitioned into a summation of multiple terms, each one
expressed as the product between nonlocal intensity factors, I°, I, I¢,
depending on the macroscopic loads applied to the mechanical assembly,
and spatial reference fields, d°, d“, d°, depending on the local geometry
of the part. The chapter is organized in the following way: in the first
section, some insights from the work of Giannakopoulos [Giannakopoulos
et al., 1998, Giannakopoulos et al., 2000], and Pommier [Pommier and
Hamam, 2007] are introduced. In a sense, these contributions represent
the basis for the development of the approach. A description of the
analytical tools available to characterize the stress field generated by
fretting-fatigue is presented as well.

In the second part of the chapter, the different steps allowing to obtain
a nonlocal description of the velocity field are detailed.

The chapter ends with a sensitivity analysis in order to understand the
impact that some key parameters have on the final outcome
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Background

Fretting-Fatigue Crack tip
P
| Q Fretting Pad

Figure 2.1: Crack analogue approach (flat punch over planar surface), [Giannakopou-
los et al., 1998].

2.1 Background

One of the main characteristics of fretting-fatigue is the extremely localized and
severe stress gradient generated by the contacting bodies at the interface. This is
similar to what is observed close to a crack tip in terms of stress evolution. As
a consequence, the mechanical fields arising under fretting-fatigue at the contact
edges can be compared with the ones present in the proximity of a crack or a notch
as it is shown by Giannakopoulos [Giannakopoulos et al., 1998, Giannakopoulos
et al., 2000]. In particular, for a configuration where the contact generates a stress
singularity at the contact tip (flat punch over planar surface, Figure 2.1), a crack
analogue model [Giannakopoulos et al., 1998] may be used while a notch analogue
model [Giannakopoulos et al., 2000] is well suited for a situation where a smooth
transition to zero pressure at the contact edges is expected (round punch over planar
surface).

For the configuration presented in Figure 2.1, the comparison between the stress
evolution at the contact edge and at the crack tip can be performed analytically. In
a reference system attached to the contact edge, the stresses generated by a normal
force applied to the fretting pad are found to vary as follows:

Opr sin% +5Sing

3
099 OC__4\/F —sm%—i—i’)smg . (2.1)
O COS% —cosg

By exploiting the crack analogue transformation, ¢ = m — 9 for 0 < < 7, Equation
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2.1 becomes:

O cos % (1 + sin? %)

o o L C083 ¢ (22)
el NG 2 ’

Org sin % cos? %

which describes a stress field evolution matching the one experienced at the crack
tip. It is therefore possible to define a set of stress intensity factors describing the
mechanical field generated by fretting, similarly to what is commonly done in fracture
mechanics (K).

The normal force, P, generates a symmetric mechanical field that is analogue to
what is observed at the crack tip loaded in mode I while the effect of the tangential
force, (), are comparable to a mode II loading. To notice that, since the analytical
equations presented hereunder apply to 2D geometries, from now on, every time that
the quantities P and @) appear in the text, the reader should consider them as force
per unit length.

Considering a frictionless contact, the pressure distribution can be expressed as
follows:

P P

Oy (T) = — s oyy (€ = —a) = —

(2.3)

T 2ar

The effect of the normal pressure is analogue to the opening stress at the crack tip,
K = oyyV27mr. By comparing Equation 2.3 with the equation describing K; at the
crack tip, the following relation is found,

(2.4)

The same approach is applied to find the relation between () and Kj;, obtaining the
following result:

Q
Vra

Equation 2.4 and 2.5 establish a connection between contact and fracture mechanics
for the simple configuration presented in Figure 2.1. This allows to simplify the
analysis of crack initiation and propagation in fretting by exploiting the tools already
developed for fracture mechanics.

Despite the really interesting approach, its practical applications are limited by
the fact that the analytical expressions developed are valid only for the specific
contact geometry presented in Figure 2.1 where the partial slip zone is null.

Concerning the crack tip, an original approach has been proposed by Pommier
[Pommier and Hamam, 2007, Pommier et al., 2009] aiming at describing mixed-mode
cyclic elastic-plastic behavior of this region at the global scale. The purpose is to

KII =

(2.5)
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@ K-dominance
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/
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Plastic zo

R
@ Process zone

Figure 2.2: (a) Illustration of the different scales in fracture mechanics ;(b) reference
frame attached to the crack tip T, [Fremy et al., 2012].

establish a reasonably precise model but condensed into a set of partial differential
equations so as to avoid huge elastic-plastic FE computations. For this purpose the
kinematics of the crack tip region is defined by a set of condensed variables:

dK; | dp;

vr= T;_I(P) d_tIMI(P)a (2.6)
dKir . dprr .

Vi ~ THEH(P) + WH@H(P) (2.7)

Equations 2.6 and 2.7 describe the kinematics of the crack tip region, through a sum
of products of spatial reference fields and intensity factor rates. This approach can
be seen as a multiscale description of the crack tip behavior allowing to precisely
represent what is happening in a confined zone by means of macroscopic quantities.
The two works presented above have been the inspiration for the method pro-
posed in this manuscript. The main idea is to developed a tool capable to describe
the stresses arising close to the contact surface under fretting-fatigue via nonlocal
macroscopic quantities, transposing what has been proposed by Pommier for fracture
mechanics to fretting-fatigue. This approach is justified by the fact that important
analogies exist between the two different problems as proved by Giannakopoulos.

2.2 Mechanical field partitioning technique

Experimental evidence in fretting-fatigue [Proudhon et al., 2007] has shown that
crack initiation is always experienced at the stick-slip region due to the huge increase
in shear stress. This zone is extremely localized considering that its length is some
micrometers and, therefore, a time-consuming FE computation (fine mesh) is needed
to properly characterize the crack initiation risk. To overcome this limitation, the
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idea is to establish a reasonably precise model to describe the stress gradient arising
in the proximity of the contact edge, through a set of condensed variables.

In the presence of a strong stress gradient, the local geometry imposes the spatial
distribution of the mechanical field while its intensity is determined by the macro-
scopic loads. Therefore, the solution of the problem can be described through a
“fracture mechanics” approach, as the product between intensity factors and spatial
reference fields:

(e, t)p = I°()d°(z) + 1*(t)d" (x) + [°(t)d"(z) (2.8)

S

—~ —~

e c

v v

This description is valid in a reference frame attached to the contact edge, as shown
in Figure 2.3.

vp(t)= vp(t)+ v _g(1) lp A
Q y

7

A
y <«

Y

Figure 2.3: Reference frame (R’) attached to the contact tip in which the velocity
field (Equation 2.8) is defined.

In Equation 2.8, two different contributions to the total velocity field, v, are
underlined. v° represents the linear elastic response of the structure while v describes
the nonlinear contribution due to the friction in the stick-slip zone. This is the only
source of nonlinearity since the material behavior is considered to remain inside the
elastic domain. In turn, the elastic velocity field can be divided into a symmetric
and antisymmetric part with respect to the contact plane.

The key assumption, behind this type of description, is to consider that there is
just one degree of freedom for each term. The reference fields (d°, d*, d°) are defined
by the local geometry of the problem and, therefore, only the nonlocal intensity
factors (I°, 1%, I¢) are independent variables. From a different perspective, d*, d*
and d° form an orthonormal basis while I°, I* and I¢ are the coefficients through
which univocally characterize v(z,t) in the proximity of the contact edges.

The partition is done on the velocity field rather than the stress or displacement
fields because the velocity is an extensive variable that characterizes properly the
nonlinear contribution of friction. In other words, to take into account the effect of
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the nonlinearity there is the need to choose a variable that allows one to apply an
incremental description of the mechanical field generated by fretting-fatigue loading.
The velocity field, by definition ((X;+; — X;)/At) has this property.

Finally, it is important to remember that the aforementioned partition relies on
some precise hypothesis. First, a geometric discontinuity is necessary to create the
strong gradient imposing the spatial distribution of the mechanical field, reducing
the degrees of freedom necessary to describe the system. Secondly, small deformation
condition has to be respected to assure the possibility to decompose the velocity field
in independent elastic and nonlinear terms. Lastly, the fact that the algorithm is
applied to a self-similar geometry (scale invariant) permits to describe the reference
fields as a product of two functions, depending separately on r and 9,

&*(z) = &°(r, 0) = [*(r)g°(V), (2.9)
d*(z) = d*(r,9) = f*(r)g"(9), (2.10)
d*(z) = d*(r, 0) =~ f°(r)g°(9). (2.11)

A generic contact configuration does not respect the last hypothesis. However the
algorithm is applied to the velocity field inside a circular zone centered at the contact
edge where, instead, the local geometry can be approximated as self-similar (Figure
2.9)

In the next section, the details to obtain a nonlocal description of the velocity field
are presented. Here, I would like to stress the goal behind this type of approach, which
is the extraction of objective quantities in order to apply the similitude principle
to the fretting-fatigue problem. This would allow us to transpose the experimental
or numerical results to a different scale from the one in which they have been
obtained. In addition the approach must be suitable for industrial applications, no
matter which contact geometry is analyzed. To meet the requirement, we propose a
numerical algorithm based on finite element computations. An analytical approach
([Hills et al., 2012]) could have been chosen as well, but its validity is limited to some
particular contact geometries and its introduction in industrial procedures seems to
be more difficult.

2.3 Contact mechanics and FE computation

The first step for the application of the algorithm is the computation of the veloc-
ity field, that is obtained through finite element analysis. FE computations ensure
superior performance with respect to analytical computations, in particular in any
situation where the contact geometries cannot be described through a 2D approxi-
mation.

In this chapter the method is applied to a cylinder/plane 2D fretting-fatigue
configuration. This choice is driven by the fact that for this particular setup numerous
experimental results are presented in the literature, [Amargier et al., 2010, Fouvry
et al., 2014, Ferré et al., 2013]. This allows one to easily validate the outcomes
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of the numerical algorithm. With that said, the methodology has been developed,
with the aim to be applicable to any possible contact geometry. This topic will be
addressed shortly in the Conclusions where an example studying a 3D fretting-fatigue
configuration is presented.

2.3.1 Stick-slip evolution for plain fretting

In this section the analytical development allowing to fully characterize the normal
and shear stress distribution at the contact surface for a cylinder/plane contact
configuration is presented. These results are important since they are systematically
employed to validate the FE models through which the velocity field is computed;
the velocity field represents the first step in the application of the approach and this
is the reason why it is important to verify it.

As underlined several times in the previous sections, crack initiations are usually
experienced at the stick-slip frontier. For this reason, it is important to accurately
compute the stress field in this zone as a function of the macroscopic loads applied.
For this purpose, the Cattaneo-Mindlin contact solution, [Cattaneo, 1938, Mindlin,
1949, is used.

When the pad and the specimen are pressed together under the action of a normal
force, P, the pressure distribution at the interface between the two contacting bodies
varies according to the following relation:

p(x) = —poy/ 1 — <§>2, (2.12)

where pg is the peak pressure

= 2.13
Po Ta ) ( )
a is the semi-contact width
4PR
=3/ — 2.14
“ TE*’ ( )
R is an equivalent radius
1 1\
R=|(—+— 2.15
(31 * RQ) ! (2.15)

which in the case of the cylinder/plane configuration is equal to the pad radius, and
E* is the equivalent Young’s modulus,

1—v2 1—12\"
E*:( E1V1+ E;?) . (2.16)
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By applying a monotonically increasing tangential force, (), lower than the total
slip limit value, (Q < uP), a shear stress distribution is generated over the contact
surface,

Q

q(z) e (2.17)
Equation 2.17 holds true under the hypothesis of stick contact. However, it is im-
mediately evident that ¢(z) approaches infinity as x — =+a whereas the normal
pressure falls to zero. As a consequence, locally, the stick condition, ¢(x) < up(x),
is not fulfilled. Some slip will occur within part of the contact surface even if the
tangential force is very small, (Figure 2.4). In absence of a fatigue bulk force, the slip
takes place in two symmetrical regions a > |z| > ¢ which surround a stick central
zone |x| < c. To take into account this particular behavior, the shear traction is
represented as a linear superposition of the fully sliding solution and a second term
accounting for the stick central zone distribution,

q(x) = fpoy/1 - (2)2 +q'(2), (2.18)
q(z) = —fpog\/ 1— (%)2 (2.19)

with

and c equals to

c=a 1—‘%'. (2.20)

(_;
Slip Stick

Half-plane _—

Figure 2.4: Schematic representation of cylinder-plane contact configuration under
fretting-fatigue.
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Figure 2.5: Evolution of the stick-slip zone as a function of the tangential force for
cylinder plane configuration in plain fretting.

In Figure 2.5 the evolution of the stick-slip zone as a function of the tangential
force is shown. With regard to the figure, from point A to point B, the increase of
() leads to the extension of the slip zone, reaching its maximum width where the
peak tangential force value is experienced. As soon as the force starts to decrease,
a sudden transition to a stick condition on the whole contact surface is observed.
Further reducing the value of () leads to the appearance of a reverse slip zone due
to the fact that, locally, the relative displacement direction between the surfaces has
been reversed. To take into account this third effect an additional corrective term is

added,

¢'() = 21— (2" (2.21)
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The following shear traction evolution is obtained,

N 2
( ) d<l|z|<a, (2.22)
a
2 2
=—/1- (f) LY f) c< |z <, (2.23)
a a 4
2 / 2 2
- (f> 425 (f,) f 2] < e, (2.24)
a a c
with
C/ Qma:v - Q
— =4/l - —. 2.25
a \/ 2uP ( )

2.3.2 Stick-slip evolution for fretting-fatigue

Once the bulk force is introduced, this term generates a corresponding bulk strain
that is not present in the pad. The Cattaneo-Mindlin contact solution has to be
modified in order to take into account this effect. As for the case of plain fretting
the solution of the stick-slip evolution can be found by describing ¢(x) as a variation
with respect to the total slip condition,

T\ 2

a() = o1 = (2) +4(@), (2:26)
where

q(z) = —upof\/l - (x — e>2, (2.27)

a C
with
OBG
©= T (2.28)

The shear distribution follows the same evolution as the one obtained for the case in
which the bulk stress is equal to zero except for the fact that the center of the stick
zone is shifted from the center of the contact, (|]z — e| < ¢). Figure 2.6 illustrates
what has been said regarding the stick slip zone evolution in presence of a bulk stress.
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Figure 2.6: Illustration of Mindlin surface shear distributions generated in partial
slip cylinder/plane contact under plain fretting and fretting-fatigue loading condi-
tions, [Fouvry et al., 2014].

2.3.3 Stress field computation in the substrate

Once the distribution of the shear and normal force at the contact surface has been
computed, it is possible to determine the stress evolution in the substrate. The most
efficient way to characterize this field consists in using the complex potentials devel-
oped by Muskhelishvili, [Muskhelishvili, 1953], which, for plane elasticity, describe
completely the stress field by means of a function of complex variables, ¢(z),

Gpw + Ty = 2 [¢(z) + ﬁ} , (2.29)

Gy — Owp + 20Ty = 2 [(5 ~20(2) — 3(2) — 6(2)] (2.30)
Orp = V(04 + 0yy), (2.31)

Toy = Tz = 07 (232)

where z = x + iy.
For cylinder/plain contact configuration the analytical expressions of the poten-
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tials are known,

()= 5 /_ s (2.33)
8°(2) = 12—7? _a fgé)zdg. (2.34)

By solving the linear system described by Equations 2.29-2.32, the value of the stress
field for each time step is computed. Once again, the complete solution for a cyclic
loading is obtained by superposing the different contributions (full slide solution +
corrective term for reverse slip 4 corrective term for eccentricity of the slip zone +
bulk load). For instance, for a configuration where the normal load is constant and
the tangential load varies sinusoidally, (P(t) = P, Q(t) = Q* sin(wt)), 0., is found
to vary as follows:

o P(t) = P, and Q(t) = Quas:
aaaw:C%&%»+MCL%$>_ﬁ(%ﬂf@)+@,

Po Do HPo

o P(t) =P, and Quin < Q(t) < Qmas and dQ(t)/dt < 0:

O-(JC.’I? x? ng z’ g O-;‘:E 27 g C/ O-ﬂtv.'b mje Y EI
( w:( ua»_u< g9)+%5( <CC»+
Do Do HPo HPo (2.36)

(A=Y o
_H_(M>+_B

HPo Po ’

[ P(t):P, andQ:Qmin:
zx\ Ly U;?x z’g O'gcoc 27£ U;x x—e,g
a (‘CE y):< (a a))_lu( (a “))—l—,uf (M)%—U_B,
Po Do HPo a HPo Po

o P(t) =P, Qumin < Q(t) < Qmax and dQ(t)/dt > 0:

O-l‘CC x? O-ZPLQJ z? g 0-;,’3,‘ E’ g C/ O-;JQZ x_/6/7 ﬁ’
) _ (2 a>)+u<M)_%(M>+
Po Po KDPo HPo (2.38)

t rx—e Y
C (O, n c ¢ o

HPo Po

where ¢ is the stick zone half width, e and ¢’ are equal to,

¢ _ 5" ¢ _ 05" —opt) (2.39)
a 4pP’ a 8uP ’ '
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Figure 2.7: (a) Von Mises stress distribution in the substrate; (b) Stress tensor
evolution as a function of the normalized depth.

n B

o ol o are the components of the stress tensor generated by normal, tangential
and bulk load, and the other terms take into account the reverse slip.

The evaluation of the stress tensor in the substrate is therefore straightforward.
In Figure 2.7 a simple example of the application of the procedure described above
is presented. The geometry used is a cylinder/plane contact configuration charac-
terized by the following parameters: Pad radius = 20 mm, friction coefficient = 0.8,
Young’s modulus = 119400 MPa, Poisson’s ratio = 0.3, P = 347Nmm™! and Q* =

237N mm'.

2.3.4 FE model details

Figure 2.8 presents the basic features of the finite element model employed in the
fretting-fatigue simulations. It consists in an elastic quasi-static computation and
plane strain linear elastic quadrilateral elements are employed. The elastic simulation
is justified by the fact that, for the loading combinations tested, the stresses do not
overcome the yield limit. In addition, the particular contact configuration chosen
allows one to reproduce an initial 3D experimental setup with a 2D model via the
plane strain assumption.

To model the contact, the Lagrange multipliers technique is chosen. Some bench-
marks have been performed comparing this technique to the others proposed by
the FEM software used, (ABAQUS), and Lagrange multipliers have shown to be
the algorithm that assures the best accuracy. To handle the relative slip between
the two contacting bodies Coulomb’s friction law is employed. Close to the surface,
a region with a structured finer mesh permits to well describe the stress gradient
evolution. The typical length of the elements composing this zone varies in a range
of 5 to 10 pm in order to ensure a good convergence between the FE stress tensor
value at the contact surface and the analytical solution presented in Section 2.3.3.
Linear quadrilateral element, CPE4, are employed assuring the best trade-off between
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accuracy and performance in terms of computational cost.

Concerning the loading, constant normal load (P) and cyclic tangential load (@)
are applied at the top of the pad in order to simulate fretting while a cyclic bulk
load (0p) is applied on the specimen, in phase with the tangential load, to reproduce
the fatigue effect.

With regards to the geometrical and material parameters employed in the FE
model, they depend on the experimental tests that one wish to numerically reproduce.
Chapter 3 focuses on the application of the method developed to experimental
results and therefore further details are given. Here it is sufficient to say that a fully
parametric FE model is employed allowing an easy switch from one configuration to
another.

Q&P&a,
>
>

YYVYVYVYY

A AAAAAAAAAAAL

Figure 2.8: FEM parameters and loading evolution used.

2.4 Nonlocal stress intensity factor computation

In the previous section the FE model to compute the velocity field generated during
a fretting-fatigue simulation has been presented in detail. Once the requested field
is obtained, the next step is represented by the post-treatment of the information
gathered in order to extract the nonlocal intensity factors.

Since the aim is to describe the mechanical fields arising around the contact edges
by exploiting the crack analogue approach, only the values inside the circular region,
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2, of radius r, centered at the contact tip, are analyzed (Figure 2.9),
v(z,t) »v, iCQ, teT, (2.40)

where T is the total time length of the fretting-fatigue simulation. The value of
r is chosen in order to obtain a ratio r/R < 0.05. Since R is determined by the
geometry of the problem, the variation of the ratio has the consequence to increase
or reduce the zone, around the contact edge, where the analysis is performed. The
selected value reflects the idea that the crack analogue approach can be employed
with the hypothesis to be sufficiently close to the contact edge so as to work with a
self-similar geometry. Inside this range no particular sensitivity with respect to r has
been experienced; nevertheless in Section 2.6.1 further details are given concerning
this topic.

l Crack
Analogy

Figure 2.9: Extraction of the velocity field over a circular zone centered at the
contact edge.

2.4.1 Selection of the reference fields

To perform the partition of the velocity field, as presented in Equation 2.8, the first
step consists in the selection of the spatial reference fields. The velocity field at the
contact tip is considered to be comparable to the one originated at the crack tip.
In 2D LEFM, it is a common approach to describe the resultant displacement field
close to the crack tip as a product between intensity factors and spatial reference
fields corresponding to the symmetric (mode I) and antisymmetric (mode II) parts
of the displacement field.

For fretting-fatigue the same approach can be employed, considering that the
geometry is self similar in the proximity of the contact edges. The symmetric and
antisymmetric reference fields are generated respectively by normal and tangential
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Figure 2.10: Different steps in the FE computation to extract the reference fields.

forces (P, Q). In particular d°(z) is selected as the reference field generated by a AP,
while d*(x) as the one produced by a AQ in a situation where all the contact surface
is in a stick condition in order to separate the elastic response from the nonlinear
contribution of the friction arising in the slip zone.

In Figure 2.10 an example of a possible loading path, suitable to extract the
intensity factors, is shown. The normal load reaches its peak value followed by an
unloading step which allows to extract the symmetric reference field. Bearing in
mind the analogy with a crack, this specific loading history reproduces, a mode I
analogue velocity field close to the contact edge

& (z) = Lip) —2lta) (2.41)
tp—1ta

Concerning the tangential load, the same procedure is applied, and a mode II
analogue velocity field is computed. As specified before, the asymmetric reference
field is extracted in a situation where all the contact surface is in stick condition;
the assumption of no slip requires the two bodies to behave as one. For a simple
sinusoidal tangential load this condition is respected every time its derivative changes
sign (In Figure 2.13b a typical evolution of the slip zone is shown). This justifies the
extraction point selection made in Figure 2.10,

da(g) _ z(tD) - &(tc)

2.42
P— (2.42)

2.4.2 Normalization of the reference fields

By expressing the reference fields in polar coordinates, their radial and tangential
evolution with respect to the contact tip are obtained, under the form of a prod-
uct between two functions depending separately on r and ¢. For this purpose the
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Karhunen-Loeve decomposition [Loeve, 1955] is employed (further details concerning
the algorithm are presented in Appendix A),

In Figures 2.11 and 2.12 the outcomes from a plain fretting simulation character-
ized by the following parameters, Pad radius = 20 mm, friction coefficient = 0.8,
Young’s modulus = 119400 MPa, Poisson’s ratio = 0.3, P = 347Nmm™! and Q* =
237Nmm™!, are presented. Both the tangential and radial evolution of d* and d”
show a good accordance with what is observed, in terms of displacement field, at
the crack tip (mode I and mode II), validating the crack analogue approach. It is
worth mentioning that both reference fields are normalized in order to correspond
to the displacement field obtained at the crack tip during an elastic loading phase
with either AK?® = 1MPay/m or AKP = 1 MPay/m.

x 10 (a)

1.0
f(r) evolution at the crack tip (Mode I)
+++ f(r) evolution at the contact tip (AP) 4
0.6
0.2
= g(6)
-0.2
jioeia
g,(6) at the crack tip (Mode I) -0.6
+++ g (6) at the contact tip (AP)
gy(S) at the crack tip (Mode 1)
P gy(e) at the contact tip (AP) 10

0.0 0.2 0.4 0.6 0.8 1.00 mn/4 n/2 3n/4 n 5n/4 3n/2 7n/4 2n
r [mm] 0 [rad]

Figure 2.11: (a) Comparison between radial evolution of d* and radial evolution of

the displacement field at the crack tip (mode I); (b) Comparison between tangential

evolution of d® and tangential evolution of the displacement field at the crack tip
(mode I).
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x 10 (a)

f(r) evolution at the crack tip (Mode Il)
+++ f(r) evolution at the contact tip (AQ)

gx(6) at the crack tip (Mode I1)
+++ gx(0) at the contact tip (AQ)
gy(6) at the crack tip (Mode I1)

+++ gy(0) at the contact tip (AQ)
o . . . . . . . 1.5

0.0 0.2 0.4 0.6 0.8 1.0 0 mn/4 n/2 3n/4 n 5n/4 3n/2 7n/4 2n
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Figure 2.12: (a) Comparison between radial evolution of d* and radial evolution of
the displacement field at the crack tip (mode II); (b) Comparison between tangential
evolution of d" and tangential evolution of the displacement field at the crack tip

(mode II).

2.4.3 Nonlocal intensity factor computation

By projecting the reference fields on the velocity field, outcome of the finite element
computation, the relative intensity factor rates are computed:

N
_ Jov-d° o 20 Uiy dy

Pty =2—— 5 [} ==~ — 2.45
S S e
: A Ny, - do

I“(t):—fﬂy = %[g:—zl it S (2.46)

Jod* - d" SV de-d;

I%(t), I*(t) highlight the contribution of each reference field with respect to the initial
velocity field. A first approximation of v(z,t) is therefore obtained:

v(z,t) = v*(z, t), (2.47)

where
vz, t) = I*(t)d* (z) + 1°(t)d" (z). (2.48)
This description includes just the elastic response of the assembly to the macroscopic

loads (in a reference frame attached to the contact edge), neglecting the effects of
friction in the stick-slip zone, which constitute a source of nonlinearity.
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To evaluate the accuracy of the approximation described by Equation 2.47, the

“elastic” error is computed:
t
\/ Jo [u( <x N 0.19)

In Figure 2.13, its evolution during the fretting-fatigue cycle is presented. With

- — - elastic error —— total error ()
0.20 F /’I /I: _,’l l—': -
= 71 /’ . 1 o
o rol / I // I ! !
o 015 F 1o / | , : I’ 1 E
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Figure 2.13: (a) Error evolution introduced by the approximation; (b) evolution of
the stick-slip region during fretting-fatigue cycle; (c) cyclic tangential load, Q.

the variation of @), the percentage of contact surface, being in a stick-slip condition,
varies. In particular, with the increase of the slip zone, the nonlinear term becomes
more important and, as a consequence, the “elastic” approximation is no more
representative of the initial velocity field. At the same time this behavior can be seen
as a confirmation of the importance of the nonlinear effect of friction. An additional
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term is therefore added to the approximation,
ve(z,t) = v(z, t) — v°(z,1). (2.50)

In this case, The Karhunen-Loeve decomposition is used twice, the first time to
partition the field in a product between two functions depending separately on time
and space:

vz, 1) = I°(t)d" (), (2.51)

and the second time to express the complementary reference field as a function of r

and 9,
d*(z) — d°(r, ) = f(r)g°(9). (2.52)

The intensity of d°(z) decreases quickly (Figure 2.14) confirming the very localized
effect of the friction in the stick-slip region. In addition, the fact that the comple-
mentary field is “confined” and its influence vanishes rapidly allows us to suppose
that the elastic nonlocal intensity factors, I° and %, are sufficient to univocally
characterize the contact edge stress condition. This is exactly the same approach
adopted in fracture mechanics where the hypothesis of small scale yielding permits
to use the linear elastic stress intensity factor, K, to describe the mechanical field
close to the crack tip.

In Figure 2.14, the radial and tangential evolution of the complementary reference
field is shown. In this case the normalization rule applied is such that f¢(r =0) = 1.

The new approximation of the initial velocity field (output from the FE compu-
tation) is eventually obtained (Equation 2.8) and the error associated is expressed
ve(z,t) — ve(z, 1))

as follows:
_ fQ [Q(&, t) -
S \/ fQ v(z,t)?

It is worth noting that, with the introduction of the nonlinear term in the approxi-
mation, the error falls below 5 %, (Figure 2.13a). Moreover, in the definition of the
error (Equations 2.49 and 2.53) each node, where the velocity field is extracted, is
considered to have the same weight equally contributing to the final error. This is
due to the fact that the mesh is structured and uniform, thus, every node has the
same support volume.

(2.53)

2.4.4 Evolution of the intensity factors during fretting-fatigue

By integrating, I¢, I* and I, the evolution of the nonlocal intensity factors is ob-
tained.

I= /T I(7)dr. (2.54)

=0

- 71 -



Chapter 2: Nonlocal description of the fretting-fatigue problem
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Figure 2.14: (a) Radial evolution of d° (b) (++) evolution of g°(J) applied on a
circle around the contact tip.

In Figures 2.15 and 2.16 the variation of 1% I° and I° during a plain fretting
simulation is investigated. The test case is, once again, characterized by the following
parameters, Pad radius = 20 mm, friction coefficient = 0.8, Young’s modulus =
119400 MPa, Poisson’s ratio = 0.3, P = 347Nmm™! and Q* = 237 Nmm .

Two interesting points are highlighted. First, the evolution of I* and I* (Figure
2.15) confirms that the effect of the normal force, P, and tangential force, ), are inde-
pendent. Furthermore, considering the loading evolution used to extract the velocity
field, (Figure 2.15), characterized by a sinusoidal tangential force, (), a sinusoidal
bulk load, o, and a constant normal force, P, it is clear that

/ ()t = o, () =0,

since a constant force has no effect on the velocity field that takes into account only
the incremental changes. This is the reason why it is important to include in the
loading history a small variation of the normal force, AP, which allows to compute
the effect of P,

s s P
I :IAPE, (255)

where I3, is computed for a very small AP in order to consider negligible the
variation of the contact area resulting from the change in the normal force. This
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Figure 2.15: Evolution of I* and [® during a plain fretting FE simulation.
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Figure 2.16: Evolution of /* and I¢ during a plain fretting FE simulation.
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assumption implies that in the case where the normal force, P varies over the cycles,
the partition technique has to be applied in an incremental way since the current
formulation does not take into account the displacement of the contact front (to
remember that for a constant normal force, no matter which tangential force is
applied, the contact surface remains unchanged while the size of the partial slip zone
will change).

By contrast, I* varies in phase with the tangential load Q.

Concerning ¢, term that takes into account the nonlinear contribution introduced
by the friction coefficient, it is interesting to look at the hysteresis loop presented in
Figure 2.16. The area below the curve represents the energy dissipated by friction.
Once again, the trend shown confirms the independence of the different mechanisms
intervening in the definitions of the velocity field. For instance, when the slip zone
becomes null, 7¢ does not vary and vice versa.

To sum up, the partition permits to reduce the degrees of freedom needed to
characterize the velocity field. As a matter of fact, for any given macroscopic load
combination (P, Q, og), I*, I and I° give a portrait of the severity of the stresses
arising close to the contact edges during a fretting-fatigue simulation. These nonlocal
quantities are computed studying the evolution of the mechanical fields and therefore
the gradient effect is taken into account. The main steps in order to partition the
velocity field are listed hereunder:

step 1: for any given macroscopic load combination and geometry, a FE computation
is performed to obtain the velocity field close to the contact edges,

step 2: the spatial reference fields, d*(x), d*(x) are selected,

step 3: the intensity factor rates, Is, I*, are computed (elastic approximation),

step 4: an additional term, v¢(z, t), is introduced to take into account the nonlinearity
linked to the effect of friction at the contact interfaces

step 5: v°(z,t) is partitioned to obtain d°(z) and I¢,
step 6: the integration of the intensity factor rates is performed to get, I°, I* and I°.
The following relation is therefore established,

(P,Q,0p) & (I°,1°,I). (2.56)

2.5 Influence of the contact geometry on the ref-
erence functions

One of the most interesting aspects of the partition technique applied to the velocity
field described in this chapter, relies on the possibility to describe v(z,t) by means of
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Macroscopic loads @

FE computation

Y

v(x,t) extraction

d5(x), d*(x) extraction

Figure 2.17: Schematic representations of the steps of the algorithm: (—) classic
path, (—) the re-computation of the reference fields is skipped.

a summation of different terms, each one expressed as the product between nonlocal
intensity factors, depending on the macroscopic loads applied to the mechanical
assembly, and reference functions depending on the local geometry of the part.

The fact that the reference functions depend just on the contact geometry is really
important because for a given configuration, it allows to compute them once and then,
if other computations are needed, only the intensity factors are extracted thanks
to the information gathered in the previous step. This can reduce the computation
time (no need to extract and normalize the reference fields, Figure 2.17) in situations
where, for instance, for a given geometry, a lot of different load combinations are
tested in order to verify which one is the most dangerous for the structure.

As a results of what has been said, one would expect to be compelled to recompute
the reference functions each time the contact geometry changes. Fortunately, it is
not the case. It is important to recall the initial hypothesis in order to apply the
velocity field partition:

e a self-similar geometry,
e a geometric discontinuity,
e small deformations / infinitesimal strain,

e analysis performed in a reference system attached to the contact tip.
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If these hypothesis hold true for a different contact configuration from the one for
which the reference functions have been computed, there is no need to perform this
computation a second time.

In Figures 2.18,2.19 and 2.20, the evolution of d°(z), d*(x) and d°(x), as a function
of the pad radius, is analyzed. Here, the variation of the pad size is used to simulate a
change in geometry, in particular the biggest radius tested is 4 times the smallest one.
The results clearly show that no matter which radius is used the reference functions
do not change.

1.5 | |
— ¢, (R=10mm) ----- g, (R=10 mm)
1.0 — 9% (R=20mm) ... g°, (R=20 mm)
. — g, (R=40mm)  ----- g, (R=40 mm)

-1.5

0 n/4 mn/2 3n/4 m 5n/4 3m/2 7n/4 2n
0 [rad]

Figure 2.18: Comparison of g*(¢J) for different geometries characterize by a change
in pad radius.

These results are meaningful. The industrial applications are characterized by
contact configurations different from the simple cylinder/plane contact. For instance,
in the case of a disc/blade root attachment the contact geometry is more similar to
plane/plane contact with rounded edges. Nevertheless, close to the contact tip, where
the partition technique is applied, the aforementioned hypothesis are respected, since
as shown in Figure 2.21, locally the contact geometry is self-similar. In other words,
the fact that the reference functions remain unchanged gives to the algorithm the
flexibility needed to be easily applicable in the industrial context.

2.6 Sensitivity analysis

In the previous sections the details on how to partition the velocity field to extract
nonlocal intensity factors characterizing the stress field close to the contact tip have
been presented. Hereunder a sensitivity analysis is carried out in order to study
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Figure 2.19: Comparison of g°(?)) for different geometries characterize by a change
in pad radius.
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Figure 2.20: Comparison of g°(9) for different geometries characterize by a change
in pad radius.
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Figure 2.21: Plane/plane contact configuration with rounded edges.

the influence of several parameters on the extraction of the nonlocal stress intensity
factors:

e the influence of the size of the extraction zone (circular region centered at the
contact tip, Figure 2.9),

e the influence of the mesh size.
e the influence of the mesh type (structured mesh vs non structured one).

The study is carried out by recording the evolution of I}, . and I*® as a function of
the aforementioned parameters. To notice that, the analysis is limited to the elastic
nonlocal intensity factors, I* and I since it is assumed that they are sufficient to
univocally characterize the contact edge stress condition. In addition, considering
that the value of I* varies during the simulation, only its maximum value, ¢  is

used for the study.

2.6.1 Influence of the size of the extraction zone

In Section 2.4 it has been explained that only the velocity field values in a circular
region, (), of radius, r, centered at the contact edge, are retained for the partition.
The value of r is chosen in order to obtain a ratio, /R < 0.05, condition that ensure
the applicability of the approach. This assumption permits to set an upper boundary
for the value of r, while the lower boundary is determined such as to obtain a circular
zone large enough to include at the same time the stick and the slip zone. A radius
too small will overestimate the effect of the friction in the slip zone.

Nevertheless, it is important to analyze the influence of the radius of the extraction
zone on the outputs of the numerical algorithm (Figure 2.22). The analysis has
been carried out on a reference contact configuration characterized by the following
parameters: plain fretting analysis, Pad radius = 20 mm, friction coefficient = 1.0,
Young’s modulus = 119400 MPa, Poisson’s ratio = 0.3, P = 347 Nmm™! and Q*
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Figure 2.22: Schematic representation of the sensitivity analysis concerning the
effect of the variation of the size of the extraction zone, 2.

= 237N mm~!. The contact zone half width is equal to 0.37 mm and the slip zone
accounts for 32 percent of the total contact surface.

Different computations of the nonlocal intensity factors are performed, varying
the value of r employed.

In Figures 2.23 and 2.24, the results of the sensitivity analysis are presented.
Starting from an initial reference situation where the values of r is considered equal
to the contact half width, a., the size of the extraction zone has been forced to vary
in a range of 0.5a. to 1.5a.. The outcome of the analysis shows that the procedure is
robust with respect to a change in the value of r. In Figure 2.24 the relative error with
respect to the reference situation, r = a., is displayed. A remarkable low difference in
the computation of the nonlocal intensity factors is observed in particular for values
of r higher than a.. The worst case in term of relative errors (close to 10 per cent)
is when r approaches 0.5a.; this condition corresponds to a situation close to the
lower boundary of the acceptable r variation and this explains the observable but
still reasonable error.
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Figure 2.23: Nonlocal intensity factor as a function of radius.
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Figure 2.24: Error evolution as a function of radius.
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Figure 2.25: Mesh employed in the FE computations.

2.6.2 Influence of the mesh size

One of the key points of the research work presented in this manuscript is the
possibility to apply the algorithm developed to extract nonlocal intensity factors
from industrial size FE models. For this purpose it is necessary to verify how the
value of If7 ~and I° are modified by a change in the mesh size or in the type of
elements used in the simulation. The analysis is carried out on a reference contact
configuration characterized by the following parameters: plain fretting analysis, Pad
radius = 20 mm, friction coefficient = 1.0, Young’s modulus = 119 400 MPa, Poisson’s
ratio = 0.3, P = 347Nmm™! and Q* = 237 Nmm~!. Close to the surface, a region
characterized by a structured finer mesh of linear quadrilateral elements CPE4R
(Figure 2.25) permits to well describe the stress gradient evolution. Step by step, the
size of the quadrilateral elements, [, is increased diminishing the number of elements
needed to cover the contact surface. The variation of the nonlocal intensity factors
as a function of the mesh size is recorded.

The results, presented in Figure 2.26, show a good stability. Different compu-
tations are performed, varying the mesh size, [, in a range from 5 pm to 70 pm.
Considering that for the configuration used to perform the analysis the half contact
width is equal to 0.37 mm, this means that the number of elements needed to cover
all the contact surface passes from around 140 to 10. Despite the big variation in
the mesh size, the nonlocal intensity factor values are sufficiently stable.

A quantitative evaluation confirming the last statement is presented in Figure
2.26 which displays the evolution of different relative percentage errors defined as
follows:

e Error on the shear force computation

FE _  th

’qmacc max
67- - IOOT 5
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where ¢ = is the maximum shear stress at the contact surface computed
using Cattaneo-Mindlin relation, and ¢/ is the value computed through FE
computation.

e Error on the symmetric nonlocal intensity factor

Is — Is )

o0

where 7 is the converged value extracted, in this case, with a mesh character-
ized by a size equal to 5 pm.

e Error on the antisymmetric nonlocal intensity factor

€10 = 100 %ax - gfbaac,oo|
Ia —_— a .

max,00

e Total error

To notice that the definition of &, and &, differs from the one given in Section
2.4.3 since, in this case instead of studying their evolution during the simulation, the
maximum value is recorded and compared to other computations characterized by a
different mesh size.

By comparing the evolution of the different errors displayed in Figure 2.27, it
is clear that the algorithm developed to extract the nonlocal intensity factors by
post-processing the velocity field has a satisfactory precision even with rough meshes.
In particular, it is worth noting that, despite an increasing error in the computation
of the contact stress distribution overcoming 40 percent for rougher meshes, the
values of I? ~—and I° are just marginally perturbed with a percentage error which
does not cross the 5 % line.

The highlighted square in the Figure 2.27, (bottom left hand corner) represents
the “industrial domain”, meaning that if it is possible to assure good precision,
and a reasonable number of elements to cover the whole contact zone, than the
methodology can be applied to industrial size FE models. This requirement is met.
Furthermore, as a bonus, by reducing the number of elements in the analyzed zone
the computation time is reduced as well. In the test case employed to perform the
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computations displayed above, passing from a mesh size of 5pm to one of 50 pm
will reduce the number of extraction points from more than fifteen thousand to less
than two hundred. By comparing these two situations in term of time to perform all
the procedure (FE computation + post-treatment of the velocity field to extract the
intensity factors) in the first case it takes more than 5 hours while in the second case
only 4 minutes are sufficient. This benchmark has been performed on a computer
equipped with a Intel Xeon X5660 processor, 12GB RAM and a clock frequency
equal to 2.8 GHz.
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Figure 2.26: Nonlocal intensity factor as a function of the mesh size.
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Figure 2.27: Error evolution as a function of the mesh size.

2.6.3 Influence of the mesh type

In the previous section the influence of the mesh size on the nonlocal intensity factor
value has been investigated. Here the analysis is repeated but instead of working
with structured meshes, different possibilities have been tested such us triangular
nonstructured mesh exploiting linear and quadratic elements, CPE3 and CP6M, and
quadrilateral nonstructured mesh, CPE4R and CPESR.

The aim is to verify whether it is possible or not to get rid off the structured mesh
constraint which can be interesting for industrial applications since a nonstructured
mesh is usually easier to put in place via automated mesh generators.

The reference contact configuration is the same of the one introduced in the
previous section with the exception of the mesh definition.

The results of the analysis are presented in Figures 2.28 and 2.29. The highlighted
error bar is defined with respect to the reference value obtained for a structured
mesh composed by linear quadrilateral elements with a size of around 5pm. For a
nonstructured mesh composed by linear elements the error increases faster compared
to the reference case, especially when the number of elements is drastically reduced.
Nevertheless, a possible solution is to use quadratic elements which show a much
better stability on the whole range.

-84 -



Chapter highlights

Number of elements in the contact zone

19 5 10 20 30 40 50 60 70
—e °cres --m-- [(cPeg)
—-e-- [ScPeEsR) --m-- Ii(g(PEBR)
1 L e |ScPEoM) - -m-- |2(aCXPE6M) ]
--e-- |ScPE4r) --m-- Iz(aCXPE4R)
10 |
S ] +5%
x DS St St S TLEE TR )
8
S
— 9 - 7]
o
]
8 I EECEELEEY :—=—=—=':‘:‘;:*;’l;:-_-l_-=—:-:_:_:l_:_-_i:_1: _____ - ; T + 5 %
7t |
6 T TTT

— 18.4 12.2 9.2 7.3 6.1 5.2

| | | | | | Mesh size, |, (um)
737 614 527 46.1 410 369

Figure 2.28: Nonlocal intensity factor as a function of the mesh size and ele-
ment type: CPE3 (linear triangular element), CPE4R (linear quadrilateral element),
CPE6M (quadratic triangular element) CPESR (quadratic quadrilateral element).

2.7 Chapter highlights

In this chapter a new method to describe the velocity field produced by fretting-
fatigue close to the contact edges has been introduced.

In the presence of a strong gradient, the local geometry imposes the spatial dis-
tribution of the mechanical field while its intensity is determined by the macroscopic
loads. Therefore, the solution of the problem can be described through a “fracture
mechanics” approach, as the product between intensity factors and spatial reference
fields. These quantities are defined in a frame attached to the contact edge. The
mathematical details to perform this decomposition have been presented, as well as
a practical example on a test case.

The nonlocal intensity factors are extracted by analyzing the velocity field close
to the contact edges and therefore they include the information on the stress gradient
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Figure 2.29: Error evolution as a function of the mesh size and element type:

CPE3 (linear triangular element), CPE4R (linear quadrilateral element), CPE6M

(quadratic triangular element) CPESR (quadratic quadrilateral element). Example of

triangular and quadrilateral meshes for a configuration corresponding to 10 elements
for half-contact width.
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evolution produced by fretting-fatigue.

In the second part of the chapter, a sensitivity analysis is carried out, aiming at
investigating the influence of the variation of some key parameters on the algorithm
outcome. T'wo main results have been obtained:

e The fact that the reference functions remain unchanged with the variation of the
contact geometry (provided that some hypothesis are respected) is important
because it allows one to compare different attachment configurations just by
looking at the value of the nonlocal intensity factors.

e [t is shown that the values of I* and I® are only marginally influenced by the
change of mesh size and type, which is a key point to introduce the approach
inside the industrial applications.
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Application of the approach to
fretting-fatigue test data

In the previous chapter the details to extract the nonlocal stress intensity
factors have been presented. They are computed analyzing the velocity
field close to the contact edges and they are defined with the objective to
take into account the gradient effect. Here, this statement is verified by
comparing the numerical results with experimental data coming from the
works of Amargier, [Amargier et al., 2010}, Ferré [Ferré et al., 2013] and
Fouvry, [Fouvry et al., 2014]. The aim is to confirm the transferability of
the experimental fretting-fatigue data to different geometries from the
one in which they have been obtained

In particular, it is shown how a common crack initiation map expressed
in (¢maz — po) coordinates, characterized by different initiation frontiers
depending on the geometry employed, is transformed if the nonlocal
intensity factors, (12,, — I°), are used as reference quantities.

In the first part of the chapter, the experimental data used to validate
the algorithm are presented while in the second part, the steps to obtain
the nonlocal crack initiation map are detailed. A sensitivity analysis is
performed in order to understand the impact that some key parameters
have on the final outcome.
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3.1 Application strategy

In Chapter 2 the velocity field generated close to the contact edges during a fretting-
fatigue simulation is partitioned into a summation of multiple terms, each one ex-
pressed as the product between nonlocal intensity factors, I°, I*, I¢, depending on the
macroscopic loads applied to the mechanical assembly, and spatial reference fields,
d®, d*, d°, depending on the local geometry of the part. In this approach, the nonlocal
stress intensity factors play the same role of K; and K in fracture mechanics. In
other words, I®, I*, I¢, are an index of the severity of the stresses arising close to
the contact edges. Their values vary all along the simulation as a results of the evo-
lution of the macroscopic loads. In presence of a complex loading spectrum, only the
maximum values of the nonlocal stress intensity factors are retained which represent
the worst condition the material will encountered. In particular, in this chapter the
loading evolution used to reproduce the experimental tests is such that the resultant
nonlocal intensity factors are characterized by the following evolution (analogue to
what it has been shown in Section 2.4.4):

I°(t) = I .. sin(wt) (3.1)
I(t) = I, sin(wt) (3.2)
) = I° (3.3)
op(t) = of* sin(wt) (3.4)

To univocally characterize the loading condition the following set of values are
sufficient: (1%, 18 .0y 15 00)-

The test results presented in [Amargier et al., 2010, Ferré et al., 2013, Fouvry
et al., 2014], describe different crack initiation frontiers as a function of the pad
radius employed. The data are obtained on a cylinder/plane configuration from plain
fretting and fretting-fatigue test campaigns. The frontiers are expressed in local
coordinates, (Gmaz — Po)-

Knowing the values at which crack initiation is experienced, FE simulations
are run in order to reconstruct the velocity field corresponding to these loading
conditions. By applying the algorithm developed, the nonlocal stress intensity factors
are eventually computed.

To sum up, starting from the experimental points describing the initiation fron-
tiers in plain fretting, the method presented in Chapter 2 is applied and a set of
nonlocal stress intensity factors is extracted. This process is repeated for each ex-
perimental point and a new initiation curve based on I% — I*® is defined, (Figure
3.1).

It is worth noting that only the elastic non local stress intensity factors are
used in the description of the crack initiation frontiers. The first reason why I¢ is
neglected relies on the fact that this term describes the nonlinear effect of friction
which is extremely localized as confirmed in Figure 2.14. As a consequence, the
elastic nonlocal intensity factors, I* and /¢, are sufficient to univocally characterized
the contact edge stress evolution. This approach is analogue to the one followed in
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Figure 3.1: Different steps in the application of the methodology developed in
Chapter 2.

fracture mechanics where the hypothesis of small scale yielding permits to use an
elastic stress intensity factor, K, to describe the mechanical field close to the crack
tip. Secondly, all the test data are obtained assuring that the contact was in partial
slip regime. As Vinsdbo and Sodemberg [Vingsbo and Soderberg, 1988] pointed out,
in this condition the wear rate due to friction is negligible which justifies the choice
to neglect I°.

The process is generalized to fretting-fatigue, where a nonlocal initiation surface,
(12 .0, I%, 075 is built.

In the following sections a detailed description of the experimental data used for
the application of the procedure, as well as the test conditions in which the data
have been obtained, are presented.

3.2 Experimental data

The main idea behind the application process is based on the description of the crack
initiation frontiers, which are heavily influenced by the gradient effect, through the
use of nonlocal intensity factors. The aim is to verify whether these quantities are
objective quantities able to take into account the gradient effect.

Concerning the experimental data, the selection has been driven by the need to
test different materials in order to verify that the outcomes are not influenced by
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Figure 3.2: (a) Plain fretting; (b) fretting-fatigue test apparatus.
the material chosen.

3.2.1 Test apparatus

Plain fretting tests are carried out using a tension-compression MTS hydraulic
system [Fouvry et al., 1996]. A schematic representation of the machine is shown
in Figure 3.2a. The normal force (P) is kept constant, while a purely alternating
cyclic displacement () is imposed. As a consequence, a cyclic tangential load (Q)
is generated at the contact surface. After a certain number of cycles, usually 10°
or 10°%, the test is stopped and the specimen is cut along the median axis of the
fretting scar in order to verify whether the crack is initiated or not. This procedure
is repeated several times to find the tangential load amplitude (Q*) that provokes
crack initiation for a given normal load.

The same procedure is repeated for fretting-fatigue, as well. In this case, experi-
ments are performed using a dual actuator device [Meriaux et al., 2010] that allows
to separate the application of fretting and fatigue loading, Figure 3.2b. The analysis
focuses on how the crack initiation frontiers, previously found for plain fretting, move
with the introduction of a fatigue force in phase with the fretting loading.

3.2.2 Ti-6Al-4V

Ferré [Ferré et al., 2013] performed plain fretting and fretting-fatigue tests with spec-
imens made of Ti-6A1-4V, which is a two phase titanium based alloy. An hexagonal
close-packed alpha phase (60 %) in coexistence with a body-centered cubic beta
phase (40 %) is observed. The main mechanical properties are presented in Table
3.1.
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Figure 3.3: (a) Crack initiation frontiers in plain fretting for different contact
configurations; (b) evolution of the crack initiation frontiers in fretting-fatigue for
two different radii (o5(R = 0.01)), TI-6Al-4V.

Elastic modulus 119.4 (GPa)
Poisson’s ratio 0.29

Coulomb’s friction coefficient 1.0

Yield stress 970 (MPa)
or—_1(10%) 0.97-p.e; (MPa)
Tr=—1(10°) 0.65-prey (MPa)
AKy, 5.5 (MPay/m)

Table 3.1: Mechanical properties of Ti-6Al-4V used in [Ferré et al., 2013].

The reference values for traction-compression fatigue limit and full torsion fatigue
limit are extracted for a load ratio equal to -1. This choice is driven by the fact that
in fretting, close to the contact edges, where the crack initiation probability is the
highest, a fully reversed loading is experienced. Moreover the targeted crack initiation
life in the experimental tests corresponds to 10° cycles. o_; and 7_; are identified
by applying the staircase method.

Due to confidentiality issues, the obtained fatigue values and the following crack
initiation map are normalized with respect to a reference maximum Hertzian peak
pressure (p,.r) used to standardize the analysis of the crack nucleation process.

By following the procedure described in section 3.2.1 the crack initiation map
presented in Figure 3.3 is obtained. The results clearly show the effects of the stress
gradient. The lowest is the pad radius the highest is the threshold value for crack
initiation, keeping the normal pressure constant. As already explained in Chapter 1,
it is important to notice that two factors influence crack nucleation; (i) the maximum
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stress at the stick-slip frontier and (ii) the material process volume over which the
maximum stress operates. The increase in pad dimension extends the influence of
the contact stress below the surface, and therefore augments the process volume,
[Neuber, 1958].

All the results have been obtained considering a crack initiation length threshold
equal to 70 pm.

Figure 3.3 shows the effect of the introduction of a fatigue force in phase with the
fretting tangential load, on the initiation frontiers. Little or no effect is experienced
for small values of o3*" up to 0.5 05" /p,cs , followed by an observable reduction
in the initiation threshold for bigger values.

3.2.3 Inconel 718

Here the reference data come from the research performed by Amargier, [Amargier
et al., 2010]. The author carried out some tests in plain fretting employing a cylin-
der /plane contact configuration, where both the pad and the flat specimen are made
of Inconel 718. This nickel based alloy is annealed at about 1000 °C, and then heated
to an intermediate temperature, 8 hours at 720 °C followed by a second step at 620 °C
for 10 hours, so as to induce precipitation hardening. The heat treatment ends with
air cooling. In Table 3.2 some material data are listed.
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Figure 3.4: (a) Crack initiation frontiers in plain fretting for different contact
configurations , Inconel 718.
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Elastic modulus 203 (GPa)
Poisson’s ratio 0.29

Coulomb’s friction coefficient 1.0

Yield stress >1000 (MPa)
Ultimate tensile strength >1300 (MPa)
Tr=—1/0r=_1(10°) 0.85

AKy, 5.0 (MPay/m)

Table 3.2: Mechanical properties of Inconel 718 used in [Amargier et al., 2010].

To quantify the effect of the stress gradient on crack initiation frontiers, the
author performs several tests varying the cylinder radius employed; three pad radii
are used: 80 mm, 40 mm and 20mm. In Figure 3.4 the results are displayed. It is
important to add that the threshold length to determine whether a crack is initiated
or not is equal to 10 pm.

Once again the gradient effect is evident confirming what has already been pre-
sented for TI-6Al-4V.

3.2.4 35NiCrMol6 low-alloyed steel

Fouvry [Fouvry et al., 2014], performed plain fretting and fretting-fatigue tests with
specimens made of 35NiCrMo16 low-alloyed steel displaying a tempered martensitic
structure. The key properties for the material employed are listed in Table 3.3

Elastic modulus 205 (GPa)
Poisson’s ratio 0.3

Coulomb’s friction coefficient 0.8

Yield stress 950 (MPa)
Ultimate tensile strength 1130 (MPa)
or=—1(107) 575 (MPa)
Tre1(107) 386 (MPa)
Long crack threshold, AK, 3.2 (MPay/m)

Table 3.3: Mechanical properties of 35NiCrMol6 low-alloyed steel.

Once again the results obtained by the author, presented in Table 3.4 and dis-
played in Figure 3.5, underline the effect of the stress gradient on the crack initiation
frontiers. The analysis is analogue to the one already presented for the previous
materials. The crack initiation length threshold is equal to 10 micrometers and the
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Figure 3.5: (a) Crack initiation frontiers in plain fretting for different contact
configurations; (b) evolution of the crack initiation frontiers in fretting-fatigue for
two different radii, 35NiCrMo16 low-alloyed steel.

number of cycles, after which the specimen surface is inspected to verify whether a

crack is initiated or not, is equal to 10°.

max

R M P Q" 0B Rp Po dmax
(mm) (N/mm) (N/mm) (MPa) (MPa) (MPa)

PF, 20 0.8 353 186 0 - 800 517
PF, 20 0.8 552 218 0 - 1000 559
PF3 40  0.85 398 271 0 - 600 454
PF, 40  0.85 707 287 0 - 800 468
PF; 40 0.75 1100 310 0 - 1000 471
PFg 80 0.79 795 305 0 - 600 329
PF; 80  0.78 1414 399 0 - 800 374
PFs 80 0.7 2209 470 0 - 1000 395
FFy 40  0.85 398 210 100 0.1 600 400
FFio 40 0.85 398 192 200 0.1 600 393
FFy, 40 0.85 398 100 400 0.1 600 329
FFio 80  0.79 795 273 100 0.1 600 319
FFi3 80  0.79 795 261 200 0.1 600 320
FF4 80  0.79 795 137 400 0.1 600 286

Table 3.4: Test data for 35NiCrMol6 low-alloyed steel presented in [Fouvry et al.,
2014] (PF: plain fretting, FF: fretting-fatigue), number of cycles = 10°.
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3.3 Application of the approach

Referring to what has been already introduced in Section 3.1, hereunder the procedure
is explained in detail.

The different steps to build a nonlocal representation of the crack initiation
frontiers based on /* and I are listed in Figure 3.1. The starting point is represented
by the experimental data expressed in a (po, ¢maz, 05*") reference system, (Figures
3.3, 3.4, 3.5). To reproduce the velocity field corresponding to this local values a FE
computation is needed.

In Figure 2.8 a standard FE model used to perform this type of computation is
presented. As it is possible to see, the input quantities to load the structures are
the normal and tangential force, (P and @), applied at the pad surface to simulate
fretting and op, applied to the specimen to reproduce the fatigue effect.

Therefore for a given point, P, of coordinates, (po, ¢maz, 05*"), the following rela-

tion,
P(p07 Qmaz, Ugam) = P(Pa Q: O'gmm)a (35>

needs to be determined in order to compute the loading forces to use in the FE model.
For this purpose, the equations describing the cylinder/plane contact problem are
used.

The peak pressure, pg, at the contact surface is equal to:

PE* TR
p =2t .
R’ Pop (3.6)

where R and E* have already been defined in Equations 2.15 and 2.16.
Concerning ¢,q., its computation is more complicated. The distribution of the
shear load at the contact surface writes as follows:

a(x) = o \/1—(3)2—2\/1—(93;6)2 , (3.7)

Po =

where
Q
= 1—|—= 3.8
e= 1= (33)
and
opa
e = . 3.9
4p1po (3.9)
By replacing Equations 3.8 and 3.9 in 3.5, the following relation is obtained:
2
Q O.gbaa:
maz = 1— 1—— — : 3.10
q HPo ( WP 4pupg (3.10)
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By solving Equation 3.10 with respect to @, it follows,

TRq? 1mRoZ* (oF*™ 2
t = D — = . 3.11
It is worth noting that in plain fretting o3** is equal to zero, and as a consequence,
mRq?
= R 3.12
Q B (3.12)

To sum up, by exploiting the Mindlin-Cattaneo solutions for cylinder/plane con-
tact, it is possible to express () and P as a function of py and ¢,q,. In other words,
for a given point expressed in (¢maz, Po, 05 *") coordinates, Equations 3.6 and 3.10 de-
scribe the transformation rules to obtain the same point in a (P, Q*, 073**) reference
system. This step is necessary since allows one to determine the macroscopic loads
to apply as input in the FE model to compute the velocity field generated by the
interaction between the two contacting bodies during a fretting-fatigue simulation.

Thanks to the relations developed in the previous paragraphs it is now possible
to tackle the two following problems: (i) how the crack initiation frontiers will be
transposed by using nonlocal intensity factors as reference quantities and (ii) similarly,
how the gross slip frontier will be transformed in this new reference system.

3.3.1 Gross slip frontier

To transpose the crack initiation frontier, (Figure 3.4a), expressed as a function of
Gmaz and pg, in a nonlocal representation, the first question to be addressed is how
the gross slip frontier will be transformed by the change of reference quantities.

For this purpose, for a given Coulomb friction coefficient, different points laying
on the corresponding gross slip limit are transposed on (7% -I°) crack initiation
map and a nonlocal gross slip frontier is defined (I%,,,/I° = f1). Different pad radii
are tested in order to verify whether the geometry has an influence or not.

In more detail, provided that the interactions between the contacting bodies is
handled by using the Coulomb’s friction law, the gross slip frontier expressed in a
(Gmaz — Po) reference system, is a straight line passing through the origin with a slope
equal to the friction coefficient, (¢mnaz/po = ). Similar results are obtained if the
frontier is described as a function of the macroscopic loads, P and Q*, (Q*/P = p).

For a given point, P, of coordinates (Q*, Q*/u), a finite element computation is
performed using as loading: @ = Q*sin(wt) and P = Q*/u. The velocity field is then
extracted and post-processed to extract I?  and I°. A description of the gross slip
limit as a functions of nonlocal coordinates is eventually obtained.

In Table 3.5 the outcomes of the application of the aforementioned procedure to
the configuration presented in [Fouvry et al., 2014], are displayed. Three different
radii have been tested to analyze the influence of the change in geometry on the
slip frontiers. Similarly, three different coulomb friction coefficients are analyzed to

determine how these values are transformed.
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R=20mm | R=40mm | R=80mm
qmaw(MPa) Po (MP&) M [gna:c s Igmax I® Ignaz I*

300 600 05| 54 7.0 7.4 10.2 | 10.0 14.5
400 800 05| 82 11.0| 11.2 159|149 219
500 1000 05| 11.3 155 | 155 22.11| 19.8 304
300 429 0.7 4.6 4.2 6.3 6.1 8.7 8.8
400 571 0.7 70 65| 96 95 | 13.1 135
500 714 0.7 9.7 92 | 13.3 133|179 187
300 333 09| 4.1 2.8 5.6 4.1 7.7 6.0
400 444 09| 6.2 4.4 8.6 6.5 | 11.8 9.3
500 555 09| 8.6 6.3 | 11.9 9.1 | 16.2 129

Table 3.5: Gross slip frontier evolution in nonlocal quantities for 35NiCrMol6 low-
alloyed steel.

In Figure 3.6 a graphical representation of the information gathered in Table 3.5
is presented. Two conclusions can be drawn. First, there is a linear relation between
local (1) and nonlocal (1) Coulomb’s friction coefficients,

Iy . /J1° = where [ = apu. (3.13)

Secondly, the geometry has no important effect. Regardless of the pad radius, for a
given p, all the points that represent the outcome of the transposition from local to
nonlocal coordinates lay on the same line, (Figure 3.6a).

A similar behavior is observed for the two other materials tested, TI-6A1-4V and
Inconel 718.

In Figures 3.7 and 3.8 the results are displayed and in Table 3.6 a summary of the
computed linear parameters, «, linking the local friction coefficients to the nonlocal
ones, is presented.

Material E (GPa) | v Lo| a—ia=au
35NiCrMol6 low-alloyed steel 205 0.3 |08 1.48
Inconel 718 203 0.29 | 1.0 1.47
Ti-6Al-4V 119 0.29 | 1.0 1.45

Table 3.6: Variation of the ratio between local and nonlocal friction coefficient as
a function of the material considered.

The definition of a nonlocal friction coefficient is particularly interesting since
in fretting-fatigue the definition of a local p is tricky due to the different contact
conditions experienced at the interface, i.e stick and partial slip. The difficulties

- 100 -



Application of the approach

(a) (b) 0.7 0.9
25 . . - . - 2.0
u= 83 ‘u=0.73
H=0.
20} u=05 )/ : ]
© =10 1.5
" 7 [ 1.33
15 ¢ P
IS //./ /.//o// H]O 777777777777777 1.00
10| &= . .
PR B £ ——— 0.73
by
5 1 //;i‘.)‘ o R=20mm, 0.5 o R=20mm
p
//j/‘ o R=40 mm <>R=40 mm
0 Yy ) ) ) _oR=§Omm 00 o R=80mm
0 5 10 1a5 20 25 30 0.0 0.5 1.0 1.5 2.0
Imax l“l

Figure 3.6: (a) Evolution of the gross slip limit in nonlocal coordinates for different
Coulomb’s friction coefficients and different geometries (Table 3.5); (b) relation
between local and nonlocal friction coefficient (35NiCrMol6 low-alloyed steel).
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Figure 3.7: (a) Evolution of the gross slip limit in nonlocal coordinates for different
Coulomb’s friction coefficients and different geometries; (b) relation between local
and nonlocal friction coefficient (TI-6Al-4V).
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Figure 3.8: (a) Evolution of the gross slip limit in nonlocal coordinates for different
Coulomb’s friction coefficients and different geometries; (b) relation between local
and nonlocal friction coefficient (Inconel 718).

encountered in the experimental identification of this parameter are proved by the
fact that different procedures exist ([Hills and Nowell, 1994, Proudhon et al., 2005])
which give sometimes pretty different results.

For these reasons, the nonlocal friction coefficient, /i, seems to be better suited
for fretting-fatigue contact problems.

3.3.2 Plain fretting

Knowing how the gross slip frontier changes, the procedure is repeated to verify how
the crack initiation thresholds are transformed.
For plain fretting, the steps followed are listed hereunder.

1. The experimental works highlight some crack initiation frontiers expressed in
(Gmaz-Po) coordinates (Figures 3.4a, 3.3a, 3.5). For each point on these frontiers
the relative macroscopic loads (P, Q*) are computed by exploiting Equations
3.6 and 3.10.

2. A FE computation is performed to obtain the velocity field close to the contact
edges. P and Q*, computed in the previous step, are used here to load the
structure.

3. The nonlocal intensity factors are obtained, following the steps listed in Section
2.4.4.
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4. A crack initiation map based on nonlocal quantities is built.
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Figure 3.9: Nonlocal crack initiation boundaries for Inconel 718 in plain fretting.
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Figure 3.10: Nonlocal crack initiation boundaries for Ti-6Al1-4V in plain fretting.

- 103 -



Chapter 3: Application of the approach to fretting-fatigue test data

35
30
[ )
25 t
[ )
®
20 f ®
®
§ :
‘e
15
K g o
:0 4 1/u
10 t m ¢
]
® ®@ R=80mm
5F @® ¢ R=40mm 1
Gross slip zone EE R=20mm
0

o 5 10 15 20 25 30 35
|

max

Figure 3.11: Nonlocal crack initiation boundaries for 35NiCrMo16 low-alloyed steel
in plain fretting.

It is worth mentioning that, in order to have a better understanding of how crack
initiation frontiers are transformed, the experimental data are enriched; a linear
interpolation of the experimental points is done and this permits to apply the steps
listed above on a more complete set of data.

Figures 3.9, 3.10 and 3.11 present the outcome of the procedure described above.

The interest in adopting a nonlocal representation of the crack initiation frontiers
is evident. The classic crack initiation frontiers, expressed either in (g¢mnaz-po) or
(Q*-P) coordinates, clearly show the influence of the gradient since, for different
geometries tested, different frontiers are obtained. If the same map is represented
through nonlocal quantities, the gradient effect disappears and all the curves merge
into a single one.

3.3.3 Fretting-fatigue

In [Ferré, 2013] and [Fouvry et al., 2014] some experimental tests have been carried
out aiming at analyzing the evolution of the crack initiation frontiers when a cyclic
bulk load, (¢), in phase with the tangential force, @, is introduced. More precisely, for
a given pressure level (pg fixed), different tests are performed varying the magnitude

of 0f* and recording each time the value of g,,,, leading to crack initiation after
a certain number of cycles. The results of these test campaigns are displayed in
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Figure 3.12: Nonlocal crack initiation boundaries evolution with the introduction
of a cyclic bulk load, op, for 35NiCrMo16 low-alloyed steel in fretting-fatigue.

Figures 3.3b and 3.5b; for small values of the cyclic bulk load little or no effect on
the initiation frontiers are experienced. A reduction in the ¢,,,, amplitude, needed

to initiated cracks, starts to be observable when o%7** overcomes 200 MPa.

The data, collected by the authors cited above, allow us to study how the nonlocal
crack initiation frontiers is modified by the introduction of a cyclic bulk force. As
a matter of fact, a third dimension is added to the initiation map introduced in
the previous paragraph. The evolution of ¢, as a function of 0", transposed in

max

nonlocal quantities, becomes the evolution of 1% as a function of o5 (I* is fixed
since it depends on P which does not vary).

The steps followed to obtain the new representation are the same of the ones
presented in Section 3.3.2 except that the macroscopic loads, applied as input in the
FE computation, include the fatigue force, as well. As for plain fretting, the available
data are enriched by interpolating the experimental points.

The outcomes of the transposition are presented in Figures 3.12 and 3.13. The
introduction of a cyclic bulk force does not change the trend already observed in
Figures 3.3b and 3.5b. No matter which reference system is used, large values of op
have a negative effect on the initiation frontiers.
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Figure 3.13: Nonlocal crack initiation boundaries evolution with the introduction
of a cyclic bulk load, o, for Ti-6Al-4V in fretting-fatigue.
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Figure 3.14: Nonlocal crack initiation frontier in fretting-fatigue for Ti-6Al-4V.
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Since the experimental data available have been obtained for a fixed pressure,
(po), only the evolution of a specific point of coordinates (¢maz, Do) on the crack
initiation frontier is analyzed. Basically, what is possible to infer from the data is
how this point evolves inside a three-dimensional space where the third dimension is
represented by o7**. Assuming that the frontier moves together with the analyzed
point, then a local crack initiation surface, S, that depends on py, Gime and oF**
can be defined. By applying the approach described in Chapter 2 the correspondent
nonlocal intensity factors are extracted, which permit to define a tridimensional
nonlocal crack initiation map (12,,., I® and o3*") as presented in Figure 3.14.

To sum up, using the results coming from the plain fretting experimental cam-
paign and the ones obtained in fretting-fatigue a tridimensional crack initiation map
is defined. By expressing this map in nonlocal quantities it is possible to eliminate the
gradient effect and, therefore, a single frontier is obtained no matter which geometry
is used.

The results obtained here are important for several reasons.

First it has been proven that the nonlocal intensity factors represent a set of
objective quantities allowing to describe the crack initiation frontiers eliminating the
dependency on the contact geometry caused by the gradient.

This could allow to reduce the number of experimental tests in order to certify
components characterized by different contact configurations.

The nonlocal intensity factors represents in fact a powerful tool to transpose the
results from a geometry to another.

Here the limitation remains the fact that experimental tests are still needed to
build the initiation frontier for a given material. This is the reason why in the next
chapter we focus in finding a multiaxial criterion in order to predict the initiation
frontier just by using simple material fatigue data. This should permit us to get rid of
the experimental tests, which will represent a big saving for industrial applications.

3.4 Influence of the friction coefficient variation

Usually one of the first step during a plain fretting or fretting-fatigue test campaign
is to evaluate the friction coefficient for the given materials (pad and specimen)
employed. Two main procedures allow one to compute this parameter.

The first possibility to determine the friction coefficient for a cylinder plane
contact configuration under condition of plane deformation is the technique described
by Hills and Nowell in [Hills and Nowell, 1994]. The authors point out that the
different slip and stick zone presented in fretting are characterized by different friction
coefficients. Furthermore this value evolves with the number of cycles. It can be useful
therefore to define an average friction coefficient on the entire contact surface:

= —a . (3.14)
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Figure 3.15: (a) Variable displacement method to compute the friction coefficient
(b) evolution of the friction coefficient as a function of contact radius and maximum
Hertzian pressure, [Fouvry et al., 2014].

Starting from this macroscopic value it is then possible to go back to the friction
coefficient in the slip zone by exploiting the Mindlin-Cattaneo calculation:

_ 2 /us Q Q .1 Q
=iy — — 1— + sin 1-— dpts, 3.15
T J o (usP \/ ps P ps P (3.15)

where g is the coefficient of friction at the beginning of the experiments where its
value is still constant over the entire contact surface, and pu, is the coefficient of

friction in the slip zone.

A second technique for estimating p is based on the assumption that the friction
coefficient measured at the transition between partial and gross slip regimes (1)
provides a representative value of the friction under partial slip condition (i.e. p; &
tts), [Proudhon et al., 2005]. A variable displacement method is employed to determine
the transition value. The procedure consists in keeping the normal load (P) constant
whereas the relative displacement amplitude (0*) is progressively increased. For
cylinder plane configuration the transition point is identified as the point where the
tangential force ratio (Q/P) and the friction energy ratio (A = E;/4Q*§*) show a
discontinuity.

No matter which technique is used to evaluate the friction coefficient, large
variation in the computed value of p is usually experienced. In this context, it is
fundamental to test the sensitivity of the numerical algorithm developed with re-
spect to the value of the friction coefficient employed. The study is carried out by
investigating how the nonlocal crack initiation map is influenced by a change on the
nominal p. More precisely starting from the crack initiation frontiers obtained by
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Figure 3.16: Variation of the crack initiation frontiers as a function of the friction
coefficient for TI-6Al-4V.

Ferré [Ferré et al., 2013] (Figure 3.3a), the macroscopic forces (P, ()) are computed
and then the FE computation is run to obtain the velocity field. The friction coeffi-
cient used in the FE model has been varied with respect to the experimental value
found by Ferré to simulate an uncertainty.

In Figure 3.16 the results of the analysis are presented. In particular the nonlocal
initiation curve obtained with the original Coulomb’s friction coefficient (1 = 1)
is compared with a second curve, output of a computation in which the friction
coefficient is intentionally lowered to 0.7. The lower friction coefficient makes the
frontier move toward the left and this is coherent. The macroscopic loads leading
to crack initiation are kept constant, and therefore the reduction of p will result in
lower shear stresses at the contact interface and as a consequence lower values of I¢,
as well.

Nevertheless the results clearly show that no matter which value of the friction
coefficient is used, the behavior already observed does not change. The crack initiation
frontiers keep superposing one on the other if the nonlocal intensity factors are
employed as coordinates.

We can, therefore, conclude that the procedure to describe fretting-fatigue through
nonlocal quantities is robust with respect to an uncertainty on the friction coefficient.
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3.5 Chapter highlights

In this chapter the algorithm developed has been applied to experimental data coming
from plain fretting and fretting-fatigue test campaigns. Several local crack initiation
maps expressed in (¢nq: — po) coordinates are transposed by using I% —and I° as
reference quantities.

The application of the procedure has several important advantages.

First, the nonlocal intensity factors are geometry independent. This is an im-
portant point because experimental data, expressed either in (Q* — P) or (¢maz-Po)
coordinates, clearly show that for different geometries various crack initiation fron-
tiers are observed. This represents a limitation for industrial applications since it is
difficult to transpose the results obtained on laboratory test machines to real-scale
industrial components. On the contrary, if the crack initiation map is expressed
in nonlocal quantities (1%,,-1°), that take into account the gradient effect, all the
different crack initiation frontiers merge into a single one. As a consequence, the
nonlocal intensity factors can be considered objective quantities through which it is
possible to compare different fretting-fatigue experimental or numerical results.

Secondly, the good stability shown by the method allows one to apply it to more
complex contact configurations, such us, the disc-blade root attachment in a turbofan
engine. The spatial reference fields depend only on the local geometry of the parts
and therefore for a given configuration they can be pre-computed through the use of
a fine mesh as it is presented in Section 2.3. Then, for any given macroscopic load
combination a rough mesh FE computation will be performed aiming at extracting
directly the nonlocal intensity factors thanks to the information already stocked
on the shape of the reference fields. Neither the methods based on the theory of
critical distances, nor the ones based on stress intensity factor computation have this
peculiarity obliging to adopt very fine meshes (micrometer size).

- 110 -



Chapter 4

Crack initiation prediction criteria

In the previous chapter it has been shown how, by describing the crack
initiation map with nonlocal stress intensity factors as reference quanti-
ties, it is possible to define an initiation frontier, which is independent
of the geometry of the contacting bodies.

Here, the goal is to predict the location of the frontier by using simple
material data, such us the fatigue limit or the crack initiation threshold.
For this purpose, several multiaxial fatigue criteria are coupled to the
description of fretting-fatigue through nonlocal intensity factors which
allow to obtain a numerical crack initiation frontier as a function of ¢, .,
I? and o,

An attempt to link the nonlocal stress intensity factors, corresponding
to the crack initiation frontiers, with a AK threshold is done as well.
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4.1 Crack initiation frontier prediction strategy

The nonlocal stress intensity factors employed to univocally characterized the velocity
field close to the contact edges under fretting-fatigue are used here to predict the
fatigue behavior of the contacting bodies. For this purpose two main approaches are
investigated.

The first one consists in applying different multiaxial fatigue criteria using as input
the stress field associated to the nonlocal intensity factors previously computed. More
precisely, since there is a direct relation between (1°, 12, . 07") and the magnitude
of the velocity field generated at the contact tip, by exploiting the Hooke’s law, it
is possible to compute the stress field, so that a link between the nonlocal stress
intensity factors and the stress field arising close to the contact edge is established.

The second approach aims at correlating directly the nonlocal stress intensity
factors corresponding to the crack initiation frontier with a AK threshold as it is
usually done in fracture mechanics.

4.2 Multiaxial fatigue criteria

4.2.1 From velocity field to stress field

By applying the partition technique detailed in Chapter 2, it is possible to describe
the velocity field generated close to the contact tip under fretting-fatigue through a
set of nonlocal quantities. Thus, for a given set of macroscopic loads, P, () and oF**
the following relation is determined:

(P,Q,05) < (I*, 1%, I°). (4.1)

The velocity field can be described as follows (in a reference system attached to the
contact front),

v(z, t) = I*(t)d* (z) + 1*(t)d" (z) + I°(t)d"(z) . (4.2)

(. J J
—~ —~
c

e

v v

Since the third term, v, describing the nonlinear effect of friction, is extremely
localized (Figure 2.14), it is assumed that its effect on the velocity field can be
neglected, provided that the analyzed zone is large enough. This approach is analogue
to the one followed in fracture mechanics where the hypothesis of small scale yielding
permits to use an elastic stress intensity factor, K, to describe the mechanical field
close to the crack tip.

The steps to pass from the velocity field to the stress field are listed hereunder,

u(z, 1) = / () d* ()t + / (1) ()t (4.3)
d*

@ [ /Is a
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Once the displacement field is obtained, the strain tensor is derived,

iy = 1"ej; + I’gy}, (4.5)
where
o-GE)] a-bEE) e
The stress tensor is eventually computed by exploiting Hooke’s equation
0ij = "oy + Ioy, (4.7)
where
035 = Cijhi€i, o5 = Cijucpy- (4.8)

Here the general idea on how to obtain the stress tensor using as input the nonlocal
intensity factors has been introduced. In the next sections the mathematical details
are presented.

It is worth mentioning that by deriving the strain tensor as described above, an
approximation is made since the displacement field is defined in a reference system
attached to the contact front the strain is defined in a reference system attached to
the deformed material.

4.2.2 Reference field interpolation

In order to perform the derivative of the reference functions, d*(z) and d°(z), as
described in Equation 4.6, two possibilities can be considered. A numerical technique
such as the central difference method can be used. On the other hand, a second
option consists in interpolating the reference field with derivable functions allowing
to obtain an analytical expression of the strain tensor.

The second strategy has been chosen since by looking at the characteristic shape
of d*(z) and d*(x) the analogy with the displacement field at the crack tip is evident,
which allows one to use the equations already developed for fracture mechanics to
describe the evolution of the reference fields in fretting-fatigue.

In more detail, the velocity field at the crack tip for Mode I and Mode II, in the
reference frame presented in Figure 4.1, is described by the following relations,

vy = K f(r)gz(9), (4.9)
fi(r) = % % L) = 4V1_ 1 cos() sin(V/2) + ?11/——42 sin(9/2),
v, = K1 f(r)g, (), (4.10)
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Qil = KHfH(T)Q;iI(ﬂ)? (4.11)
41 —v?) [r 1 v —5
Iy _ o 19y _
()= z 5 () Wl cos() cos(/2) + 1 —4 cos(9/2),
Qél = KHf(T)Hg;I(ﬁ)v (4.12)
priy = M) T ) - L coso)sing9/2) + 2L sin(oy2)
"TTTE or W T )R 4" '

The above equations are valid for plain strain, and they are slightly different from
the ones that can be found in the literature, [Anderson, 2005], due to the reference
system (Figure 4.1) chosen and the normalization rules applied,

g (9) = %(0) ;gé(zw) —1, (4.13)
g”(z?) _ gil(o) _295(27)

=1. (4.14)

Concerning the symmetric and antisymmetric reference field in fretting-fatigue,
their evolution with respect to the analogue field at the crack tip are displayed in
Figures 4.2 and 4.3 (the details on how these fields and their evolution have been
obtained are presented in Chapter 2). Both the reference fields are normalized in
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Figure 4.2: (a) Comparison between radial evolution of d* and radial evolution of

the displacement field at the crack tip (mode I); (b) Comparison between tangential

evolution of d° and tangential evolution of the displacement field at the crack tip
(mode I).
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Figure 4.3: (a) Comparison between radial evolution of d* and radial evolution of
the displacement field at the crack tip (mode II); (b) Comparison between tangential
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(mode II).
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order to correspond to the velocity field obtained at the crack tip during an elastic
loading phase with a unitary K; and K.

As a result of what has been shown above, the following relation can be used to
obtain an analytical description of the antysimmetric and symmetric reference field.
In particular, comparing the radial evolution at the crack tip and at the contact
edge, they are almost identical which justifies the following simplification,

s a 4(1 — I/2> r
frlr) =14 =—%— o0 (4.15)
where f* and f are the radial evolution of d*(z) and d*(x).

In regard to ¢°(J) and ¢g%(1J), either they are described through the functions
coming from the fracture mechanics or by using an interpolation technique. The first
choice introduces an approximation, since as it shown in Figures 4.2 and 4.3, little
but not negligible differences are present between the tangential evolution observed
at the crack tip and the one experienced at the contact edge.

The analytical expression of ¢°(¢) and ¢*(1)) are therefore obtained by interpo-
lating their evolution with derivable functions. A wise selection of the interpolation
functions consists in exploiting the crack analogue approach by using the same equa-
tions describing the kinetics field around the crack tip, and adapting them by means
of a least square approach. In more detail, the interpolation functions chosen are the
followings ones,

5(9) = o cos(¥) sin(¥/2) + Fsin(1/2), (4.16)
3 (9) = 5 cos(D) cos(/2) + & cos(9/2), (4.17)
2(9) = € cos(9) cos(9/2) + ¢ cos(v9)2), (4.18)
§°(9) = ncos(d) sin(9/2) + Asin(9/2). (4.19)

The values of the coefficients are computed by minimizing the difference between
the output of the velocity field partition and the interpolating functions.

For instance, for a reference configuration characterized by the following pa-
rameters — plain fretting analysis, Pad radius = 20 mm, friction coefficient = 1.0,
Young’s modulus = 119400 MPa, Poisson’s ratio = 0.3, P = 347 Nmm™! and Q* =
237N mm~"! — once the velocity field is partitioned, d*(z) and d*(z) can be computed
and ¢*(¢) and ¢*(9) are determined. The analytical expression of these fields is
eventually obtained in the following way,

Symmetric field: o, —minllg; — gill, 7,0 — min|lg; — g;l], (4.20)

Antisymmetric field: €, — min [lg7 — gzl, 7, A — min|gy —gyll.  (4.21)
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By replacing the computed coefficient values in Equations 4.16-4.19 a satisfactory
interpolation of the reference fields is obtained.

In Table 4.1 the values of the coefficients, outcome of the minimization procedure,
are displayed.

Fretting-fatigue Fracture mechanics
o -0.3199 1/(4v —4) = —0.3501
6] -0.6021 (3 —4v)/(4v — 4) = —0.6499
y 0.3004 1/(4 —4v) = 0.3501
o 0.6829 (3—4v)/(4 —4v) = 0.6499
€ -0.5244 1/(4v —4) = —0.3501
¢ 1.5244 (4v —5)/(4v — 4) = 1.3501
i -0.3377 1/(4v —4) — 0.3501
A -0.0104 (4v —1)/(4v — 4) = —0.0504

Table 4.1: Coefficient values allowing to interpolate g°(¢) and g*() and the ones
obtained for crack-tip displacement field in mode I and mode II.

The value of the coefficients describing mode I and mode II velocity field in frac-
ture mechanics are displayed as well, which allows to have a quantitative estimation
of the error introduced by applying the crack analogue approach.

In Figures 4.5 and 4.4 the results of the interpolation are presented. The functions
used allow to reproduce the variation of the symmetric and antisymmetric reference
field accurately.

4.2.3 Computation of the strain and stress field

Once that the analytical description of d°(z) and d”(z) is obtained, the corresponding
strain field can be computed as described in Equation 4.6. To notice that by using
Equations 4.15-4.19, the reference fields are implicitly described in polar coordinates.
This has to be taken into account in order to perform the derivatives to compute
the strain field,

" _(0di(r,9) Or  Odg(r,0) 0V

£aa(r9) = ( or o 09 oz) (4.22)
co () = ody(r, 19)& N ody(r, 19)6_19 |

vy or Oy 09 Oy

(4.23)

ody(r,9) or  ody(r,0) 09 9de(r,9) Or  dde(r,9) OV
o _ (94, PG\ V) OV | 0,1, V) O | 04,1 V) OV ) oy
oy ) ( or Ox * 09 Ox - or 0y * oY ay) (424)
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Figure 4.5: Interpolation of g¢(4).
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. s s < . . s
The same process is repeated for €;,, €;, and €; . Knowing the expression of d°(z)

and d’(x), the computation of the strain field is straightforward,

Eop = K\/g@?; D sin (9/2) (—a + B 4 acos(¥) + acos(20)) (4.25)
gy = K % (Vl; D sin (0/2) (v — § + v cos(d) + v cos(29)) , (4.26)
ety = ) 5= o (02) (a4 B+ 5+ 6+ (3 — ) cos() — cos(20).
(4.27)
et =K % (1 _EVQ) cos (¥/2) (e + ¢ + ecos(d)) — ecos(20)) , (4.28)
gy = K % (1 ;?VQ) cos (0/2) (n+ A — ncos(V) + ncos(29)) (4.29)
ey = K i (v E_’ D sin (9/2) (e = ¢ —n+ A+ (¢ +n)(cos(¥) + cos(21))) .
(4.30)

For the sake of simplicity, in the equations above and in the ones that will follow,
K; = K;; = K = 1MPay/m. The unitary value comes from the fact that the
reference fields are normalized in order to correspond to the displacement field
obtained at the crack tip during an elastic loading phase characterized by a stress
intensity factor equal to 1.

By exploiting Hooke’s law, the stress field corresponding to d°(z) and d“(z) is
eventually obtained,

o = K\/%;y __11 (=3(v — Do — 28 + 208 — vy + 208) sin(9/2) +
+ ((v — Do — vy) sin(59/2)), (4.31)
ol = K\/%;j—_ll (—y +v(3a — 28+~ —20) + 20) sin(V/2)+
— (vl =) +7)sin(59/2)), (4.32)
Toy = K\/217r_r(1 —v)cos(¥/2)(a+ +v+0— (a—)(cos(¥) — cos(20))), (4.33)
o, =v(og, +0,,), (4.34)
I Lty Y A
Oan = Ko 7 s/ e —vet CHv(=CHn+ )+

— ((v — 1)e + vn)(cos(¥) — cos(29))), (4.35)
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" 1 v—-1

_— Kﬁm((n +v(3e 420 —n — 2\) + 2X) cos(V/2)+

+ (n—v(e+mn))cos(59/2)), (4.36)

[

1
To, = K

o \/%(1/ —1(e=C—n+ A+ (e+n)(cos(?) + cos(29))) sin(¥/2), (4.37)

or, = v(og, +0y,). (4.38)
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Figure 4.6: Comparison between the evolution of o,, pr at the contact front and
ousor at the crack tip (FF: fretting fatigue, CT: crack tip).

The derivation of the stress field, corresponding to d° and d“, permits to compare
them with the corresponding fields produced by a mode I and mode II loading at
the crack tip. The comparison is carried out, for a given value of . The value chosen
corresponds to the normal to the specimen surface (Figure 4.6) that is the zone
where crack initiation is usually experienced.

A percentage error is defined as follows,

|O-$‘FF_O-$‘CT| |0-(‘1‘FF_0-(‘1‘CT
;ij _ 1%, ij, a _ 19, ig.CTl (4.39)

) oij

S a
9:5,cT 9i5,cT
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where 0;; pr is the stress component at the contact edge, while 0;; cr is the stress
component at the crack tip.

In Table 4.2 the relative percentage error corresponding to the different compo-
nents of the stress tensor are reported.

In Figure 4.6 a visual comparison between o, at the crack tip and at the contact
tip is displayed. The difference observed remains quite small for all the components.

§ora €oyy §o.. Erey
Symmetric field 12.3 6.1 2.7 7.6
Antisymmetric field 16.8 15.1 10.0 15.5

Table 4.2: Percentage relative error between the stress tensor at the contact edge
and at the crack tip for ¢ = 3/27.

y/a=1 y/a=1

500 | [— T,
Col— T (F)

Xy

-800 | — 0, (FE)

— o (IF)
-1000 AR S S 5 S S 0 AR SN S S S N—
00 01 02 03 04 05 06 0.7 00 01 02 03 04 05 06 0.7
y [mm] y [mm]

Figure 4.7: Stress field re-construction by using the nonlocal intensity factors (FE

parameters: plain-fretting analysis, Pad radius = 20 mm, friction coefficient = 1.0,

Young’s modulus = 119400 MPa, Poisson’s ratio = 0.3, P = 347 Nmm ™! and Q* =
237N mm™!), IF: intensity factors, FE: finite elements.

The evolution of the stress field around the contact edge, during a fretting-
fatigue simulation as a function of the macroscopic loads applied, can be described
by superposing the effect of the symmetric and antisymmetric field as follows,

iz, t) = I*(t)of;(z) + I°of;(z). (4.40)

ij

In Figure 4.7 the stress tensor obtained by applying the equation above, has been
compared to the output from a FE computation. With respect to o,, a good match
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is observed close to the contact surface. Concerning 7,,, instead, Equation 4.40
overestimates its value. This is due to the fact that, by describing the stress field
corresponding to d* and d* with a crack analogue formalism, a stress singularity is
introduced for r equal to zero.

To sum up, starting with the computation of the velocity field close to the contact
edge generated by fretting-fatigue it is possible to extract nonlocal intensity factors,
univocally characterizing the mechanical field. In this section, the steps in order
to compute the stress field associated to the nonlocal intensity factors have been
detailed.

4.2.4 Application of the multiaxial fatigue criteria

The relation between the nonlocal intensity factors and the stress field, as a function
of the macroscopic loads applied to the structure, has been determined. Here, this
knowledge is exploited to adapt several common multiaxial fatigue criteria to the
formalism developed. In regards to crack initiation, experimental evidence shows
that a big role is played by the shear stress that is at the origin of the slip band
formation along preferential slip planes and by the normal stress with respect to
these planes that promotes the crack opening. These two mechanisms are the basis
for several crack initiation prediction criteria, that, in the more general form, can be
described as follows,

ar, + AP < A, (4.41)

where 7, is a quantity that takes into account the effective shear stress playing the
role of initiating the crack. Since the stress tensor evolution can be nonproportional,
depending on the criterion chosen, different formulations to compute 7, are presented.
P is the term that quantifies the crack opening mechanism and once again, depending
on the criterion chosen, it can be equal to the maximum value of the hydrostatic
pressure over the cycles or to the normal stress corresponding to the plane maximizing
Te, €tcC.
a and [ are material factors defining which of the two mechanisms prevails. They are
usually obtained with simple fatigue tests such as, push-pull and pure torsion. \, as
well, is a material parameter and the domain respecting the inequality presented in
Equation 4.41 represents a safe crack initiation zone in a (7, — P) reference system.
Since in the previous section the stress tensor around the contact edge is obtained
as a function of the nonlocal intensity factors, Equation 4.41 can be rewritten as
follows,
ate (I8

max?

I°, 0% + BP(I%,  T°, o) < A, (4.42)

so that, by computing the different terms as a function of I°, I* and og the following
equation is obtained,

f e I 05™) < A (4.43)
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This permits to translate the no-crack initiation domain from the (7, — P) ref-
erence system to the (1% . I° o) one, allowing to apply the multiaxial criterion

max?

chosen directly on the nonlocal crack initiation map developed in Chapter 3.

The details of this procedure are described in the following sections where the
Crossland criterion, [Crossland, 1956] and the modified Wdohler curve method, [Araijo
et al., 2007], are used to predict the crack initiation threshold in nonlocal coordinates.
The plain fretting case is handled at first and then the approach is generalized to
fretting-fatigue.

4.2.4.1 Modified Wohler curve method - plain fretting

The use of the Modified Wohler Curve Method (MWCM) in conjunction with the
Theory of Critical Distances (TCD) relies on the assumption that all the physical
mechanisms leading to crack initiation can be confined within the so-called structural
volume. Furthermore the size of this volume is assumed not to be dependent on either
the stress concentration feature weakening the component or the complexity of the
stress field damaging the fatigue process zone and it can be defined as follows,

L=1 <AK”L)2. (4.44)

T \Ao_;

The idea behind this approach is to consider that, if Kitagawa-Takahashi curve is
approximated with two straight asymptotic lines (Figure 1.25), cracks can grow up
to a length equal to L/2, without reducing the nominal fatigue limit of the material.

The principal mechanisms leading to crack initiation for the modified Wdhler
curve method are 7,, the equivalent shear stress, and the ratio between oy, the
normal stress on the critical plane, and 7,

UN,max<30*7 Oé*, l)
Ta (%, %, 1)

(" " ) + K <A, (4.45)

where k and A are material parameters calibrated using, for instance, push-pull and
torsional fatigue limits for a load ratio, R, equals to -1,

K=T_1— % A=T_1, (4.46)

and [ is the distance from the surface where the stress tensor is computed (Figure
4.8). The critical plane is determined as follows:

(¢ ) max [r.(p, a,1)] . (4.47)
(pyal)
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Figure 4.8: Schematic view of the different steps in the application of the modified
Wohler Curve Method, [Aradjo et al., 2007].

Using the above equation a “damage” index, D, can be defined:

O-N,maac(@*v Oé*)
T (o, a*, 1)

D(l) = 1,(¢*, ", 1) + - A (4.48)
If D at [ = L/2 is negative, this criterion predicts no crack initiation, or, if an
initiation occurs, the crack size will not exceed the short crack regime.

To compute the different terms in Equation 4.45, for a given material point in
the specimen, it is convenient to define a plane A, passing through the point under
consideration, identified by the normal, n. The normal stress with respect to A will
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be written as follows,

ay(t) = (n-a(t) n)n, (4.49)
and its magnitude is equal to:

on(t) = (n-a(t) n). (4.50)

Its amplitude, on,, and mean value, oy ., are easily computed, as well as, its maxi-
mum value with respect to a given plane,

1 .
ONa =5 (I?EaTXGN(t) — min O'N<t)) : (4.51)

1 .
ONm = (ItneaTxaN(t) +min UN(t)> , (4.52)
ON,maz = ON,a + ON,m- (453)

To compute the equivalent shear stress, the procedure is a little bit more compli-
cated if the loading are not proportional since 7, the projection of g -n over the plane
A, acts tangentially to the plane but non necessarily always in the same direction,
(Figure 4.9a),

(t) =ga(t) - n—(n-a(t) nn (4.54)

Here a simple method to compute 7,, proposed by Aratjo and his colleagues, [Aratijo
et al., 2011], is employed. They claim that the equivalent shear stress amplitude,
which correctly characterizes the fatigue damage under multiaxial loading, is given
by the Maximum Rectangular Hull (MRH) of the shear stress vector path, 1, in a
material plane A (Figure 4.9b) as follows,

a;(¢) = % (r?eaTXn(Q t) — min7(¢, t)) i=1,2. (4.55)

For each rectangular hull defined by the angle, ¢, the shear stress amplitude is
computed,

Ta(@) = \/ai(9) + a3(9). (4.56)

The equivalent shear stress is the one corresponding to the angle, ¢, maximizing the
above equation,

To = max \/a?(¢) + a3(9). (4.57)

As shown in the previous section, where the stress field arising around the contact
tip is obtained, in plain fretting the stress tensor depends only on I* and I°?,

a(t) = f(I°, I%). (4.58)
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This represents the input in the application of the modified Wohler curve method.
For a synusoidal fretting load, @ = Q* sin(wt),

I4(t) = It . sin(wt), (4.59)

max

as it is shown in Chapter 2. The tensor, S, will be written as follows,

0ij (2, 1) = = (L0, sin(wt)oy(z) + I°07;(z)), (4.60)
where the minus sign is due to the convention used in the normalization of the
reference fields. Furthermore, the zone where the criterion is applied is along a
perpendicular line with respect to the specimen surface starting at the contact tip
as shown in Figure 4.6. In polar coordinates,

0ij(3m/2,7,t) = —(I},q sin(wt)ois (3m/2,7) + [°07;(37/2,7)). (4.61)
Since the comparison between the stress field at the crack tip and the one at the

contact tip performed in Section 4.2.3 has shown that the differences are small, here
the following approximation is done,

afj = UZ-I]-I, afj = ailj, (4.62)
which allows to obtain equations, describing the stress tensor, that are easier to
manipulate.

By replacing Equations 4.9-4.12 in Equation 4.61 the stress tensor is defined as
follows,

e IP +31¢%  sin(wt) —(I°+ 1%, sin(wt)) 0
o(t) = W (15412, sin(wt))  3I°+ I sin(wt) 0
0 0 4(1° + I8, sin(wt))
(4.63)

To compute the equivalent tangential stress, let us define the frame O.uvn (Figure
4.9a), where n is the axis directed along the normal to the plane A and (u,v) are
the axes lying on it. Their coordinates with respect to the O.xyz reference system
are the following ones:

Ny cos(a) sin(yp) Vg — sin(«) sin(y) Uz cos(p)
n=|n,| = sin(a) v=|vy| = cos(a) u= |uy| = 0 .
n, cos(a) cos(p) Uy — sin(a) cos(y) Uz —sin(¢p)

- 127 -



Chapter 4: Crack initiation prediction criteria

a) b)

az
Maximum rectangular hull /’I

T2

Reétangular hull
71

Figure 4.9: (a) Material plane and normal and tangential components of the stress
tensor projection; (b) rectangular hull with orientation bounding the shear stress
path ¢, [Araijo et al., 2011].

By replacing g defined in Equation 4.63 in Equation 4.54, 7 is computed and, by
projecting it on u and v, the following result is obtained,

ST Ty = Uy Ty + Uy Ty + u,T, = ala, @) + bla, @) sin(wt), (4.65)
ST Ty = UpTy + 0Ty + 0T, = c(a, @) + d(o, ) sin(wt), (4.66)

Tu

= g

Ty

where a, b, ¢, d are equal to,

S

a= K4\/ﬁ cos(p)4y/mr(sin(a) + (4v — 1) cos(a) sin(p)), (4.67)
b= K4I\7a;% cos(p)dy/r(sin(a) + (4v — 3) cos(a) sin(p)), (4.68)
c=K r (=5 +4v + (4v — 1) cos(2¢p)) sin(2a) 4+ 4 cos(2a) sin(p)),  (4.69)

16+/7r
d= Klé%«l + 4v 4 (4v — 3) cos(2¢)) sin(2ar) + 4 cos(2a) sin(p)). (4.70)

Equations 4.65-4.66 are the parametric equations of the curve ¥ described by the
tip of the shear stress vector 7 on the plane A during a loading cycle. The curve ¥
is a line with a slope equal to d/b intercepting the y axis in y = ¢ — d(a/b).
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The maximum rectangular hull is easy to compute being ¥ a line,

™= Kﬁi% cos(p)(sin(a) + (=3 + 4v) cos(a) sin(y)), (4.71)

=K i (1 4+4v + (=3 + 4v) cos(2¢)) sin(2a)) + 4 cos(2a) sin(yp)), (4.72)

16+/7r

Ta(a, ) = /T8 + 75 (4.73)

The plane A is computed by finding the value of o and ¢, which maximize
Equation 4.73,

9
Y= g, af = 3™ (4.74)

The values found seem to be reasonable since the computed value of a* describes a
crack that initiates in a direction inclined of 22.5 degrees towards the interior of the
contact which is coherent whit what has been observed experimentally by Proudhon,
[Proudhon et al., 2006], (Figure 1.20).
The maximum equivalent shear stress is eventually computed as well as the
corresponding normal stress,
* * IﬁnamK
To(a®, ") Wors (4.75)
(=2 +V2)I° + 212,
4 /r '
The crack initiation frontier, outcome of the application of modified Wohler curve
method, is described by the following relation,

e, K —2 4+ V/2)I° + 210

UN,max(a*u w*) - K

(4.76)

EWorr K N (4.77)

The frontier depends on I . I and r. By exploiting the critical distance approach,
r is replaced by L/2 (Equation 4.44).

To apply this approach to the experimental data an assumption is made; it
is considered that the normal stress does not play an important role in the crack
initiation which seems to be confirmed by the fact that the initiation frontiers in
nonlocal coordinates show little dependency on the value of pressure applied. In
other words, k, is considered to be equal to zero and therefore, by solving Equation

4.77 with respect to I¢ . the following relation is obtained:

1\ AK
o =9 (l) —l (4.78)

max o1 K

To remember that K is equal to 1 MPay/m. This result describes a vertical frontiers
which is used to predict the experimental crack initiation threshold in nonlocal
coordinates.
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Figures 4.10-4.12, display how this approach performs in predicting the crack
initiation threshold. It is possible to see that good results are obtained in particular
for Inconel 718 and Ti-6A1-4V, while for the steel alloy the frontier is a little bit
too conservative. Overall, the outcomes are satisfying because they allow to have a
good idea of where to place the frontier without the need to perform experimental
analysis, since all the material data used in Equation 4.78, are already available in
the literature or can be easily obtained by means of classic fatigue tests.

On the other hand, if experimental tests are necessary, for instance due to certi-
fication procedures, the analytical expression of the frontier can be used to wisely
plan the test campaign knowing where the initiation threshold will be placed.

To sum up, the coupling of the nonlocal technique to describe the crack initiation
map with the modified Wohler curve method allows to get rid of the gradient effect
and at the same time permits to predict the initiation frontier with acceptable
accuracy without the need to perform experimental tests.
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Figure 4.10: Crack initiation frontier obtained by applying the modified Wohler
curve method to the nonlocal crack initiation map for Ti-6Al-4V.
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Figure 4.11: Crack initiation frontier obtained by applying the modified Wohler
curve method to the nonlocal crack initiation map for Inconel 718.
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Figure 4.12: Crack initiation frontier obtained by applying the modified Wohler
curve method to the nonlocal crack initiation map for 35NiCrMo16 low-alloyed steel.
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4.2.4.2 Crossland criterion - plain fretting

The procedure described in the previous section, which allows one to apply the
modified Wohler curve method to the nonlocal description of crack initiation, is
repeated using the Crossland criterion, [Crossland, 1956]. Crossland proposed that
the second invariant of the deviatoric stress tensor and the hydrostatic pressure are
the variables governing the crack initiation problem,

V J2,a + HPH,max < )\7 (479)

where k and A\ are defined as follows,

k=313, =1, (4.80)

01

The stress tensor as a function of the nonlocal stress intensity factors has been
detailed in Equation 4.63. Here, this knowledge is used to compute the different
terms of the Crossland criterion.

Concerning the second invariant of the deviatoric stress tensors, it is defined as
follows,

) . (1/2)
Joq = 3 max (max {5 (é(t) - é(to)) : (é(t) - é(to))} ) , (4.81)

toeT teT

where S is the deviatoric part of the stress tensor, g(t). By performing the compu-
tations, the following expression is obtained,

5Igmzz 2 s a
Jou = 384WK (161°(1 — 2v)* + 312, (5 + 8(v — 1)v)) . (4.82)

With regard to the hydrostatic pressure, it is computed as follows,

Puar = s (510 [e0)] ) = V=i sy

By replacing Equations 4.82 and 4.83 in Equation 4.79, the following relation is
obtained,

5[;1”&:2[(2 (16]8( ) 4379 (5—|—8(y_1)y)) 1/2+/€(Igna:p_IS)K(1+V)<)\
384mr e 3vmr T

(4.84)

For the values of Iy} . and I° coming from the experimental tests, the hydrostatic

pressure is negative. For this reason, it it assumed that this term can be neglected,

5[(1 1/2
—maz 172 (1671°(1 — 2 I° -1 =74 4.
{384W (161°( )2+ 318, (5+8(v )u))} T4 (4.85)
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The above equation describes the crack initiation frontier, outcome of the application
of the Croosland criterion.

This frontier depends on [¢,., I° and r. This last value has been calibrated
thanks to the experimental data. In this case therefore some of them are needed for
the calibration process. Nevertheless an interesting trend is observed. The value of
r assuring the best fit between numerical and experimental data, is constant for the

three different materials studied as shown in Table 4.3.

Modified Wohler Crossland criterion
curve method

2

r=5 (257”;) r (calibrated)
Ti-6Al-4V 10 - lyey 22 pm
35NiCrMo16 low-alloyed steel 4.93 pm 22pm
Inconel 718 14.17 pm 22 m

Table 4.3: Calibration values used for the modified Wohler curve method and the
Crossland criterion, ,.¢: normalization length for confidentiality issue.

Figures 4.13, 4.14 and 4.15 show how this approach performs in predicting crack
threshold. The results are encouraging, confirming that the coupling between the
Crossland criterion and the nonlocal description of crack initiation can be used to
predict the crack initiation frontier.

Having said that, it is worth saying that the calibration distances obtained do not
overcome 22 pm. In this range, the reconstruction of the stress tensor evolution using
as input the nonlocal intensity factors leads to an overestimation of the shear stress
as presented in Figure 4.7, which in turns influences the crack initiation frontier
computation. This aspect is clearly a point where further research is needed.
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Figure 4.13: Crack initiation frontier obtained by applying the Crossland criterion
to the nonlocal crack initiation map for Ti-6Al1-4V.
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Figure 4.14: Crack initiation frontier obtained by applying the Crossland criterion
to the nonlocal crack initiation map for Inconel 718.
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Figure 4.15: Crack initiation frontier obtained by applying the Crossland criterion
to the nonlocal crack initiation map for 35NiCrMo16 low-alloyed steel.

4.2.4.3 Critical distance approach - fretting-fatigue

Experimental evidence shows that the introduction of a cyclic bulk load, oz, in phase
with the fretting force, (), has a negative impact on the crack initiation frontiers,
(Figures 3.3b, 3.5b).

On the other hand, in the previous sections two multiaxial criteria are coupled
with the nonlocal description of the crack initiation map, showing that it is possible
to predict accurately the crack initiation frontier in plain fretting. The objective is
therefore, to generalize this approach to fretting-fatigue.

For this purpose the relation between I, and 03" is determined. It is assumed
that it is possible to decouple the plain fretting loading from the application of the
cyclic bulk force, as it is shown in Figure 4.16. The introduction of o in a situation
where the contact between the pad and the specimen is assured by the application
of the normal load, P, generates an antisymmetric velocity field in the proximity of
the contact edges,

1%(Q,05) = I(Q) + I(0). (4.86)

By looking at the equation above, the first term, I*(Q), corresponds to the plain
fretting situation. Concerning the second term, (o), to investigate its evolution
as a function of op, it is possible to apply the extraction algorithm presented in
Chapter 2 to the situation described in Figure 4.16b.
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(a) Plain Fretting + (b) Plain Fatigue

v
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Figure 4.16: Schematic representation of the assumption made to decouple the
effect of the plain fretting loading to the cyclic bulk force.

The result of the application of this procedure, shown in Figure 4.17a, describes
a linear relation between I (op) and 0. As a consequence, Equation 4.86 can
be written as follows,

I?naa:(Q’ UB) = I'r?@ax(Q) - Xo.gax’ (487)

where ¢, (Q) is the value of ¢, in plain fretting. The minus sign reflects the fact
that the velocity field computed by decoupling the fretting and fatigue loading has
an opposite direction with respect to the case where the two effects are coupled.
By repeating exactly the same computations already performed in Section 4.2.4.1,
exploiting the relation described by Equation 4.86, the following crack initiation

frontier definition is obtained:

2
O\ AK,
=2 (l) th_ ygmar, (4.88)

mazx o1 K

The value of x is equal to 0.0052 MPa~! and it is computed through FE computations
(Figure 4.17).
The above equation describes a surface in a tridimensional space (12

S max
max? I ;] )
which divides the non-initiation zone from the damage one.
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Figure 4.17: (a) Evolution of I% . as a function of op in a situation where no
tangential force, @, is applied as described in Figure 4.16b; (b) Prediction of the

experimental data by applying the assumption presented in Equation 4.86.

4.2.4.4 Crossland criterion - fretting-fatigue

The crack initiation frontier equation obtained by applying the Crossland criterion
to plain fretting nonlocal map, is extended to fretting-fatigue following the same
approach detailed in the previous section. It is assumed that the dependency of I,
at the initiation frontier on the cyclic bulk load, o3**, can be described with a liner

relationship according to Equation 4.87.

The following frontier definition is therefore obtained:

1/2
K2 (167°(1 = 20)° + 3(I8,, + x08) 5+ 8 — )| =71,

(4.89)

5]76:7,@1 + XOB
384mr

where the value of x is computed by FE computations and, for the experimental
results obtained by Ferré for Ti-6Al-4V, is equal to 0.0052 MPa~!.
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Figure 4.18: Tridimensional crack initiation frontier obtained by applying the mod-
ified Wohler curve method to the nonlocal crack initiation map for Ti-6Al-4V.
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Figure 4.19: Tridimensional crack initiation frontier obtained by applying the Cross-
land criterion to the nonlocal crack initiation map for Ti-6Al-4V.

4.3 Fracture mechanics approach

In this section, an attempt to link the nonlocal stress intensity factors, corresponding
to the crack initiation frontiers, with a AK threshold is done.

The initiation frontiers have been obtained experimentally, considering that the
crack was initiated for a length bigger than a threshold value (for Ti-6Al-4V and
35NiCrMol6 low-alloyed steel this value is equal to 70 pm and for Inconel 718 is
10 pm).

Coming back to the crack analogue approach, it is like if we were applying a

- 139 -



Chapter 4: Crack initiation prediction criteria

Fracture mechanics Fretting-Fatigue

2

Figure 4.20: (a) Kinked crack; (b) Fretting-fatigue analogue problem.

criterion based on a AK threshold at the tip of a kinked crack (Figure 4.20). For a 2D
plane crack of length equals to 2I, the solutions obtained in [Leblond, 1989, Amestoy
and Leblond, 1992] describe how the intensity factors, K; and Kj; vary after a
deviation of the crack of an angle ¥ with respect to the principle plane. For s — 0
the intensity factors, K7 and K7j,;, just after the crack direction variation depend
only on the K; and K before the variation and on the angle, ¥, of the kinked crack:

{K}*} _ [F11(?9) Flz(ﬁ)} {KI} | (4.90)

Ki; Fn(9) Fu()] | K
where
Fi1(9) = cos®(9/2), (4.91)
Fio(9) = =3 cos?(9/2) sin(19/2), (4.92)
Py (9) = %sin(ﬁ) cos(/2), (4.93)
Fon(9) = %(3008(19) 1) cos(9/2). (4.94)

By adapting Equation 4.90 to the fretting-fatigue problem (Figure 4.20) the
following relation is obtained:

] = [ty R [ .

and in terms of AI* and AT,

Fi1(9) Fia(9) 0

{ﬁﬁ} - {Fm(ﬁ) Fn(ﬂ)} [AI&] ’ (4.96)
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where AI° is equal to zero and AI® = 2I?  for the loading evolution studied.

The following relation is therefore obtained,

AT = F5(9)21% . = —6cos® (9/2)sin (9/2) I% ., (4.97)

max

AT = Fy(0)213,,. = (3cos() — 1) cos (V/2) I .- (4.98)

max

The angle ¥ which maximizes AI** or AI** is computed and the only result
matching the experimental evidence is the following one,

4
(VA Tr(ngL)a:(AIS*) — 0" > 70° = A" (V") = gfgm,

AT (9%) ~ 0. (4.100)

(4.99)

At the crack arrest, AI** = AK,, and therefore it is possible to compute the
value of the nonlocal intensity factors corresponding to this situation,

i \/—gAKth. (4.101)

max 4
Equation 4.101 represents a vertical frontier in the nonlocal crack initiation map
developed in the previous chapter.
The values corresponding to this frontier, for the three materials studied in this
manuscript, are reported hereunder:

Material Frontier location
Ti-6Al-4V Is .. = 2.38
Inconel 718 I3 e = 2.17
35NiCrMo16 low-alloyed steel e =139

Table 4.4: Location of the initiation frontier following a fracture mechanics ap-
proach.

With respect to the results shown in Figure 4.21 and in Table 4.4, it is clear that
the fracture mechanics approach to predict the crack initiation frontier location is
too conservative. This could be linked to the fact that, in applying the equations
developed by Leblond and Amestoy for kinked cracks, s is supposed to be equal to
zero, while in the experimental tests its value varies in a range of 10 pm to 70 pm.

This could be the starting point for future research works. For instance, it would
be interesting to show how AI** varies as a function of s. Far from the contact
surface, the stress tensor decreases in magnitude and therefore, the intensity factor
experienced at the tip of the kinked crack should be smaller as well,

AP (9%) = f(s)ﬁla (4.102)

3 max
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Figure 4.21: Comparison between different strategies to predict the crack initiation
frontier location.

where f(s) varies in a range of 0 (for s — 00) to 1 (for s = 0) in order to take into
account the stress gradient evolution. If this relation is confirmed, this would have
the effect to move the frontier previously computed to the right for positive values of
s which will make the crack initiation frontier prediction less conservative and more
precise.

4.4 Chapter highlights

The goal of this chapter was to present two different strategies to predict the crack ini-
tiation frontier location expressed in nonlocal quantities by means of simple material
data.

For this purpose in the first part of the chapter, an approach based on the
coupling between classic multiaxial fatigue criteria and the description of fretting-
fatigue through nonlocal intensity factors, has been developed. More in detail, from
the velocity field described as a product between intensity factors and reference
fields, the corresponding stress field has been computed. To do that, the reference
fields have been interpolated with derivable functions allowing to obtain an analytical
description of the stress field, which is used as input for the multiaxial fatigue criteria.
The modified Wohler curve method coupled with a critical distance approach and
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the Crossland criterion have been tested. The results are encouraging since a good
prediction of the crack initiation frontier location has been obtained.

An attempt to link the nonlocal stress intensity factors, corresponding to the
crack initiation frontiers, with a AK threshold is done as well. In this case, by
using the solutions developed by Leblond and Amestoy [Leblond, 1989, Amestoy and
Leblond, 1992], it has been possible to compute the nonlocal stress intensity factors
corresponding to a kinked crack, and compare their value to a AKy,. The results
are too conservative and this is probably related to the assumption to consider the
length of the kinked crack equals to zero.

The development of criteria to predict the crack initiation location by using the
nonlocal description of fretting-fatigue, is clearly a domain in which there is much
to be done and it could be the subject of future research works. At this time, the
level of maturity of these criteria are not yet sufficient to get rid of experimental
tests completely, but is a first step toward that direction. The criteria developed
in the manuscript can be used as a support in the experimental tests to locate the
initiation frontier rapidly.

- 143 -






Conclusion and perspectives

This thesis focuses on the study of the gradient effect in fretting-fatigue aiming at
proposing a method that, by taking into account this effect, will allow to apply the
similitude principle to contact problems. Furthermore, the procedure is developed
in order to be easily implementable for industrial applications.

For this purpose, a new method to describe the velocity field produced by the
interaction between the contacting bodies close to the contact edges under fretting-
fatigue has been introduced (Chapter 2).

In the presence of a strong gradient, the local geometry imposes the spatial dis-
tribution of the mechanical field while its intensity is determined by the macroscopic
loads. Therefore, the solution of the problem can be described through a fracture
mechanics approach, as the product between intensity factors and spatial reference
fields.

In particular, v, is partitioned into a summation of multiple terms, each one
expressed as the product between nonlocal intensity factors, I°, I*, I°, depending
on the macroscopic loads applied to the mechanical assembly, and spatial reference
fields, d*, d*, d°, depending on the local geometry of the part.

The nonlocal intensity factors are extracted by analyzing the velocity field close
to the contact edges and therefore they include the information on the stress gradient
evolution produced by fretting-fatigue.

To understand the influence of the variation of some key parameters on the
nonlocal intensity factor extraction process, a sensitivity analysis is carried out. The
results show that the values of the nonlocal intensity factors are only marginally
influenced by the change of mesh size and type, which is a key point to introduce the
approach inside the industrial applications. Furthermore, the fact that the reference
functions remain unchanged with the variation of the contact geometry allows one
to compare different attachment configurations just by looking at the value of the
nonlocal intensity factors.

In Chapter 3, the procedure developed has been applied to experimental data
coming from plain fretting and fretting-fatigue test campaigns. The aim was to
confirm the transferability of the experimental fretting-fatigue data to different
geometries from the one in which they have been obtained. For this purpose a
nonlocal representation of the crack initiation map is built by using the nonlocal
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intensity factors, (12, — I°), as reference quantities.

The outcomes confirmed that the nonlocal intensity factors are geometry inde-
pendent. This is an important point because experimental data, expressed either in
(Q* — P) or (¢maz-po) coordinates, clearly show that for different geometries various
crack initiation frontiers are observed. This represents a limitation for industrial
applications since it is difficult to transpose the results obtained on laboratory test
machines to real-scale industrial components. On the contrary, if the crack initiation
map is expressed in nonlocal quantities (1% ,.-1°), that take into account the gradient
effect, all the different crack initiation frontiers merge into a single one. As a conse-
quence, the nonlocal intensity factors can be considered objective quantities through
which it is possible to compare different fretting-fatigue experimental or numerical

results.

The good stability shown by the method allows one to apply it to more complex
contact configurations, such as, the disc-blade root attachment in a turbofan engine.
The spatial reference fields depend only on the local geometry of the parts and
therefore for a given configuration they can be pre-computed through the use of a
fine mesh as it is presented in Section 2.3. Then, for any given macroscopic load
combination a rough mesh FE computation will be performed aiming at extracting
directly the nonlocal intensity factors thanks to the information already stocked on
the shape of the reference fields.

In Chapter 4 different crack initiation prediction criteria have been adapted to
the nonlocal description of fretting-fatigue. The objective is to predict the location
of the initiation frontier by using simple material data, such us the fatigue limit
or the crack initiation threshold. To achieve the goal different strategies have been
investigated.

Several multiaxial fatigue criteria are coupled to the description of fretting-fatigue
through nonlocal intensity factors in order to obtain a numerical crack initiation
frontier as a function of ¢ ., I° and o5*".

An attempt to link the nonlocal stress intensity factors, corresponding to the
crack initiation frontiers, with a AK threshold is done as well.

The results are encouraging. In particular, by applying the modified Wohler curve
method coupled with a critical distance approach, [Aradjo et al., 2007], it has been
possible to accurately predict the experimental crack initiation frontiers obtained
for Ti-6Al-4V and Inconel-718, whereas a conservative result has been obtained for
35NiCrMo16 low-alloyed steel.

Even if the level of maturity of these crack initiation prediction criteria are not
yet sufficient to get rid of experimental tests completely, I believe that it is a first
step toward that direction. The criteria developed in the manuscript can be used as
a support in the experimental tests to locate the initiation frontier rapidly.

This work opens up perspectives for future research.
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It has been shown, that the procedure developed in this manuscript works well
in taking into account the gradient effect for academic fretting-fatigue geometries
such as the cylinder-plane contact configuration. With that said, the algorithm has
been conceived to be applicable to more complex geometries like the disc-blade root
attachment. Therefore, the natural continuation of this research would be the use
of the nonlocal intensity factors to transfer the experimental results obtained on
laboratory test machine to real industrial components (Figure 5.3).

With this in mind a first feasibility study has already been performed on a
3D cylinder-plane contact configuration (Figure 5.1), characterized by the following
parameters: Pad radius = 40 mm, friction coefficient = 1.0, Young’s modulus =
119400 MPa, Poisson’s ratio = 0.286, P = 391 N and Q* = 317N.

Considering that for tridimensional components the contact front is a line the
extraction process is repeated over the entire contact front, slice by slice. In Figure
5.2 the results of the extraction process are presented. In particular it is interesting
to observe the variation of the computed ¢ . I° as a function of the specimen width,
d. The difference is due to the fact that at the center of the contact zone the plain
strain assumption is respected almost perfectly (Figure 5.2a), whereas close to the
specimen and pad external surfaces a plane stress condition is experienced.

The effect linked to the triaxility of the stress tensor becomes important for 3D
applications and it needs to be analyzed in more detail in future works.

Another interesting perspective consists in the development of new computation
approaches for the simulation of fretting fatigue. Actually, this is the objective of
Raphael Aratjo Cardoso, who starts his PhD research recently under the supervision
of David Neron and Sylvie Pommier at the LMT-ENS Cachan and Alex Aratjo at the
University of Brasilia. The goal is to develop an offline/online multiscale approach
allowing to mix local fretting-fatigue models (crack analogue approach extension
described in my thesis) and global structural computations. This will be done by using
Proper Generalized Decomposition (PDG) reduced modeling [Ladeveeze, 1999]. The
offline computations will try to catch the local fretting-fatigue phenomena close to the
contact edges, i.e. the stress gradient evolution, using FE computations characterized
by very fine mesh. This information will then be reintroduced in the global structure
computation (disc + blades) characterized by a coarse mesh. Here the importance of
the definition of a nonlocal friction coefficient is clear since it will pilot the position
of the contact front where the pre-computed solutions are employed.

- 147 -



Conclusion and perspectives

3D FE Model

Details of the mesh in |
the extraction zone

The extraction is permormed
over the entire contact front

Figure 5.1: Details of a 3D cylinder-plane contect FE model, used to extract the
nonlocal intensity factors.
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Figure 5.2: (a) Triaxiality variation as a function of the specimen width, d; (b)
Nonlocal intensity factor variation as a function of the specimen width.
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Stick-slip zone

Stick zone

Extraction of the non local
intensity factors all along the
contact front

Figure 5.3: Schematic representation of the nonlocal intensity factor extraction
process applied to an industrial component.
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Appendix A

Karhunen-Loeve transform

The Karhunen-Loeve decomposition [Loeve, 1955] has been used in Chap-
ter 2 to partition an initial field depending on several variables into a
series of terms, function of a single variable. Here, The mathematical
details to apply this technique are described.

Some practical examples of the application are given, as well.
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Analytical details

The Karhunen-Loeve transform (KLT), also known as Proper Orthogonal Decompo-
sition (POD), is a model reduction technique for approximating a set of vectors or
images by a low dimensional subspace.

The KL transform has found many applications in several different fields such
as statistics, communication, and computer vision, where it was used for a variety
of tasks like face recognition, object recognition, motion estimation, visual learning
and object tracking, [Levey and Lindenbaum, 2000].

In this manuscript the technique is applied to fretting-fatigue for the first time (to
the author’s best knowledge), following the procedure already described in [Pommier
et al., 2009].

Let’s suppose that we want to approximate a function v(z,t) over a given domain
as a finite summation of terms,

ar(t)or (), (A1)

v(x,t) ~

I

with the hypothesis that for & — N, the error introduced by the approximation tends
to zero. If the POD is used to determine ¢, the following hypothesis are respected:

e the functions constituting the basis are orthogonal,

/ Okjtr(x)pj(x)dr =0 if k+#j 0x; = delta di Kronecker, (A.2)
0

e ¢ are computed in order to minimize the total mean square error or in other
words, maximize the average projection of v(z, ) on the chosen basis,

max <%> . (A.3)

This is a constrained optimization problem and its solution is obtained by solving
a Fredholm integral equation,

/Q <o(z,t) -V (x,t) > ¢pdr = Ny, (A4)
R(x,t) =< v(x,t) - v'(x,t) >, (A.5)

where R is the correlation function. The components, ¢, of the basis are the outcome
of the eigenvalue problem,

R = Ao (A.6)

From a practical point of view, to partition the initial function, v(x,t), into two
terms depending separately on time and space, the following steps are performed:
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1. v(z,t) is rewritten in a matrix form, V. € RN*T
vix=1,t=1) ve=1,t="T)
v : (A7)
ve=N,t=1) -+ v(x=N,t=T)
2. the correlation matrix, C'; is computed,
c-vv", (A8)

3. diagonalization of C' by solving the eigenvalues problem,
C-¢, =9, k=1...N, (A.9)

4. computation of the temporal coefficients, a;,

=V'.¢, k=1...N, (A.10)

5. approximation of the initial function,
N
VeV=> ¢ (A.11)
k=1

For £ = N it is easy to verify that the error introduced by the approximation is
equal to zero since,

(A.12)

I
II-e-
_’i
<
I
=<

Usually the objective is to reduce the complexity of the initial model, and therefore
only the first n terms of the development are kept. In this process the eigenvalues (and
the correspondent eigenvectors) are ranged in descending order. The eigenvectors
associated to the biggest eigenvalues are the ones that contain the majority of the
“energy” of the original system. The approximated solution and the error introduced
can be computed as follows,

- 2
‘7 n<N¢ . g Z@k (V;k - V;k:) (A 13)
V= C a4y, = .
- 1 k= sz V;%

The powerful aspect of this technique relies on the fact that it can be applied
to a vectorial field allowing to approximate it through is orthogonal decomposition,
v(z,t) = a(t)f(z). Since the vectors are orthogonal with respect to the spatial
correlation matrix, C, this means that they constitute a basis where each component
is kinematics independent.
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Application examples

In Figures A.1 and A.2 an example of the application of the POD is shown. The
technique is employed to reduce the size of an image that it can be represented in a
matrix form where each element represents the the gray level of a pixel.

For this “particular field”, 50 eigenvectors are sufficient to represent the initial
data with a relative error lower than 10% (Figure A.2).

Size reduction with POD technique

Original image (450 eigenvectors) Reconstruction with 7 eigenvectors

. 9 E e
il® > -f.."-\‘w.
» : § e Py i3 ﬁ i

Reconstruction with 15 eigenvectors Reconstruction with 50 eigenvectors

Figure A.1: Example of the utilization of the POD technique to reduce the image
size.

With respect to the way in which the POD is employed in Chapter 2, a single
term in the development described in Equation A.1 (k = 1) is retained,

d*(z) = d*(r,0) = [*(r)g*(9), (A.14)
d*(z) — d*(r,0) = [*(r)g"(0). (A.15)

A self-similar geometry assures that it is possible to decompose the reference fields
as described above or from a different point of view, it guaranties that a single term
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Figure A.2: Evolution of the error in the POD approximation as a function of the
number of terms used.

in the POD development is sufficient to completely describe the field. For instance,
let’s imagine to have the following self-similar field,
d(r,9) = e+, (A.16)

By applying the POD decomposition and retaining just the first term, it is possible
to fully describe d(r, 1),

d(r,9) = f(r)g(¥) =e" - e”. (A.17)

The reference fields extracted following the procedure described in Chapter 2 are
really close to be self-similar and this is certified by the fact that the error, introduced
by the partition technique to obtain the radial and tangential evolution, is close to
zZero.
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Abstract: In this manuscript a new method to
describe the stress gradient effect in fretting-
fatigue is proposed.

It is based on the description of the mechanical
fields arising close to the contact edges through
nonlocal intensity factors.

For this purpose, the kinetic field around the
contact ends is partitioned into a summation of
multiple terms, each one expressed as the
product between intensity factors, I°, I, I,
depending on the macroscopic loads applied to
the mechanical assembly, and spatial reference
fields, d°, d, d°, depending on the local
geometry of the part.

This  description is obtained through
nonintrusive post-processing of FE
computation and is conceived in order to be
easily implementable in the industrial context.

As a matter of fact, for any given macroscopic
load and geometry, a set of nonlocal intensity
factors is computed that permits to characterize
the mechanical fields close to the contact
edges. Such nonlocal description has the
advantage of being (i) geometry independent so
that the nonlocal intensity factors can be used
to compare laboratory test with real-scale
industrial assembly, (ii) applicable to industrial
FE models usually characterized by rougher
meshes compared to the ones used to describe
fretting-fatigue in the academic context.

The procedure is applied to fretting-fatigue test
data in order to verify whether the nonlocal
intensity factors can be used to transpose
experimental results to different contact
geometries from the one in which they have
been obtained.

Titre : Analyse de I’effet du gradient en Fretting-Fatigue a travers 1’utilisation de facteurs

d’intensité non locaux

Mots clés : Fretting-fatigue, Crack analogue, Gradient des contraintes, Méthode de réduction de

modéle

Résumé : Nous proposons dans ce manuscrit
une nouvelle méthode pour prendre en compte
I’effet du gradient en Fretting-fatigue.

Les champs mécaniques présents a proximité
du front de contact sont décrits a travers des
facteurs d’intensité non locaux.

L’objectif est d’aboutir a une description du
champ de vitesse sous la forme d’une somme
de termes exprimés chacun comme le produit
d’un facteur d’intensité (I, 1%, I¥), qui depend
des chargements macroscopiques appliqués a
I’ensemble et d’une fonction de forme
(d°, d°, d°), qui est liée a la géométrie locale du
contact.

Cette description est obtenue a travers un
processus non intrusif de post-processing des
résultats obtenus avec des calculs a éléments
finis. De plus, elle a été pensée pour étre

implémentée dans un contexte industriel.

En pratique, pour chaque chargement
macroscopique et pour chaque géométrie, il est
possible de calculer un ensemble de facteurs
d’intensité non locaux qui permettent de décrire
les champs mécaniques locaux pres du front de
contact.

Cette description non locale a I’avantage d’étre
(1) indépendante de la géométrie du contact
employé et (ii) utilisable dans des modeles a
¢éléments finis utilisés dans I’industrie qui sont
caractérisés par des maillages plus grossiers par
rapport a ceux utilisés pour étudier le fretting-
fatigue dans des milieux académiques.

Une ¢étude est menée pour vérifier que les
facteurs d’intensit¢é non locaux peuvent étre
utilisés  pour  transposer les  résultats
expérimentaux d’une géométrie a une autre.
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