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Summary
Contact problems are common in industrial applications. The fretting
phenomenon occurs when two objects are in contact with each other and
have small amplitude relative motion. If fretting occurs in contact fatigue,
the service life of components will be greatly reduced. Compared with
ordinary tensile fatigue, the stress concentration at the contact edge in
fretting fatigue brings great difficulty to the prediction of fatigue life.
Especially, the stress distribution caused by the microstructure and
macrostructure of the components has a great influence on the fretting
fatigue response. When there are inclusions or micro voids in the
components, the stress distribution is more complex. The contact surface
geometry and the crack capture technique (the stop hole) also affect the
total fatigue life. The main purpose of this thesis is to study the influence
of several kinds of micro and macro structure of the component on
fretting fatigue by numerical methods.
Inclusions are common in alloy materials. In some composite materials,
inclusions are also used to improve the overall performance of the
material. Using the representative volume element (RVE) technique, the
equivalent macroscopic properties of materials with random inclusions
with different parameters can be obtained. Then, combined with the finite
element technology, the fretting fatigue problem of different types,
volume ratios and shape inclusions in the specimen, is simulated. It shows
iv

that the existence of inclusions may cause the peak stress to transfer from
the contact surface to the interior of the specimen. The size and the
distance from the surface of the inclusion have a more significant effect on
the surface stress distribution than the type and shape of inclusion.
Compared with inclusions, porosity in the specimen is a more dangerous
defect. Also, because of the randomness of defects, the fatigue life of
components is unstable and difficult to predict. And when the micro-voids
size in the material exceeds a critical value, the crack mainly originates
near the micro-voids. In this thesis, the critical plane method and the
critical distance method (TCD) are used to analyse the case of the
specimen containing a single critical void with different parameters.
Because of stress concentration, the damage parameters decrease rapidly
along the depth direction. Three kinds of critical plane parameters used
to predict fatigue lifetime and the TCD method is adopted to consider the
stress gradient. The prediction obtained by the combination of these two
methods has a good agreement with experiment results. In this thesis, the
effect of a critical micro void with different positions and sizes on the
fatigue crack initiation life is discussed. The results show that the
existence of material heterogeneity (critical micro void) has a great
influence on the distribution of damage parameters below the contact
surface. However, only when the critical void is close to the contact edge,
the crack initiation position will shift. Then, when the critical micro-void
is located in a region similar to a half-butterfly wing, the crack initiation
life will be reduced compared with the homogeneous case. If it is located
v

at the below left side (under the surface) or on the right side (near the
surface) of the contact edge, the life will increase.
The main cause of fretting fatigue is the high stress at the contact edge. In
addition to the internal structure of the specimen, the treatment of the
contact surface geometry can also effectively change the stress
distribution and amplitude in the contact area. Adding a cylindrical pit on
the specimen surface can increase the contact radius between pad and
specimen. Therefore, the contact stress is dispersed and the peak stress is
reduced. However, the relative sliding range between the contact surfaces
increases. Thus, the critical plane parameter is used to predict the crack
initiation life. Although three different critical plane parameters are used,
they are all based on stress, strain or strain energy. The Ruiz parameter is
used to consider the effect of relative sliding amplitude. The peak value of
the critical plane parameter can be much lower than that of the flat
specimen by using the appropriate pit radius. Furthermore, the peak
value of Ruiz parameter is also lower. All parameters give a similar
prediction of the crack initiation position.
By influencing the stress distribution in the contact area, the crack
initiation life can be increased or decreased. In engineering applications,
crack initiation is often too late to be detected. Therefore, crack arrest
technology for crack propagation stage is widely studied and used. One of
the most common and easy to implement method is stop hole technology,
which is based on drilling a hole at the crack tip. This can effectively
reduce the stress concentration at the crack tip and make the propagating
vi

crack produce a second crack initiation at the lower edge of hole. The
conventional FE method with remeshing technique is used to obtain the
stress intensity factors (SIF) at the crack tip. The linear elastic fracture
mechanics (LEFM) approach, which is based on the combination between
Paris’ law and J-integral method, can normally be applied to predict the

crack propagation life. The maximum ∆𝐾I∗ (𝜃) criteria is used to predict

the crack growth orientation. For the second crack initiation prediction,
the critical plane parameter and variable length TCD method are used
together. The correctness of crack propagation path and lifetime
prediction is verified by fretting fatigue experiment. Then, the
applicability of the code to the prediction of the second crack initiation life
is verified by a central crack tensile fatigue experiment considering the
stop hole. Finally, the influence of different stop holes on the propagation
life of fretting fatigue crack is discussed in this thesis. It is found that the
stop hole changes the propagation path and initiation starts again from
the lower edge of hole. The increase of propagation life mainly comes
from the second crack initiation. The increased crack propagation lifetime
can be twice as long as that of the homogeneous case.
The main contribution of this thesis is to deeply consider the influence of
different macro and micro structure of specimen on fretting fatigue
response. The results show that the distribution of stress and strain in the
specimen will be changed obviously by micro defects, surface geometry
and stop hole. The combination of critical plane parameters and critical
distance method can effectively predict the crack initiation life. Proper
vii

design of a structure can not only avoid the decrease of fatigue life but also
effectively prolong the fatigue life.
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Samenvatting
Contact problemen komen vaak voor in industriële toepassingen. Het
fenomeen van fretting treedt op wanneer twee objecten met elkaar in
contact komen en een relatieve beweging met een kleine amplitude
hebben. In het geval van fretting vermoeiing treedt er wrijving op, en
verkort de levensduur van de componenten aanzienlijk. Vergeleken met
gewone trekvermoeiing, levert de spanningsconcentratie aan de
contactrand bij fretting vermoeiing grote moeilijkheden op bij het
voorspellen van de vermoeiing levensduur. Vooral de door de micro- en
macrostructuur veroorzaakte spanningsverdeling van de componenten
heeft een grote invloed op fretting vermoeiing. Wanneer er inclusies of
microholtes in de componenten zijn, is de spanningsverdeling complexer.
De geometrie van het contactoppervlak en de scheuropvangtechniek (de
stop-holte) hebben ook een effect op de totale vermoeiing levensduur.
Het belangrijkste doel van dit proefschrift is om door middel van
numerieke methoden de invloed van verschillende soorten micro- en
macrostructuren van de component op fretting vermoeiing te
bestuderen.
Inclusies komen vaak voor in legeringsmaterialen. In sommige
composietmaterialen worden inclusies ook gebruikt om de algemene
prestaties van het materiaal te verbeteren. Met behulp van de
representatieve volume-elementtechniek (RVE) kunnen de equivalente
ix

macroscopische eigenschappen van materialen met willekeurige
inclusies met verschillende parameters worden verkregen. Vervolgens
wordt in combinatie met de finiete-elemententechnologie het probleem
van fretting

vermoeiing

gesimuleerd

bij

verschillende

types,

volumeverhoudingen en vorminclusies in het exemplaar. Dit toont aan
dat het bestaan van inclusies ertoe kan leiden dat de piekspanning wordt
overgedragen van het contactoppervlak naar de binnenkant van het
exemplaar. De grootte en de afstand tot het oppervlak van de insluiting
hebben een groter effect op de verdeling van de oppervlaktespanning dan
het type en de vorm van de insluiting.
In vergelijking met inclusies is poreusheid in het exemplaar een
gevaarlijker defect. Vanwege de willekeurigheid van de defecten is de
vermoeiing levensduur van componenten onstabiel en moeilijk te
voorspellen. Wanneer de grootte van de microholtes in het materiaal een
kritische waarde overschrijdt, ontstaat de scheur bovendien
voornamelijk nabij de microholtes. In dit proefschrift worden de kritische
vlakmethode en de kritische afstandsmethode (TCD) gebruikt om een
exemplaar te analyseren dat een enkele kritische holte bevat met
verschillende parameters. Vanwege de spanningsconcentratie nemen de
schadeparameters snel af in de diepterichting. Drie soorten kritische
vlakparameters die worden gebruikt om de vermoeiing levensduur te
voorspellen

en

de

TCD-methode

wordt

gebruikt

om

de

spanningsgradiënt te bekijken. De voorspelling vanuit de combinatie van
deze twee methoden komt goed overeen met de experimentresultaten.
x

Dit proefschrift bespreekt het effect van kritische microholtes met
verschillende posities en afmetingen op de vermoeiingsscheurinitiatie. De
resultaten laten zien dat materiaalheterogeniteit (d.i. kritische
microholtes) een grote invloed heeft op de verdeling van
schadeparameters onder het contactoppervlak. Alleen wanneer de
kritische holte zich dicht bij de contactrand bevindt, zal de positie van de
scheurinitiatie verschuiven. Wanneer de kritische microholte zich dan in
een gebied bevindt dat vergelijkbaar is met een halve vlindervleugel, zal
de levensduur van de scheurinitiatie verkorten in vergelijking met het
homogene geval. Als deze zich aan de linkerkant (d.i. onder het
oppervlak) of aan de rechterkant (d.i. nabij het oppervlak) van de
contactrand bevindt, zal de levensduur toenemen.
De belangrijkste oorzaak van fretting vermoeiing is de hoge spanning aan
de contactrand. Naast de interne structuur van het exemplaar, kan de
behandeling van de contactoppervlakgeometrie ook effectief de
spanningsverdeling en amplitude in het contactgebied veranderen. Het
toevoegen van een cilindrische pit op het exemplaaroppervlak kan de
contactradius tussen de ondergrond en het exemplaar vergroten. Daarom
wordt de contactspanning verspreid en de piekspanning verminderd. Het
relatieve glijbereik tussen de contactvlakken neemt echter toe. De
kritische vlakparameter wordt dus gebruikt om de levensduur van de
scheurinitiatie te voorspellen. Hoewel er drie verschillende kritische
vlakparameters worden gebruikt, zijn ze allemaal gebaseerd op
spanning-, rek- of vervormingsenergie. De Ruiz-parameter wordt
xi

gebruikt om het effect van relatieve glijdende amplitude te overwegen. De
piekwaarde van de kritische vlakparameter kan veel lager zijn dan die van
het vlakke exemplaar door de juiste pitstraal te gebruiken. Bovendien is
de piekwaarde van de Ruiz-parameter ook lager. Alle parameters geven
een vergelijkbare voorspelling van de positie van de scheurinitiatie.
Door de spanningsverdeling in het contactgebied te beïnvloeden, kan de
levensduur van scheurinitiatie worden verlengd of verkort. Bij technische
toepassingen is het vaak te laat om de scheurinitiatie te detecteren.
Daarom wordt scheurstoptechnologie voor de scheurpropagatiefase op
grote schaal bestudeerd en gebruikt. Een van de meest gebruikelijke en
eenvoudig te implementeren methoden is de stop-holte-technologie, of
het boren van een holte aan de scheurtip. Dit kan de
spanningsconcentratie aan de scheurtip effectief verminderen en ervoor
zorgen dat de zich voortplantende scheur een tweede scheurinitiatie
veroorzaakt aan de onderrand van de holte. De conventionele FEmethode

met

remeshing-techniek

wordt

gebruikt

om

de

spanningsintensiteitsfactor (SIF) te verkrijgen aan de scheurtip. De
lineaire elastische breukmechanicabenadering (LEFM), die is gebaseerd
op een combinatie tussen de Parisformule en de J-integraalmethode, kan
worden toegepast om de scheurpropagatielevensduur te voorspellen. De
maximale ∆𝐾I∗ (𝜃) -criteria worden gebruikt om de oriëntatie van de

scheurpropagatie te voorspellen. Voor de voorspelling van de tweede
scheurinitiatie worden de kritische vlakparameter en de TCD-methode
met variabele lengte gebruikt. Het correcte scheurpropagatietraject en de
xii

voorspelling van de levensduur worden geverifieerd door een
experiment

met

fretting

vermoeiing.

Vervolgens

wordt

de

toepasbaarheid van de code op de voorspelling van de levensduur van de
tweede scheurinitiatie geverifieerd door een centraal scheurtrekvermoeiingsexperiment waarbij rekening wordt gehouden met de
stop-holte. Ten slotte wordt in dit proefschrift de invloed van
verschillende

stop-holtes

op

de

fretting

vermoeiing

scheurpropagatielevensduur besproken. De conclusie is dat de stop-holte
het scheurpropagatietraject verandert en de initiatie opnieuw begint aan
de

onderkant

van

de

holte.

De

verlenging

van

de

scheurpropagatielevensduur komt voornamelijk doordat de tweede
scheur begint. De verlengde scheurpropagatielevensduur kan twee keer
zo lang zijn als in het geval van de homogene casus.
De belangrijkste bijdrage van dit proefschrift is het diepgaand
onderzoeken van de invloed van het verschil tussen macro- en
microstructuur van fretting vermoeiing. De resultaten tonen dat de
distributie van spanning en rek in het exemplaar duidelijk zal worden
veranderd door microdefecten, oppervlaktegeometrie en stopholtes. De
combinatie

van

kritische

vlakparameters

en

de

kritische

afstandsmethode kan effectief de scheurinitiatielevensduur voorspellen.
Het correcte ontwerp van een constructie kan niet alleen de afname van
de levensduur door vermoeiing voorkomen, maar ook de vermoeiing
levensduur verlengen.

xiii

xiv

Contents
Declaration ..........................................................................................................................................i
Acknowledgements ..................................................................................................................... ii
Summary ........................................................................................................................................... iv
Contents ............................................................................................................................................xv
List of Figures .............................................................................................................................. xix
List of Tables ..............................................................................................................................xxvi
Nomenclature .......................................................................................................................... xxvii
Chapter 1

Introduction ..................................................................................................... 1

1.1

Fretting fatigue .......................................................................................................... 2

1.2

Objectives ..................................................................................................................... 5

1.3

Outline ............................................................................................................................ 8

Chapter 2
2.1

Theoretical background ........................................................................ 12

Contact mechanics ............................................................................................... 12

2.1.1

Normal line contact ..................................................................................13

2.1.2

Line contact under partial slip ...........................................................16

2.2

Micro- and macro-structure .......................................................................... 22

2.2.1

Micro inclusion and voids.....................................................................23
xv

2.2.2
2.3

Surface pit treatment and stop hole ...............................................26

Fretting fatigue and numerical methods ............................................... 30

2.3.1

Introduction ..................................................................................................30

2.3.2

Finite element analysis...........................................................................33

2.3.3

Crack initiation ............................................................................................36

2.3.4

Crack propagation .....................................................................................51

2.4

Summary.................................................................................................................... 64

Chapter 3

Randomly distributed inclusions..................................................... 66

3.1

Finite Element Model and Validation....................................................... 67

3.2

Completely randomly distributed inclusion........................................ 78

3.2.1

Stress peak and its position .................................................................78

3.2.2

Stress peak position characteristic .................................................82

3.3

Randomly distributed and manually placed inclusions ............... 85

3.3.1

Effect of distance from surface ..........................................................87

3.3.2

Effect of inclusion size .............................................................................89

3.3.3

Effect of inclusion shape ........................................................................90

3.4

Summary.................................................................................................................... 91

Chapter 4

The effect of critical micro-void on the crack initiation ..... 93

4.1

Experiment data .................................................................................................... 94

4.2

Multiscale numerical model........................................................................... 95
xvi

4.2.1

Representative volume element (RVE) .......................................96

4.2.2

Macro-scale finite element model ...................................................97

4.3

Results and discussion ................................................................................... 100

4.3.1

Validation of the homogeneous model .....................................102

4.3.2

Effect of critical micro-void location ...........................................113

4.3.3

Effect of micro-void size .....................................................................127

4.4

Summary................................................................................................................. 130

Chapter 5

Fretting fatigue with pit treatment surface ............................ 133

5.1

Numerical Model................................................................................................ 134

5.2

Experimental Validation ............................................................................... 139

5.3

Results and Discussion................................................................................... 140

5.3.1

Stress Distribution in the Three Models...................................141

5.3.2

Critical Plane Parameter.....................................................................145

5.3.3

Discussion....................................................................................................148

5.4

Summary................................................................................................................. 150

Chapter 6
6.1

The effect of stop hole .......................................................................... 152

Numerical model and Experimental validation ............................. 153

6.1.1

Propagation path.....................................................................................155

6.1.2

Fatigue lifetime prediction................................................................156

6.2

Results and discussion ................................................................................... 164
xvii

6.2.1

Effect of drilling location ....................................................................165

6.2.2

Effect of stop hole size..........................................................................168

6.3

Summary................................................................................................................. 171

Chapter 7

Conclusion and Outlook...................................................................... 173

7.1

Conclusion.............................................................................................................. 173

7.2

Outlook ..................................................................................................................... 176

Appendix....................................................................................................................................... 179
References ................................................................................................................................... 180

xviii

List of Figures
Figure 2.1. Normal line contact with only a normal force. ...............................14
Figure 2.2. An example of normal stress distribution of the contact surface.
................................................................................................................................................................16
Figure 2.3. An example of line contact under partial slip with a tangential
loading Q. .........................................................................................................................................17
Figure 2.4. An example of the shear stress distribution for normal and
tangential loads case. ...............................................................................................................19
Figure 2.5. Fretting fatigue contact. ................................................................................20
Figure 2.6. Shear stress distribution at the contact interface. ........................21
Figure 2.7. An example of surface cylindrical pit treatment contact. ........28
Figure 2.8. Three kinds of stop hole. ..............................................................................29
Figure 2.9. The influence of relative sliding displacement on fretting wear
and fretting fatigue [23]. ........................................................................................................31
Figure 2.10. Fretting fatigue crack initiation and propagation process...33
Figure 2.11. Schematic of RVE method.........................................................................35
Figure 2.12. A partition diagram of the specimen with two areas. .............36
Figure 2.13. The main crack orientation defined by the angle between
crack and the axis perpendicular to specimen surface. .....................................38
xix

Figure 2.14. Total life estimated according to the initiation length [113].
................................................................................................................................................................39
Figure 2.15. Schematic diagram of three critical distance methods. .........47
Figure 2.16. Flowchart of fatigue life prediction based on variable critical
distance and FP parameter Susmel and Taylor [165].........................................50
Figure 2.17. Three modes for crack growth. .............................................................53
Figure 2.18. A typical plot of crack growth rate change with the stress
intensity range. ............................................................................................................................54
Figure 2.19. The prediction of the crack growth orientation according to
the SIFs..............................................................................................................................................57
Figure 2.20. The stress near the crack tip in polar coordinates. ...................59
Figure 2.21. The stress intensity factor of branch cracks. .................................60
Figure 2.22. The flowchart of fatigue crack growth analysis based on
fracture mechanics. ...................................................................................................................63
Figure 3.1. Schematic view of fretting fatigue experimental setup [25]..68
Figure 3.2. Configuration of the fretting fatigue numerical model..............68
Figure 3.3. Four difference size RVEs and corresponding mesh models.
................................................................................................................................................................71
Figure 3.4. Convergence of (a) Macro elastic modulus and (b) Poisson's
ratio .....................................................................................................................................................72
Figure 3.6. Finite element model of case 3 with artificially placed four
inclusions.........................................................................................................................................75
xx

Figure 3.5. (a) Mesh sensitivity diagram (effect of mesh refinement on
shear stress distribution on contact interface), (b) Shear stress
distribution near contact interface for a homogenous case with 2μm
contact element size. ................................................................................................................77

Figure 3.7. Element size convergence of inclusions. ............................................78
Figure 3.8. Stress distribution of Case 3 below the contact surface(a)
Mises stress (b) Tensile stress and (c) Shear stress. ...........................................80
Figure 3.9. (a) Comparison of stress peaks between heterogeneous
materials and homogenous materials and their (b) location of all cases80
Figure 3.10. The local inclusion alignment of the shear stress peak of (a)
case 3 and (b) case 4. ...............................................................................................................83
Figure 3.11．Stress distribution of Case 5 below the contact surface (a)
Mises stress (b) Tensile stress and (c) Shear stress. ...........................................84
Figure 3.12. (a) Mises stress (b) Tensile stress (c) Normal stress (d) Shear
stress distribution on the contact surface for different inclusion materials
cases. ..................................................................................................................................................86
Figure 3.13. (a) Mises stress (b) Tensile stress (c) Normal stress (d) Shear
stress distribution on the contact surface for different distance cases ....88
Figure 3.14. (a) Mises stress (b) Tensile stress (c) Normal stress (d) Shear
stress distribution on the contact surface for different inclusion size cases
................................................................................................................................................................89

xxi

Figure 3.15.(a) Mises stress (b) Tensile stress (c) Normal stress (d) Shear
stress distribution on the contact surface for different inclusion shape
cases....................................................................................................................................................90
Figure 4.1. The RVE units with three different defect aspect ratios (a) 1,
(b) 1.84 and (c) 2.68 with a random distribution of defect size and
position. ............................................................................................................................................97
Figure 4.2. Numerical model configuration of the fretting fatigue..............98
Figure 4.3. Entire cycle load for test 1 ...........................................................................99
Figure 4.4. (a) Stress distribution at contact surface for maximum load
step, (b) Stress distribution at contact surface for minimum load step and
(c) dimensionless critical plane parameter distribution at contact surface
– Test 1. ..........................................................................................................................................104

Figure 4.5. (a) FP, (b) FS and (c) SWT parameters distribution at contact
surface for test 1. .....................................................................................................................105
Figure 4.6. Comparison between prediction and experimental failure life
using (a) hot spot method and (b) area average method. ............................108
Figure 4.7. Flow chart for calculation of damage parameters and crack
initiation location ....................................................................................................................109
Figure 4.8. Variation of dimensionless parameter with angle at peak point.
.............................................................................................................................................................110
Figure 4.9．Quadrant method diagram (a) Peak point on the contact
surface and (b) Peak point on the void. ....................................................................111
xxii

Figure 4.10. (a) FP, (b) FS and (c) SWT parameters distribution for the
case with a critical micro-void locate at x = 0.4 mm, y = -0.1 mm.114

Figure 4.11. The prediction of peak point coordinates of (a) FP, (b) FS and

(c) SWT parameters for all cases. .................................................................................116
Figure 4.12. FS parameter distribution of the case with a critical microvoid locate at x = 0.4 mm, y = -0.05 mm..................................................................117
Figure 4.13. The prediction of critical plane of (a) FP, (b) FS and (c) SWT
parameter for all cases.........................................................................................................119
Figure 4.14. The predicted dimensionless crack initiation life for all cases
by (a) FP, (b) FS and (c) SWT parameters ..............................................................121
Figure 4.15. The effect of micro-void location on crack initiation lifetime
(2D cloud map).........................................................................................................................124
Figure 4.16．The comparison between the prediction initiation life of
heterogeneous specimen and experimental result: (a) FP, (b) FS and (c)
SWT criterion.............................................................................................................................126
Figure 4.17. The prediction of peak point coordinates of (a) FP, (b) FS,(c)
SWT parameter for all cases with different micro-void size........................128
Figure 4.18. The prediction of dimensionless crack initiation life of (a) FP,
(b) FS and (c) SWT parameter for all cases with different micro-void size.
.............................................................................................................................................................129
Figure 5.1. The theoretical contact radius change with the pit radius ..136
Figure 5.2. Pit radius and position. ...............................................................................137
xxiii

Figure 5.2. The theoretical normal stress of the contact surface for types
1, 2 and 3.......................................................................................................................................138
Figure 5.3. Finite element model of type 2 (pit-specimen) ..........................139
Figure 5.4. The Mises stress distribution in the whole model when peak
loading (a) type 1, (b) type 2 and (c) type 3 ..........................................................142
Figure 5.5. Contact surface stress distribution comparison between each
model: (a) tensile stress and (b) shear stress .......................................................143
Figure 5.6. Dimensionless critical plane parameter distribution along the
contact surface: (a) type 1 and (b) type 2 (c) type 3 ........................................146
Figure 5.7. Slip range along the contact surface of both models: (a) type 1,
(b) type 2 and (c) type 3 .....................................................................................................148
Figure 5.8. Ruiz F2 parameter along the contact surface...............................150
Figure 6.1. The process of drilling a stop hole and crack growth .............153
Figure 6.2. Crack propagation FE model ..................................................................154
Figure 6.3. Crack propagation path of test 1 (a) experiment
observation[45] and (b) prediction by our framework. ................................156
Figure 6.4. Variation of crack length with prediction crack propagation
lifetime of Test 1 – Test 9 ...................................................................................................158

Figure 6.5. Comparison between the predicted and measured total life.
.............................................................................................................................................................159
Figure 6.6. The FS parameter gradient along the critical plane. ................160

xxiv

Figure 6.7. The relationship between TCD and initiation lifetime for Test
1 - Test 9.......................................................................................................................................161
Figure 6.8. Comparison between the predicted and measured total life.
.............................................................................................................................................................162
Figure 6.9. Configuration of crack growth test specimen [52]. ..................163
Figure 6.10. Comparison between the predicted and the experimental
fatigue life for CCT case 1. ..................................................................................................164
Figure 6.11. A stop hole with radius r = 0.16 mm is added on the crack
tip when the crack length l = 0.30 mm. ..................................................................165

Figure 6.12. The effect of drilling location of stop hole on the crack
propagation path. ....................................................................................................................166
Figure 6.13. The effect of drilling location of stop hole on the crack
propagation lifetime. .............................................................................................................167
Figure 6.14. The effect of drilling location of stop hole on the second crack
initiation lifetime. ....................................................................................................................168
Figure 6.15. The effect of hole size on the crack propagation path. ........169
Figure 6.16. The effect of hole size of stop hole on the crack propagation
lifetime. ..........................................................................................................................................170
Figure 6.17. The effect of hole size on the second crack initiation. ..........171

xxv

List of Tables
Table 3.1. The original material properties involved in this paper. ...........70
Table 3.2. All the cases involved in this study. .........................................................73
Table 4.1. The fretting fatigue experiments load condition and life results
[25]. .....................................................................................................................................................95
Table 4.2. The property of all materials and defect characteristics............95
Table 4.3. The fatigue material parameters for aluminum alloy 2024-T3
[152, 154] .....................................................................................................................................101
Table 4.4. Fretting fatigue experimental results of critical plane direction
from literature...........................................................................................................................106
Table 4.5. Predicted peak position (abscissa) and critical plane angle for
all test..............................................................................................................................................112
Table 4.6. The general range of peak position and the detail of the special
case (peak shift) of three kinds of prediction........................................................118
Table 4.7. The general range of critical plane angle and the detail of the
special case (critical plane shift) of three kinds of prediction. ...................119
Table 5.1: The chemical composition of the Al2024-T3 [45] ......................139
Table 5.2: Detail results of the maximum critical plane parameter ........146

xxvi

Nomenclature
Symbols
𝑎
𝑏
b′
c
c′
𝐶
𝑑𝑙
𝑑𝑁
𝑑𝑥
E
𝐸∗
𝐹
𝐹1
𝐹2
𝐺
𝐾
𝐾𝐼𝑐
𝐾I∗
𝐾II∗
∆𝐾
∆K 𝑐𝑟
∆K 𝑡ℎ

Semi-contact width
Fatigue strength exponent in tension
Fatigue strength exponent in torsion
Fatigue ductility exponent in tension
Fatigue ductility exponent in torsion
Constant factor of Paris’ law
Crack length increment
Propagation life increment
Slip value
Elastic modulus
Equivalent elastic modulus
Normal load
Wear parameter
Initiation parameter
Shear elastic modulus
Stress intensity factor
Plane strain fracture toughness
Mode I stress intensity factor of branch crack
Mode II stress intensity factor of branch crack
Stress intensity factor range
Fracture toughness stress intensity factor range
Long crack threshold stress intensity factor range
xxvii

∆𝐾𝑒𝑓𝑓
∆𝐾I
∆𝐾II
𝑙
𝑙𝑐
𝑚
𝑁𝑓
𝑁𝑖
𝑁𝑖2
𝑁𝑖𝑠
𝑁𝑖𝑣
𝑁𝑝
𝑁𝑝1
𝑁𝑝2
𝑝(𝑥)
𝑝𝑚𝑎𝑥
𝑃𝑠
𝑃𝑣
𝑄
𝑞(𝑥)
r
𝑅
𝑅𝑝𝑎𝑑
𝑅𝑝𝑖𝑡
𝑅∗
𝑅𝑠
S12
𝑆11
S22
𝑡
𝑡𝑒𝑥𝑝
𝑣
𝑥ℎ𝑜
𝑥ℎ𝑒
𝜎0[106 ]
𝜎ref

Equivalent stress intensity factor range
Mode I (opening) stress intensity range
Mode II (sliding) stress intensity range
Crack length
Critical crack length
An exponent of Paris’ law
Total fatigue life,
Initiation life
Second initiation life
Predicted initiation life at 𝑃𝑠
Predicted initiation life at 𝑃𝑣
Propagation life
First stage propagation life
Second stage propagation life
Normal stress
Peak normal stress
Peak point of contact surface
Peak point of edge of micro-void
Tangential force
Shear stress
Stop hole radius
Curvature radius
Pad radius
Pit radius
Equivalent radius
Stress ratio
Shear stress
Tensile stress
Normal stress
Time
Thickness
Poisson’s ratio
The peak point abscissa of homogeneous case
The peak point abscissa of heterogeneous case
Plain specimen fatigue strength
Reference material strength
xxviii

𝜎UTS
𝜎𝑎𝑥𝑖𝑎𝑙
𝜎𝑓−1
𝜎𝑛𝑚𝑎𝑥
𝜎𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛
𝜎𝑥,𝑚𝑎𝑥
𝜎𝑦
𝜎𝜃𝜃 , 𝜎𝑟𝑟 and 𝜏𝑟𝜃
𝜎𝑓 ′
𝛾𝑓 ′
𝜀𝑓 ′
θ𝑝
𝜃ℎ𝑜
𝜃ℎ𝑒
𝜃𝑐
𝜏𝑓′
𝜏𝑓−1
𝜏𝑦
∆𝛾𝑚𝑎𝑥
∆𝜀𝑛
∆𝜏𝑚𝑎𝑥
μ
υ

Ultimate tensile stress
Axial stress
Fatigue limit under tension
Maximum normal stress
Reaction stress
Peak tangential stress
Tensile yield strength
Stress components in the polar system
Sensile fatigue strength coefficient
Shear fatigue ductility coefficient
Tensile fatigue ductility coefficient
Crack growth orientation
Critical plane orientation of homogeneous specimen
Critical plane orientation of heterogeneous specimen
Critical plane orientation
Shear fatigue strength coefficient
Fatigue limit under torsion
Shear yield strength
Maximum shear strain amplitude
Normal strain amplitude
Maximum shear stress range
Coefficient of friction
Volume ratio

Acronyms
2D
CCT
CP
FEA
FP
FS

Two-dimensional
Center cracked tension specimen
Critical plane parameter
Finite element analysis
Findley parameter
Fatemi-Socie parameter
xxix

LEFM
MERR
MTS
MTSN
RVE
SED
SEM
SIF
SWT
TCD
XFEM

The linear elastic fracture mechanics
Maximum energy release rate
Maximum tangential stress
Maximum tangential strain
Representative volume element
Minimum strain energy density
Scanning electron microscopy
Stress intensity factors
Smith-Watson-Topper parameter
Critical distance method
Extended Finite Element Method

xxx

1.1 Fretting fatigue

Chapter 1

1

Introduction

Introduction

1.1 Fretting fatigue

1.1

2

Fretting fatigue

The weakening of components due to cyclic loading is fatigue. After a
certain amount of load cycles, the microcrack appears from stress
concentration geometric features location. And the microcrack continues
growing as the effect of the cyclic loading, and finally resulting in complete
failure.
And in tribology, the fretting will occur when there is lateral reciprocating
vibration between the two contact bodies. Such vibration amplitude can
even be at micron level [1]. The presence of fretting will cause high stress
gradients near the contact area, which poses a huge challenge to
mechanical structure design and fatigue life prediction. As the relative
sliding amplitude increases, fretting can be divided into three different
regimes: stick, partial sliding, and gross sliding.
Compared with uniaxial fatigue, due to small amplitude oscillatory
relative movement between the two contact surfaces, fretting may cause
fatigue life to be reduced by half [2, 3]. Fretting fatigue problems are
common and have a great impact on engineering applications [4-12]. In
the biomedical field, the fatigue of artificial hip joints, bone plates, and
intramedullary nails are rarely caused only by plain fatigue. Corrosive
effects of body fluids and fretting phenomenon will cause wear and
accelerate fatigue failure of the structure [13]. In the automotive industry,
by considering fretting fatigue, improvements to suspension components
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can increase fatigue life without increasing costs [14]. Fretting fatigue
failures have also been observed in automotive shock valves [15]. Such
failures can also occur in the bolted joints [16], aircraft engine fan dovetail
attachments [17], bridge cable wires [18] etc. Fretting fatigue accounts for
1/6 of aircraft engine failures according to the statistics of the United
States Air Force [19, 20]. More practical applications of fretting fatigue are
summarized in a review article, i.e. Ref. [21]. Most of the materials
involved are high-strength steel, various alloys, etc.
In fretting contact, the edge of the contact surface is usually a sliding area,
and the middle is a sticky area. The relative sliding near the contact edges
converts mechanical energy into heat energy [22]. If the normal load is
small, the sliding is a gross slip regime, and the wear of the relative sliding
area will be very serious, which is the phenomenon of fretting wear. If the
normal load is large, only the part of the contact edge slides, and the effect
of wear is almost negligible, which is the phenomenon of fretting fatigue
[23]. In fact, the most fundamental reason is that the fretting load causes
a huge peak of shear stress near the contact edge [24, 25] as a stress
concentration. This shear stress peak will act together with the cyclic
tensile load of the component itself, resulting in a shorter fatigue life
compared with the pull and compressive fatigue. The failure process is
generally characterized by two phases, crack nucleation[26, 27] and crack
propagation[11, 28]. For fretting fatigue, the crack initiation stage mainly
has shear stress or strain control, and the crack propagation mainly
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depends on the normal stress at the crack tip [29]. Researchers are
concerned with contact forces because it directly affect the initiation of
cracks[9]. And the contact stresses are affected by various factors, such as
loading magnitude, contact geometry, surface imperfections and slip
amplitude, which consequently affect the failure process. In addition to
experimental methods, numerical simulation is an effective method to
study fatigue problems [9, 10, 30-35]. As Fretting fatigue is a multi-axis
and non-proportional stress problem [36], in order to predict the
initiation lifetime, various approaches have been developed. The critical
plane method is a widely accepted criterion that defines the direction that
is most prone to cracking as a critical plane, and then it calculates the
damage parameters based on this plane [37] [38] [39].
The crack initiation size is at micro-level, which is close to the grain size of
materials [40]. After that, the linear elastic fracture mechanics (LEFM)
approach normally is applied to predict the crack propagation life [25].
The well-known Paris' law is used through stress intensity factors (SIF)
near the crack tip to calculate the number of fatigue life. The stress
intensity factor is the physical quantity used to characterize the
displacement and stress fields near the tip of the crack. According to
cracking modes, different modes of stress intensity factors are defined.
And a variety of equivalent factors have been proposed to predict the
cracks propagation of multiaxial fracture [41-44]. Then the J-integral
method is needed to achieve the gradual growth of cracks. Therefore,
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choosing the appropriate crack propagation trajectory prediction method
is important [45]. Maximum tangential stress (MTS) and “local

symmetry" orientation criteria give a good accuracy of prediction for
proportional loading conditions cases [46-48]. However, an extension of
MTS criterion [49] has much better performance for fretting fatigue
problem, which can be used in the case of non-proportional load
conditions [50].
In general, fretting fatigue is widespread in practical applications and can
greatly shorten the lifetime of components. Many studies have attempted
to more accurately predict the fatigue life of components with different
geometries, loads, and environmental conditions through experiments
and numerical methods. The influencing factors and mechanisms of this
failure need to be revealed. Finally, exploring ways to reduce adverse
effects and extend the total fatigue life is necessary.

1.2

Objectives

The main purpose of this thesis is to study the influence of the micro and
macro scales of the component on fretting fatigue. Various techniques are
used to prevent damage and improve fatigue life, .such as optimizing the
smelting process, using laser shot peening [51], using crack arresting
technique [52], etc. Many of them are achieved by reducing structural
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stress concentration. So, the study at micro and macro scales of the
component is necessary and important.
In the literature, homogeneous materials are widely assumed to study
fretting fatigue problems [53]. However, as a common consensus,
heterogeneity of material has a great influence on the life and stability of
the structure [54]. For many engineering components, the required
design lifetime may be greatly affected by heterogeneity. Therefore,
material heterogeneity has been widely studied in recent years [53, 5558]. In addition to contact area, the subsurface area can also be affected
by the heterogeneity, and in some cases, it is very strongly affected [59].
The heterogeneity usually refers to second phase inclusions [60-62],
porosities [63-65], fibres [66-70] and micro-cracks [53, 71]. In this study,
by combining the finite element and representative elementary volume
(RVE) technology, the two most common inclusions ( Al2 CuMg and

Al2 O3 ) and the ubiquitous micro-voids in aluminium alloys are
introduced into the fretting fatigue specimen. The initiation of cracks from

the subsurface often depends on the most dangerous defect called a
critical defect [72]. If all micro-voids diameter is below a critical value, i.e.
25 μm, the heterogeneous and homogeneous Sr-modified A356 alloys will

have similar fatigue strength [73]. In this work, a numerical simulation

method is established to study the effect of a single critical micro-void on
fretting fatigue. Furthermore, the critical plane method and the critical
distance (TCD) method are combined to predict the crack initiation
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lifetime, position and crack plane of the heterogeneous specimen contain
a single critical micro-void. All models use the representative volume
element (RVE) method to consider the most common defects of
inclusions and micro-voids in the specimen material. In addition to the
critical micro-void near the contact edge will accelerate the initiation of
cracks, the micro-void in the appropriate position will reduce the stress at
the crack initiation point and extend the fatigue life. In fretting fatigue, the
crack initiation point generally appears on the contact surface near the
contact edge. The contact surface geometry will seriously affect the
contact stress distribution and relative sliding under the same loading
condition, thereby further affecting fatigue and wear results. So, according
to the fretting fatigue structure of the cylindrical pad [45, 74] in contact
with flat specimen, this study proposes improvements to the standard
experimental geometry (flat-specimen) by adding artificial cylindrical
pits to the specimen. The influence of different pit schemes on the crack
initiation position and life are predicted through the critical plane
methods and Ruiz parameters. In the crack propagation stage, stop hole
technology is widely used as a crack arrest method. When the crack is
introduced into the stop hole, new cracks will be initiation at the edge of
the hole, thereby extending the fatigue life. However, the research on the
application of this technology to fretting fatigue is still lacking. Different
time and location for drilling stop holes will cause different crack
propagation paths and lives.
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In general, the goal of this thesis is to study the effect of micro and macro
geometries (artificial cylindrical pits, inclusions, critical micro-void and
stop hole) on the initiation of damage and propagation of cracks in fretting
fatigue.

1.3

Outline

Including the introduction of this chapter, there are seven chapters in this
dissertation, which are organized in the following way. Chapter 2 starts
with a literature review of fretting fatigue and micro and macro scales
background knowledge. The first section contains an introduction to the
classical analytical solution of contact mechanics. Secondly, different
types of micro and macro models that affect fatigue life are reviewed. In
the third section, the application of the finite element technique to fretting
fatigue is introduced. The representative volume element (RVE) method
is used when considering inclusions and critical micro void. The crack
initiation and propagation processes and behaviours involved in this
thesis are discussed. And then, the chapter provides a theoretical
background discussion of the numerical methods related to this
dissertation. The fatigue crack initiation parameters and the TCD method
are introduced. Finally, the LEFM is introduced as a common approach for
studying crack propagation.
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In Chapter 3, the effect of randomly distributed inclusions on stress and
strain fields in the specimen are studied in combination with RVE method.
The contact surface stress distribution obtained by finite element
simulation is verified by comparison with the theoretical solution. The
element size near the inclusion is also determined through a convergence
study. Finally, ten cases of randomly distributed inclusions with different
volume ratio, size and shape are studied.
Chapter 4 presents a discussion on the use of different critical plane
parameters combined with TCD method, and the effect of the most
dangerous critical void on the fretting fatigue crack initiation. This
combination of methods is verified by comparison with the fretting
fatigue experiments of homogeneous specimen. Critical micro-voids at
different positions relative to the contact edge are considered. The crack
initiation location and orientation of fretting fatigue can be predicted.
There are two potential crack initiation points, namely the contact edge
and the micro-void edge. Therefore, each prediction not only considers
the damage parameters of the contact surface but also includes the
internal distribution of the specimen below the contact surface. Finally, it
is found that the critical micro-void can not only reduce the initiation life
but also increase the life with appropriate micro-void.
In Chapter 5, a surface cylindrical pitting treatment method is proposed
to reduce the peak value of damage parameters by increasing the contact
radius. Adding a cylindrical pit on the specimen surface can change the
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contact stress distribution. Three critical plane parameters are used to
predict crack initiation location and life. However, the contact slip
amplitude of pad with specimen with cylindrical pits is larger. Therefore,
Ruiz parameter is used to consider the effect of the contact slip. The
results show that the predicted crack initiation positions of all damage
parameters are the same. And all the damage parameters are lower than
those of flat specimen case when the pit radius is appropriate.
Chapter 6 applies the widely used stop hole technology to the fretting
fatigue crack propagation stage in order to extend the lifetime. Here, the
fatigue fracture consists of four parts. The first is the crack initiation at the
contact edge. Then, there is the first stage of crack propagation. After that,
the stop hole is added at the crack tip, so the second crack initiation takes
place at the edge of the hole. The last stage is the second crack propagation
stage until the final fracture. In this Chapter, the first initiation will not
consider, but we only compare the difference of remaining stages. LEFM
approach is used to study the crack propagation stage. The Paris’ law is

applied to predict the crack propagation life. The maximum ∆𝐾I∗ (𝜃)

criteria is used to predict the crack growth orientation. Next, the critical
plane parameter and variable length TCD method are used together to
predict the second crack initiation lifetime. The above method is verified
by the central crack tensile fatigue experiment, which considers the stop
hole. Finally, the effects of different drilling positions and different hole
radii on the fretting fatigue crack propagation life are discussed.
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In Chapter 7, the main conclusions of this dissertation are listed, and the
suggestions for future work are elaborated.
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Theoretical background

Fretting fatigue is a comprehensive and complex failure phenomenon,
which involves contact mechanics, materials science, and fracture
mechanics. The main purpose of this chapter is to review the classic
theories and background knowledge related to this thesis. Therefore, the
classical contact mechanics is reviewed firstly. And the theoretical contact
stress distribution of fretting fatigue is also presented in detail. Next, the
macro and micro models which can affect the fatigue performance of
material are discussed. Then, the basic concept of fretting fatigue
including initiation and propagation are reviewed. Finally, the numerical
method used in this thesis is introduced which includes FEM, critical
plane parameters, critical distance method, and linear elastic fracture
mechanics.

2.1

Contact mechanics

Contact mechanics is the study of the deformation of bodies that touch
each other [75].

Due to the complexity of industrial mechanical

structures, contact problems appear in many mechanisms. The research
of elastomers contact proposed by Hertz opened a new horizon in contact
mechanics [76]. The distribution of contact force and its influence on
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mechanical properties are the focus of this research. In practical
applications, most components involve contact issues such as fatigue [45]
, joints components [77, 78], collision [79-81], conductive [82], seal [83],
biological films [84], etc. And in engineering, various mechanical loads are
usually applied through contact, which will cause deformation and stress
redistribution of the component. The existence of friction and material
plasticity makes the problem highly nonlinear and complicated.
Predicting structural deformation and failure are inseparable from the
study of contact mechanism. Back in the 1880’s, the well-known Hertz
contact model [85] gives a theoretical approximated solution for the
elastic phase of spherical bodies in contact. In the study of practical
problems, contact stress has always been the focus of attention. Before we
study the fretting fatigue behaviour, a brief review of contact mechanics
theoretical solution is presented here.
2.1.1

Normal line contact

The contact between a cylinder and a flat body (or two parallel cylinders)
is a line contact. The contact situations covered in this thesis belong to this
type of contact.
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Cylinder 2
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Figure 2.1. Normal line contact with only a normal force.
Firstly, we suppose that the two cylinders in contact are both elastic and
isotropic homogeneous materials. Secondly, the contact surface is smooth
without any lateral friction and only a normal force 𝐹 is to compress the

two bodies. Next, the deformation is relatively small compared with the
size of cylinders as shown in Figure 2.2. The analytical solution [75] is
given to obtain the normal stress distribution on the contact surface:
𝑥
𝑝(x) = −𝑝𝑚𝑎𝑥 √1 − ( )2
𝑎

(2.1)

Where 𝑝(𝑥) represents the normal stress distribution, 𝑎 is the semi-

contact width and 𝑝𝑚𝑎𝑥 is the peak value of normal contact stress at the

contact centre and is given by:
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𝑝𝑚𝑎𝑥 = √

𝐹𝐸 ∗
𝑡𝑒𝑥𝑝 𝜋𝑅 ∗

(2.2)

Where 𝑡𝑒𝑥𝑝 is the thickness of both contact cylinders. The 𝑅 ∗ is the
equivalent radius and 𝐸 ∗ is the equivalent modulus of elasticity, i.e.
1
1
1
=
+
𝑅 ∗ 𝑅1 𝑅2

1 − 𝑣12 1 − 𝑣22
1
=
+
𝐸1
𝐸2
𝐸∗

(2.3)

(2.4)

𝑅1 and 𝑅2 are the curvature radii of two contact cylinders. 𝐸1 and 𝐸2 are

Young’s moduli, and 𝑣1 and𝑣2 are Poisson’s ratios for the two bodies,

respectively. And the semi-contact width 𝑎 is given by:
𝐹𝑅 ∗
a = 2√
𝑡𝜋𝐸 ∗

(2.5)

Figure 2.2 shows the normal stress distribution of the contact interface of
the specimen. On the whole contact surface (between−𝑎 and 𝑎), there is
a parabolic distribution. The peak value of contact stress appears at the
centre.

Normalzed normal stress (p/pmax)
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Figure 2.2. An example of normal stress distribution of the contact
surface.
2.1.2

Line contact under partial slip

Based on pure normal contact, the fretting occurs because of the
tangential force Q . To illustrate the effects of tangential loading Q a

modified formulation is required [86, 87]. As shown in Figure 2.3, the two
cylinders are in contact with each other under the combined action of the
normal force F and the tangential force Q. The red line is the contact

region. And near the contact edge, 𝑐 ≤ |𝑥| < 𝑎, these are slip zones and
there will be relative sliding between the contact interfaces. Two sliding
zones are symmetrical to the contact centre. Therefore, we can express
the shear stress 𝑞(𝑥) by Coulomb friction law as 𝜇𝑝(𝑥) . The 𝜇 is the

coefficient of friction. Whereas, near the contact center, |𝑥| ≤ 𝑐, there is a

centrally symmetric stick zone which means that the contact surfaces will
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move together. So that in this zone the shear traction 𝑞(𝑥) does not reach
the critical value 𝜇𝑝(𝑥).

Q

F

Stick zone

Cylinder 1

-c
Cylinder 2

c

-a

a
Slip zone

y

x

Q

F

Figure 2.3. An example of line contact under partial slip with a tangential
loading Q.
The contact shear traction can be modeled by the Coulomb friction
law[22, 75], which is given by:

Where 𝑞1 (𝑥) = 𝜇𝑝(𝑥)

𝑞(𝑥) = 𝑞1 (𝑥) + 𝑞2 (𝑥)

𝑥
𝑞1 (𝑥) = −𝜇𝑝𝑚𝑎𝑥 √1 − ( )2
𝑎

Moreover, in the slip zones, the perturbation 𝑞2 (𝑥) is zero.
𝑞1 (𝑥) = 0, 𝑐 ≤ |𝑥| ≤ 𝑎

However, for the stick zones, it is given by:

(2.6)

(2.7)

(2.8)
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𝑥
𝑐
𝑞2 (𝑥) = 𝜇𝑝𝑚𝑎𝑥 √1 − ( )2 , |𝑥| ≤ 𝑐
𝑐
𝑎
𝑄
𝑐
= √1 −
𝜇𝐹
𝑎

(2.9)

(2.10)

Finally, when normal loads Fand tangential loads Q simultaneously, the
shear stress distribution on the contact surface is expressed as:

𝑞(𝑥) =

𝑥 2
−𝜇𝑝𝑚𝑎𝑥 √1 − ( ) , 𝑐 < |𝑥| ≤ 𝑎
𝑎

𝑥
𝑥
𝑐
−𝜇𝑝𝑚𝑎𝑥 [√1 − ( ) − √1 − ( ) ] , |𝑥| ≤ 𝑐
𝑐
𝑎
𝑎
{
2

2

(2.11)

The stress distribution when the normal and tangential loads acting
simultaneously is shown in Figure 2.4.

Normalized shear traction (q/pmax)
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Figure 2.4. An example of the shear stress distribution for normal and
tangential loads case.
Further, the structure of the fretting fatigue experiment is shown in Figure
2.5 (a). Two cylindrical pads compress a flat specimen under the action of
a normal force F. And two springs are attached to the fretting pad, which

will generate the tangential load 𝑄. In addition, the coefficient of friction
between the contact surfaces is μ. The axial load 𝜎𝑎𝑥𝑖𝑎𝑙 is acting on the

right side of specimen. Under the combined effect of these loads, so that

fretting fatigue will occur around the contact area. Compared with the
previous example, there is one more effect from the bulk stresses 𝜎𝑎𝑥𝑖𝑎𝑙 .
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Figure 2.5. Fretting fatigue contact.
And thus the perturbation shear traction 𝑞2 (𝑥) is given by [22]:
𝑥+𝑒 2
𝑐
𝑞2 (𝑥) = 𝜇𝑝𝑚𝑎𝑥 √1 − (
) , |𝑥 + 𝑒| ≤ 𝑐
𝑐
𝑎

(2.12)
𝑎𝜎

In the above formula, there is an eccentric displacement e = 4𝜇𝑝𝑎𝑥𝑖𝑎𝑙 in the
𝑚𝑎𝑥

stick zones as shown in Figure 2.5 (b). For the slip zone, the shear traction
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still follows the Coulomb friction model 𝑞(𝑥) = 𝜇𝑝(𝑥). Therefore, the
shear stress is given by:

𝑞(𝑥) =

𝑥 2
−𝜇𝑝𝑚𝑎𝑥 √1 − ( ) , −𝑎 ≤ 𝑥 < −𝑐 − 𝑒, 𝑐 − 𝑒 < 𝑥 ≤ 𝑎
𝑎

{

𝑥+𝑒 2
𝑥 2 𝑐
√
√
1−(
−𝜇𝑝𝑚𝑎𝑥 [ 1 − ( ) −
) ] , |𝑥 + 𝑒| ≤ 𝑐
𝑐
𝑎
𝑎
(2.13)

Normalized shear stress q/(pmax)

An example of the above analytical solutions is shown in Figure 2.6.
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Figure 2.6. Shear stress distribution at the contact interface.
Due to the existence of bulk stresses 𝜎𝑎𝑥𝑖𝑎𝑙 , the tangential stress on
contact surface will be much greater than the previous two load situation.

2.2 Micro- and macro-structure

22

For fretting fatigue, the peak tangential stress 𝜎𝑥,𝑚𝑎𝑥 located at the

contact edge (𝑥 = 𝑎), where the initial crack is usually found [22, 45, 88-

90]. So, as the principal stress, the maximum tangential stress is

important for fretting fatigue crack initiation location and lifetime. And
McVeigh and Farris [91] proposed an empirical formula to predict the
maximum tangential stress:

𝜎𝑥,𝑚𝑎𝑥 = 2𝑝𝑚𝑎𝑥 √

𝜇𝑄
+ 𝜎𝑎𝑥𝑖𝑎𝑙
𝐹

(2.14)

Through the above discussion, it can be found that the change of load will
obviously affect the contact stress distribution, which will cause different
failure behaviours. It is recognized that in addition to the influence of load,
the structure of the component is also very important for stress
distribution. In the next section, several common micro and macro
structures that can reduce or increase the fatigue lifetime are introduced.
Then the fretting fatigue behaviour and related numerical research
methods are reviewed.

2.2

Micro- and macro-structure

The fatigue failure process often starts at the weakest part of the material.
At first, there is only a micro crack or micro-hole, and then it gradually
grows into a macro crack. In the practical situation, the materials always
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have some heterogeneity due to heat treatment process. So, in order to
ensure sufficient fatigue life, the effect of discontinuities in the material on
fatigue, such as inclusions, micro cracks and micro voids, etc., is great [59,
92], At the macro level, it is usually assumed that materials are isotropic
and continuous. Continuum mechanics is a theory used to solve the
properties and responses at macro-scale level. The macrostructure of the
contact surface affects the initiation and propagation of crack [93]. And
the easiest way to capture cracks in the crack propagation stage that can
extend life is by drilling holes near the crack tip, which is named a stop
hole [94]. In this section, two micro- (inclusion and micro void) and two
macro- (pit treatment surface and stop hole) structures will be
introduced separately.
2.2.1

Micro inclusion and voids

Researchers are concerned with contact forces because it directly affects
the initiation of cracks [9]. And the contact stresses are affected by various
factors, such as loading magnitude, contact geometry, surface
imperfections and slip amplitude, which consequently affect the failure
process. On the other hand, material properties also have a significant
influence on contact stresses. With the continuous updating of
experimental equipment, people have more and more understanding of
the material microstructure. As a common consensus, heterogeneity of
material leads to stress concentration which has a great influence on the
life and stability of the structure [54]. For many engineering components,
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the required design lifetime may be greatly affected by heterogeneity.
Therefore, material heterogeneity has been widely studied in recent years
[24, 53, 55-59]. Generally, materials contain second phase inclusions [6062], fibres [66-70], porosities [63-65], or voids/cracks [53, 71] at the
micro level, which is the cause of the heterogeneity.
SEM(scanning electron microscopy) is Generally used to observe the
microstructure of material [95]. There are several kinds of typical
inclusions in alloys; 𝐴𝑙2 𝑂3 , 𝑀𝑔𝑂 , 𝐴𝑙2 𝑀𝑔𝑂4 , 𝐶𝑎𝑆𝑂4 , 𝑇𝑖𝐵2 , 𝐴𝑙3 𝑇𝑖 . The

material considered in this thesis aluminium alloy 2024-T3 is widely
applied in the aviation field. Two kinds of inclusions 𝐴𝑙2 𝐶𝑢𝑀𝑔 and
𝐴𝑙2 𝑂3 that are very common embedding in aluminum alloy 2024-T3 [92].

SEM observations showed that inclusions in the material were highly
discrete and random distribution. Typical geometric form of inclusions
are particles, films or group of films and rods [96]. The inclusions can be
regarded as foreign particles, which exist in metals[97]. According to the
relative position of the inclusions and the material surface, there can be
surface inclusions and internal inclusions [98]. As a result, stress

concentration will appear at the interface between different materials,
which may give rise to shorter fatigue life. Thus, in addition to the contact
area, the subsurface area can also be affected by the heterogeneity, and in
some cases, it is very strongly affected as presented in Ref [59]. For
example, the stress concentration that appears around the randomly
distributed inclusions will shorten fatigue life [24]. Therefore, this means
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that the crack initiation point not only appears at the contact surface but
also is likely to appear inside the material below the surface. There are
many ways to study the behaviour of heterogeneous materials. Previous
researchers have proposed several models to predict the effect of
inclusions and defects on metal fatigue strength. Murakami and Endo [59]
proposed an engineering guide to predict the fatigue strength of
components with heterogeneity. Some experimental results about highstrength steels showed that fatigue failures were mostly caused by the
inclusions inside the matrix [99-104].
It is shown that micro-voids are widely found in metallic materials. And
when the micro-voids size in the material exceeds a critical value, the
crack mainly originates near the micro-voids [65]. Fatigue cracks formed
by micro-voids and micro-notches are more considered in the literature
than cracks formed from second-phase inclusions [62]. Our work also
showed that micro-voids produced greater stress and complexity of
stress distribution than inclusions [24]. The numerical studies have found
that fretting fatigue characteristics are difficult to be directly related to
defect volume ratio and size. The experimental research found that the
inclusion size and fatigue life had not a clear relationship with each other
[105]. The initiation of cracks often depends on the most dangerous
defect, which we can call a critical defect. From the experiment research
proposed by Murakami and Endo [72], a similar conclusion was obtained.
If all micro-voids diameter is below a critical value, i.e. 25 μm, the
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heterogeneous and homogeneous Sr-modified A356 alloys will have
similar fatigue strength [73]. Kumar, Biswas [53] used numerical analysis
to study the influence of heterogeneity on stress distribution in fretting
fatigue problems. They studied heterogeneity by considering micro-voids
in the material, which is easily found in metal alloy materials[63]. They
found that the effect of heterogeneity on shear stress was greater than on
normal stress. Normally, for homogeneous material, the peak shear stress
appears at the contact interface. However, in the case of heterogeneous
materials, the peak may shift to the micro-voids.
2.2.2

Surface pit treatment and stop hole

Compared to uniaxial fatigue, fretting fatigue has more complex stress
concentration and shorter life [106]. For homogeneous materials, the
fretting fatigue performance mainly depends on the surface stress and
strain distributions [107]. In addition to load, material, temperature and
microstructure, the shape of the contact surface also has a significant
impact on fretting fatigue crack initiation. Previous researchers have
compared the stress profiles of the two most common fretting fatigue
contact types: flat-flat and cylinder-flat by numerical and experimental
method [108]. It shows that the cylinder-flat contact leads to earlier crack
initiation than flat-flat contact. And the larger the pad width, the longer
the crack initiation and propagation life is. The experimental crack
initiation life prediction studies for these two contact geometries are also
reported in Ref. [109]. The effect of contact edge geometry on the fretting
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fatigue also is studied by numerical and experimental method [110]. The
difference between the sphere and the cylinder contact are presented in
Ref. [111]. The ratio between initiation life and the total life of spherical
contact is much smaller than cylindrical contact. Hojjati-Talemi, Wahab
[112] studied the influence of contact geometry on crack propagation
behaviour. They found that for flat-flat and cylinder-flat type contacts, the
maximum transverse stress occurs at the contact edge. The crack
propagation life of the flat-flat and cylinder-flat type contact increases
with the increase of the pad width. Fretting fatigue research mainly
focuses on the cylindrical pad [45, 74] or flat pad [113, 114] contact with
flat specimen. However, the improvement plan for the contact of cylinderflat type will be discussed in this thesis. The artificial cylindrical pit is
processed on the surface of the flat specimen so that the cylindrical pad is
in contact with the cylindrical pitted specimen as shown in Figure 2.7.
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Figure 2.7. An example of surface cylindrical pit treatment contact.
The geometry of the contact surface can affect not only crack initiation but
also crack propagation. Reasonable macro contact surface structure can
effectively improve the overall fatigue life. However, for the crack
propagation stage, there are also various crack repair techniques to
extend the service life of components. For example overload technique
[115-117], cold expansion [118-121], indentation (dimple) [52, 122, 123]
and stop hole [52, 94, 117, 124-127]. A single overload causes crack
closure, tip dullness and strain hardening near the tip. Lu, Yang [115]
conducted a series of experiments on QSTE340TM automotive steel
under different load ratios and overload ratios to study the effect of single
overload on fatigue crack propagation. Cold expansion refers to drilling a
hole at the crack tip, and then using an oversized steel ball to pass through
the hole from one side to other sides. The residual stress caused by this
process will effectively extend the fatigue crack propagation life [118].
The indentation or dimple technology use an indenter to press into the
crack tip, generating residual compressive stress around it. The extension
effect of 3 different indentation methods has been investigated by
experimental and numerical methods [123]. The results show that
applying a greater indentation load can better extend the service life.
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Figure 2.8. Three kinds of stop hole.
Compared with the above crack repair methods, stop hole technology is
relatively simple and economical [126]. Adding stop holes at or near the
crack tip can effectively reduce stress concentration. As shown in Figure
2.8, according to the relative location between the drilling position and
the crack tip, there are three types of stop holes: tip hole, deflecting hole,
and flank hole. The tip hole is located at the crack tip. And the second crack
initiation will appear on the hole edge. The deflecting and flank hole can
affect the stress intensity factor (SIF) to change the crack propagation
direction and increase the fatigue life. Song and Shieh [126] carry out
experimental research about the 6061-T651 aluminium alloy and AISI
304 stainless steel. They found that the larger the hole diameter, the
longer the second crack initiation life is. Fanni, Fouda [128] optimized the
shape of the stop hole and got a better extension effect than the circular
hole. The effects of deflecting hole on the crack direction and residual life
are studied by Hu, Song [127] through Extended Finite Element Method
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(XFEM). Lu, Yang [117] completed the experiment of crack propagation
under the combined application of stop hole and overload technology.
Most of the above studies on stop holes are under pure mode-I or pure
mode-II. Ayatollahi, Razavi [94] studied the effect of stop hole under
mixed mode loads and predicted the initiation position of the new crack
at the edge of the hole.
Through the above literature review, it can be found that the stop hole
technology has always been a research hotspot. However, the research
application of stop hole in fretting fatigue is still relatively few. The
numerical and experimential research about the effect of stop hole on the
fretting fatigue crack propagation is not available, but it is very valuable.
So, this will be discussed in subsequent chapters of this thesis by
numerical method. Fretting fatigue is more dangerous than pure fatigue
due to its special loading condition. The crack propagation path is also
more complicated. The behaviour and characteristics of fretting fatigue
will be reviewed in the next section.

2.3

Fretting fatigue and numerical methods

2.3.1

Introduction

Due to the complexity of industrial mechanical structures, contact
problems appear in many applications. The slight lateral relative
movement between the contact surfaces causes the fretting phenomenon.
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And fretting problems always involve fretting fatigue and fretting wear
that two failure mechanisms. Therefore, according to different load
conditions, fretting fatigue and fretting wear, respectively, dominate and
commonly affect the failure. As shown in Figure 2.9, Vingsbo and
Söderberg [23] provided the law of fretting wear volume and fretting
fatigue life with respect to the relative sliding of the contact surface
through experimental measurements.

Partial sliding

Gross sliding

Reciprocate
sliding

Fatigue life

Wear volume loss

Stick

1

10

100

1000

Relative sliding displacement (m)

Figure 2.9. The influence of relative sliding displacement on fretting
wear and fretting fatigue [23].
At stick regime, relative sliding tendency of two contact surfaces is small.
They move together, so the fatigue wear is quite little and fatigue life is
high. The partial sliding regime means that the two contact surfaces stick
together at contact centre, and slide relative to each other at two contact
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edges. Under this condition, the fatigue life reduce seriously. However, the
volume of wear debris is reasonably low and not visible. Therefore, in the
partial sliding regime, fretting fatigue dominate the failure. At the gross
sliding regime, the wear increases significantly and the fatigue life
increases instead. A large amount of surface wear removes the cracks
initiating on the contact edge and form an oxide layer, thereby increasing
the fatigue life. Therefore, under this regime, fretting wear is the focus of
attention.
All cases involved in this thesis belong to the partial sliding regime. So
here we focus on the fretting fatigue phenomenon, which is common and
has a huge impact on engineering applications [4-12]. Fretting fatigue can
significantly affect structural performance in many engineering
applications[4]. The fatigue life of the structure may be reduced by the
fretting phenomenon, which occurs due to small oscillatory motion
between two contact surfaces [3]. The failure process of fretting fatigue is
generally characterized by two phases, crack nucleation [26, 27] and
crack propagation [11, 28] as shown in Eq. (2.15).
𝑁𝑓 = 𝑁𝑖 + 𝑁𝑝

(2.15)

Where 𝑁𝑓 , 𝑁𝑖 , and 𝑁𝑝 are total fatigue life, initiation life, and propagation

life, respectively.

The propagation phase is divided into the mixed propagation stage and
the vertical propagation phase. In short, this fretting fatigue behavior can
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be summarized in Figure 2.10. A detailed introduction will be given in the
next section.

Contact region
Initiation phase
Mixed propagation

Vertical propagation

Figure 2.10. Fretting fatigue crack initiation and propagation process.
2.3.2

Finite element analysis

In addition to the theoretical solution of contact mechanics mentioned
above, in order to study the mechanism of fretting fatigue, experiments
using different equipment’s and under different conditions were carried
out [22, 45, 74, 129, 130]. Through observation, they gave many valuable
and interesting conclusions, including crack initiation location and the
effect of different loading conditions, etc. However, for experimental
methods, it is difficult to obtain the details of stress field at crack initiation
point and crack tip. Therefore, the finite element analysis (FEA)
technique is a popular and powerful tool to solve nonlinear contact and
multiaxial stress field problem such as fretting fatigue [9, 10, 30-35].
Lykins, Mall [131] proved that the crack initiation life and orientation
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depend on the maximum shear stress range by a combined experimental–
numerical approach. Their results show that it is necessary to analyse the
stress and strain field of the contact surface under different loads.
Especially when there are processing defects (inclusions, micro voids,
etc.) near the high stress area [132]. In the experimental and numerical
studies of fatigue crack initiation of HPDC magnesium AM60B alloy, Lu,
Taheri [133] study the relationship between local maximum plastic shear
strain range and casting pore features and loading conditions. And Gall,
Horstemeyer [62] tried to quantify the driving force for fatigue crack
formation from damaged inclusions and voids by numerical method. Yi,
Gao [134] discussed the dispersion phenomenon in the fatigue life of cast

A356-T6 aluminium-silicon alloy due to the existence of pores. As
mentioned in the previous section, different types of microscopic defects
are widely present in materials, which significantly affect fatigue life.
Therefore, in fretting fatigue, the influence of defects near the contact edge
on fatigue initiation life and crack orientation should be monitored. The
FEA technique is also an important tool for the study of crack propagation.
It is usually combined with LEFM to predict crack growth life and
direction [45, 50, 94, 124]. The FEA technique can solve the local stress
under different contact geometries and loading conditions. So, the FEA
technique is an effective and convenient way to study the crack initiation
and propagation phases of fretting fatigue quantitatively. The specific
implementation method will be introduced in the following two chapters.
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In the numerical simulation, if the various defects are randomly
distributed in the whole specimen, it will bring a great computational cost.
And in order to decrease the computational cost, the representative
volume element (RVE) method is also commonly used to consider the
void and inclusion inside the specimen [24, 135]. It can be used to obtain
the equivalent mechanical properties of the heterogeneous material
containing the defects by the Digimat-FEM [136]. As shown in Figure 2.11,
we choose a small volume with periodic boundary conditions and
microstructure, which can represent the property of the whole specimen.
The equivalent macroscopic material properties can be obtained, in this
way.

Voids

Figure 2.11. Schematic of RVE method.
The fretting fatigue FEM model of heterogeneous material can be built in
two ways: use the equivalent homogenized material in the whole
specimen, or model a small area near the contact region by the
heterogeneous material with inclusions and use equivalent homogenized
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material in the rest of the specimen. Since inclusion will cause stress
concentration[59, 92, 98, 103], and fretting fatigue has maximum stress
near the contact area[9]. So the second way will be chosen in order to
study the effect of inclusion on the stress distribution near the contact
area, and the partition diagram of the specimen is shown in Figure 2.12.

Figure 2.12. A partition diagram of the specimen with two areas.
2.3.3

Crack initiation

Generally, the initiation refers to the formation of cracks. Crack initiation
is affected by load, microstructure and environmental variables. It is
micro-level, which is close to the grain size of material [40]. However, it
can account for a large part of the entire failure life. So, the research on
initiation is very meaningful. The cyclical stress that causes fatigue is
usually smaller than the static ultimate tensile stress or yield limit. But as
long as the cyclical stress amplitude exceeds the fatigue limit, the damage
accumulates continuously at the crack initiation point. Many
experimental observations show that usually, the crack initiates at the
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surface of component [132]. And irreversible local damage under cyclic
loading usually leads to the development of a persistent slip band [132,
137]. When observing the fatigue crack initiation of copper, the intrusion
and extrusion phenomena appear at the slip band on the material surface
[138]. The formation of micro crack occurs after that.
2.3.3.1 Initiation location and orientation
For fretting fatigue, the stress concentration caused by contact dominates
the crack initiation [90]. The initial crack is usually observed to appear at
the contact edge as shown in Figure 2.13 [45, 89, 139, 140]. Although it is
the main crack that causes the final failure, there are still several
secondary cracks [131]. The main crack orientation 𝜃 defined by the
angle between crack and specimen surface perpendicular is shown in

Figure 2.13. The crack initiation orientation observed through the
experiment about AA2024-T3 is between −35° and −45° [45]. In the

fretting fatigue crack test of titanium alloy Ti-6Al-4V, the obtained 𝜃 by

the different specimens are 40° , −45° /43° , and −39° , respectively [131].

These results indicate that the crack initiation phase of fretting fatigue in
Figure 2.10 is dominated by shear. Under the combined effect of the
tangential friction force on the contact surface and the cyclical transverse
axial stress 𝜎𝑎𝑥𝑖𝑎𝑙 acting on the specimen, inclined microcracks are
gradually formed.
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Figure 2.13. The main crack orientation defined by the angle between
crack and the axis perpendicular to specimen surface.
2.3.3.2 Initial crack length
Due to the obvious difference between the growth rates, the fatigue
process is divided into different phases from crack initiation to final
fracture. As shown in Figure 2.10, the crack propagation phase is after the
initiation phase. In the initiation phase, the crack length increases slowly,
which mainly depends on the stress and strain at the initiation point. In
the propagation phase, the crack growth rate mainly requires the
determination of the stress intensity factor (SIF) at the crack tip.
However, according to the literature, there is no clear definition of the
crack initiation length, which is the boundary between the two phases. In
experimental research, the initiation length often depends on the
accuracy of the measuring instrument. For instance, usually the accuracy
of non-destructive detection is 380 μm, and Lykins, Mall [131] assumed

this value as the initial crack length. So, the average propagation life 𝑁𝑝 is
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between 6% and 15% of the total failure life 𝑁𝑓 in their fretting fatigue

experiment results. At the same time, the recognition limit of scanning

electron microscope (SEM) technology is 130 μm. When 130 μm is used

as the initiation length, the ratio 𝑁𝑝 /𝑁𝑓 =0.3 [131]. And some

experiments and numerical studies use experience to specify the

initiation length. When the initiation life predicted by the critical plane
method is compared with the experimental result, 1 mm is considered as

the initiation length [74, 141]. In numerical simulations, there are usually
two methods to determine the initiation length, namely variable initiation
length and fixed initiation length. The main idea of variable initiation

Life estimated

Life

length is shown in Figure 2.14.

Initiation life 𝑁𝑖

(Fatigue initiation criteria)

Initiation

Propagation life 𝑁𝑝 (Paris law)
Depth

length
Figure 2.14. Total life estimated according to the initiation length [114].
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The numerical prediction of fatigue life includes two parts, crack initiation
life and crack propagation life. The general process is first to predict the
crack initiation life through multi-axial fatigue criteria such as critical
plane parameters or continuum damage mechanics. And then insert a
short crack at the initiation location as the start point of crack propagation
combine with Paris law to predict the crack growth life. For the green line
shown in Figure 2.14, as the initiation length increases, the crack
propagation life decreases, which is easy to understand. Usually, the
stress at the initiation point is the highest, so the longer the crack initiation
length, the smaller the equivalent or average stress. And the smaller the
equivalent stress, the longer the predicted initiation life. So, the blue line
in Figure 2.14 shows that the initiation life increases together with the
defined initiation length. The red line is the total life having a minimum
value as shown in figure 2.14. And Navarro, Garcia [142] assumed that
when the total life takes this minimum value, the corresponding length is
the appropriate initiation length. So, the initiation length is variable with
different loading conditions. With variable initiation length, the numerical
prediction and fretting fatigue tests result under spherical contact have a
good consistency [142-144]. And Sabsabi, Giner [114] used the same
method at the initiation phase and XFEM in the propagation phase to
study the fretting fatigue under contact between flat pad and flat
specimen. They showed that the combination of this method and the
XFEM can make reasonable predictions compared to the experimental
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results. The fixed initiation length is regarded as the critical minimum
crack length of a material in fracture mechanics. And 𝑙𝑐 can be calculated

by El Haddad empirical law [145]:
𝑙𝑐 =

1 ∆𝐾𝑡ℎ 2
(
)
𝜋 𝜎0[106 ]

(2.16)

where ∆𝐾𝑡ℎ is a long crack threshold stress intensity factor (SIF) range.
And 𝜎0[106 ] is plain specimen fatigue strength of fatigue material.

In the research of fretting fatigue crack propagation life of AA2024-T3
specimen, the crack initiation length is considered as a fixed value of
50 μm [45, 50]. Comparison with experiments shows that this method is

reasonable and efficient. This thesis also uses the same fixed initiation
length to study the crack propagation in AA2024-T3 specimen, then
considers the crack propagation phase.
2.3.3.3 Critical plane and Ruiz parameter
Fretting fatigue is a multi-axis periodic load problem, which is a nonproportional loading condition. Especially near the contact edge of the
specimen, high-stress concentration will occur. In order to predict the
crack initiation life, scholars have established many empirical theoretical
formulas. The critical plane approach is a widely used and validated
method [146, 147]. In fact, under cyclic loading, the stresses are
constantly changing, and during the deformation process, the energy is
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also continuously transformed. When these parameters reach a critical
value with time, cracks are generated. The critical plane approach is
divided into three categories based on stress, strain, and energy [147]. For
the critical plane of stress, the plane subjected to the maximum stress
amplitude is defined as the critical plane. The strain and energy critical
plane methods have a similar definition, which will be discussed in a later
section. In addition to experimental research, recent numerical methods
are increasingly used by researchers because they can help to understand
in depth the distribution of stress and strain at the contact surface, which
is difficult to be measured by experiments [148, 149]. Fretting fatigue is a
complex multi-axis fatigue problem. The critical plane method is widely used
as a recognized fatigue rule on fretting fatigue problems. In such a method, the
crack will initiation along some special plane with the maximum critical plane
parameter or shear strain amplitude. In this thesis, three kinds of critical plane
parameters are used namely stress based Findley FP [150], strain based FatemiSocie FS [151], and energy based Smith-Watson-Topper SWT [152]
parameters.
Normally the criteria of stress based are more suitable for high cycle
fatigue. In addition, Findley defines the critical plane parameter as:
𝐹𝑃 =

∆𝜏𝑚𝑎𝑥
+ 𝑘1 𝜎𝑛𝑚𝑎𝑥
2

(2.17)
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is maximum shear stress amplitude on any plane passing a

certain point in the whole loading cycle, and 𝜎𝑛𝑚𝑎𝑥 is the maximum

normal stress on any plane passing this point. 𝑘1 is the material fatigue

constant that can be obtained experimentally. In this study, it can be
obtained using Eq.(2.18).
𝜎𝑓−1
=
𝜏𝑓−1

1+

2

𝑘1

√1 + 𝑘1

2

(2.18)

where 𝜎𝑓−1 is the fatigue limit under tension and the 𝜏𝑓−1 is the fatigue

limit under torsion of material. For the experimental materials (AA2024T3) of this study, their values are equal to 114.9 MPa and 66.34 MPa,
respectively [25, 153]. After Findley’s work, Park [154] proposed a
formula for predicting the crack initiation life:
𝐹𝑃 = 𝜏𝑓′ (2𝑁𝑖 )𝑏

(2.19)

where 𝜏𝑓′ = 482.08 MPa is the fatigue strength coefficient in shear and

𝑏 = −0.096 is the fatigue strength exponent in tension [153, 155]. The
point at which the FP parameter reaches the maximum is the crack

initiation starting point, and the plane passing this point is the critical
plane, that is, the crack initiation plane.
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Fatemi and Socie [38] proposed a critical plane criterion that can apply to
materials and load conditions that produce shear mode failures.
Moreover, it is also the most representative strain-based criterion. For
this criterion, the critical plane is the orientation that is subjected to the
maximum shear strain amplitude and has the largest FS parameter value.
The 𝑁𝑖 can be determined using Eqs.(2.20) and (2.21).
𝐹𝑆 =

𝜏𝑓′
𝜎𝑛𝑚𝑎𝑥
∆𝛾𝑚𝑎𝑥
′
′
(1 + 𝑘2
)=
(2𝑁𝑖 )𝑏 + 𝛾𝑓 ′ (2𝑁𝑖 )𝑐
2
𝜎𝑦
𝐺

(2.20)

𝜎𝑓 ′

(2.21)

𝑘2 =

𝜎𝑦

where ∆𝛾𝑚𝑎𝑥 is the maximum shear strain amplitude. 𝑏 ′ = 𝑏 = −0.096
and 𝑐 ′ = −0.644 are the shear fatigue strength and shear fatigue

ductility exponent. 𝐺 is the shear modulus of elasticity; 𝛾𝑓 ′ = 0.2944 is

shear fatigue ductility coefficient; 𝜎𝑦 = 383 MPa is tensile yield strength

and 𝜎𝑓 ′ = 835 MPa is tensile fatigue strength coefficient [153, 155].

For the energy based critical plane criteria, SWT parameter was proposed
by previous scholars and was very suitable for tensile fatigue problems
[156]. Then, on this basis, Socie [157] proposed the final form as shown in
Eq. (2.22).
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𝑆𝑊𝑇 =

𝜎𝑛𝑚𝑎𝑥

2

∆𝜀𝑛 𝜎𝑓 ′
=
(2𝑁𝑖 )2𝑏 + 𝜎𝑓 ′ 𝜀𝑓 ′ (2𝑁𝑖 )(𝑏+𝑐)
2
𝐸
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(2.22)

where ∆𝜀𝑛 is normal strain amplitude, and 𝜀𝑓 ′ = 0.17 is tensile fatigue

ductility coefficient [153]. Through the formulas of the above three
criteria, it can be found that the stress and strain history in the periodic
load will determine the fatigue life of the specimen.
From the above description, it can be found that the critical plane parameters
does not consider the influence of slip between the contact surfaces on the
crack initiation. Ruiz, Boddington [158] studied the fretting phenomenon of
dovetail joint between blade and disk in a gas-turbine configuration. The
experimental results show the importance of fretting between the disk/blade
interface. And they proposed two Ruiz parameters depends on their
experimental observations. First one named wear parameter 𝐹1 which is
given by:

𝐹1 = 𝑞(𝑥)𝑑𝑥

(2.23)

where 𝑞(𝑥) is shear stress and 𝑑𝑥 is the slip value.

The position, where has the maximum value of the wear parameter 𝐹1 , is
close to the maximum wear location in the experiment. The second one is
named initiation parameter 𝐹2 . It evaluates the crack initiation location
and life by introducing tensile stress 𝑆11 :
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(2.24)

As shown in Figure 2.9, greater wear may lead to greater fretting fatigue life.
Therefore, compared with Eq. (2.23) and Eq. (2.24), the maximum location of
𝐹1 and 𝐹2 may be different. Finally, this thesis will use the Ruiz parameters

[158] to evaluate the influence of slip.

2.3.3.4 The critical distance method
Various numerical fatigue parameters are widely used. For example, the
critical plane method is usually used to predict the crack initiation life,
position and angle. However, more and more works of literature prove
that it is not appropriate to predict the crack initiation direction by using
the critical plane of the peak point, which is called hot spot method.
Moreover, because of stress concentration, the damage parameters
decrease rapidly along the depth direction as the red dotted line shows in
Figure 2.15. So the life of crack initiation will be underestimated if one uses
the hot spot method directly [159, 160]. Due to the sharp changing stress
in the vicinity of peak point, the critical distance (TCD) method, which was
proposed by Taylor [161] based on linear elastic fracture mechanics, is
commonly used to average the damage parameters around the crack
initiation point [162, 163].
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Point method: 𝑙𝑐 ⁄2
Area method: 𝑙𝑐

Line method: 2𝑙𝑐

Fatigue parameter

Figure 2.15. Schematic diagram of three critical distance methods.
The most two commonly used critical distance methods are point method
(PM) and line method (LM). As shown in Figure 2.15, the PM defines the
equivalence stress is of the point at 𝑙𝑐 ⁄2 away from the peak point on the

critical plane orientation. The characteristic critical distance 𝑙𝑐 is equal to
the crack initiation length, which can be calculated by El Haddad empirical

law as shown in Eq. (2.16). Where the long crack threshold stress
intensity factor range is ∆𝐾𝑡ℎ = 100 MPa√mm [164], and the plain

specimen fatigue strength is 𝜎0[106 ] = 263 MPa for the aluminium alloy
2024 T3, therefore 𝑙𝑐 = 46.02 μm. And the LM defines the average stress

of all point on the critical plane within 2𝑙𝑐 distance, which is the

equivalence stress. The other method is the area method (AM,) which

determines the equivalence stress by average all points in the semicircular with radius 𝑙𝑐 and peak point as the center [45, 165, 166]. And
Hattori, Ab Wahab [167], [168] combined the fretting fatigue S-N curve

and critical distance theory to predict the high cycle and low cycle fatigue.
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The Modified Wöhler Curve Method was also used together with it to
estimate fretting fatigue strength of cylindrical contacts [169]. The
combination of the critical plane method and the critical distance theory
is used for the research of notched specimens under multiaxial fatigue
loading[159]. And when the TCD method is applied to fretting fatigue
problems, some scholars directly averaged the fatigue parameters in a
specific range and obtained good results [144, 170-172]. The equivalence
fatigue parameter can reduce the effect of the life underestimation caused
by stress concentration.
As an extension of TCD method, Susmel and Taylor [166] assume that the
characteristic critical distance 𝑙𝑐 varies with the number of initiation

fatigue life 𝑁𝑖 . The 𝑙𝑐 and 𝑁𝑖 conform to a simple power function as:
𝑙𝑐 = 𝐴𝑁𝑖 𝐵

(2.25)

And there are two methods to fit the two parameters A and B. The first
method is to consider the two extreme cases of static failure and fatigue

limit. The distance calculated by Eq. (2.16) corresponding to 𝑁𝑖 = 106 is
the state of fatigue limit. For static failure, a similar equation is given to
predict the critical distance as [173, 174]:
𝑙𝑐 =

1 𝐾𝐼𝑐 2
( )
𝜋 𝜎ref

(2.26)
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Where 𝐾𝐼𝑐 is the plane strain material toughness, and 𝜎ref is reference

material strength. They assumed that the value of 𝜎ref is close to the
ultimate tensile stress 𝜎UTS . And the static failure means that the crack

initiation life is just one cycle. So, the critical distance obtain from Eq.
(2.16) and Eq.(2.26) corresponding to 106 and 1 cycles [175]. Then,

bringing these relationships into Eq. (2.25), the function between 𝑙𝑐 and

𝑁𝑖 can be obtained. It can be found that this method is very convenient for
certain material with certain stress ratio, and the relationship between

the critical distance 𝑙𝑐 and the fatigue life 𝑁𝑖 can be obtained directly

through the material properties. However, the research shows that the

fitting formula Eq. (2.25) obtained by two experiment cases with different
stress gradient can provide more accurate prediction [173, 174]. The
fatigue life of two cases get from experiment, and the stress gradient is
obtained from simulation. Then, combined with fatigue parameters, a
reasonable critical distance corresponding to two fatigue life can be found.
Finally, the parameters A and B can be obtained.
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𝑙𝑐 = 𝐴𝑁𝑖1 𝐵
Equivalence 𝐹𝑃𝑒𝑓𝑓

𝑁𝑖1 = 𝑁𝑖2

No

𝐹𝑃𝑒𝑓𝑓 = 𝜏𝑓′ (2𝑁𝑖2 )𝑏
𝑁𝑖2 = 𝑁𝑖1 ?
Stop

Figure 2.16. Flowchart of fatigue life prediction based on variable critical
distance and FP parameter [166].
As an example, the FP parameter is used in Figure 2.16 to predict fatigue
life based on variable critical distance. The averaged 𝑁𝑖2 is assigned to 𝑁𝑖1
until the results of two iterations are equal.

Finally, the combined application of critical plane parameter and critical
distance method for predicting crack initiation response are summarized
in Figure 2.17.
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Figure 2.17. Combined application of critical plane parameter and critical
distance method.
2.3.4

Crack propagation

As shown in Figure 2.10, the propagation phase of fretting fatigue is
divided into the mixed propagation stage and the vertical propagation
stage. This is because normally the crack originates at the contact edge
and initiates inwards the contact zone [45]. The crack propagation
behaviour is affected by fretting contact stress and bulk stress 𝜎𝑎𝑥𝑖𝑎𝑙 at

mixed propagation stage. So, in this mixed mode, the crack continues to

propagate in a direction inclined to the surface. And the contact force of
the fretting contact surface usually induces crack face closure. This
closure also affects the crack propagation behaviour. When the crack
length reaches the characteristic dimension of the contact zone, the
influence of contact force can be ignored, which is the vertical propagation
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stage [22]. In this stage, crack propagation is dominated by bulk stress and
perpendicular to the contact surface until its final failure.
For crack propagation, the determination of crack growth rate and crack
propagation direction is very important. Normally the linear elastic
fracture mechanics (LEFM) approach is applied to predict the crack
propagation behaviour [25, 45, 176]. The existence of the plastic zone at
the crack tip lends the crack to grow gradually. When the plastic zone is
relatively small compared to the size of the crack, the elastic stress field
around this plastic zone can be used to describe the state of the crack tip.
The stress field around the crack tip depends on the location, load and
geometry. And the location in a polar coordinate system can be
represented by radius 𝑟 and angle 𝜃 as shown in Eq. (2.27):

σ𝑖𝑗 = σ𝑖𝑗 (𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛, 𝐿𝑜𝑎𝑑𝑖𝑛𝑔, 𝐺𝑒𝑜𝑚𝑒𝑡𝑟𝑦) = σ𝑖𝑗 (𝑟, 𝜃, 𝐾)

(2.27)

Where 𝐾 is stress intensity factor (SIF), which is used to represent the

combined effect of loading and geometry.

𝐾 = 𝐾(𝐿𝑜𝑎𝑑𝑖𝑛𝑔, 𝐺𝑒𝑜𝑚𝑒𝑡𝑟𝑦)

(2.28)

And there are three modes of SIF according to opening, sliding, and
tearing loading mode. They correspond to Mode I, Mode II, and Mode III,
respectively, as shown in Figure 2.18.
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Mode III

Mode II

Figure 2.18. Three modes for crack growth.
2.3.4.1 Crack growth rate
In order to improve the calculation efficiency, the fretting fatigue problem
is usually treated as a plane strain problem. It is a mixed-mode fatigue
include the effect of opening mode K I and sliding mode K II . The impact
of loading can be ignored. And the calculation of crack growth rate can be
written as:
𝑑𝑙
= 𝑓(∆𝐾, 𝑅𝑠 )
𝑑𝑁

(2.29)

Where ∆𝐾 is the stress intensity factor range at the crack tip. And 𝑅𝑠 is the
stress ratio and it also equals the ratio between the maximum and
minimum SIF in one loading cycle.
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𝐾𝑚𝑖𝑛 𝜎𝑚𝑖𝑛
=
𝐾𝑚𝑎𝑥 𝜎𝑚𝑎𝑥

(2.30)

So, the crack growth rate is affected by stress intensity factor range and
stress ratio. Related experimental measurements are implemented to

log(𝑑𝑙 ⁄𝑑𝑁)

explore such influence laws [177].
R = 0.5
R = 0.8
log ∆K 𝑡ℎ 1

2

R = 0.1

3 log ∆K 𝑐𝑟

Figure 2.19. A typical plot of crack growth rate change with the stress
intensity range.
A typical plot of crack growth rate change with the stress intensity factor
range and stress ratio is shown in Figure 2.14. There are three different
stress ratios, which are 0.1, 0.5, and 0.8, respectively. Under the same ∆K,

the lower the stress ratio 𝑅𝑠 , the lower the crack growth rate. The red line

shows the 𝑅𝑠 = 0.1 case and there are three regions from crack
formation till final fracture. When the stress intensity factor range is
approaching the long crack threshold, ∆K 𝑡ℎ is defined as the short crack
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growth region (Region 1). In this region, the crack is short and grows very
slow, which can be understood as crack formation process. If the
maximum stress intensity factor increases till close to the fracture
toughness K 𝐼𝑐 , the crack growth is very fast and unstable, which is region

3. The critical limit stress intensity factor range ∆K 𝑐𝑟 in Figure 2.19 can be
expressed as:

∆K 𝑐𝑟 = (1 − 𝑅)K 𝐼𝑐

(2.31)

In region 2, the log-log plot is linear. And well known Paris–Erdogan
equation is defined as [178]:
𝑑𝑙
= 𝐶∆𝐾 𝑚
𝑑𝑁

(2.32)

Where 𝐶 and 𝑚 are a constant factor and an exponent, respectively. Both

of them can get from the test. For material AA2024-T3 and R = 0.1 case
in this thesis, the factor 𝐶 = 2.73 × 10−11 (mm/cycle)/(MPa√mm)𝑚

and exponent 𝑚 = 2.6526 are adopted [179]. The 𝑑𝑙 and 𝑑𝑁 are small
increments in crack length and fatigue life, respectively. According to Eq.

(2.32), the fatigue cycle of the crack propagation stage 𝑁𝑝 can be
predicted by the integral method as shown in Eq. (2.33):
𝑎𝑓

∫

𝑎𝑖

𝑁𝑓

𝑑𝑙
= ∫ 𝑑𝑁 = 𝑁𝑝
𝐶∆𝐾 𝑚
𝑁𝑖

(2.33)
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For the mixed-mode fatigue problem, such as fretting fatigue, there are
different kinds of definition for ∆𝐾. As proposed by Irwin [42] and used
by Liu [180], ∆𝐾 equals to the equivalent SIF range ∆𝐾𝑒𝑓𝑓 , which is given
as:

∆𝐾 = ∆𝐾𝑒𝑓𝑓 = √∆𝐾I2 + ∆𝐾II2

(2.34)

Where ∆𝐾I and ∆𝐾II are mode I (opening) and mode II (sliding) stress
intensity range at crack tip between maximum and minimum loading

conditions. Tanaka [41] proposed another criterion for mixed-mode
conditions based on the previous model [181]:
∆𝐾𝑒𝑓𝑓 = [∆𝐾I4 + 8∆𝐾II4 ]1⁄4

(2.35)

An in-plane mixed mode criterion is raised by Pook [182]. The equivalent
SIF range can be obtained using mode-I and mode-II SIFs:
∆𝐾𝑒𝑓𝑓
∆𝐾I 2
∆𝐾I
= [0.08 (
) − 0.83
+ 0.75]1⁄2
∆𝐾𝑡ℎ
∆𝐾𝑡ℎ
∆𝐾𝑡ℎ

(2.36)

Where ∆𝐾𝑡ℎ is the threshold stress intensity range.

Defining a reasonable crack length increment 𝑑𝑙 and bring one ∆𝐾𝑒𝑓𝑓

criterion into Eq. (2.32), the propagation life increment 𝑑𝑁 can be

obtained. If the direction of the next crack increment is known, the total

propagation 𝑁𝑝 can be obtained through integral by Eq. (2.33). So,
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another key point is to predict the crack growth orientation according to
the SIFs as shown in Figure 2.20.

∆𝐾I (𝑡) , ∆𝐾II (𝑡)
d𝑙

θ𝑝

Figure 2.20. The prediction of the crack growth orientation according to
the SIFs.
2.3.4.2 crack growth orientation
Like crack growth rate, the crack growth orientation also depends on the
stress and strain fields at the crack tip. Rozumek and Macha [183]
reported that in the case of mixed-mode fatigue, non-proportional loads
and crack closure would seriously affect the process of fatigue crack
growth. And they summarized several orientation prediction criteria in
the literature that can be applied to the mixed-mode fatigue problem.
Many criteria are proposed in the literature such as the maximum
tangential stress (MTS) [184], minimum strain energy density (SED)
[185], the maximum energy release rate (MERR) [186], the maximum
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tangential strain (MTSN) [187], and the zero K II ( K II = 0 ) [188]

criterion. Different criteria are based on different assumptions. All these
assumptions are related to the stress, strain or energy at the crack tip. For
homogeneous linear elastic material, the crack tip stress in polar
coordinates can be expressed as [189]:
𝜎𝜃𝜃 =

1

𝜃
𝜃
3
cos [𝐾I (cos )2 − 𝐾II sin 𝜃]
2
2
2
√2𝜋𝑟

𝜎𝑟𝑟 =

𝜏𝑟𝜃 =

𝜃
𝜃 2
cos [𝐾I (1 + (sin ) )
2
2
√2𝜋𝑟

1

1

3
𝜃
+ 𝐾II ( sin 𝜃 − 2 tan )]
2
2

𝜃
𝑐𝑜𝑠 [𝐾I sin 𝜃 − 𝐾II (3 cos 𝜃 − 1)]
2
2√2𝜋𝑟

(2.37)

(2.38)

(2.39)

Where 𝜎𝜃𝜃 , 𝜎𝑟𝑟 and 𝜏𝑟𝜃 are stress components in the polar system. And 𝑟
and 𝜃 are crack tip coordinates as shown in Figure 2.21.
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𝜎𝑟𝑟
𝜎𝜃𝑟

𝜎𝜃𝜃

𝑥

Figure 2.21. The stress near the crack tip in polar coordinates.
The most commonly used criteria proposed by Erdogan and Sih [184]
(MTS criteria) defined the plane, which has the maximum tangential
stress 𝜎𝜃𝜃 on the crack tip is the growth orientation. And fracture yields

when the maximum tangential stress 𝜎𝜃𝜃 reaches a critical value. The

maximum value can be obtained by set condition 𝜕𝜎𝜃𝜃 ⁄𝜕𝜃 = 0 and
𝜕 2 𝜎𝜃𝜃 ⁄𝜕𝜃 2 < 0. The corresponding growth orientation is given by:
𝜃𝑝 = cos −1 [

3𝐾II2 + √𝐾I4 + 8𝐾I2 𝐾II2
]
𝐾I2 + 9𝐾II2

(2.40)

𝜃𝑝 is the angle between the predicted crack propagation direction and the

original crack plane. And if K II > 0, the growth orientation is negative. On
the contrary, if K II < 0, the growth direction is positive as shown in Figure
2.20.

2.3 Fretting fatigue and numerical methods

60

Because the calculation is simple and has been verified by many
experiments, MTS criteria is widely used [190, 191]. However, the
existence of non-proportional load makes the crack propagation problem
more complicated. In some cases, the MTS criteria also showed
incorrectness [30, 45, 192]. As the fretting fatigue is a mixed-mode and
non-proportional loading condition fatigue problem [193]. The
traditional LEFM orientation criteria could not predict a reasonable crack
path compared with fretting fatigue experimental results [45]. Therefore,
scholars try to improve the traditional criteria (MTS, MERR, K II = 0).
Hourlier, d'Hondt [49] extend the traditional MTS method to apply to

multiaxial non-proportional loading condition. They proposed three
orientation criteria that depend on stress intensity factors of branched
crack on the crack tip instead of stress. They assumed that the direction
has maximum 𝐾I∗ (𝜃, 𝑡) , ∆𝐾I∗ (𝜃) or

orientation.

𝑑𝑙

𝑑𝑁

𝐾I (𝑡) , 𝐾II (𝑡)
𝐾I∗ (𝜃, 𝑡)

(𝜃) was the next growth

θ

, 𝐾II∗ (𝜃, 𝑡)

Figure 2.22. The stress intensity factor of branch cracks.
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In one loading cycle, the 𝐾I and 𝐾II on the crack tip change with time 𝑡.
Therefore, the stress intensity factor of branch cracks in different

directions at the crack tip as shown in Figure 2.22 can be expressed as
[194, 195]:
𝐾I∗ (𝜃, 𝑡) = 𝐾11 (𝜃)𝐾I (𝑡) + 𝐾12 (𝜃)𝐾II (𝑡)

𝐾II∗ (𝜃, 𝑡) = 𝐾21 (𝜃)𝐾I (𝑡) + 𝐾22 (𝜃)𝐾II (𝑡)

(2.41)
(2.42)

Where the 𝐾𝑖𝑗 are analytical coefficients, which can be obtained by:
𝑚

1−𝑚 2
1
𝐾11 (𝜃) = (
) (cos 𝜃 −
sin 𝐿𝜃)
1+𝑚
2𝜋
𝑚

1−𝑚 2
3
𝐾12 (𝜃) = (
) (− sin 𝜃)
1+𝑚
2
𝑚

1−𝑚 2 1
𝐾21 (𝜃) = (
) ( sin 𝜃)
1+𝑚
2
𝑚

1
1−𝑚 2
𝐾22 (𝜃) = (
) (cos 𝜃 +
sin 𝐿𝜃)
2𝜋
1+𝑚
1−𝑚

(2.43)

(2.44)

(2.45)

(2.46)

𝑚

Where 𝑚 = 𝜃⁄180 and 𝐿 = ln (1+𝑚) − 2(1−𝑚2 ). And the ∆𝐾I∗ (𝜃) is the
difference between 𝐾I∗ (𝜃, 𝑡) at maximum and minimum loads. Dubourg

and Lamacq [196] introduced this method into rolling contact fatigue and

achieved good results in crack growth direction prediction compared
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with experimental observations. Ribeaucourt, Baietto-Dubourg [195]
studied the rolling contact fatigue problem under the effect of the contact
interaction between the crack interface. Their results combined with
Hourlier’s criteria were consistent with the results obtained from the

reference model. More intuitively, Pereira and Wahab [50] studied the
fatigue problems of proportional and non-proportional loads, respectively,
through numerical methods. The proportional load case is uniaxial tensile
fatigue with oblique crack whose 𝐾I ⁄𝐾II ratio is constant in one cycle. The
fretting fatigue model is considered as the non-proportional load case.
The results showed that for the problem of proportional load, the
traditional MTS and K II = 0 criteria and the maximum ∆𝐾I∗ (𝜃) criteria
had the same predicted crack propagation direction. However, for nonproportional loading, variable ratio 𝐾I ⁄𝐾II resulted in the orientation
corresponding to the maximum tangential stress at different time was

different. The orientation with the maximum ∆𝐾I∗ (𝜃) corresponded to
the direction with the minimum ∆𝐾II∗ (𝜃) . And the maximum ∆𝐾I∗ (𝜃)

criteria provided much reasonable crack propagation path prediction of
fretting fatigue than the MTS, MERR and K II = 0 criteria compared with
experimental results [45, 50].

2.3.4.3 Numerical framework for crack propagation
The initial crack position and orientation are obtained by the critical plane
method, and the initial length is obtained by Eq. (2.16). After determining
the crack growth rate by Paris–Erdogan equation and equivalent SIF
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range, crack growth direction criteria can be obtained from the Maximum
∆𝐾I∗ (𝜃) criteria. Using finite element technology, a numerical framework

for fretting fatigue crack growth prediction can be established. And the
flowchart of fretting fatigue crack growth analysis based on fracture
mechanics is shown in Figure 2.23.
𝑁𝑓 = 𝑁𝑖 , 𝜃 = 𝜃𝑖 𝑎𝑛𝑑 𝑙 = 𝑙𝑖 = 𝑙𝑐

Calculate 𝐾I , 𝐾II and ∆K
Calculate ∆𝑁 and ∆𝜃
𝑙 = 𝑙 + ∆𝑙

No

𝑁𝑓 = 𝑁𝑓 + ∆𝑁
𝑙 > 𝑙𝑓

Yes

end
Figure 2.23. The flowchart of fatigue crack growth analysis based on
fracture mechanics.
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Summary

In this chapter, the contact mechanics of fretting fatigue is reviewed, at
first. The contact stress of two parallel cylinders under normal loading
given by the classical Hertzian solution is introduced. Furthermore, when
combining the effect of normal and tangential loads, the contact will
change to partial slip contact. The Coulomb friction law is used to solve
the shear stress, and the model will become a fretting fatigue problem as
the axial load 𝜎𝑎𝑥𝑖𝑎𝑙 is considered. The formulas of eccentric displacement

of contact zone and shear stress of contact surface are introduced. After
that, the effects of micro defects (inclusion and void) and macro geometry
(surface geometry and stop hole) on fatigue crack initiation and
propagation are reviewed also.
The analytical results mentioned above are based on some assumptions.
It is not necessarily suitable for different loads and geometries. Therefore,
the experimental and numerical studies of fretting fatigue are reviewed.
From the experiment, it is observed that the crack normally initiated from
the contact edge of the surface. At the initial stage of crack propagation,
the path inclined to contact the surface, which is affected by the contact
stress. When the crack growth is enough deep, the crack path is
perpendicular to the contact surface. However, the stress and strain fields
at the contact surface and below area are obtained by FEM simulation
which can provide more information than experimental study. The
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influence of inclusions and micro-voids on the macro material properties
of specimen is considered through RVE method.
The using of CP parameter and TCD method to predict crack initiation life
is discussed. For the surface pit treatment specimen, in order to consider
the effect of slip amplitude, the Ruiz parameter is introduced. And a
review of the application of LEFM in fretting fatigue crack propagation is
presented. Different equivalent SIF range and crack propagation direction
prediction formulas are introduced. Finally, the framework for predicting
crack initiation location, life, crack propagation path and life is presented.
After combing these background knowledge, the main purpose of this
thesis is to study the influence of microstructure and macrostructure on
the initiation and propagation of fretting fatigue cracks.
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Randomly

distributed

inclusions
Analysis of fretting fatigue plays an important role in many engineering
fields. Generally, micro cracks are observed inside the slip zone and at the
contact edge. The presence of heterogeneity may affect the performance
of a machine or a structure, including its lifetime and stability. So, both
fretting fatigue and heterogeneity may significantly influence the lifetime
and stability of mechanical components. The macroscopic fatigue failure
occurs due to the distribution of micro-stress. In the literature,
homogeneous materials are widely assumed to study fretting fatigue
problems[53]. However, only a few studies have considered the
heterogeneity of material under fretting fatigue conditions [53, 197, 198].
In this chapter, the effect of randomly distributed micro inclusions on
fretting fatigue behaviour of heterogeneous materials is analysed using
Finite Element Method (FEM) for different sizes, shape and properties of
inclusions. The effect of micro inclusions on macroscopic material
properties is also considered by representative volume element (RVE).
It is shown that the influence of micro inclusions on macroscopic material
properties cannot be ignored, and the shape and size of the inclusions
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have less effect on the macroscopic material properties compared with
the material properties of inclusion and volume ratio. And various
parameters of inclusions have little effect on the peak value and position
of the tensile stress, it is kept almost the same as homogeneous material.
Wherever the peak of shear stress occurs, high-amplitude shear stress
occurs in many places inside the specimen, which can result in multiple
cracking points occurring inside the sample as well as contact surface.
Moreover, the stress band formed by the stress coupling between
adjacent inclusions has an important influence on the direction of crack
propagation in the later stage.

3.1

Finite Element Model and Validation

From Figure 3.1, we can see the experimental setup by a schematic view
[45] for a contact of two cylindrical pads and a flat specimen. Under the
action of normal load F , the two fretting pads maintain contact. In
addition, the coefficient of friction between the contact surfaces is 0.65

[45]. The cyclic axial load 𝜎𝑎𝑥𝑖𝑎𝑙 is acting on the right side of specimen.

Two springs are attached to the fretting pad, which will generate the

tangential load Q, under the combined effect of these loads, so that fretting
fatigue will occur around the contact area.
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F

Figure 3.1. Schematic view of fretting fatigue experimental setup [25].
Because geometries and loads are symmetric, a simplified model of the
structure can be constructed, which is one pad and half of the specimen.
Same as previous researchers [9, 10, 33, 53], we can model the load and
boundary conditions as shown in Figure 3.2.

10 mm

Figure 3.2. Configuration of the fretting fatigue numerical model.
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The radius of the pad and width of the specimen are taken from Ref [45].
As it is shown in Figure 3.2, the length of the specimen is 40 mm and the
width is equal to 5 mm. In addition, the thickness of two bodies and the
radius of cylindrical pad are 4 mm and 50 mm, respectively. At the top
surface of the cylindrical pad, we apply a normal load F and convert it to

average pressure p. The pad is restrained from both sides in x-direction.
On the right hand-side and left hand-side of the specimen, an axial stress
𝜎𝑎𝑥𝑖𝑎𝑙 and a reaction stress 𝜎𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 are applied, respectively. The value

of 𝜎𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 is given by [199]:

𝜎𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 = 𝜎𝑎𝑥𝑖𝑎𝑙 −

𝑄
𝐴𝑠

(3.1)

Where Q is the tangential force between the contact surfaces. In addition,

the cross-section area of the specimen is expressed as 𝐴𝑠 . The bottom side

of the specimen is fixed in the y-direction. In order to verify our FE model
and study the effect of inclusions on fretting fatigue, the experimental data
used in this paper is taken from the work of Talemi and Wahab [45]. In
this study, in both validation models and parametric studies, the FF 2 [45]
load case has been used, with F = 543N , 𝜎𝑎𝑥𝑖𝑎𝑙 = 115MPa , 𝑄𝑚𝑎𝑥 =

186.25N.

As described in the previous chapter, we consider the heterogeneity of
materials by representative volume element method using DIGIMAT-FE
as shown in Figure 2.11. In this way, we can get the macro material
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properties (Equivalent elastic modulus 𝐸 ∗ and Equivalent Poisson's ratio

𝜇∗ ) that consider the effect of microscopic inclusions [200-203]. Here, we

just consider the elastic material response, because for all specimens with
inclusions, von-Mises stress is always below the yield limit under such
loading conditions. This is common in fretting fatigue problems.
According to the previous literature, the original material properties of
Aluminium alloy 2024-T3 [45], 𝐴𝑙2 𝐶𝑢𝑀𝑔 [204]and 𝐴𝑙2 𝑂3 [205] in this
paper are present in Table 3.1. And this article assumes that the
cylindrical pad is a homogeneous Aluminium alloy 2024-T3.
Table 3.1. The original material properties involved in this paper.
Material

Modulus(GPa)

Aluminum alloy 2024-T3 72.1
Al2 CuMg
Al2 O3

Poisson’s ratio
0.33

120.5

0.1999

380

0.2

According to SEM study by AliMerati [92], here 2%, 4%, and 6% volume
ratio υ between inclusions and matrix material were chosen. From the

experimental observation by T. Hashimoto[206] and other FEM research
about the inclusion [62, 206]. We consider the inclusions as idealized
spherical and ellipsoid with 23 μm to 65 μm diameter, perfectly bonded

with matrix material. Due to the randomness and uniformity of inclusions

distribution, the RVE is constructed as a cube that is subject to periodic
boundary conditions. In order to study the effect of inclusion size, here for
same case each inclusion has a uniform size. But cases with randomly
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distributed inclusion sizes will also be discussed in the end. As an
example, a RVE with spherical 𝐴𝑙2 𝑂3 inclusions, 65 μm diameter, and 6%

volume ratio has been study at first as shown in Figure 3.3. The RVE cube

with randomly distributed inclusions is built by DIGIMAT-FE. The
minimum relative distance between inclusions is equal to 5% relative to
inclusion diameter. The periodic geometry and periodic boundary
condition are also satisfied, so that the RVE cube can represent the macro
properties of the whole material.

RVE size=100 μm

RVE size=500 μm

Figure 3.3. Four difference size RVEs and corresponding mesh models.
This case has the strongest inclusions, and the convergence of RVE size is
studied for it. 4 kinds of different size RVEs and corresponding mesh
models are shown in Figure 3.3. And for the convergence research 9 kinds
of size have been calculated and the corresponding macro material
properties are shown in Figure 3.4. When the RVE size reaches 325 μm

the macro elastic modulus will keep around 78.84 GPa and Poisson’s
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ratio will keep around 0.324 and relative difference from adjacent results
is less than 1%. So, the convergence RVE size of this case is 325 μm and it
can be applied to all other cases. In order to be safe, each case has been
calculated three times, and then the average of the results is taken. In this
way can get the macroscopic material properties of a specific
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0.326
Macro Elastic Modulus

(a)
100

200
300
400
RVE Size(m)

500

Macro Poisson's Ratio

Macro Elastic Modulus(GPa)

heterogeneous Aluminium alloy.

0.324
0.322
0.320
0.318

Macro Poisson's ratio

0.316
0.314
0.312
0.310

(b)
100

200
300
400
RVE Size(m)

500

Figure 3.4. Convergence of (a) Macro elastic modulus and (b) Poisson's
ratio
For comparative research, all the cases involved in this study are given in
Table 3.2. The aspect ratio describes the evolution of inclusion from
sphere to ellipsoid. And the size refers to the diameter of the ball or the
length of the long axis of the ellipsoid. In case 7 and case 8, we consider
the ellipsoid inclusion and in order to control them have the same crosssectional area as the spherical inclusion with a diameter of 44 μm, the

long axis length of the ellipsoid are converted to 53.889 μm and

62.225 μm, respectively. From the results of case 3 and case 5 to 9, it can

be seen that the macroscopic material properties have little to do with the
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size and shape of inclusions. The numerical and experimential researches
about the composite show similar conclusions [207, 208]. However,
compare case 1 with case 3, it shows the material properties of inclusion
have a significant impact on macro elastic modulus. For the same reason,
comparing case 3, 4, 5, shows that the volume ratio of inclusion also
obviously affects the macroscopic material properties. And the
macroscopic Poisson's ratio has hardly changed. It is worth noting that
the above conclusions are only applicable to the cases in Table 3.2.
Table 3.2. All the cases involved in this study.
Number
Case 1
Case 2
Case 3
Case 4
Case 5
Case 6
Case 7
Case 8
Case 9
Case10

Volume
ratio
4%
2%
4%
6%

Type

Size(µm)

l2 CuMg

44

Aspect
ratio
1

l2 3

44

1

4%

l2 3

4%

l2 3

4%
4%

l2 3
Void

23
65
53.889
62.225
23 to 65
44

1
1.5
2
1
1

𝐸∗
(GPa)
73.7005
74.269
76.615
78.2946
76.5524
76.5046
76.318
76.163
76.2028
69.1

𝜇∗

0.32584
0.32791
0.32579
0.3243
0.32503
0.32537
0.3256
0.32255
0.32532
0.327

According to the contact width for all load cases in an experiment [45] is
0.47 mm and calculation results from Kumar [53], the 2 mm × 2 mm

area near the contact interface is the main field of stress concentration. As
described in the previous chapter, so 2 mm × 2 mm rectangle will be
chosen as the size of Area 1 in Figure 2.12. The simulation study in this

paper is divided into two parts. The first part is the simulation of the nine
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inclusion structures in Table 3.2 which has completely randomly
distributed inclusion. Some conclusions will be described in the next
section. For the second part, since the inclusion locations of each case are
randomly generated, each case cannot have the same inclusion order.
This makes it impossible to use the control variable method to explore the
effect of the shape, size and position of the inclusion on the contact stress
distribution. So, we artificially placed four inclusions below the sample
contact area to compare the effects of different inclusions on the surface
stress distribution. These inclusions vary in size, shape, and material
corresponding to different cases. The parametric 2D finite element model
is created in ABAQUS [209] using Python script. High order elements
always cause instability in the stress value on the contact surfaces [210].
Therefore, we chose CPE4R element (plane strain element, 2D, four
nodes) instead of eight-node element to mesh both parts. Figure 3.5
shows a completed finite element model, corresponding to case 3 in Table
3.2. And for homogeneious case, the total number of elements is 64510.
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Figure 3.5. Finite element model of case 3 with artificially placed four
inclusions.
As shown in Figure 2.6, the stress distribution in contact region is very
complicated and stress amplitude is large. In particular, near the border
between slip and stick zone, it changes very rapidly. In order to get
precisely the stress distribution and contact stresses, the model is refined
near the region of contact and inclusions. The boundary and loading
conditions are as described at the beginning of this section. And the
contact behaviour is described by master-slave algorithm. A Lagrange
multiplier is used to establish the contact between the pad and the
specimen. The slave surface is defined on the top surface of the specimen
and the master surface is defined on the bottom surface of the pad. For
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homogeneous material, the stress distribution at the contact interface can
be obtained analytically, if the assumptions of the Hertz solution are met.
The most important two assumptions are: (a) pure elasticity prevails and
(b) the size of the contact area is small enough relative to both contact
bodies. The first assumption is met as only linear elasticity is considered
in this study. The second one is also called half-space assumption [22].
The contact width for all load cases in the experiment presented in Ref
[45] is 0.47 mm, which is less than one-tenth of the height (5 mm) of the
sample. A comparison between analytical solution Eq.(2.13) and
simulation results with different mesh sizes, for the case of homogeneous
material, is shown in Figure 3.6 (a). Element sizes of 5 μm, 3 μm and

2 μm around the contact zone have been chosen for the convergence

study. The mesh refinement showed convergence towards the peak
analytical solution for the shear traction. Finally, according to the results,
2 μm × 2 μm element size is used around the contact zone, which is

smaller than in previous numerical studies [9, 10, 30-35]. The simulation
results and the theoretical results may not be exactly the same, due to
numerical errors and geometric constraints [211]. However, the
difference between the simulation and the analytical solution is less than
2% (green line and red line in (a)), which can be considered good enough
to validate our FE contact model.

Shear stress(MPa)
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Figure 3.6. (a) Mesh sensitivity diagram (effect of mesh refinement on
shear stress distribution on contact interface) and (b) shear stress
distribution near contact interface for a homogenous case with 2 μm
contact element size.
The accuracy of the stress near the inclusion is also studied through
element size convergence. As an example (case 4) shown in Figure 3.7 (a),
the peak Mises stress location is locked by a rough mesh model. Then the
accuracy of stress is increased by halving the element size. Until the stress
difference between two iterations is less than 1% as shown in Figure 3.7
(b) and (c), the penultimate element size will be used for the final mesh
scheme. Although the use of RVE method greatly increases the
computational efficiency, however, due to the existence of inclusions near
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the contact area, the number of elements here will exceed the
homogeneious case. For instance, the total number of elements in case 1
is 97391.

Unit: MPa

(b)

(c)

Figure 3.7. Element size convergence of inclusions.

3.2

Completely randomly distributed inclusion

3.2.1

Stress peak and its position

There are many experimental studies [64, 92, 98, 212] and numerical
studies [62] on the fatigue problem of heterogeneous materials. But the
numerical research on fretting fatigue of heterogeneous materials is not a
lot [53]. So, the first part of our research is to study the cases with random
distribution inclusions. In real metal materials, inclusions and defects are
common and randomly distributed. In the fretting fatigue problem of
homogeneous materials, the peak of shear stress appears between the
stick zone and the slip zone, as shown in (b). The peak tensile stress and
peak Mises stress in the whole specimen appear near the edge of contact
[9]. For our experimental materials and loading conditions, the point of
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occurrence of Mises stress and tensile stress peaks is 𝑥 = 0.47 mm, the
shear stress peak is occurred at 𝑥 = 0.21 mm on the contact surface. But

for the heterogeneous materials with randomly distributed inclusions in
this Chapter (Table 3.2), significant stress concentration inside the
specimen, as shown in Figure 3.8. It is the stress distribution below the
contact surface of the specimen. It can be seen from comparison Figure
3.8 (c) with (b) that the shear stress peak is transferred from the contact
surface to the inside of the specimen in the heterogeneous situation. It
also showed that there may be multiple high stress points (the points
around peak value) inside the structure. Thereby forming an influencing
group of intrusions, eventually causing multiple fatigue cracking points
inside the material as observed in the experiment [92].

Unit: MPa

(c)
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Figure 3.8. Stress distribution of Case 3 below the contact surface(a)
Mises stress (b) Tensile stress and (c) Shear stress.
Due to the complete randomness of the inclusion distribution, it is difficult
to investigate the effect of particle size, shape and other factors on the
stress distribution by the control variable method. Such as maintain the
same inclusion material, shape, size but different volume ratio (case 2, 3,
4) to study the effect of volume ratio on the surface stress distribution of
the sample. There is no regularity in the results, that is, the stress peak is
almost determined by the critical defects in each case. It is similar to the
experimental observation, the size of the particles is not necessarily
related to the fatigue life [92].
So, we can only extract the distribution of stress extreme values based on
the completed simulation calculation, as shown in Figure 3.9.
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Figure 3.9. (a) Comparison of stress peaks between heterogeneous
materials and homogenous materials and their (b) location of all cases
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Although many kinds of parameters (type, volume ratio, size, shape) of
inclusions are considered on the fretting fatigue numerical model, the
data from Figure 3.9 (a) indicates that tensile stress S11 and shear stress
S12 are similar to homogeneous materials except for the Mises stress
which is significantly higher than the case of homogeneous materials. As
shown in Figure 3.9 (b), if the stress peak location is the same with
homogeneous specimen on the contact surface as mentioned before, the
ordinate value is equal to 1, otherwise (below the contact surface), equal
to 2. From those two figures, we can know that, for fretting fatigue
problem, heterogeneous materials containing randomly distributed
inclusions have almost the same tensile and shear stress peaks and
locations as homogeneous materials on the contact surface. Due to the
presence of hard inclusion, the equivalent elastic modulus of the material
becomes larger, resulting in a situation where the stress peak in
heterogeneous material is sometimes even lower than that of the
homogeneous material. But at the same time, the shear stress inside the
specimen is also relatively large, comparable to peak value on the surface.
Therefore, for materials with shear stress as the main fatigue index, it is
likely that cracks will occur simultaneously on the surface as well as inside
(Figure 3.8(c)). But the Mises stress will be increase and appears below
the contact surface with a high probability. Moreover, we can notice the
Case 10 which use voids instead of inclusions, all of the three kinds of
stress peak are significantly increased and appear inside the specimen

3.2 Completely randomly distributed inclusion

82

near the edge of voids. And the Mises stress even beyond the yield limit
383 MPa. This confirms experimental observations, the porosity is the

main cause of fatigue damage, followed by oxide [64] and provides more
useful results data.
3.2.2

Stress peak position characteristic

From Figure 3.9 (b) we can see the shear stress will randomly appearing
inside or on the surface of the material. Figure 3.8 (c) indicates that there
will be multiple cracking points appearing on the surface or inside the
material because both have roughly the same shear stress. For
homogeneous materials, the peak value of shear stress appears on the
contact surface, but on the left side of sample inside, the shear stress is
also in a relatively high state as shown in (b). So, when there are inclusions
in the material, the peak value of shear stress is likely to transfer to this
area (Left side of sample inside). The local inclusion alignment of the
stress peak location of case 3 and case 4 are shown in Figure 3.10. So this
shows that the inclusion in the high stress region is more likely to cause
the transfer of stress peaks from the surface to the inside. Moreover, the
effect of mutual coupling between the inclusions. Forming a stress band
between the inclusions, which will directly affect the expansion direction
of the crack later.
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Unit: MPa

Figure 3.10. The local inclusion alignment of the shear stress peak of (a)
case 3 and (b) case 4.
In all cases, except for the case of void (case10), case 5 has the largest
Mises stress. And the local inclusion alignment of the stress peak location
of case 5 is shown in Figure 3.11(a). Stress coupling between the
inclusions also appears here, and smaller and denser inclusions form a
more pronounced stress band as shown in Figure 3.11.
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Unit: MPa

Figure 3.11．Stress distribution of Case 5 below the contact surface (a)
Mises stress (b) Tensile stress and (c) Shear stress.
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Randomly distributed and manually placed inclusions

After observing the preliminary analysis of the effects of phenomena on
inclusion, we artificially placed four inclusions below the contact surface
of the specimen for each case shown in Figure 3.5. The geometric centre
is zero, and the abscissa corresponding to the four inclusions is -0.43, 0,
0.21, 0.47. These four points correspond to the two peaks of shear stress,
the geometric centre and the contact edge point. As for the vertical
position, their original position is 100 µm below the specimen surface. In
order to research the effect of inclusion on the contact surface stress
distribution, the size and shape of inclusions are corresponding to each
case.
3.3.1

Effect of inclusions type

As commonly known there are many kinds of inclusions inside metallic
material depends on the process of smelting and late-out impurities. Here
we consider two different inclusions by comparing case 1 and case 3
(Table 3.2).
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Figure 3.12. (a) Mises stress (b) Tensile stress (c) Normal stress (d)
Shear stress distribution on the contact surface for different inclusion
materials cases.
As we can see in Figure 3.12(a), in both homogenous and heterogeneous
specimen, the Mises stress peak is near the contact edge. And it changes
very sharply near the edge of the contact. The presence of inclusions
makes the peak of the Mises stress increase significantly, and 𝐴𝑙2 𝐶𝑢𝑀𝑔

has a more obvious effect than 𝐴𝑙2 𝑂3 . It is means in the heavy load

condition, the presence of inclusions will accelerate the plastic yielding of
the contact edge of the fretting fatigue contact member. The effect of
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inclusion on the surface tensile stress is not obvious. But the inclusion will
disturb the normal and shear stress.
3.3.2

Effect of distance from surface

The volume ratio (case 2,3,4) is not easy to measure for a single or several
inclusions, so here we refer to the volume ratio as the particle crowding,
which is reflected here as the distance between the inclusion and the
contact surface. So here for case 2, case 3, case 4 distance between the
centre of the particle to the surface is 120 µm,100 µm,80 µm, respectively.
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The results are shown in Figure 3.13.
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Figure 3.13. (a) Mises stress (b) Tensile stress (c) Normal stress (d)
Shear stress distribution on the contact surface for different distance
cases
In the experimental study[98], the authors believe that the distance
between the inclusions or the distance from the surface of the defect is
important for fatigue damage. From our results, it is clear in Figure 3.13,
the distance from the surface has a more significant effect on the shear
stress and normal stress. The smaller the distance from the surface, the
greater the peak value of the shear stress generated. However, it can also
be seen that the influence of the depth on the surface contact stress
distribution is different for the inclusions at different lateral positions.

3.3 Randomly distributed and manually placed inclusions
Effect of inclusion size
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Figure 3.14. (a) Mises stress (b) Tensile stress (c) Normal stress (d)
Shear stress distribution on the contact surface for different inclusion
size cases
From Figure 3.14 we can find the effect of the inclusion size is more
pronounced than the influence of the inclusion type on the surface stress
distribution (Figure 3.12).

3.3 Randomly distributed and manually placed inclusions
3.3.4

Effect of inclusion shape

250
200
150
100

Case8-Aspect ratio2
Case7-Aspect ratio1.5
Case3-Aspect ratio1

50

(a)

0
-1.0

-0.5

0.0
X(mm)

0.5

Tensile stress(MPa)

300

Mises stress(MPa)

90

1.0

300
250
200
150
100
50
0
-50
-100
-150
-1.0

Case8-Aspect ratio2
Case7-Aspect ratio1.5
Case3-Aspect ratio1

(b)
-0.5

0.0
X(mm)

0.5

1.0

0

Shear stress(MPa)

Normal stress(MPa)

50

Case8-Aspect ratio2
Case7-Aspect ratio1.5
Case3-Aspect ratio1

-50
-100
-150
-200

(c)
-0.5

0.0
X(mm)

0.5

Case8-Aspect ratio2
Case7-Aspect ratio1.5
Case3-Aspect ratio1

0
-40
-80
-120

(d)
-0.5

0.0
X(mm)

0.5
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Shear stress distribution on the contact surface for different inclusion
shape cases
Here we consider the effect of different aspect ratio of inclusions. But as
shown in Figure 3.15, there has not too much difference between
inclusion shape cases. And for all cases in this part, the effect of inclusion
parameters on the tensile stress is very inconspicuous. This is similar to
the phenomenon in the previous chapter.

3.4 Summary
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Summary

In this study, in order to consider the effect of inclusions in Aluminium
alloy 2024-T3 on the fretting fatigue stress distribution, a numerical
research method combining RVE with finite element is proposed. Based
on the research results, we can draw the following conclusions.
For the cases in this study, if under the same inclusion material to volume
ratio, the shape and size of the inclusions have little effect on the
macroscopic material properties. But the material properties of inclusion
and volume ratio have a significant impact on macro elastic modulus. And
the macroscopic Poisson's ratio has hardly changed as the change of
different parameters.
Due to the randomness of the inclusion distribution, the fatigue cracking
nucleation depends on the most dangerous key inclusion. The Mises
stress peak very likely increases and transfer from the contact surface into
inner of the specimen. But various parameters of inclusions have little
effect on the peak value and position of the tensile stress, it is kept almost
the same as homogeneous material. Among the materials with inclusions,
the peak value and position of the shear stress are consistent with the
homogeneous material, but sometimes it is also transferred to the inside
of the specimen. Moreover, in all cases, high-amplitude shear stress
occurs in many places inside the sample which can result in multiple
cracking points occurring inside the sample as well as a contact surface.
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Due to the presence of hard inclusion, the equivalent elastic modulus of
the material becomes larger, resulting in a situation where the stress peak
in heterogeneous material is sometimes even lower than that of the
homogeneous material. Void compared to inclusion will cause more large
stress and randomness of stress distribution. Therefore, the influence of
microstructure on macroscopic material properties should be considered
in engineering.
Inclusion in high stress areas is more likely to cause stress concentration
leading to peak transfer. And stress coupling between adjacent inclusions
will form a high stress band, which has an important effect on the
direction of crack propagation.
The size of the inclusion and the distance from the surface have a more
significant effect on the surface stress distribution than the type and shape
of inclusion. And the effect of inclusion parameters on the tensile stress is
very inconspicuous.

3.4 Summary
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The effect of critical micro-

void on the crack initiation
Fretting fatigue problems are common in the aerospace and automotive
industries, which can seriously affect the fatigue response of the material
and the stability of the overall structure. However, the research on the
influence of material heterogeneity on fretting fatigue is relatively scarce
[53, 197, 198]. Therefore, the heterogeneity of critical micro-voids is
worth studying. In this paper, the effect of the size, location of single
critical micro-void on the fretting fatigue initiation life of heterogeneous
materials is studied by numerical simulation and modified critical plane
criterion. The theory of critical distance (TCD) is used to consider stress
gradients near the crack initiation points. It is shown that when the critical
micro-void is located at different positions inside the sample, there is a
weakened area similar to the half butterfly wings. This means that when
the micro-voids are located in this area, the crack initiation life will be less
than that in the case of homogenous material. Furthermore, there are also
two enhancement zones. When the micro-voids are located in these two
zones, the fretting fatigue life can be increased, that is, at a certain depth

4.1 Experiment data

94

below the contact edge and a certain distance to the right of the contact
edge.

4.1

Experiment data

The experimental data in this article comes from the research work
conducted in our research group by Hojjati-Talemi et al. [25]. The servohydraulic load frame is used to execute the fretting fatigue test
considering a cylindrical pad on a flat specimen. A simplified structure of
the fretting fatigue experimental device is shown in Figure 3.1 as present
in the last chapter. Both cylindrical pad and specimen are made from
Aluminium 2024-T3. This kind of material is widely used in the aviation
industry because of its good fatigue characteristics. The specific chemical
composition of the material is listed in Table 4.2.
Table 4.1: The chemical composition of the Al2024-T3 [45]
Al 2024Al
Si
T3
Max
0.5
Base
Min

Fe

Cu

Mn

Mg

Cr

Zn

Ti

Others

0.5

4.9
3.8

0.9
0.3

1.8
1.2

0.1

0.25

0.15

0.05

The stress ratios of 𝜎𝑎𝑥𝑖𝑎𝑙 and tangential force 𝑄 are 0.1 and -1,
respectively. The detail about the tests load and life result are list in the

Table 4.2. Specimens are in elastic range under all experimental loads. A
uniform pressure equivalent to the top force (𝐹 = 543 𝑁) is applied at
the top of the cylindrical pad.
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Table 4.2. The fretting fatigue experiments load condition and life results
[25].
Test number
1
2
3
4
5
6
7
8
9

4.2

𝜎𝑎𝑥𝑖𝑎𝑙 (MPa)
100
115
135
135
160
190
205
220
220

𝑄𝑚𝑎𝑥 (N)
155.165
186.25
223.7
195.55
193.7
330.15
322.1
267.15
317.845

𝑁𝑓𝑎𝑖𝑙𝑢𝑟𝑒
1407257
1105245
358082
419919
245690
141890
114645
99607
86647

Multiscale numerical model

The heterogeneity of the material not only affects the local response of the
region near the contact area, but also affects the overall macroscopic
properties of the material. The two most common inclusions (Al2 CuMg

and Al2 O3 ) and micro-voids that are ubiquitous in Aluminium alloy 2024-

T3 are introduced, in order to be as realistic as possible to reflect the
natural defects inside the material. The distribution, size of defects are
discrete and random [59, 105].
Table 4.3. The property of all materials and defect characteristics
Material
AA 2024-T3
Al2 CuMg
Al2 O3
Micro-voids

Modulus
(GPa)
72.1
120.5
380

Poisson’s
Ratio
0.33
0.2
0.2

Volume
Ratio
1.35%
1.35%
0.7%

Size
(μm)

23~65
23~65
23~65

Aspect ratio
1/1.84/2.68
1/1.84/2.68
1/1.84/2.68
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The details of original material properties of Aluminium alloy [25],
Al2 CuMg [213], and Al2 O3 [214] are shown in Table 3.1. Similar to

previous finite element studies, the shape of all defects varies from

spherical to elliptical [134, 215-217]. Three typical different aspect ratio
shapes are considered [105]. The volume ratio of two kinds of inclusion,
the size and aspect ratio of three kinds of defects are taken from the
experimental observation average value of Aluminium alloy 2024-T3 by
Merati [105]. Many small particle inclusions or voids are also observed,
but the lower limit of the size considered in this paper is 23 μm, which is

slightly larger than the Aluminium alloy 2024-T3 grain 20 μm [218]. The
volume ratio of micro-voids of 0.7% is taken from the experimental and
numerical research of Li [219].
4.2.1

Representative volume element (RVE)

The RVE units with three kinds of different defect aspect ratios and
random distribution of defect size and position are shown in Figure 4.1.
The size of the RVE unit (325 μm) and the element mesh (2 μm) have
been studied for convergence. The result difference is less than 2%

between two subsequent iterations. In order to obtain the macroscopic
material properties of a specimen that has all of these shape features
defects, the average of the material properties obtained from the three
cases in Figure 4.1 is taken as the final equivalent macroscopic material
property in this study. Therefore, considering the defect, the Poisson's
ratio and equivalent elastic modulus of the heterogeneous materials are
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0.325 and 72.79 GPa, respectively. Because the inclusions are harder than
the matrix material can enhance the macro properties of the material.
However, the micro-void will weaken the macro properties. Therefore,
under the combined effect of these two effects, the difference between
equivalent properties of the heterogeneous materials and matrix material
is very limit. More details about RVE method have been mentioned in the
previous chapter.

(b)

(c)

Figure 4.1. The RVE units with three different defect aspect ratios (a) 1,
(b) 1.84 and (c) 2.68 with a random distribution of defect size and
position.
4.2.2

Macro-scale finite element model

The geometric dimensions and loading conditions of the FE model are the
same as shown in Figure 3.1. And FE model for critical proe problem can
be presented as shown in Figure 4.2.
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Figure 4.2. Numerical model configuration of the fretting fatigue.
Under the action of the top pressure (a uniform pressure load, which can
be obtained from F and the top surface area), the system will reach

equilibrium, and through the load ratio, which is equal to 0.1, all loads in
the entire cycle can be obtained. As an example, the entire cycle load for
test 1 is shown in Figure 4.3.
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Figure 4.3. Entire cycle load for test 1
As shown in Figure 4.2, away from the portion of the contact area, the
specimen is the equivalent homogeneous material, which gets from the
RVE study. Under the contact surface, due to the obvious stress
concentration [72, 105, 220, 221], the defect will greatly affect the crack
initiation position and life, so a small rectangular area (2 mm × 0.8 mm)
near the contact area is still original homogeneous aluminum alloy as
shown in Figure 4.2, the red rectangle area. As mentioned in the above
article, the critical micro-void has the dominant effect on the fretting
fatigue initiation of the structure [24, 73]. In order to avoid the effects of
too many random variables, the effects of other non-critical defects are
ignored here. A single critical micro-void, which is assumed to be the most
dangerous defect with different positions and sizes is introduced under
the contact area. The effect of smaller voids around the critical void
(porous interaction) and the comprehensive effect of several voids on the
contact edge (the initiation point of the crack in the homogeneous case)
will be our next study. All micro-void locations considered herein vary
from 0 to 0.7 mm in the transverse direction, increasing by 0.1 mm case
by case. It changes uniformly from -0.05 to -0.3 in the vertical direction,
decreasing by 0.05 each time. Figure 4.2 shows the case where the critical
micro-void with 44 μm diameter locate at x = 0.4 mm, y = -0.1 mm. In the
finite element model, CPE4R plane strain element has been used.

According to the convergence study, the mesh at the contact surface and
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the critical micro-voids are well-ordered and uniform, with a size of 2 μm
and 1 μm, respectively. The difference of contact shear stress between
simulation and the theoretical solution is less than 2%.

4.3

Results and discussion

In order to Prediction of crack initiation location, angle, and lifetime, the
first step is to extract the stress and strain history over the entire period
by the simulation in the ABAQUS [222]. Then Python codes are used for
post-processing to get the stress and strain values for each calculated substep. Not only the nodes on the contact surface are considered, but also
the simulation results of the entire rectangular area below the contact
surface are extracted step by step. Here is an example of using FP
parameter. According to Eq. (2.17), the maximum normal stress and the
shear stress amplitude in the entire period of each node in every direction
determine the value of the damage parameter. The shear stress and
normal stress in any direction can be converted from the lateral and
vertical stresses by Mohr’s cycle as shown in the following three formulas.
𝜎𝑥 ′ =

𝜎𝑦 ′ =

𝜎𝑥 + 𝜎𝑦 𝜎𝑥 − 𝜎𝑦
+
cos(2𝜃) + 𝜏𝑥𝑦 sin(2𝜃)
2
2

𝜎𝑥 + 𝜎𝑦 𝜎𝑥 − 𝜎𝑦
−
cos(2𝜃) − 𝜏𝑥𝑦 sin(2𝜃)
2
2

(4.1)

(4.2)
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𝜎𝑥 − 𝜎𝑦
sin(2𝜃) + 𝜏𝑥𝑦 cos(2𝜃)
2

(4.3)

The damage parameter values of each node on each plane are obtained.
The angles of these planes range from -90 degrees to 90 degrees, which
are iterated with 1 degree, covering all possible crack initiation directions
at this node. Finally, from all the points on all the planes, the largest
damage parameter value appears in the critical plane, so that the crack
initiation position and direction can be predicted. Then the crack
initiation life can be predicted by Eq.(2.19). For the other two kinds of
damage parameters, the method is similar. Moreover, all material
parameters for the specimen in this study involved in the above formula
are list in Table 4.4.
Table 4.4. The fatigue material parameters for aluminum alloy 2024-T3
[153, 155]
Ultimate tensile strength
Tensile yield strength
Shear yield strength
Tensile fatigue limit
Torsion fatigue limit
Tensile fatigue strength coefficient
Shear fatigue strength coefficient
Tensile fatigue ductility coefficient
Shear fatigue ductility coefficient
Fatigue strength exponent in tension
Fatigue strength exponent in torsion
Fatigue ductility exponent in tension
Fatigue ductility exponent in torsion

𝜎UTS = 506 MPa
𝜎𝑦 = 383 MPa
𝜏𝑦 = 221.12 MPa
𝜎𝑓−1 = 114.9 MPa
𝜏𝑓−1 = 66.34 MPa
𝜎 ′𝑓 = 835 MPa
′
𝜏 𝑓 = 482.08 MPa
𝜀 ′𝑓 = 0.17
𝛾 ′ 𝑓 = 0.2944
b = −0.096
b′ = −0.096
c = −0.644
c ′ = −0.644
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G = 27.1 GPa

Validation of the homogeneous model

As shown in Figure 4.3, the maximum load of test 1 defined as step 2, and
the minimum load is step 3. Combined with ABAQUS and Python codes,
the surface contact stress at step 2, step 3 and the distribution of three
different critical plane parameters at the contact surface can be extracted
by the above method, as shown in Figure 4.4 (c).
The stress distribution of step 2 is shown in Figure 4.4 (a), according to
the normal stress, the contact area is from 𝑥 = −0.468 mm to 𝑥 =
0.458 mm. According to the shear stress distribution, the stick area is

from 𝑥 = −0.442 mm to 𝑥 = 0.25 mm. For test 1, the 𝜎𝑎𝑥𝑖𝑎𝑙 is 100

MPa, however, the peak tensile stress is 264.4 MPa, which appears at 𝑥 =
0.456 mm around the right edge of contact. This means that a strong

stress concentration occurs at the right edge of contact, and the maximum
stress value is much larger than the far field stress value 100 MPa. As
shown in Figure 4.4 (b), the contact area of the minimum load step is from
𝑥 = −0.46 mm to 𝑥 = 0.468 mm, which is almost the opposite of the

maximum load case. The stick area is from 𝑥 = −0.332 mm to 𝑥 =
0.31 mm . The peak tensile stress (167.2 MPa) appears at x =

−0.458 mm near the left contact edge, too. And it is much larger than the
far-field lateral load.
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In general, at load step 2 and step 3, the stress concentration occurs on
both sides of the contact surface, respectively. Moreover, in the case of
these two extreme loads, the contact area is between from x =

−0.468 mm to 0.458 and from -0.46 to 0.468, respectively. This means
that the contact area of the fretting fatigue problem is dynamically
changing due to the existence of periodic loads and slip zones. For the
fretting fatigue problem of homogeneous material, the maximum value of
each critical plane parameter is always located near the edge of contact
surface [155]. Since the magnitudes of the three damage parameters vary
greatly, in order to visually compare their distribution, these three
parameters are dimensionless by dividing by their peak values. The
distribution of dimensionless critical plane parameters is shown in Figure
4.4 (c). The peaks of FP, FS, and SWT parameter appear at x =

0.454 mm, x = 0.452 mm and x = 0.456 mm, respectively. They are

inside and close to the contact right edge of maximum load.
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(a)

(b)

(c)

Figure 4.4. (a) Stress distribution at contact surface for maximum load
step, (b) Stress distribution at contact surface for minimum load step
and (c) dimensionless critical plane parameter distribution at contact
surface – Test 1.
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(a)

(b)

(c)

Figure 4.5. (a) FP, (b) FS and (c) SWT parameters distribution at contact
surface for test 1.
For homogeneous materials, previous scholars generally defaulted that
the crack initiation point located at the contact edge in Ref [155, 223].
However, there is little concern about the distribution of damage
parameters below the contact surface. The peaks of damage parameters
are located at the contact surface edge, shown as the black circle in Figure
4.5. For FP and FS parameters, the black dotted line is a schematic
diagram of the critical plane direction, indicating the crack initiation
direction predicted by the different critical plane criteria. The SWT
parameter, it is represented by a black line. Based on the vertical line, the
crack initiation direction is positive to the right side and negative to the
left side. Therefore, the predicted critical plane directions are 34, 39, and
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-3 degree, respectively. As shown in Table 4.5, previous researchers [155]
have collected experimental results of crack initiation plane direction.
Table 4.5. Fretting fatigue experimental results of critical plane direction
from literature
Material
Ti–6Al–4V
Ti–6Al–4V
Al 2024-T351
Ti–6Al–4V
Al 2024-T351
Al 2024-T3

𝜃𝑐 (°)
40, -45, -39
(45/-45) ± 15
-55
41
-50
-35 to -45

Reference
Lykins et al.[224]
Namjoshi et al.[40]
Proudhon et al.[225]
Almajali[226]
Szolwinski MP, Farris TN[227]
Hojjati-Talemi et al.[25]

The most inconsistent prediction results with the experimental results is
SWT criteria. It is an energy-based criterion, and the lateral load is
dominant in our load so that the predicted direction is almost
perpendicular to the specimen surface. Although the predicted results of
FP and FS parameter are similar to some experimental results of other
materials [40, 224, 226], in the experimental results from our group [25],
the direction kept negative, pointing to the inside of the contact area.
Using FP and FS critical plane criteria lead to an opposite result, pointing out
of the contact area. This shows that it is not appropriate to predict the
crack initiation direction by using the critical plane of the peak point,
which is called hot spot method. Moreover, because of stress
concentration, the damage parameters decrease rapidly along the depth
direction. So the life of crack initiation will be underestimated if one uses
the hot spot method directly [159, 160]. Herein, the critical distance
method is used to average the high local stresses. The critical distance 𝑙𝑐
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can be calculated by El Haddad empirical law [145] as Eq. (2.16). Where
the long crack threshold stress intensity factor range is ∆𝐾𝑡ℎ =

100 MPa√mm [164], and the plain specimen fatigue strength is 𝜎0[106 ] =

263 MPa for the Aluminium alloy 2024 T3, therefore 𝑙𝑐 = 46.02 μm .

This study makes use of the area averaging method to reduce the effect of
the life underestimation caused by stress concentration. Taking the peak

point as the centre and using the critical distance as the radius, the
damage parameters in this region are averaged to predict the life.
Through the above method, the crack initiation lifetime can be predicted
by the hot spot method and the area average method. The part about the
crack propagation life is completed by other colleagues in our group,
which predicts the crack propagation lifetime by an extended maximum
tangential stress criterion [228]. The size of the initial crack in the
propagation phase is 50 μm which is calculated from Eq. (2.16). The

result should be 46.02 μm, but they made an approximation [25, 228].

And the crack initial orientation is −40° . For all tests, the total life
expectancy by the hot spot method is conservative and lower than the

experimental total life [25] as shown in Figure 4.6 (a). However, after
averaging the damage parameters by the area average method, the
predicted life will better fit the experimental results. In addition, the
difference between all prediction results and experimental results is
within the factor of 2 lines as shown in Figure 4.6 (b). Moreover, in this way
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the critical distance of FP, FS and SWT parameters can be obtained, which
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Figure 4.6. Comparison between prediction and experimental failure life
using (a) hot spot method and (b) area average method.
In addition to the material and load conditions, the contact size can also
affect the critical distance. The comparison between simulations and
experiments proves that for the case of high-stress concentration, the
critical distance equivalent to the grain size can be used to obtain good
prediction results [229]. Therefore, in this study, for the peak value
appearing at the edge of the micro-void, the critical distance of the three
damage parameters is 20 μm. Then, the peak point of the edge of the

micro-void 𝑃𝑣 and the maximum value point of the contact surface 𝑃𝑠 are

averaged with different critical distances. Finally, by comparing the life

predicted by these two dangerous points (𝑁𝑖𝑣 and 𝑁𝑖𝑠 ), and choose the
lower, the final result is obtained as shown as Figure 4.7.
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Calculate damage parameters
Peak point location
Surface 𝑃𝑠

Void edge 𝑃𝑣

Average to get

Average to get

Type 1 shift:
The initiation location shift
from surface to void edge

Is the peak point same as in
homogeneous case?
No

Type 2 shift: On surface

Yes
No shift

Figure 4.7. Flow chart for calculation of damage parameters and crack
initiation location
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Figure 4.8. Variation of dimensionless parameter with angle at peak
point.
Regarding the crack initiation direction, the quadrant average method is
used to determine whether the crack initiation angle is directed to the
contact area or away from the contact area [160]. As shown in Figure 4.8,
the dimensionless FP and FS parameters have two peaks, one between
−90° and 0°, the other between 0° and 90°. The quadrant averaging
method uses the surface vertical line of the peak point to divide the

specimen into two left and right quadrants as shown in Figure 4.9 (a). For
the case of considering critical void, the quadrant division diagram is
shown in Figure 4.9 (b).
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Figure 4.9．Quadrant method diagram (a) Peak point on the contact
surface and (b) Peak point on the void.
Then, the damage parameters are averaged in the range of a quarter circle
in the two quadrants with the critical distance as the radius. Because the
different definition of the critical plane of the different parameter, for the
FP parameter, if the average parameter of the left quadrant is larger than
the right side, the critical plane will be searched among the angle from 90° to 0°. Otherwise, the critical plane will be searched among the angle
from 0° to 90° as shown in Figure 4.8. For the FS parameter, the critical
plane is defined as the plane subjected to the maximum shear strain
amplitude. Therefore, there are two planes with maximum shear strain
amplitude for one point depending on the Mohr’s strain circle. In addition,

there are 90° difference between these two planes. Therefore, according
to the quadrant method, the crack initiation angle with larger regional

average damage parameter can be obtained. As shown in Table 4.6, based
on the FP and FS parameters, there is a big difference between the critical
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plane angles obtained by the hot spot method and the quadrant average
method. For test 1, as shown in Figure 4.5, the black dotted line and black
line is the critical plane obtained by the hot spot method and the quadrant
average method, respectively. And the results of quadrant method are
closer to the experimental results, from −45° to −35° [25] as shown in
Table 4.5. SWT parameter just has one peak from −90° to 90°, so that it
does not need to correct the critical plane angle.

Table 4.6. Predicted peak position (abscissa) and critical plane angle for
all test.
Test
number
1
2
3
4
5
6
7
8
9

Peak position (mm)
FP
0.454
0.452
0.452
0.452
0.452
0.448
0.448
0.45
0.448

FS
0.452
0.452
0.452
0.452
0.452
0.446
0.446
0.45
0.45

SWT
0.456
0.454
0.454
0.454
0.454
0.45
0.45
0.452
0.45

Hot spot method
𝜃𝑐 (°)
FP
34
34
35
34
34
35
35
35
35

FS
39
40
40
40
40
40
40
41
41

SWT
-3
-3
-3
-3
-3
-2
-2
-2
-2

Quadrant
method
𝜃𝑐 (°)
FP
FS
-44
-51
-44
-50
-43
-50
-44
-50
-43
-50
-43
-50
-43
-50
-42
-49
-43
-49

In summary, the area average method can obtain a crack initiation life
closer to the test than the hot spot method, and the difference between all
prediction results and the experimental results is within the band of 2N
as shown in Figure 4.6. The quadrant average method can obtain a more
reasonable critical plane angle, showing that the cracking direction points
are inside the contact area. The FP criteria has the best prediction angle.
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And the crack initiation angle predicted by SWT parameters is almost
perpendicular to the contact surface, which is inconsistent with the
experimental observations. In addition, the prediction peak position is
very stable around 𝑥 = 0.452 mm for all parameters and test as shown

in Table 4.6.
4.3.2

Effect of critical micro-void location

In order to study the effect of critical micro-void location on the fretting
fatigue, one circle micro-void with 44 μm diameter shift the location

under the contact surface from 𝑥 = 0 mm to 𝑥 = 0.7 mm in

increments of 0.1 mm and from 𝑦 = −0.05 mm to 𝑦 = −0.3 mm in

increments of −0.05 mm . A total number of 48 different micro-void
location cases is considered. In addition, the load of Test 1 is used in all

studies. As shown in Figure 10, an example is given for the case where the
critical micro-void locates at 𝑥 = 0.4 mm and 𝑦 = −0.1 mm . The

damage parameters distribution and critical plane angles are shown in
Figure 4.10. After introducing the micro-void, the distribution of the
parameters under the contact surface is very different compared with the

homogeneous case in Figure 4.5. When considering specimen
heterogeneity, multiple peak points appear simultaneously on the contact
surface as well as inside specimen, indicating that the specimen may have
multiple cracks initiation position, which is consistent with experimental
observation [105]. In addition to the maximum value transferred to the
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inside of the specimen, the damage parameters appear to decrease at the
contact surface directly above the micro-void.

(a)

(b)

(c)

Figure 4.10. (a) FP, (b) FS and (c) SWT parameters distribution for the
case with a critical micro-void locate at 𝑥 = 0.4 mm, 𝑦 = −0.1 mm.

The red circle and the red line indicate the point of the maximum
parameter and the critical plane at that point for all three parameters. For
the three damage parameters, their maximum values appear at the edge of the
micro-void, but after averaging, the regions surrounding the contact edge still
provide smaller predicted lives. Therefore, the black circle and the black line
indicate the crack initiation position and crack plane as shown in Figure
4.10. It can be seen that the presence of critical micro-void causes
significant interference in the distribution of all damage parameters.
However, it has less influence on crack initiation position and angle
compared with the homogeneous case as shown in Table 4.6.
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4.3.2.1 The crack initiation position
The prediction of crack initiation point coordinates of FP, FS, and SWT
parameter for all cases are shown in Figure 4.11. FP parameter, the crack
initiation point is transferred to the inside of the specimen when the
micro-voids located at 𝑥 = 0.4 mm , 𝑦 = −0.05 mm and 𝑥 =
0.6 mm, 𝑦 = −0.05 mm. The crack initiation position appears near the

top edge of the critical micro-void, and we call this kind of peak shift ‘type

1’ as listed in Table 4.7. Figure 4.7 also shows the decision logic for this

type of shift. The reason why the case when the micro-void centre located
at (0.5, -0.05) peak point shift does not occur is that the micro-void is very
close to the contact edge. The effect of the micro-void results in high
damage parameters at the vicinity of the contact edge. Although both the
contact edge and the top edge of the micro-void are dangerous, the
contact edge gives a shorter crack initiation life estimate. In addition to
the two cases where the peak shift occurred, the peak positions of other
cases were stable and located at the edge of the contact surface. Moreover,
the abscissa of heterogeneous case 𝑥ℎ𝑒 range between 0.45 mm and
0.456 mm, which is 0.454 mm for homogeneous case (𝑥ℎ𝑜 ). This shows
that except for a few critical micro-voids that are very close to the contact
edge, the micro-void at other locations have little effect on the crack
initiation position and are consistent with the homogeneous case.
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Figure 4.11. The prediction of peak point coordinates of (a) FP, (b) FS and
(c) SWT parameters for all cases.
FS parameter, as shown in Figure 4.11(b), the peak point of all cases
appears on the contact surface and does not transfer into the specimen.
Most of the peak point located between 𝑥 = 0.45 mm and 𝑥 =

0.458 mm and the homogeneous case it is 𝑥 = 0.452 mm as list in

Table 4.7.
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3

1
2

4

Figure 4.12. FS parameter distribution of the case with a critical microvoid locate at x = 0.4 mm, y = -0.05 mm
However, when the micro-void is located at 𝑥 = 0.4 mm and 𝑦 =

−0.05 mm, the peak lateral shift is from point 1 (contact edge) to point 3

(0.374, 0) as shown in Figure 4.12. By including the contact edge (point
1) and the top edge point of the micro-void (point 2), the peak point is also
possible to appear at point 3. This point is located at the left intersection
of the contact surface and the high-stress zone is caused by the microvoid. This kind of peak shift on the surface is called ‘type 2’ as listed in
Table 4.7. Moreover, including point 4, other potentially dangerous points
are likely to propagate new cracks soon after crack initiates at the peak
point. Numerical and experimental studies on the effects of individual
embedded inclusion defects on the Hertz loading damage have similar
multi-point cracking result, such as the crack distribution of butterfly
wings [230].
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The results of SWT parameter are similar like FP parameter. When the
micro-void depth is located at -0.05 and the micro-void centre abscissa is
greater than 0.4, the crack initiation point will appear near the top edge of
the micro-void as type 1 peak shift. For other cases, the results are very
stable and the peak point position is similar to the homogeneous case.
Table 4.7. The general range of peak position and the detail of the special
case (peak shift) of three kinds of prediction.
Normal cases
Parameter 𝑥ℎ𝑜 (mm) 𝑥ℎ𝑒 (mm)
FP

0.454

0.45-0.456

FS
SWT

0.452
0.456

0.45-0.458
0.452-0.46

Peak shift
Micro-void
position
(0.4, 0.005)
(0.6, -0.05)
(0.4, -0.05)
(0.4 ,-0.05)
(0.5, -0.05)
(0.6, -0.05)
(0.7, -0.05)

Peak position

Type

(0.4055, -0.0287)

1

(0.6015, -0.028)
(0.374, 0)
(0.4055, -0.0287)
(0.5025, -0.028)
(0.6015, -0.028)
(0.7005, -0.028)

1
2
1
1
1
1

4.3.2.2 The crack plane angle
As shown in Figure 4.13, in most cases where a single critical micro-void
is considered, the critical plane angle of the heterogeneous specimen
(𝜃ℎ𝑒 ) is almost constant and is the same as homogenization case (𝜃ℎ𝑜 ).

But there are still some special cases here when the micro-void is

particularly close to the contact edge as listed in Table 4.8. In comparison
with Table 4.7, it can be seen that a significant change in the critical plane
angle when the peak shift (type 1 and type 2). In addition, when the
micro-void located at (0.5, -0.05), the peaks do not shift, but the predicted
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critical plane is also changed significantly compared with the

FP-Critical plane angle ()

homogeneous case.
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Figure 4.13. The prediction of critical plane of (a) FP, (b) FS and (c) SWT
parameter for all cases
Table 4.8. The general range of critical plane angle and the detail of the
special case (critical plane shift) of three kinds of prediction.
Normal cases
Parameter
FP

FS

𝜃ℎ𝑜 (°) 𝜃ℎ𝑒 (°)
-44

-44 and -43

-51

-50 and -51

Critical plane shift
Micro-void
CP
position(mm)
angle(°)
(0.4, -0.005)
(0.5, -0.05)
(0.6, -0.05)
(0.4, -0.05)
(0.5, -0.05)

26
37
-54
32
42

Type
1
1
2
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-3

-3
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(0.4, -0.05)
(0.5, -0.05)
(0.6, -0.05)
(0.7, -0.05)

-14
-6
-4
-1

1
1
1
1

In this case, both critical planes predicted by FP and FS parameters are
directed from the contact edge to the micro-void. As the micro-void
becomes close to the contact edge case, although damage parameters
near the contact edge are large due to the influence of the micro-void, the
dangerous point position is still the same as in the homogenous case.
However, the critical plane is seriously affected by the heterogeneity.
Presumably, in this case, the crack initiation life will also change
significantly.
4.3.2.3 The crack initiation life
As mentioned above, except for the cases where the critical micro-void is
close to the contact edge, the existence of the micro-voids does not have
much influence on the peak position and the critical plane angle. However,
critical micro-voids have a significant effect on crack initiation life. The
predicted dimensionless crack initiation lives for all cases by three
parameters are shown in Figure 4.14. The dimensionless initiation
lifetime is the ratio of the crack initiation life between the heterogeneous
and homogenized conditions to evaluate the effect of the critical microvoid at different locations on crack initiation.
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Figure 4.14. The predicted dimensionless crack initiation life for all cases
by (a) FP, (b) FS and (c) SWT parameters
When the micro-void is located in the first layer (depth = −0.05 mm),
the prediction life changes very much. For this layer, if the micro-void
located at the left side of the contact edge, the initiation life decrease as
the abscissa of the micro-voids increases. If the micro-void located at the
right side of the contact edge, the initiation life increases quickly at first
and then decrease as the abscissa of the micro-void increase. It is
conceivable that as the abscissa of critical micro-void continues to
increase, the predicted dimensionless initiation life will gradually

4.3 Results and discussion

122

approach 1. The minimum of initiation life appears when the micro-void
near the contact edge. Here the minimum prediction initiation life is
around 15% of the homogenization case. If there is more intensive
forecast data, perhaps the above life peak and turning point will change,
but the trend will be the same.
For the second layer (depth = −0.1 mm), the trend of initiation life is not
very obvious, and it is a little confusing. Such oscillations are also an

uncertain factor in the fretting fatigue of components. Because when the
micro-voids are close to the contact edge, the crack initiation life is also
significantly reduced, causing the component to damage faster.
For the layer below the second layer, the trend of initiation life is
consistent and interesting. When the micro-voids are close to the contact
centre, the estimated life in the heterogeneous case is not much different
from the homogeneous case. As the abscissa of the centre of the microvoid increases, the life expectancy gradually decreases. As the micro-void
depth increases, the decrease in predicted life is less obvious. The
estimated life will suddenly increase when it approaches the left side of
the contact edge (𝑥 = 0.4 mm). The prediction life will even exceed the

homogeneous material. When the abscissa of the micro-void centre is

equal to 0.4 mm, the estimated life decreases as the micro-void depth
increases.
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This phenomenon indicates that when the critical micro-void is located
on the left side of the contact edge and the depth exceeds a certain value,
the existence of the micro-void has a positive effect on the crack initiation
life. This effect gradually decreases as the depth continues to increase.
When the abscissa of the centre of the micro-voids exceed the contact
edge, the estimated life is first reduced and then increased. Ultimately,
with the micro-voids relatively close to the surface, the estimated life may
still exceed the homogeneous case. The effect of micro-void location on
crack initiation lifetime is more intuitively shown in 2D cloud map Figure
4.15.
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Figure 4.15. The effect of micro-void location on crack initiation lifetime
(2D cloud map).
As shown in Figure 4.15, when the micro-void coordinates are in the blue
and light-yellow areas, the heterogeneity of the material will accelerate
the initiation of the crack compared to the homogeneous case. When the
micro-voids are in red and deep red areas, the micro-voids can increase
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the crack initiation life of the specimen. There are two main areas here;
one is below the left side of the contact edge beginning from a certain
depth. The other is the area near the surface of the specimen when the
abscissa is at a certain distance larger than the contact edge. Both initiation
life enhancement effects occur suddenly and then decrease with
increasing depth and abscissa, respectively. Interesting to note that the
dangerous area is similar to half of the butterfly's wings, and there are
similar high damage parameter areas near points 2 and 4 in Figure 4.12.
Referring to the experimental results, the specimens used in experimental
tests [25] also contain some kind of defects, which are the reason for the
discrete phenomenon when comparing the total estimated lifetime with the
experimental observations as shown in Figure 4.6. Because of the microvoids have a severe effect on the fatigue [24, 62, 65], the single critical
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micro-void considered in this paper may also be one kind of these defects.
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Figure 4.16．The comparison between the prediction initiation life of
heterogeneous specimen and experimental result: (a) FP, (b) FS and (c)
SWT criterion.
The peak shift occurs mostly when the micro-void is very close to the
contact edge. Moreover, when the micro-void is far from the contact edge,
the peak point position is almost the same as the homogeneous sample.
Therefore, in order to make a rough contrast, the effect of micro-void on
crack propagation is ignored, here. The comparison between the crack
initiation life of experimental result (test 1) and the prediction result of
heterogeneous cases (considering different location critical micro-void)
is shown in Figure 4.16. For all 48 cases considered in this paper, it can be
found that the existence of a single critical micro-void will lead to the
discretization of the crack initiation life. Most of the prediction initiation
life are bigger than the experimental ones. In addition, for FP and FS
criterion, the prediction results are closer to the test results when the
micro-void is located at (0.5 mm, -0.1 mm). The differences are 18.86%
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and 18.32%, respectively. For SWT criterion, the two micro-void location
cases closest to the test results are (0.6 mm, -0.05 mm) and (0.5 mm, -0.1
mm). Moreover, the differences are 21.62% and 6.75%, respectively. This
gives us inspiration. If the prediction model considers critical defects that
are consistent with the actual situation (can get by X-ray CT scanning
system [63]), it will greatly improve the accuracy of the prediction.
4.3.3

Effect of micro-void size

In this study, in order to compare the effect of different micro-void
diameter on fretting fatigue, three micro-void locations and five kinds of
micro-void diameter have been chosen to study. The critical micro-voids
located at depth equal -0.1 mm, abscissa equal 0.3, 0.4 and 0.5 mm. The
micro-void diameters are 23, 33.5, 44, 54.5, 65 μm, which cover the range

of all randomly distributed micro-voids that have been considering in the
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heterogeneous specimen as shown in Figure 17.
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Figure 4.17. The prediction of peak point coordinates of (a) FP, (b) FS,(c)
SWT parameter for all cases with different micro-void size.
As shown in Figure 4.17(a), only when the 65 micron diameter microvoid located at x = 0.4 mm is predicted by the FP criterion, the crack
initiation point is transferred. Moreover, the crack initiation point shift to

the top edge of the micro-void ( 𝑥 = 0.407 mm , 𝑦 = −0.068 mm ),
which is type 1 shift. However, for all other cases, the crack initiation point
is almost unchanged and similar to the homogeneous case.
The effect of micro-void size on the critical plane orientation has similar
characteristics. The critical plane orientation changes into -52° in the case
of the crack initiation point shift. For other cases, the critical plane
orientations are almost constant and similar to the homogenization
situation as shown in Table 4.8.
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Figure 4.18. The prediction of dimensionless crack initiation life of (a)
FP, (b) FS and (c) SWT parameter for all cases with different micro-void
size.
As shown in Figure 4.18, in general, the crack initiation life decreases with
the increase of micro-void diameter at the same position. In addition,
when the micro-void are at 𝑥 = 0.5 mm, this downward trend is the

most obvious. However, as shown in Figure 4.18 (b), for the case which
micro-void centre is located at 𝑥 = 0.4 mm and one uses the FS criterion,

the predicted initiation life increases at first and then decrease as the size

increase. It means the effect of micro-void size is different with a different
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micro-void location. And as shown in Figure 4.14 (b) red solid line, the
dimensionless initiation life is more than 1 when the void located at
(0.4 mm, −0.1 mm).

It is mean this particular trend occurs when the void is located in the

enhancer region. The fretting fatigue life is enhanced because the
existence of the void weakens the stress concentration at the contact edge,
Larger void can more effectively reduce this stress concentration,
resulting in an increase in crack initiation life. However, when the void
size continues to increase beyond a certain value, the presence of the void
causes high stress at the contact edge, thereby reducing the predicted life.
Therefore, it can be guessed that when the micro-voids are located in the
enhancer region as shown in Figure 4.15 red part, the crack initiation life
of fretting fatigue will reach a maximum at a certain micro-void diameter,
and larger or smaller than this diameter will reduce the crack initiation
life. This phenomenon can be understood as the existence of suitable
micro-voids weakens the stiffness of the contact edge, thereby reducing
the stress concentration at the contact edge. In a certain range, the microvoid size increases, which in turn relieves the stress concentration at the
contact edge. Therefore, the crack initiation life will increase.

4.4

Summary

From this study, the following conclusions are drawn:
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For the homogeneous case, all peaks of three kinds of the critical

plane parameter are located inside and close to the contact right edge of
maximum load. Moreover, the FP criterion can obtain the critical plane
angle that best matches the experimental results by the quadrant
averaging method.
2.

The presence of material heterogeneity (critical micro-voids) has

a strong influence on the distribution of damage parameters below the
contact surface of the specimen. But for most heterogeneous materials,
the crack initiation position and crack plane angle are similar to the
homogeneous case. When the critical micro-void is close to the contact
edge, the peak point of the damage parameter has two kinds of shift and
the critical plane also change. For some cases, even if the cracking position
is unchanged, the crack initiation direction may change greatly compared
with the homogeneous case.
3.

When the critical micro-voids are located at different positions

inside the sample, there is a weakened area similar to the half butterfly
wings, that is, when the micro-voids are located in this area, the crack
initiation life will be less than the homogenous case. Moreover, the
weakening effect is more severe when the micro-voids are close to the left
and below the contact edge. Conversely, there are also two enhancement
zones. When the micro-voids are located in these two zones, the fretting
fatigue life can be increased, that is, a certain depth below the contact edge
and a certain range to the right of the contact edge. Both of these
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enhancements only occur within a certain range and eventually disappear
as they become farther away from the contact edge. The enhancement on
the right is more noticeable. Moreover, if the prediction model considers
critical defects that are consistent with the actual situation, it can greatly
improve the accuracy of the prediction.
4.

For most micro-void locations, the location of the crack initiation

point and the angle of initiation are not very sensitive to the micro-void
size. The micro-void size has different effects on fatigue at different
locations. When the micro-voids are located in the reinforcement zone,
the fatigue life increases first and then decreases as the micro-void size
increases. When the micro-voids are in the danger zone, the life span will
decrease rapidly with the increase of the micro-void size.
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Fretting fatigue with pit

treatment surface
This chapter analyses the effect of surface treatment on fretting fatigue
specimen by numerical simulations using Finite Element Analysis. The
processed specimen refers to artificially adding a cylindrical pit to its
contact surface. Then, the contact radius between the pad and the
specimen is controlled by adjusting the radius of the pit. The stress
distribution and slip amplitude of the contact surface under different
contact geometries are compared. The critical plane approach is used to
predict the crack initiation life to evaluate the effect of processed
specimen on its fretting fatigue performance. Both crack initiation life and
the crack initiation angle can be predicted by the critical plane approach.
Ruiz parameter is used to consider the effect of the contact slip. It is shown
that the crack initial position is dependent on the tensile stress. For the
same type of model, three kinds of critical plane parameters and Ruiz
method provide a very similar position of crack initiation. Moreover, the
improved sample is much safer than the flat-specimen.

5.1 Numerical Model
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Numerical Model
As shown in Figure 3.1, a schematic of fretting fatigue specimen is

illustrated. The specimen is flat, which is the general case. This paper aims
to study the effect of surface pit treatment on fretting fatigue behaviour.
Three models are used for comparative studies depending on the degree
of surface pit treatment. The finite element model of the flat specimen,
named as type 1, is shown in Figure 3.1. Next, artificially processed
specimen, i.e. adding pits to the surface of the contact area, is also studied.
The size of the pit is selected based on the contact radius between the pad
and the specimen under normal compression contact load. In this study,
the material of cylinder pad and specimen is Aluminium 2024-T3, whose
elastic modulus and Poisson's ratio are 72.1 GPa and 0.33, respectively.

As shown in Figure 3.2, if only the normal force 𝐹 = 540 N acts at the

top of the pad, which is a Hertzian contact problem [75]. When the pit
radius is 𝑅𝑝𝑖𝑡 , the contact radius 𝑅 and contact stress distribution on the

contact surface 𝑝(𝑥) are given by Eq. (5.1) and Eq. (5.2), respectively [75].
1 − 𝑣2 1 − 𝑣2
4F( 𝐸 1 + 𝐸 2 )
1
2
𝑅=√
1
1
𝜋𝑡(
+
)
𝑅𝑝𝑎𝑑 𝑅𝑝𝑖𝑡

(5.1)
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p(x) = −

2𝐹
√1 − (𝑥 − 𝑅)2
𝜋𝑅𝑡

(5.2)

where 𝐸1 = 𝐸2 = 72.1 𝐺𝑝𝑎 is the elastic modulus of the cylinder pad and
the specimen, and 𝑣1 = 𝑣2 = 0.33 is Poisson's ratio .

Therefore, as shown in Figure 5.1, the contact radius of two

components will change with different pit radius on the specimen
depends on the Hertzian contact theory. It is worth noting that for the case
where the cylinder is in contact with the pit, the pit radius 𝑅𝑝𝑖𝑡 should be

taken as a negative value in Eq. (5.1). In Fig. 5, the relationship between
the true pit radius and the contact radius is shown for the sake of intuition.
If the pit radius tends to infinity the Hertzian contact radius is 0.462 mm.

This is the type 1 model, shown as a red point in Figure 5.1. When the pit

radius is slightly larger than 50 mm , the theoretical contact radius

changes drastically, and the maximum value can reach 5 mm. The main

idea of surface processing is to increase the contact area and reduce the
surface stress and strain amplitudes. Thus, adding a pit to the specimen

with a radius of 50 mm(same as the pad) is considered first. However,

this produces a complete slip, and the calculation could not converge.
Therefore, 50.5 mm (blue point) is selected as the pit radius to facilitate

convergence (in the remaining part of this article, it is named type 3). Its
Hertzian contact radius of is 4.645 mm . In order to consider the
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intermediate state, 52 mm is used as pit radius for type 2 model, whose

theoretical contact radius is 2.36 mm (green point).

Figure 5.1. The theoretical contact radius change with the pit radius
As mentioned above, the theoretical contact radius can be achieved by
machining a pit with a milling cutter of a specific diameter. To ensure that
the width of the pit is greater than that of the cylinder pad, point B is 0.05
mm higher than point A as shown in Figure 5.2. Therefore, through this
principle, the height of the center of the pit from the specimen surface can
be calculated. The heights of pits center of Type 1, Type 2 and Type 3 are
50 mm, 51.745 mm and 50.245 mm respectively. Moreover, the local
finite element model of Type 3 is also shown in Figure 5.2.
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Type 3

B

A

Figure 5.2. Pit radius and position.
Based on the Hertz contact theory as Eq. (5.2), the normal stress on
the contact surface is shown in Figure 5.3. The maximum normal stresses
of each model are −186.965 MPa , −36.66 MPa and −18.6 MPa ,
respectively. The contact radius of type 3 is almost 10 times higher than

that of type 1, and the maximum normal stress is one-tenth of the
maximum value of type 1.

Hertz normal stress (MPa)
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Figure 5.3. The theoretical normal stress of the contact surface for types
1, 2 and 3
The artificially processed specimen and FE model of type 2 are shown
in Figure 5.4 as an example. The FE model in Figure 5.4 is built in Abaqus
using plane strain 2D four nodes element (CPE4R). On the contact surface,
the size of the element is 0.002 mm, which allows the mesh to converge

and obtain sufficiently accurate results [107]. The element numbers of
Type 1, Type 2 and Type 3 are 39760, 159095 and 112269, respectively.
After the simulation, Python codes were used to do the post-process
in order to get the stress and strain history for each node on the contact
surface. Matlab codes were used to calculate the critical plane parameters.
The codes would go through every node on the contact surface of the
specimen. For every node, every angle plane would be checked, in order
to find out the critical plane. In addition, an angle increment of 1° was used
for each iteration.
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𝑅𝑝𝑎𝑑 = 50 mm

𝑅𝑝𝑖𝑡 = 52 mm

Figure 5.4. Finite element model of type 2 (pit-specimen)

5.2

Experimental Validation
The experimental research on fretting contact between pad and flat

specimen [231] has described in the previous two chapters. Here only
give a short review. Figure 3.1 shows the schematic of the experimental
setup.
And the load conditions of the fatigue experiments and failure life results
are listed in Table 4.2. In order to verify the rationality of the critical plane
method for predicting crack initiation life, the 𝑁𝑓 of all tests are used to

validate the numerical model and the prediction methods. However, to
study the effects of the surface pit treatment on fretting fatigue, the load

of test 1 is used along with all kind of critical plane methods for all
proposed models.
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The above critical plane method without averaging described in
chapter 2, is used to predict the crack initiation life of type 1 model under
9 kinds of test. Then, combined with the crack propagation part [228], the
total fretting fatigue life prediction for all tests can be compared with the
total failure life from the experimental as shown in Figure 4.6 (a). From
the results, it is shown that the FS parameter gives the best prediction.
Although the prediction of all cases has a certain degree of conservation,
all the results are within the factor of ±2N. Therefore, it can be concluded
that the critical plane method can be used to predict crack initiation life
under multiaxial stress field. Furthermore, it is reasonable to use the
critical plane method to estimate the crack initiation lifetime for the other
two types of models.

5.3

Results and Discussion
Because the stress distribution has a great influence on the fretting

fatigue life of the structure, after applying the cyclic load to the model, the
stress distribution in the specimen can be calculated over the entire
period. Moreover, by extracting the result data, the fatigue characteristics
of the specimen can be evaluated by three different critical plane
parameters. In addition to the contact surface, the critical plane
parameters below the surface are also calculated and presented, which
allows a more comprehensive comparison of the two models considered
in this paper.

5.3 Results and Discussion
5.3.1

141

Stress Distribution in the Three Models

The biggest difference between each model is the contact radius.
From the resulting stress distribution as shown in Figure 5.5, the
difference in stress concentration is very obvious. The high stress
concentration of type 1 model is distributed near the edge of a very small
contact area. Therefore, it leads to a higher peak value of stress, not only
shear stress but also normal and tensile stresses. However, for the other
two models, the stress distribution takes place in a relatively large contact
area. The absolute peak value of the shear stress is also much smaller than
type 1.
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Unit: MPa

(b)

(c)

Figure 5.5. The shear stress distribution in the whole model when peak
loading (a) type 1, (b) type 2 and (c) type 3
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Although Figure 5.5 gives a macro comparison of three models, it is
more important to care about the stress on the contact surface. Because it
is known from previous scholars' experiments and numerical studies that
crack usually appear first at the contact edge for type 1 model. This is
similar for type 2 and 3 models because the stress at the contact surface
is higher than below the surface.
Contact surface stress distribution comparison between each model
is shown in Figure 5.6. Same as the result shown in Figure 5.6 (a), we can
see that the tensile stress varies greatly along the contact surface. It
reaches a maximum of 290.089 MPa at 𝑥 = 0.45986mm for type 1.
This point is very close to the theoretical contact radius (0.462 mm) of

the type 1 model. This can also explain to some extent why cracks always
initiation at contact edges.
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Figure 5.6. Contact surface stress distribution comparison between each
model: (a) tensile stress and (b) shear stress
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For the type 2 model, the maximum tensile stress is 157.992 MPa

and located at 𝑥 = 2.0402 mm point as the theoretical contact radius is
2.36 mm. The peak point is farther away from the contact edge when it is
compared with type 1. This also means that the initial position of the crack

may change when the surface of the sample is treated by a pit. Moreover,
for type 3 model, the maximum tensile stress (133.098 MPa) on the
contact surface appears at 𝑥 = 3.162 mm point, which is smaller than the

theoretical contact radius (4.645 mm). The peak value is just a little

higher than the load (100 MPa) on the right side of the specimen. This
shows that there is no particularly significant stress concentration in type

3 model. It also means that for type 3, the crack initiation position will be
closer to the contact centre. Moreover, the peak value is less than half of
type 1. The slope of tensile stress on the surface is also smaller than type
1. This indicates that type 3 model will have better fretting fatigue
performance. From the result shown in Figure 5.6 (b), the maximum
shear stress of type 1 model is −98.596 MPa at 𝑥 = 0.25 mm point.
This point is close to the boundary between the stick zone and the slip

zone from the analytical result [107]. In addition, the shear stress changes
very sharply around this point. For type 3 model, both positive and
negative shear stresses appear at the contact surface, but because the
contact area is relatively large, the resulting lateral friction is equal to that
of type 1. This will inevitably lead to an absolute peak shear stress that
will be much smaller than type 1. The value and position of peak point are
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−16.651 MPa and 𝑥 = −0.78795 mm , respectively. This is likely to

produce lower critical plane parameter values.

In general, specimen treated with pits (type 2 and type 3) have larger
contact areas and smaller contact stress peaks. The stress distribution is
completely different for the three models.
5.3.2

Critical Plane Parameter

The stress distribution is important in fretting fatigue analysis, but it
just considers the peak load value. The critical plane criteria can take the
stress and strain history of the specimen into account [147].
As shown in Figure 5.7, the three critical plane parameter values are
larger near both contact edges and reach the peak value on the left side
edge. For the convenience of comparison, all three parameters are
presented in dimensionless form by dividing them by their maximum
values. The maximum values of each critical plane parameter are listed in
Table 5.1, including position, critical plane angle and the estimated initial
life.
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Figure 5.7. Dimensionless critical plane parameter distribution along the
contact surface: (a) type 1 and (b) type 2 (c) type 3
Table 5.1: Detail results of the maximum critical plane parameter
Model

Type 1

Type 2

Type 3

CP
type

Peak_x
(mm)

Peak_y
(mm)

Peak CP
value

FP
SWT
FS
FP
SWT
FS
FP
SWT
FS

0.454
0.454
0.452
2.0382
2.0382
2.0342
3.1426
3.1426
3.1426

0
0
0
-0.215
-0.215
-0.2152
-0.15798
-0.15678
-0.15798

125.2543
0.67332
0.00437
56.767
0.16725
0.00168
45.0121
0.10838
0.00127

CP
angle
(°)
34
-3
39
35
0
42
35
1
43

𝑁𝑖

625348
552358
919638
2.378×109
7.529×108
8.958×109
2.66655×1010
7.20784×109
1.42019×1011
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Although by comparing the three models, there has a large difference
between each other, but for the same model, the peak positions of the
three parameters are very close. It is around 𝑥 = 0.453 mm , 𝑥 =

2.0363 mm and 𝑥 = 3.1426 mm for type 1, type 2 and type 3 models,

respectively. As mentioned in the previous section, the position of peak

tensile stress on the contact surface is 𝑥 = 0.45986 mm, 𝑥 = 2.04 mm
and 𝑥 = 3.1684 mm, respectively. It is clear that for all types of models,

all damage parameters are dominated by tensile stress. In addition,
because of the large difference in the stress and strain distribution of three
models, the maximum value of the critical plane parameter also has a
huge difference. The peak value of type 1 is more than two times larger
than that of type 3. Therefore, the crack initiation lifetime also has a huge
difference.
Regarding the critical plane angle, SWT parameter is mainly used for

crack propagation under tensile load, so that the starting direction will be
perpendicular to the direction of maximum tensile stress. However, the
prediction of the other two kinds of parameters is reasonable compared
with the previous experimental study [232]. When the specimen has been
changed by adding pit on its surface, the predicted crack initiation life of
type 2 and type 3 model will change a lot. These results mean that it will
never fracture because the number of cycles to failure is more than 107
cycles [233].
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Discussion

Type 2 and type 3 models have contact radius, which is several times
larger than that of type 1. From the results above, it is clear that type 2
and type 3 models will be safer in accordance with the stress distribution
and critical plane methods. On the other hand, it should be noted that the
slip range of three models also has a huge difference as shown in Figure
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Figure 5.8. Slip range along the contact surface of both models: (a) type
1, (b) type 2 and (c) type 3
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Even although, the amount of wear debris is not too much obvious in
the partial slip situation [234], the effect of slip range also needs to be
checked, because there are ten times differences between type 1 and type
3. Ruiz fatigue parameter that can take contact slip into account of
initiation location is adopted [158]. As shown in Figure 5.9, the maximum
absolute damage parameter value indicates the starting position of the
crack. It can be seen that the critical plane method and the Ruiz rule have
obtained very consistent predictions. However, although type 3 model
has the smallest stress peak and the largest predicted crack initiation life,
its absolute peak of Ruiz parameters is also the largest. Unfortunately,
Ruiz's rule cannot predict life, but larger damage parameter values still
indicate shorter life. It is worth noting that type 2 model has much less
contact stress than type 1, and its Ruiz parameter is also smaller than type
1. Follow this idea, if it is possible to find a situation between those models
to achieve the best performance of fretting fatigue and fretting wear. This
will be the topic of our next study.
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Figure 5.9. Ruiz F2 parameter along the contact surface

5.4

Summary

Based on the above results and discussion, we can draw the following
conclusions.
Adding pits to the surface of the specimen can seriously affect the stress
distribution of the specimen under the fretting fatigue loading condition
and significantly reduce the stress concentration. Moreover, this effect is
not linear, and different stress distributions are obtained with different
pit radii.
Although the three critical plane parameters have a large difference in the
prediction of life, the prediction of the crack initiation position is very
consistent. The position of the peak point of CP parameter is very close to
the location of peak tensile stress. For type 1 model (flat-specimen), the
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crack will initial from the contact edge. However, for type 2 and type 3
model (pit- specimen), the crack position will shift inside contact area.
The critical plane method is acceptable for type 1 model (flat-specimen)
compared with the experimental results. Moreover, FS parameter has the
best prediction. The gradient of the SWT parameter is the largest.
Furthermore, Ruiz parameter has a similar prediction initiation location
compare with the critical plane method
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The effect of stop hole

As introduced in chapter 2, many crack repair techniques are proposed to
increase the crack propagation life time. In this chapter, a relatively simple
and economical method called stop hole technology is applied to fretting
fatigue specimens. There are three types of stop hole namely: tip hole,
deflecting hole, and flank hole. Here the tip hole is considered, which is a
drilling hole at the crack tip as shown in Figure 2.8 (a). Its main purpose
is to reduce the stress concentration at the crack tip. As shown in Figure
6.1 (a), when a crack appears, it propagates with 𝑁𝑝1 cycles. Then, a stop

hole is drilled at the crack tip to initiate a second crack at 𝑁𝑖2 cycles as
shown in Figure 6.1 (b). Finally, the crack continues to propagate until the

specimen breaks at 𝑁𝑝2 cycles. In this way, the main crack needs to

initiate again on the edge of the stop hole. So, the life time will extend
obviously.
𝑁𝑝1

𝑁𝑖2
(b)

𝑁𝑝2

(c)
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Figure 6.1. The process of drilling a stop hole and crack growth
In this chapter, the first crack initiation life 𝑁𝑖 is not considered, because

this has been discussed in previous chapters. Only the effect of stop hole

on the propagation phase is studied. The propagation life is predicted by
LEFM approach, which is the combination between Paris’ law and

numerical integration. The critical plane parameter and variable length
TCD method are used to predict the second initiation lifetime.

6.1

Numerical model and Experimental validation

The literature review in chapter 2 has described all the involved
numerical method used in this chapter. The framework of crack
propagation life and path prediction is shown in Figure 2.16 and Figure
2.23. For the surface crack initiation phase, the validation part of chapter
4 has provided the prediction results as shown in Table 4.6. And here only
the results obtained from the FS parameter are used as the initial
condition of the FE crack propagation model. The initiation length for all
cases is assumed to be equal to 50 μm [45, 50]. As an example, for test 1,

a short crack is inserted at the contact surface and 𝑥 = 0.452 mm. The
initiation orientation is −51° as shown in Table 4.6.

6.1 Numerical model and Experimental validation

Position: l = 0.25 mm
r = 0.16 mm

Unit: MPa

Figure 6.2. Crack propagation FE model
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The conventional FEM with re-meshing technique is used to model the
crack propagation phase as illustrated in Figure 6.2. The stress and strain
fields around crack tip can be obtained by FEM. And the equivalent SIF
range can be obtained from Eq. (2.34). The crack growth rate is calculated
by Paris–Erdogan equation as shown in Eq. (2.32). And the integral form
is shown in Eq. (2.33), which can be used to predict the fatigue life with
crack length single iteration increment ∆𝑁 . The maximum ∆𝐾I∗ (𝜃)

criteria is used to predict the crack growth orientation 𝜃𝑝 as shown in Eq.
(2.41). By selecting an appropriate crack increment 𝑑𝑎, the crack in the

next iteration can be predicted using the stress state of the current crack
tip. Here the length increment is set as 50 μm for the first 25 increments.

After that, the length increment is increased to 250 μm until the final
fracture. Then, stop holes of a specific location and size will be added to

the crack tip as shown in Figure 6.2. The second crack initiates from the
lower edge of the stop hole and propagates again.
6.1.1

Propagation path

The comparison between experimental observation and prediction is
shown in Figure 6.3. It can be found that the crack path predicted by the
maximum ∆𝐾I∗ (𝜃) criteria is consistent with the experimental one.
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(b)

Figure 6.3. Crack propagation path of test 1 (a) experiment
observation[45] and (b) prediction by our framework.
The crack is initiated at the contact edge, and due to the influence of
contact surface friction, the crack deflects to the contact surface and
propagates downward. As the crack propagates deeper and deeper, the
effect decreases gradually. Finally, when the depth reaches twice the
contact radius ( 2a ≈ 1.0 mm ), the crack propagation orientation is
almost vertical to the contact surface as shown in Figure 6.3.

6.1.2

Fatigue lifetime prediction

Another important index to verify the correctness of our code is the
prediction of fatigue life. This includes crack propagation fatigue life and
second crack initiation life as shown in Figure 6.1. In this chapter, the
variable length TCD method (Eq. (2.25)) combined with FS parameter
(Eq. (2.20)) is used to predict the second initiation lifetime 𝑁2𝑖 . In order to
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fit the parameters 𝐴 and 𝐵 in Eq. (2.25), we need to know the relationship

between different initiation lives and critical distance. There are two
methods to fit the two parameters A and B, which depend on material
parameters and experimental data, respectively. Here the second method
is adopted and the experimental data in Table 4.2 are used to reveal this
relationship.
As introduced in chapter 2, total fatigue life includes two phases, initiation
and propagation. It should be noted that the former refers to the initiation
of cracks on the contact surface without considering the stop hole. And
this initiation lifetime prediction has been presented in chapter 4. The
predicted relationship between crack propagation life and crack length by
our code is shown in Figure 6.4. It can be seen that when the crack length
exceeds twice the contact radius (2a ≈ 1.0 mm), the propagation growth

rate is very high until the specimen is completely fractured.
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Figure 6.4. Variation of crack length with prediction crack propagation
lifetime of FF 1 – FF 9

By combining the predicted crack propagation phase with the surface
crack initiation in Chapter 4, we can compare the predicted total life and
the experimental total life, as shown in Figure 6.5. It should be noted that
the initial life is predicted by FS parameter. The averaging method is fixed
length TCD (10 μm).
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Figure 6.5. Comparison between the predicted and measured total life.
Two points can be observed in Figure 6.5. Firstly, the crack propagation
life prediction method used in this chapter is good enough. Secondly, for
the case of long fatigue life, the ratio between predicted and experimental
data is high. In case 1, this ratio is even more than 2 times. In order to
improve the prediction accuracy, here the variable length TCD is used.
And the stress at a certain distance from the peak point on the critical
plane is taken as the equivalent stress, which is called point method (PM).
And the FS parameter gradient along the critical plane is shown in Figure
6.6.
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Figure 6.6. The FS parameter gradient along the critical plane.
The crack initiation life can be obtained by subtracting the propagation
life predicted in this chapter from the total experimental life. According to
the prediction performance of three critical plane parameters in Chapter
4, the FS parameter is used here. Calculating the initiation life from Eq.
(2.20), the equivalent FS parameter is obtained. Then, combining the
equivalent FS with Figure 6.6, the ideal critical distance under different
conditions can be obtained. Finally, the relationship between the
initiation life and the critical distance is obtained as shown in Figure 6.7.
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Figure 6.7. The relationship between TCD and initiation lifetime for Test
1 - Test 9.
It can be found that the larger the initiation life, the smaller the critical
distance is. And the fitted line can express as:
𝑙𝑐 = 1 × 106 𝑁𝑖−1.5

(6.1)

If the predicted initiation life using the variable length critical distance is
added to the predicted total life, the comparison between the predicted
and experimental results is shown in Figure 6.8. It shows that the new
critical distance method is superior to the fixed length TCD in Chapter 4.
The problem of large prediction error for high cycle fatigue for surface
initiation is solved effectively.
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Figure 6.8. Comparison between the predicted and measured total life.
The parameters A and B in Eq. (2.25) are the material constants of

different materials and different stress ratio [166]. In order to verify the

accuracy of Eq. (6.1) used to predict the second initiation, here the
experimental data reported in Nishimura [52] is used. Because their
experimental material and stress ratio is AA2024-T3 and 0.1 ,

respectively, which are the same as those in Table 4.2. If the fitting
equation is correct, the variable length TCD in Eq. (6.1) is also applicable
for this experiment. Their experiment depends on the centre cracked
tension specimens (CCT) as shown in Figure 6.9.

6.1 Numerical model and Experimental validation

163

Stop hole
40

100

Stop hole
300
Figure 6.9. Configuration of crack growth test specimen [52].
The test conducted under maximum stress of 68.6 MPa with stress ratio

𝑅𝑠 = 0.1 . And the size of specimen is shown in Figure 6.9 and the
thickness is 4.1 mm. So, the plane stress condition is assumed. A 20 mm

length initial central crack is introduced by an electrical discharge

machining. The diameter of stop hole is 4 mm. When the half crack length

grows to 16 mm, the stop hole will be introduced at 4 mm ahead of the
crack tip.

In practice, the FS parameter as shown in Eq. (2.20) combined with
variable length TCD method as shown in Eq. (6.1) is adopted to predict the
second initiation lifetime. The implementation method is presented in
Figure 2.16 and Figure 2.23. And the prediction result using our code is
shown in Figure 6.10.
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Figure 6.10. Comparison between the predicted and the experimental
fatigue life for CCT case 1.
It shows that the difference in total fatigue life is less than 2 times. It is
worth noting that the predicted value of the second initiation life is 40196,
and the experimental value is about 41330. So, this means our code is
suitable to predict the crack propagation and the second initiation in the
stop hole case.

6.2

Results and discussion

The crack propagation stage of experiment Test 1 [45] is selected as the
basic case of this study. When the crack propagates, the crack tip is drilled
with different stop holes. As an example, a stop hole with radius 𝑟 =

0.16 mm is added at the crack tip when the crack length 𝑙 = 0.30 mm is

6.2 Results and discussion

165

shown in Figure 6.11. The choice of crack length 𝑙 depends on the
increment step of Test 1 crack growth simulation.

Second
initiation

Figure 6.11. A stop hole with radius 𝑟 = 0.16 mm is added on the crack
tip when the crack length 𝑙 = 0.30 mm.

So, 𝑙 = 0.30 mm corresponds to the sixth step of microcrack incremental

iteration. As described in chapter 2, the crack increment length in the first
is 25 iterations. The drilling positions considered in this thesis range from
the crack tip in the third iteration to the crack tip in the 15th iteration. And

the stop hole radius ranges 𝑟 = 0.1 mm from to 𝑟 = 0.22 mm.
6.2.1

Effect of drilling location

At first, in order to study the effect of drilling location, 𝑟 = 0.16 mm is

considered. As shown in Figure 6.12, a stop hole with 𝑟 = 0.16 mm is

drilled at three locations, when the crack length is equal to 0.25, 0.45 and
0.65 mm.
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Figure 6.12. The effect of drilling location of stop hole on the crack
propagation path.
It can be seen that the stop hole changes the crack propagation path.
Especially after the second initiation, the crack starts at the lower edge of
the hole again. And the relationship between propagation life and crack
length is shown in Figure 6.13.
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Figure 6.13. The effect of drilling location of stop hole on the crack
propagation lifetime.
The closer the borehole to the contact surface, the longer the secondary
initiation life is. Drilling the hole when the crack length is equal to 0.3, the
ultimate propagation fatigue life is 1004805, which is almost two times
that of Test 1 (562522). It can also be seen that when the secondary crack
is long enough, the stop hole has little effect on the crack growth rate.
Therefore, the increase of propagation life mainly comes from the
secondary crack initiation.
In order to study the influence of drilling position on secondary initiation,
two stop hole sizes are considered, i.e. 𝑟 = 0.1 mm and 𝑟 = 0.16 mm. As

shown in Figure 6.14, when the size of the stop hole is constant, the

second initiation life first increases and then decreases with the drilling
position gradually under the contact surface.
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Figure 6.14. The effect of drilling location of stop hole on the second crack
initiation lifetime.
And the initial increase (𝑙 = 0.25 mm for 𝑟 = 0.1 mm and 𝑟 = 0.16 mm)

and the final decrease (after 𝑙 = 0.7 mm) are not very obvious. In the

beginning, because the hole is very close to the surface, the material above
the hole is not thick, and the ability to share the axial tensile stress is
limited. The case when the hole is too far away from the contact surface,
which is the nonlocal plasticity case, is not considered in this thesis. The
second initiation life is more sensitive to the position change when the
stop hole lies between the two extreme cases.
6.2.2

Effect of stop hole size

In a proper range, the closer the drilling position to the contact surface,
the more obvious the effect of the stop hole to prolong the service life is.
And here the effect of hole size drilling at the same location on the fatigue
life is also discussed. Five kinds of hole sizes range from 0.14 mm to

0.22 mm are considered at the tip when the crack length 𝑙 = 0.30 mm.

As shown in Figure 6.15 (a), different hole sizes lend to different crack
propagation path.
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Figure 6.15. The effect of hole size on the crack propagation path.
As shown in Figure 6.15 (b), about 𝑟 = 0.14 mm case, because of the

second crack initiation direction to the right, the crack will continue to the
right and then gradually extend to the left. A similar growth path appears
in the case of 𝑟 = 0.20 mm and 𝑟 = 0.22 mm. On the other hand, for case

𝑟 = 0.16 mm and 𝑟 = 0.18 mm, the second crack initiation to the left

side. All those different crack propagation paths will affect the
propagation lifetime.
The comparison of the total lifetime between stop hole cases and the
homogeneous case is shown in Figure 6.16. The fatigue life can be
effectively prolonged by adding stop hole at this position. Compared with
Test 1, the life of 𝑟 = 0.22 mm case is increased 2.35 times. In general, the
larger the size of the stop hole, the greater the fatigue life. However,

comparing 𝑟 = 0.18 mm with 𝑟 = 0.20 mm, it is found that although the

latter has a larger secondary crack initiation life, the former has a larger
secondary crack propagation life, result in the total fatigue life of 𝑟 =
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0.18 mm more than 𝑟 = 0.20 mm. Combined with the crack propagation

path in Figure 6.15 (a) above, it can be found that when the crack extends
to the left, the crack growth is slower, as 𝑟 = 0.16 mm and 𝑟 = 0.18 mm

cases.
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Figure 6.16. The effect of hole size of stop hole on the crack propagation
lifetime.
The effect of hole size on the second crack initiation lifetime is shown in
Figure 6.17. The larger the hole size, the smaller the stress concentration
will be, so the second initiation life will be larger. Moreover, as shown in
Figure 6.15 (b), the secondary cracks often initiate at the lower edge of
the stop hole, so it is necessary to optimize the geometry of the hole, which
will be our future research direction.
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Figure 6.17. The effect of hole size on the second crack initiation.

6.3

Summary

From the above discussion, some conclusions can be drawn.
It can be seen that the stop hole changes the propagation path and
initiation again from the lower edge of hole. And the increase of
propagation life mainly comes from the second crack initiation. With the
same hole diameter, the secondary initiation life increases slightly with
the increase of the distance between the drilling position and the contact
surface. Until it reaches the peak value, then the secondary initiation life
will decrease rapidly with the increase of the drilling distance. When the
drilling position is far enough from the contact surface, the influence of
the change of the distance on the initiation life becomes not obvious. In
general, the larger the size of the stop hole, the greater the fatigue life is.
This is due to the smaller stress concentration at lower edge of hole, so the
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optimization design of hole shape is a good future research direction. And
it can be seen that when the crack extends to the left, the crack growth is
slower. Therefore, the larger size of the stop hole case may also get a
smaller total fatigue life due to the second crack initiation to the right side.

7.1 Conclusion
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Conclusion and Outlook

In this thesis, the effects of some microstructure and macrostructure on
fretting fatigue behaviour are discussed. Different stress distributions
lead to different crack initiation and propagation responses. The
appearance of stress concentration makes the fatigue life of structure
uncertain. Some structures will cause greater stress concentration, while
others will reduce this phenomenon. Through this thesis, the influence of
typical microstructure and macrostructure on fretting fatigue is
discussed.

7.1

Conclusion

Firstly, the effect of random inclusions on the stress distribution in the
specimen is studied in chapter 3. The RVE method is used to obtain macro
material properties of specimen containing inclusions. And this macro
property is used to replace the material property of the specimen far away
from the contact area. The specimen is considered as a heterogeneous
material with randomly distributed inclusions. Due to the randomness of
inclusion distribution, fatigue crack nucleation depends on the most
dangerous critical inclusion or other defects. And void will cause larger
stress and more randomness of stress distribution than inclusion.
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So, the effect of critical micro-void on the fretting fatigue initiation life of
heterogeneous materials is studied in chapter 4. Critical micropores of
different positions, sizes and shapes are considered. Three kind of critical
plane parameters and critical distance method are combined to predict
the crack initiation lifetime. It is shown that the presence of material
heterogeneity (critical micro-void) has a strong influence on the
distribution of damage parameters below the contact surface of the
specimen. But for most heterogeneous materials, the crack initiation
position and crack plane angle are similar to the homogeneous case. The
existence of critical micro-void will cause the change of stress
concentration and the decrease of crack initiation life. However, when the
critical void is located below the left side of the contact edge or near the
right side of the contact edge, the initiation life will increase. These two
areas called enhancement zones. When the micro void is located in the
enhancement region, the initiation life increases first and then decreases
with the increase of void diameter. Otherwise, the larger the void, the
shorter the initiation life will be..
In addition to the inclusions and micro void inside the specimen, the
shape of the contact surface also affects the contact stress distribution.
Chapter 5 analyses the effect of surface treatment on fretting fatigue
specimen by numerical simulations using Finite Element Analysis. The
processed specimen is a cylindrical pit added on its contact surface
manually. Different pit diameters lead to different contact radii. Both

7.1 Conclusion

175

crack initiation life and angle are predicted by the critical plane approach.
And the Ruiz parameter is used to consider the effect of the contact slip.
The simulation shows that adding pit to the surface of the specimen can
significantly reduce the stress concentration. The position of the peak
point of CP parameter is close to the location of peak tensile stress. For the
pitting specimen cases, the peak point shifts from the contact edge to the
contact zone. Ruiz parameter has a similar prediction initiation location
compare with the critical plane method. suitable pitting radius, the pit
treatment can result in a lower peak value of CP and Ruiz parameter.
In order to prolong the service life of components, the crack propagation
life can be extended in addition to the crack initiation stage. In chapter 6,
a relatively simple and economical method called stop hole technology is
applied to fretting fatigue problem. Generally, the fatigue process includes
crack initiation and propagation. When the stop hole is considered, a
second crack initiation will occur at the hole edge, which can prolong the
fatigue life considerably. Remeshing technology and LEFM are used to
predict crack propagation lifetime (Paris’ law and numerical integration).
The crack growth orientation is predicted by the maximum ∆𝐾I∗ (𝜃)

criterion. And the critical plane parameter and variable length TCD

method are used to predict the second initiation lifetime. The result shows
that the stop hole changes the propagation path and initiates another
crack at the lower edge of hole. The increase of propagation life mainly
comes from the secondary crack initiation. And the closer the borehole to
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the contact surface, the longer the second initiation life is. In general, the
larger the size of the stop hole, the greater the fatigue life is. This is due to
the smaller stress concentration at the lower edge of the hole. However,
when the crack extends to the left, the crack growth is slower. Therefore,
the larger size of the stop hole case may also get a smaller total fatigue life
due to the second crack initiation to the right side.

7.2

Outlook

This thesis focuses on the influence of microstructure and macrostructure
on fretting fatigue. So it aims to find an effective way to avoid too fast
fatigue failure, and even extend the fatigue life of crack initiation and
propagation. Although some interesting conclusions have been obtained,
there are still some directions worthy of further study.
In chapter 3, aiming at the inclusions with different sizes, shapes and
properties, the influence of randomly distributed micro inclusions on the
fretting fatigue properties of heterogeneous materials is analysed by finite
element method. However, the grain boundaries have effect on the stress
distribution. And in the materials science, the use crystal plastic theory
combination with FEM simulation (CPFEM) to study both effects of
inclusion and grain boundaries is required. Some researches used CPFEM
to predict the crack initiation location and orientation without
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considering inclusions. So, studying the combined effect is a very
interesting and challenging direction.
Specimen with cylindrical pits on the surface are studied in Chapter 5. The
fatigue life predicted by the critical plane method is consistent with the
experimental results, but the existence of pits will increase the sliding
range of the contact surface. Although the influence of relative sliding is
also considered by Ruiz parameter, the method that can consider fretting
wear to predict fatigue life needs to be established.
Finally, in Chapter 6, the stop hole technique is used to extend the crack
propagation life. The location and size of the stop hole are very important
for the secondary crack initiation. And the traditional drilling technology
is often easier to achieve the round hole, but the hole shape optimization
for specific loading is also a very effective way to extend the service life.
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