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Full crack meshing strategy : coupled approach Figure 3.16 -Schematic description of the full FE coupled approach description used to extract stress intensity factors at the crack tip

dont une partie a été réalisée au département Génie Mécanique de l'Ecole Polytechnique de Montréal. La réalisation de ce doctorat a été possible grâce au concours de plusieurs personnes à qui j'aimerais témoigner toute ma reconnaissance.
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Introduction

Aircraft structures such as blade/disk, rivet/sheet and fretted or bolted assembly contacts are subjected to fatigue fretting damage caused by vibratory loads. These loads combining fretting (alternating micro displacements) and fatigue contact loading can induce cracks.

The objective of this thesis is to identify the propagation and crack arrest mechanisms for different configurations involving fretting and fatigue loads. Various aspects will be studied :

-Simple fretting, fatigue fretting and fatigue tests will be correlated in a way to measure some material mechanical properties. A reverse approach allowing to identify the long and short fatigue crack propagation thresholds from simple fretting and fretting fatigue will be introduced.

-A new closure model taking into account the effect of loading ratio on crack closure in fretting and fretting fatigue tests will be proposed.

-The scaling effect will be studied thanks to the development of a new fretting fatigue machine allowing for in-situ monitoring of the propagation of small scale cracks. The behavior of fretting short cracks has been observed for the first time in a fretting fatigue test.

The main idea behind the current work is the consideration that for a simple fretting test, the crack will always lead to a crack propagation arrest condition. Threshold stress intensity factors can thus be extracted from fretting tests using a reverse method.

The methodology used consists in measuring the longest fretting crack corresponding to a crack propagation arrest condition. Short and long crack regimes are studied by varying fretting loads and geometries. The corresponding threshold stress intensity factor is calculated for each arrest condition. A complete description of fatigue crack arrest thresholds can be obtained from a plot depicting the evolution of the stress intensity factor range as a function of crack length.

This methodology has been applied on multiple simple fretting configurations and was extended to fretting fatigue tests allowing to study a large range of loading ratios. Conventional fatigue crack propagation tests were carried out on C(T) specimens in order to validate the reverse method used for crack arrest conditions. The present thesis is divided into six main chapters. Chapter 1 provides a complete literature review on short and long crack propagation in metallic materials introducing crack closure. It provides a treatment for both fretting and fretting fatigue including a comparative analysis. Chapter 2 provides an overview of the different techniques and methodologies used as part of this research project. The reverse method used for the identification of crack propagation arrest conditions as well as a numerical analysis are presented in Chapter 3. The following Chapters provide a treatment of the various results obtained. Chapter 4 focuses on simple fretting tests carried out on different metallic materials. A correlation between simple fretting and long fa-Introduction tigue crack arrest conditions was obtained for negative loading ratios. This analysis is extended to positive loading ratios in Chapter 5 combining simple fretting, prestressed fretting and C(T) fatigue tests. Finally, scaling effects and fretting fatigue crack propagation kinetics are studied in Chapter 6. 
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Version française

De nombreuses structures aéronautiques telles que les contacts aube/disque, rivet/tôle, assemblages frettés ou boulonnés subissent des endommagements de fretting fatigue dus à des sollicitations vibratoires. Ces sollicitations, qui combinent des chargements de contact de fretting (micro déplacements alternés) et de fatigue, peuvent induire des phénomènes de fissuration.

L'objectif de cette thèse est d'identifier les mécanismes de propagation et d'arrêt de fissuration pour différentes configurations, impliquant des chargements de fretting et de fatigue. Différents aspects seront étudiés :

-Les essais de fretting simple, fretting fatigue et fatigue seront corrélés de manière à mesurer certaines propriétés mécaniques de matériaux. Dans cette démarche, une méthode inverse permettant l'identification du seuil d'arrêt de propagation des fissures longues et courtes en fatigue à partir d'essais de fretting simple et fretting fatigue est introduite.

-L'effet du rapport de charge est pris en compte afin de quantifier la fermeture de fissure pour les essais de fretting et fretting fatigue. Un nouveau modèle de fermeture sera proposé.

-L'effet d'échelle est étudié grâce au développement d'une nouvelle machine de fretting fatigue permettant le suivi in situ des propagations de fissures sur des éprouvettes millimétriques. Le comportement des fissures courtes en fretting pendant un essai de fretting fatigue a été observé pour la première fois. L'idée principale de ce travail est de considérer que lors d'un essai en fretting simple, une condition d'arrêt de propagation est systématiquement atteinte. Les facteurs d'intensités de contraintes seuils en fatigue peuvent ainsi être extraits par une méthode inverse à partir des essais de fretting.

La méthodologie adoptée consiste à mesurer la longueur de fissure maximale obtenue lors d'un essai de fretting correspondant à une condition d'arrêt de propagation. En jouant sur les chargements de fretting, les domaine des fissures courtes et longues sont étudiés. Pour chaque condition d'arrêt, le facteur d'intensité de contraintes seuil correspondant est calculé. Enfin, en traçant l'évolution de ce dernier en fonction de la longueur de fissure, une description complète des seuils d'arrêt de fissuration en fatigue peut être obtenue.

Cette méthodologie est appliquée sur plusieurs configurations de fretting simple et est étendue aux essais de fretting fatigue. Ainsi une large gamme de rapports de charge peut être étudiée. Des essais conventionnels de fatigue propagation sur éprouvettes C(T) ont été réalisés de manière à Introduction valider complètement la démarche d'identification inverse des conditions d'arrêt de fissuration.

Le manuscrit est divisé en six chapitres adoptant une évolution linéaire. Le chapitre 1 traite d'une revue bibliographique concernant la propagation des fissures courtes et longues en fatigue dans les matériaux métalliques, introduisant les phénomène de fermeture. L'analyse est étendue à la propagation des fissures en fretting et fretting fatigue. Le chapitre 2 présente l'ensemble des techniques et méthodes expérimentales utilisées au cours de ce travail. Une analyse numérique et la méthode inverse d'identification des conditions d'arrêt de propagation sont introduites dans le chapitre 3. Les chapitres suivants traitent les différents résultats obtenus. Le chapitre 4 présente les essais de fretting simples menés sur différents matériaux métalliques. Une corrélation entre les conditions d'arrêt de fretting simple avec celles de fissures longues en fatigue est obtenue pour rapports de charge négatifs. Cette analyse est étendue aux rapports de charge positifs au chapitre 5 en couplant les essais de fretting simple, fretting précontraints et essais de fatigue C(T). Enfin, les effets d'échelle et la cinétique de propagation des fissures de fretting fatigue sont étudiés au chapitre 6. N : total number of fretting cycles N f : total number of cycles at failure N i : total number of cycles corresponding to the crack initiation phase N p : total number of cycles corresponding to the crack propagation phase P : linear normal force (N/mm) p : surface pressure (M P a) p max : maximum surface pressure (M P a) Q : fretting linear tangential force (N/mm) q : surface shear (M P a) Q * : fretting linear tangential force amplitude (N/mm) q max : maximum surface shear (M P a) q max,CN : maximum surface shear inducing crack nucleation (M P a) Q ∞ : asymptotic value corresponding to the stabilised cyclic regime (M P a) r : radius of the cylinder pad (mm) R : stress ratio R a : roughness (µm) R c : critical stress intensity factor ratio at the crack tip (K Imin /K Imax ) R eq : equivalent stress ratio 

Mots clés : Fretting

R (f r) : fretting stress ratio (Q * min /Q * max )

State of art

Fatigue cracking 1.Introduction

When a metallic specimen is subjected to cyclic mechanical loadings below the yield stress, crack nucleation can occur, followed by crack growth and failure [START_REF] Schijve | Fatigue of Structures and Materials[END_REF].

The stress amplitude S a = (S max -S min )/2 and the average stress S m = (S max + S min )/2 can be used to describe the two most common types of fatigue tests :

-constant amplitude tests (constant S a and S m ).

-variable amplitude tests (variable S a and/or S m ).

The fatigue life can be split into three different phases [START_REF] Schijve | Fatigue of Structures and Materials[END_REF] :

A crack nucleation period during which microcracks which are too small to be visible by the unaided eye are formed (typical size below 500µm).

Chapitre 1 -State of art

A crack growth period corresponding to the transition from micro-to long macrocracks and to the stable growth of the latter ones.

A fast fracture period corresponding to the catastrophic growth of the main crack leading to the specimen failure.

The fatigue life and the mechanical factors relevant for modelling are described by Schijve [START_REF] Schijve | Four lectures on fatigue crack growth[END_REF] and shown in Figure 1.1. The stress concentration factor K t is the main parameter which controls crack nucleation, whereas the stress intensity factor K is used to describe crack propagation as it fully describes the stress distribution at the crack tip. Finally the fracture toughness K C or K IC characterize the failure of the material. 

Crack nucleation

Fatigue crack initiation in metals is usually the consequence of irreversible cyclic slip within slip bands. Dislocations set into motion in favourably oriented grains by the cyclic loading create steps at the sample surface where the grains are less constrained than in the bulk.

Figure 1.2 describes the mechanism leading to crack nucleation for a persistent slip band in a metal without defects. At a microscopic scale, in every crystalline material : each grain displays a different crystallographic orientation. Slip occurs on the most favourably oriented grains at the surface leading to the formation of "a new fresh surface" (Fig. 1.2.a) on which an oxide layer is rapidly created and which is hard to remove. Strain hardening in the slip bands favours the localisation of slip, leading to an irreversible damage of the material. During cycling, surface intrusions or extrusions will gradually form, from which short fatigue cracks will initiate.

The stress level at the tip of a short crack initiated from a slip band increases when this crack (Stage I crack) propagates towards the interior of the sample. When this stress level is high enough, several slip systems can be activated at the crack tip leading to a change of orientation of the crack path which will become perpendicular to the principal stress (Stage II crack). This mechanism is illustrated on Figure 1 In industrial (ie. not pure) materials and/or in large structures, defects such as holes, scratches, second phase particles cannot be avoided. Such defects induce an inhomogeneous stress distribution as shown in Figure 1.4 for the case of an elliptical hole in an infinite plate. Those defects are preferential sites of fatigue crack initiation, and the stress concentration factor K t is therefore a key parameter to quantify the crack nucleation risk. The stress concentration factor K t is the ratio between the peak stress at the root of the defect and the nominal stress which would occur without stress concentration :

K t = σ peak σ nominal (1.1)
For an elliptical hole in an infinite sheet, the exact elastic stress distribution can be calculated [START_REF] Timoshenko | Theory of elasticity[END_REF][START_REF] Muskelishvili | Some basic problems of the mathematical theory of elasticity[END_REF]. The maximum stress σ peak is localized at the end of the main axis, ie. at x = a, y = 0 (Fig. 1.4). The half-axes of the ellipse are a and b and the tip radius at the end of the major axis is given by ρ = b 2 /a. The peak stress σ peak and the stress concentration factor K t are obtained by the following equations :

σ peak = S(1 + 2 a b ) = S(1 + 2 a ρ ) (1.
2)

K t = 1 + 2 a b = 1 + 2S a ρ (1.3)
Hence the smaller the notch root radius ρ, the higher the stress concentration factor K t . The use of large radii in notched structures are preferred in order to reduce the stress concentration. The special case of a circular hole is obtained for a = b leading to K t = 3 (for an infinite plate). 

Crack growth analysis

The behaviour of a material subjected to fatigue can be analysed by two different approaches : either the number of cycles at the rupture of the specimen can be reported, or a damage propa-Fatigue cracking gation curve can be plotted.

The first approach consists in building an "S-N" curve, also called a Wöhler curve, which gives the number of fatigue cycles at failure N f of the specimen at different stress levels. The stress amplitude σ a = (σ max -σ min) /2 is plotted as a function of the number of cycles N f at failure of the fatigue specimen. If plotted in a log-log scale, the "S-N" curve shows a linear behaviour and directly depends on the macroscopic stress ratio R, defined by :

R = S min S max = K min K max , with K min ≥ 0 (1.4)
Figure 1.5 shows a typical Wöhler curve of a CrMo steel (SAE 4130) at a load ratio of R = -1 [START_REF] Schijve | Fatigue of Structures and Materials[END_REF][START_REF] Grover | Fatigue strength of aircracft materials. Axial load fatigue tests on unnotched sheet specimens of 24S-T3, 75S-T6 aluminum alloy and of SAE 4130 steel[END_REF]. A first "plateau" behaviour at low stress amplitudes is usually obtained after 10 7 cycles, defining the fatigue limit σ d .

Figure 1.5 -Wöhler curve and fatigue limit σ d definition at 10 7 cycles of unnotched specimens of a low alloy steel (SAE 4130) [START_REF] Schijve | Fatigue of Structures and Materials[END_REF][START_REF] Grover | Fatigue strength of aircracft materials. Axial load fatigue tests on unnotched sheet specimens of 24S-T3, 75S-T6 aluminum alloy and of SAE 4130 steel[END_REF] The initiation period is highly dependent on the stress concentration factor K t . Nevertheless, for a crack long enough, the K t value is no longer relevant to describe the stress distribution around the crack tip. Indeed, by considering a crack tip as a notch, the radius tends to zero leading to an infinite value of K t according to equation 1.1. Another new parameter is then needed to describe the stress distribution at the crack tip.

The stress field around the crack tip can be described by the stress intensity factor K, introduced by Irwin [START_REF]Analysis of stresses and strains near the end of a crack traversing a plate[END_REF], which is defined as follows :

K = βS √ πb (1.5)
where S is the remote loading stress, b the crack length, and β is a dimensionless factor which depends on the geometry of the cracked specimen.

Chapitre 1 -State of art

Three different crack opening modes

Fatigue cracks usually grow along a direction macroscopically perpendicular to the direction of the principal stress. The related opening mode where the tension applied on the crack front tends to open the crack is called "mode I" as shown in Figure 1.6. Two other propagating modes define the in-plane shear, ie. mode II , and the transverse shear, ie. mode III. 

Stress intensity factor K

In the case of a crack of length 2b in an infinite sheet submitted to mode I loading (see Figure 1.7), explicit solutions are obtained for K for a short distance r << b from the crack tip. With polar coordinates, the following system of equations is obtained :

                 σ x = S √ πb √ 2πr cos θ 2 (1 -sin θ 2 sin 3θ 2 ) -S σ y = S √ πb √ 2πr cos θ 2 (1 + sin θ 2 sin 3θ 2 ) τ xy = S √ πb √ 2πr cos θ 2 sin θ 2 cos 3θ 2 (1.6)
The term S √ πb systematically appears in the system of equations so that the stress field is independent of the crack length and of the applied load, leading to the following relation between the stress intensity factor and the stress component :

σ i,j = K √ 2πr f i,j (θ), with K = S √ πb, and β = 1 (1.7)
The f i,j (θ) function can be interpreted as a "picture" of the stress field around the crack tip, while K represents the stress intensity, and β accounts for the geometry. The term 1/ √ r shows how fast the stress decreases from the crack tip [START_REF] Schijve | Fatigue of Structures and Materials[END_REF].

The stress concentration factor K t and the stress intensity factor K are different by definition, although both are based on the theory of elasticity. K t is a dimensionless shape factor which only takes into account the geometry of the specimen whereas K is not dimensionless and takes into account the applied load as well as the crack (defect) size.

Stress intensity factor calculations are compiled in handbooks [START_REF] Rooke | Stress Intensity Factors. Her Majesty's Stationary Office[END_REF][START_REF] Tada | The Stress Analysis of Cracks Handbook[END_REF][START_REF] Murakami | Stress Intensity Factors Handbook[END_REF]. But in many practical cases, the K formulation is not trivial or even not available so that FE calculation may be necessary. 

Compact tension specimen

The compact tension specimen C(T), schematized in Figure 1.8 is very often used to perform fracture toughness tests. A fatigue crack is first obtained on the C(T) specimen, and then either a static test or a fatigue crack growth test can be performed.

The stress intensity factor expression for a crack in a C(T) sample is obtained by fitting FE calculations so that :

             K = βS √ πb, with S = W B β = (2 + b W ) (1 - b W ) 1.5 ( πb W ) 0.5 [0.886 + 4.64( b W ) -13.32( b W ) 2 + 14.72( b W ) 3 -5.6( b W ) 4 ]
(1.8) C(T) specimens have two advantages : there are smaller than other fatigue crack growth specimen (less material used), and relatively high K values are obtained, which allows the use of machines relatively modest load capacities. Nevertheless, Schijve points out however that C(T) specimens are not that simple to manufacture and show a large bending moment at the crack tip which is not necessary representative of real structures [START_REF] Schijve | Fatigue specimens for sheet and plate material[END_REF]. 

Long crack behaviour

For a constant stress ratio R, the macrocrack growth period can fully be characterized by plotting the crack growth rates db/dN as a function of the stress intensity factor range ∆K = K max -K min . Two vertical asymptotes are experimentally observed on such curves as shown in Figure 1.9, defining three different regimes. Above a value ∆K = ∆K 0 , long fatigue cracks are able to propagate ; below that value the crack growth rate is so low (about one atomic bond/cycle) that in practice, cracks are considered as arrested. Below ∆K = ∆K 0 long cracks no longer propagate which defines the threshold region. For high ∆K values, crack growth rate values fall on a linear curve when log-log scales are used, defining the Paris region. When K max is approaching the fracture toughness value K c , a dramatic increase of db/dN is observed, leading to the sample fracture.

The influence of the stress ratio is visible on crack growth propagation curves db/dN -∆K with a translation to the left when the stress ratio R increases. In other words, for a given ∆K value, a higher stress ratio R generally implies a higher crack growth rate [START_REF] Klesnil | The influence of strengh and stress history on growth and stabilization of fatigue cracks[END_REF].

The relation between db/dN and ∆K in the central part of the curve can be described by a power law [START_REF] Paris | A critical anlysis of crack propagation laws[END_REF] :

db dN = C∆K m (1.9)
where C and m are materials dependent constants. This equation has some limitations as it does not take into account the effect of the stress ratio R on the crack growth, besides, the threshold (region I) and failure (region III) regions are not described. Empirical equations such as those proposed by Forman [START_REF] Forman | Numerical analysis of crack propagation in cyclicloaded structures[END_REF], Priddle [START_REF] Priddle | High cycle fatigue crack propagation under random and constant amplitude loadings[END_REF] and Figure 1.9 -The Paris region with the three regions of crack growth rate db/dN as a function of ∆K [START_REF] Schijve | Fatigue of Structures and Materials[END_REF] Lukas [START_REF] Klesnil | The influence of strengh and stress history on growth and stabilization of fatigue cracks[END_REF] give a more comprehensive description of the curve shown on Figure 1.9.

The long crack threshold ∆K 0 value is an important parameter as it enables to quantify the fatigue crack propagation risk in a structure. ∆K 0 can be experimentally obtained by decreasing the stress intensity factor range ∆K occurring at a fatigue macrocrack tip. The stress amplitude ∆σ has to be decreased in order to reduce ∆K. After a certain number of cycles N , if the fatigue macrocrack does not propagate any more, the fatigue crack arrest is reached and the threshold ∆K 0 can be calculated. There are different experimental ways to decrease the ∆K in order to reach the ∆K 0 , as shown in Figure 1. 10 [2].

First the minimum stress σ min can be maintained constant while the σ max is decreased (see Fig. 1.10.a). This method presents a major disadvantage as the plastic zone at the crack tip is reduced when K max decreases. Thus the inherited plastic zone can slow down the crack propagation, or even can "trap" the crack tip so that a "wrong" fatigue macrocrack arrest can occur with ∆K > ∆K 0 (Plasticity induced crack closure effect).

To avoid this phenomenon, a second method can be adopted by keeping the maximum stress σ max constant, implying a constant K max , while the minimum stress σ min is gradually increased (see Fig. 1.10.b). When the macrocrack stops and the threshold ∆K 0 can be determined at the corresponding stress ratio R = σ min /σ max .

Experimental values of ∆K 0 are found to depend on the stress ratio R so that ∆K 0 is specific to a stress ratio. A third method can be applied where both σ min and σ max stresses are simultaneously decreased in order to keep a constant stress ratio R (see Fig. 1.10.c). The reduction of the plastic zone occurring at the crack tip while reducing K max has to be taken into account. This procedure is fully described by the ASTM E647 [START_REF] Astm | Standard test method for measurement of fatigue crack growth rates[END_REF] : the percentage of decrease of the stress Chapitre 1 -State of art amplitude has to be small enough to minimize the plastic zone effect, leading to a normalized

K-gradient value C = ( 1 K )( dK db
) larger than -0.08mm -1 for C(T) specimens. According to the ASTM E647, the crack arrest occurs when db/dN ≈ 10 -10 m/cycle, implying a crack extension of 1mm after 10 7 cycles (about one atomic bond per cycle). [START_REF]Analysis of stresses and strains near the end of a crack traversing a plate[END_REF], are often used to determine the threshold ∆K 0 value with this last method. Such crack growth propagation tests are long to perform, ie. about one month for an aluminium alloy specimen.

An alternative method to determine ∆K 0 would need other type of specimens, where a decreasing K value can be possible for an increasing crack growth b. A major advantage of such configurations is that a constant cyclic load can be used, and a fatigue crack arrest would systematically occur. Crack edge loading gives a decreasing stress intensity factor K for an increasing crack length b at a constant amplitude loading. Figge and Newman [START_REF] Figge | Prediction of fatigue-crack-propagation behavior in panels with simulated rivet forces[END_REF] demonstrate similar crack growth propagation results obtained on both center compact tension CC(T) specimens and crack edge loadings for an aluminium alloy. But as Schijve underlines in [START_REF] Schijve | Fatigue of Structures and Materials[END_REF], although using crack edge loading seems to be an alternative method to determine the ∆K 0 value, this is not reported in the literature.

Short crack behaviour

The crack growth behaviour shown on Figure 1.9 is typical of long cracks (ie. about several millimetres in length). Pearson [START_REF] Pearson | Initiation of fatigue cracks in commercial aluminium alloys and the subsequent propagation of very short cracks[END_REF] is the first to show in the 70s that the early stages of fatigue life, cracks with a small size (< 1mm) have a particular behaviour generally called a short crack behaviour.

Miller [START_REF] Miller | Material science perspective of metal fatigue resistance[END_REF] defines two types of short cracks : -Microstructural short cracks which length is of the size of the first microstructural obstacle such as a grain boundary.

-Physically short cracks with a typical size comprised between 50 and 500µm. In a classical paper Frost studies the influence of the stress concentration in notched specimen with different radii, cycled at low stress levels on the ability of cracks to propagate [START_REF] Frost | Studies in the formation and propagation of cracks in fatigue specimens[END_REF]. He observes crack initiation at the notch tip but also that some cracks stop after a certain number of cycles, with lengths of the order of a few grains. Frost shows that for very sharply notched Fatigue cracking specimens, cracks can initiate at low stress amplitudes, ie. below the fatigue limit. Figure 1.11.a illustrates the influence of the stress concentrations effect by plotting the stress amplitude σ a as a function of the K t value. The non-propagating region is due to the presence of a high stress concentration factor at the surface, which initiates a crack. Away from the notch, the stress concentration decreases which leads to crack arrest when the crack driving force becomes smaller than the strength of the barriers (in that case, grain boundaries).

Similar observations are made by Kitagawa and Takahashi [START_REF] Kitagawa | Application of fracture mechanics to very small cracks or the cracks in the early stage[END_REF] as they use fatigue tests on a "HT-80" steel at different stress levels to build a diagram which defines the threshold boundary between propagating and non-propagating cracks. Figure 1.11.b plots the threshold stress σ th as a function of the crack length and two different zones are formed :

-For cracks with a size smaller than a critical value b 0 , the threshold stress is constant

σ th = σ d .
-For cracks with a size larger than b 0 , the threshold stress decreases with the crack length.

The zone below the threshold boundary, represent the test conditions for which a fatigue crack does not propagate. The critical crack length b 0 enables the separation between the microstructurally short cracks and the long cracks. [START_REF] Kitagawa | Application of fracture mechanics to very small cracks or the cracks in the early stage[END_REF] Many authors show that short cracks and long cracks do not have the same behaviour. Indeed, short cracks propagate much faster than long cracks when correlated against the stress intensity factor range [START_REF] Pearson | Initiation of fatigue cracks in commercial aluminium alloys and the subsequent propagation of very short cracks[END_REF] and propagate below the long crack threshold, ie. for ∆K < ∆K 0 . Many research works try to use LEFM to describe the short crack behaviour. However the main limitation of LEFM is that it considers the size of the crack tip plastic zone as negligible compared to the crack size.

In ductile materials, plasticity occur when the stress becomes higher than the flow stress limit σ 0 . When the size of the crack is small, the plastic zone size can become comparable to the crack size. Irwin gives an estimation of the plastic zone size at the crack tip [START_REF] Irwin | Plastic zone near a crack and fracture toughness[END_REF]. For example, in the Chapitre 1 -State of art case of monotonic loading and plane stress in mode I, the plastic zone size can be approximated as a circle of radius r p1 at the crack tip (see Figure 1.12) :

r p1 = 1 2π K I σ 0 2 (1.10)
Because of the crack tip plasticity, some load redistribution occurs leading to a new radius r p2 (see Figure 1.12) :

r p2 = 1 π K I σ 0 2 (1.11)
Figure 1.12 -Schematic drawing showing the plastic zone occurring at the crack tip with and without plasticity [START_REF] Irwin | Plastic zone near a crack and fracture toughness[END_REF] If the plastic zone is of the order of magnitude of the crack length, the stress intensity factor K I can not be used to describe the stress distribution at the crack tip. Rice introduces the J integral to correlate the crack growth rate between short and long cracks [START_REF] Rice | Fracture : an advance treatise[END_REF].

Dowling uses the J-integral concept to rationalize short and long crack growth rates [START_REF] Dowling | Cyclic stress-strain and plastic deformation aspects of fatigue crack growth[END_REF]. The crack extension is measured by the use of replicas and the J-integral is estimated by stress-strain loops. A new propagation law [START_REF] Dowling | Fatigue crack growth during gross plasticity and the j-integral, mechanics of crack growth[END_REF] can be written as :

db dN ∝ ∆J m (1.12)
Although this approach fills the gap between the short and long crack regimes, it is quite difficult to apply in practice. El Haddad et al. introduce the use of an intrinsic crack length of the material b 0 to define the stress intensity factor range ∆K describing both short and long crack regimes [START_REF] Haddad | Prediction of non-propagating cracks[END_REF] :

∆K = β∆S (π(b + b 0 )) (1.13)
where the short-long crack transition can be expressed by :

b 0 = 1 π ∆K 0 σ d (1.14) 20 © 2015 -Alix DE PANNEMAECKER -Labs. LTDS & MATEIS -Centrale Lyon Fatigue cracking
Though this empirical approach can account for differences in crack growth rates between short and long cracks [START_REF] Haddad | Prediction of non-propagating cracks[END_REF]. The physical meaning of the parameter b 0 remain unclear and is obviously material dependent. This typical short crack behaviour is illustrated on Figure 1.13.a using a db/dN curve. After microcrack initiation has occurred due to a high K t two cases can happen. Either the crack growth rate decreases leading to the short crack arrest (ie. the stress amplitude σ a is lower than the fatigue limit σ d ), or the stress intensity factor at the crack tip increases so that the microcrack propagates and becomes long enough to be considered and behave like a macrocrack, ie. if the stress amplitude σ a is superior to the fatigue limit σ d .

Here again a correlation can be made with the Kitagawa and Takahashi [START_REF] Kitagawa | Application of fracture mechanics to very small cracks or the cracks in the early stage[END_REF] approach, by plotting the threshold stress intensity factor range ∆K th as a function of the crack length (see figure 1.13.b). The threshold boundary is obtained describing a sharp increase of ∆K th for cracks with a size smaller than b 0 , whereas for cracks with a size larger than b 0 , constant value of the threshold stress intensity factor range is obtained where ∆K th = ∆K 0 . For ∆K values superior to the threshold boundary (ie. for ∆K > ∆K th ), cracks propagate. If not, crack arrest is observed. 

Closure effects

Plasticity induced crack closure

A tensile stress acting on a cracked specimen (crack perpendicular to the stress direction) tends to open the crack tip. If the material's behaviour is elastic, the crack opening displacement returns to zero when the tensile stress returns to zero. Under compression, the crack tip is fully closed and the compressive stress is transmitted through the cracked area. In 1971 Elber shows that this simple behaviour is not necessarily true and that the tip of a fatigue crack loaded in mode I can remain closed during a part of the loading cycle [START_REF] Elber | The significance of fatigue crack closure[END_REF]. The reason given by Elber to explain this phenomenon is based on the concept of plasticity induced crack closure.

Plastic deformation occurs during a cyclic load at the crack tip which implies the creation of a plastic zone during the loading stage of the fatigue cycle. This plastic zone is loaded in compression by the part of the sample which remains elastic during the unloading stage of the fatigue cycle which implies reversed plasticity at the crack tip. This reversed plastic zone is smaller than the monotonic plastic zone created during the loading stage [START_REF] Rice | The mechanics of crack tip deformation and extension by fatigue[END_REF] (see Fig. 1.14). A plastic zone is then created at every fatigue cycle so that the crack grows through plastic zones created during the previous cycles. Elber firstly explains the crack closure due to the reversed plasticity induced at the crack tip, even for positive tensile stress, and calls this phenomenon the plasticity induced crack closure. Elber quantifies crack closure by measuring the COD between two points A and B on a central crack tension specimen CC(T) as shown in Figure 1.15. Figure 1.15 also shows the variation of the applied load F as a function of the COD. Elber observes that during the loading stage, the curve starts with a non linear part until reaching the load F = F op . For highest loads, the curve becomes linear. During the unloading stage from the maximum load F max to the minimum load F min , the curve follows approximately the same reversed shape. Elber demonstrates that during cyclic loading, the crack is partly closed if the load F is inferior to the load at which the crack tip opens F op . The crack is fully open for F > F op .

Assuming that a closed crack does not propagate (no stress singularity), Elber concludes that only a part of the fatigue cycle is effective for the propagation and defines the effective stress range ∆S ef f :

∆S ef f = S max -S op (1.15) with the corresponding effective stress intensity factor range ∆K ef f (see Fig. 1.16) :

∆K ef f = β∆S ef f √ πb = K max -K op (1.16)
According to Elber, the fatigue crack growth rate only depends on ∆K ef f so that : As the extent of the reversed plasticity directly depends on the minimum stress S min , equation 1.17 includes the stress ratio effect R on the crack growth rate. Elber goes further in his analysis as he experimentally observes that the opening stress S op is approximatively constant during a fatigue test. This implies that S op is independent of the crack length b and the ratio U can be introduced :

db dN = f (∆K ef f ) (1.17)
U = ∆K ef f ∆K = ∆S ef f ∆S (1.18)
U illustrates the percentage of the ∆K range during which the crack tip is open. Elber performs constant amplitude loading fatigue tests on 2024-T3 aluminium alloy specimens at different load ratios R and observes that the U ratio depends on R. He proposes an empirical law to characterize the closure phenomenon on the 2024-T3 al-alloy for different R : A good correlation is obtained on aluminium alloys for R between -0.1 and +0.7. Nevertheless, equation 1.20 is obtained by an experimental fitting. Schijve demonstrates that this model is not relevant for stress ratios down to -1, ie. for an average load S m = 0 [START_REF] Schijve | Some formulas for the crack opening stress level[END_REF], as S op is supposed to increase again for negative load ratios, which is physically unrealistic. Schijve proposes a more realistic description for negative stress ratios with the following equation : Two functions U (R) are here presented which suggests that different models can be used for a same range of R. Such equations are usually experimentally obtained by fatigue crack growth tests performed on CC(T) or C(T) specimens for different R values. Furthermore, the previous discussion considers fatigue crack growth under constant loading amplitude where a constant S op is obtained. During variable loading amplitude tests, closure also occurs, but S op varies with the number of cycles and has to be predicted [START_REF] Schijve | Fatigue of Structures and Materials[END_REF].

For R ∈ [-0.
U = 0.

Other crack closure mechanisms

Ritchie identifies other closure mechanisms occurring at a crack tip, even at a positive tensile stress [START_REF] Ritchie | Mechanisms of fatigue crack propagation in metals, ceramics and composties : Role of crack tip shielding[END_REF]. Figure 1.17 illustrates the different identified closure mechanisms.

The crack can be partly closed by oxidation, especially around the threshold region. Indeed, an oxide layer can be created on the crack surface because of the environment, which can obstruct the crack tip. Concerning steels, fractographic observations on the crack front show that the oxide layer gets thicker while the crack growth rate decreases. Near the threshold region, this layer has the same order of magnitude than the crack lips displacement during a fatigue cycle.

The oxide layer would be also linked with a "fretting" phenomenon on the cracked surfaces due to displacements in mode II .

Another common mechanism for crack closure is due to the roughness of the crack surfaces when the crack path is tortuous, for example crystallographic paths close to the threshold region.

Figure 1.17 -Schematic representations of the different closure mechanisms : plasticity, oxide or roughness induced, where K cl > K min is the stress intensity factor at which the crack tip closes [START_REF] Ritchie | Mechanisms of fatigue crack propagation in metals, ceramics and composties : Role of crack tip shielding[END_REF] The method which consists in measuring the applied load versus the crack opening displacement (COD) is still the best way to quantify crack closure and is commonly used in practise for fatigue crack growth experiments [START_REF] Astm | Standard test method for measurement of fatigue crack growth rates[END_REF]. However numerous numerical models are also used to predict crack closure, such as the FASTRAN code developed by Newman [START_REF] Newman | Fatigue and crack growth in 7050-t7451 aluminium alloy under constants-and variable-amplitude loading[END_REF], based on the modified Dugdale [START_REF] Dugdale | Yielding of steel sheets containing slits[END_REF], strip-yield model or a roughness induced crack closure RICC model introduced by Sinclair [START_REF] Parry | Numerical modelling of combined roughness and plasticity induced crack closure effects in fatigue[END_REF]. Although the majority of the closure models are based on plasticity, a few attempts have been made to model roughness and oxide induced phenomena [START_REF] Hudak | Analysis of oxide wedging during environment assisted crack growth[END_REF][START_REF] Suresh | A geometric model for fatigue crack closure induced by fracture surface roughness[END_REF].

Fretting cracking 1.2.1 Introduction

First studied by Eden [START_REF] Eden | The endurance of metals[END_REF], fretting is defined as a small oscillatory movement between two surfaces in contact. There are several consequences associated to fretting. One is the formation and subsequent growth of cracks at the edge of the fretting contact. Another is the creation of Chapitre 1 -State of art debris due to wear effect when displacements are large enough. When combined with fatigue loadings, the crack nucleated by fretting stresses can propagate until failure of the structure [START_REF] Ferre | Prediction of the Fretting Fatigue Crack Nucleation Endurance of a Ti-6V-4Al/Ti-6V-4Al Interface : Influence of Plasticity and Tensile/Shear Fatigue Properties[END_REF][START_REF] Ferre | Stress gradient effect on the crack nucleation process of a Ti-6Al-4V titanium alloy under fretting loading : Comparison between non-local fatigue approaches[END_REF][START_REF] Lindley | Fretting fatigue in engineering alloys[END_REF].

When cracking mechanisms are involved in fretting configurations, a parallel can be made with the fatigue life description provided in Figure 1.1. The fretting life can also be split into three different phases :

A crack nucleation period which corresponds to the formation of microcracks mainly controlled by the cyclic fretting contact stresses.

A crack growth period corresponding to the transition from micro-to macrocracks. This period is first controlled by the contact stress field and then mainly driven by the bulk fatigue loading.

Failure mainly controlled by the bulk fatigue stress. Note that the crack arrest condition can be achieved in the short or the long crack regime depending on the combined fretting and fatigue stressing conditions.

From this analysis it can be concluded that fretting, by favouring the crack nucleation and promoting an initial crack propagation can drastically reduce the fatigue endurance of assemblies (see figure 1.18 [START_REF] Zhou | Fissuration Induite en Petits Débattements : Application au Cas d'Alliages d'Aluminium Aéronautiques[END_REF]). Experimental investigations show that depending on loading conditions and materials, the fatigue limit σ d at 10 7 cycles can be reduced by a factor three to five leading to a smaller corresponding "fretting fatigue limit"

σ d F F (ie. σ d /σ d F F > 3).
The damaging effect of fretting is mainly controlled by the contact stress conditions thus to achieve a reliable prediction of the fretting fatigue endurance reductions.

Fretting configurations

As real structures with fretting issues are complex to reproduce experimentally, three simplified geometric configurations are mainly used in laboratory as shown in Figure 1.19.

The sphere/flat contact is the easiest one to study as no alignment between the spherical pad and the plane is needed. This configuration is formalized by Hertz [START_REF] Hertz | Ueber die Beruhrung fester elastischer Körper[END_REF] for a normal indentation by applying linear elastic principles [START_REF] Hamilton | The stress field created by a circular sliding contact[END_REF][START_REF] Hamilton | Explicit equations for the stresses beneath a sliding spherical contact[END_REF][START_REF] Sackfield | Some useful results in the tangentially loaded hertzian contact problem[END_REF]. The elastic stress distribution occurring within the plane are introduced by Hamilton and Goodman [START_REF] Hamilton | The stress field created by a circular sliding contact[END_REF]. Usually applied to investigate wear phenomena, the sphere/plane configuration is rarely used to analyse fretting crack growth. Indeed, fretting cracking under such configurations imply a tridimensional description hard to implementable in Finite Element (FE) simulations.

The cylinder/flat contact only needs a single alignment between the fretting pad and the plane and reproduces a 2D linear contact. Fully described by Hertz [START_REF] Johnson | Contact mechanics[END_REF] for the surface pressure distribution and by Mindlin for the shear [START_REF] Johnson | Contact mechanics[END_REF] by applying linear elastic principles, this configuration is commonly used to study fretting crack growth as it is easy to study with both analytical and FE calculations [START_REF] Ferre | Stress gradient effect on the crack nucleation process of a Ti-6Al-4V titanium alloy under fretting loading : Comparison between non-local fatigue approaches[END_REF][START_REF] Proudhon | A fretting crack initiation prediction taking into account the surface roughness and the crack nucleation process volume[END_REF].

The flat/flat contact or round corner/flat contact requires two alignments between the two surfaces in contact. The mechanical analysis shows a strong discontinuity of the shear and pressure distributions at the contact border due to edge effects. Nevertheless this configuration remains widely used as it provides a better description of real structures. Edge effects can be minimized by adjusting the radii of curvature of the fretting pad. 

Sliding conditions and damage

Sliding conditions

The main parameters defining fretting loadings independently of the contact configurations are the normal force P applied to the contact, and the alternate tangential displacement δ occurring between the two surfaces. Such a displacement induces a tangential load Q. The corresponding displacement and tangential amplitudes are called δ * and Q * .

Fretting characterizes small oscillatory movements. To distinguish fretting from reciprocating, a sliding variable expressing the exposure ratio of the interface is introduced [START_REF] Fouvry | Etude Quantitative des Dégradations en Fretting[END_REF] : In fretting loadings, a central surface between the two contacting surfaces is never exposed to the external environment (e < 1) whereas for an alternate sliding, the entire friction zone is exposed (e > 1) as shown in Figure 1.20. Figure 1.20 also plots the boundary between fretting and reciprocating sliding as a function of the normal force P and the amplitude displacement δ * , ie. when e = 1. This boundary can be analytically determined by the Hertz theory [START_REF] Hertz | Ueber die Beruhrung fester elastischer Körper[END_REF] for an elastic configuration.

e = δ * /a (1.23)

Fretting sliding conditions

Restricting our analysis to fretting sliding (e < 1), two sliding conditions are identified. For very small displacement amplitudes (δ * < δ * t ), the interface displays an inner stick zone surrounded by sliding area (see figure 1.21). Most of the contact displacement is accommodated by elastic deformations. This sliding configuration, defining the partial slip condition is characterized by closed elliptical fretting loops. For larger displacement amplitudes (δ * > δ * t ), the interface involves a full sliding condition inducing a quadratic fretting loop. The threshold displacement amplitude δ * t defines the transition from partial to gross slip condition. As developed by Mindlin for elastic sphere/plane contact [START_REF] Johnson | Contact mechanics[END_REF], δ * t depends on the contact geometry (radius), normal force (P ), elastic properties and friction coefficient.

Vincent et. al demonstrate that during a test due to friction and surface wear fluctuations, the sliding condition can evolve from partial to gross slip condition and reversibly [START_REF] Vincent | Mechanics and materials in fretting[END_REF]. They introduce the concept of "fretting regime" with constant loading condition :

-Partial slip regime (PSR) : the partial slip condition is systematically maintained.

-Gross slip regime (GSR) : the gross slip condition is systematically maintained.

-Mixed fretting regime (MFR) : the contact evolves from partial to gross slip condition and reversibly.

Heredia et. al introduce the GS% parameter to formalize the sliding regimes by defining the relative proportion of gross slip cycles during a test : GS%(P SR) = 0%, GS%(GSR) = 100%, 0% < GS%(M F R) < 100% [START_REF] Heredia | Introduction of a new sliding regime criterion to quantify partial, mixed and gross slip fretting regimes : Correlation with wear and cracking processes[END_REF]. The transition from partial to gross slip stabilized interfaces is For very small displacements under partial slip regime, the contact stresses are not able to induce crack nucleation leading to a no damage domain I. Above a partial slip displacement threshold, related to a tangential loading threshold, contact stresses are large enough to induce crack nucleation (domain II). However, as the contact is under partial slip, wear induced by debris formation and ejection is not activated. Above the partial slip regime transition, the mixed fretting regime is operating leading to a competition between crack nucleation and surface wear induced by gross slip cycles. It leads to mixed wear and cracking (domain III). Finally above gross slip displacement amplitudes the surface wear is so fast that cracks cannot nucleate or are systematically "erased" by surface wear material removal. It leads to the full wear domain (domain IV).

Figure 1.22 -Fretting maps : different regimes and associated damages [START_REF] Fouvry | Quantification of fretting damage[END_REF] Focusing on the partial slip regime, there is a potential interest to estimate the evolution of the tangential force amplitude versus the applied displacement amplitudes. As shown by Tanaka [START_REF] Tanaka | Fatigue growth threshold of small cracks[END_REF] the evolution of the Q * /P ratio displays four different stages (see figure 1.23). For small sliding amplitudes (zone I), the material response is linear and the local shear is proportional to local deformations. When the macroscopic displacement δ increases, local sliding zones appear within the fretting interface (zone II), so that the material response becomes less linear. For higher displacement amplitudes δ * , the contact achieves a total slip (zone III), at the transition between the partial and gross slip regime. Finally the tangential load amplitude Q * becomes independent of the displacement amplitude δ * once the gross slip regime is totally reached (zone IV). To formalize the fretting sliding condition, Fouvry et. al introduce three quantitative criteria established from the Mindlin formalism applied on an elastic round/flat contact [START_REF] Fouvry | Analysis of sliding behaviour for fretting loadings : determination of transition criteria[END_REF]. The formulation of each criterion is illustrated in the Figure 1.24 with :

An energetic criterion A depending on the dissipated energy by the contact interface.

This criterion depends on the device compliance and is very stable to determine the transition between the partial and gross slip regime.

A cycle opening criterion B of the fretting cycle which presents the same characteristics of the previous criterion.

An energetic criterion C which is independent of the device. This criteria implies a very precise fretting device as the values of E d0 and E d values are very close.

These three criteria are associated to constant values for sphere/plane contacts. For cylinder/flat interfaces, no constant values can be derived however the transition can be characterized by a discontinuity of the considered criterion. This approach is useful and is mainly applied to [START_REF] Fouvry | Etude Quantitative des Dégradations en Fretting[END_REF] Chapitre 1 -State of art identify the different fretting regimes. Thus the identification of the µ = µ t ratio occurring at the transition is necessary to fully define the friction law operating in the sliding interface for partial slip conditions.

Proudhon demonstrates that the friction coefficient operating in the sliding zones of partial slip contact can be related to the friction value defined at the partial slip/gross slip transition [START_REF] Proudhon | Identification des mécanismes de fissuration dans un alliage d'aluminium sollicité en fretting et en fatigue[END_REF][START_REF] Proudhon | Three-dimensional study of a fretting crack using synchrotron x-ray micro-tomography[END_REF]. 

Cracking mechanisms in partial slip

Fretting cracking

As highlighted in the previous section, cracks induced by fretting loadings mainly initiate in the partial slip regime (PSR) and are localized under the sliding zones. Fretting cracking mechanisms can be divided into five different periods : accommodation, crack nucleation, mode II crack propagation (stage I), mixed mode propagation (stage II) and a final propagation mainly controlled by mode I (stage III).

As for fatigue stresses, microscopic analysis of fretting cracks reveals two different types of cracks : microcracks (short cracks, with a size about one or two grains) about several microns, and macrocracks (long cracks with a size larger than two or three grains) as previously analysed by Asai [START_REF] Asai | Experimental validation of a fracture-mechanics model for evaluating frettingfatigue strength by focusing on non-propagating cracks[END_REF], Proudhon [START_REF] Proudhon | Identification des mécanismes de fissuration dans un alliage d'aluminium sollicité en fretting et en fatigue[END_REF][START_REF] Proudhon | Three-dimensional study of a fretting crack using synchrotron x-ray micro-tomography[END_REF] and Kubiak [START_REF] Kubiak | Quantification de la fissuration d'un contact soumis à des sollicitations complexes de fretting de fretting wear et de fretting fatigue[END_REF].

The accommodation period : stress concentrations create plastic microdeformations related to dislocation movements and local increase of the temperature at the contact interface. If some plastic deformation is produced at the interface the contact behaviour is strongly modified. During the first cycles a large extension of the half-width contact is observed which modifies the surface pressure and shear distributions. Figure 1.27 compares the surface shear and pressure distributions for a cylinder/flat 30NiCrMo8/AISI 1034 contact in the case of an elastic and elastoplastic computation [START_REF] Kubiak | Quantification de la fissuration d'un contact soumis à des sollicitations complexes de fretting de fretting wear et de fretting fatigue[END_REF]. After several cycles a stabilized state is however quickly observed for an elastoplastic computation leading to a stabilized surface and subsurface state of stresses. The elastic adaptation is induced by the elastic hardening of the material but also by the contact extension induced by the plastic contact deformation. The latter reduces both pressure and shear profiles and consequently reduces the load level within the contact. The cracking process involves the following stages :

The nucleation period : the accommodation of the plastic strains induces the first crack nucleation. A critical point to consider is the critical crack length associated to a nucleated crack which is of the order of magnitude of a grain size.

The stage I propagation period : after initiation, the crack starts its propagation as described in Figure 1.28. Multiple crack nucleation is generally observed under the sliding zone. A mixed-mode (tensile and shear) controls the fretting crack due to the contact pressure and tangential force [START_REF] Asai | Experimental validation of a fracture-mechanics model for evaluating frettingfatigue strength by focusing on non-propagating cracks[END_REF]. During this stage I, mode II growth predominates due to shear which leads to a crack path oriented towards the inner part of the contact. The fretting crack propagation direction makes an angle of about 45 • -50 • with respect to the surface normal direction. The propagation kinetic is controlled by the short crack behaviour [START_REF] Proudhon | Identification des mécanismes de fissuration dans un alliage d'aluminium sollicité en fretting et en fatigue[END_REF][START_REF] Proudhon | Three-dimensional study of a fretting crack using synchrotron x-ray micro-tomography[END_REF]. The crack goes through several grains during this phase.

The stage II propagation period : deeper within the contact, the crack is less subjected to shear, so that a competition between the mode I and mode II is observed. The tensile mode tends to reduce the angle obtained during stage I.

The propagation period III : after a critical crack length depending on the material and the imposed loads, the propagation is fully in mode I. The crack path is globally perpendicular to the maximum principal stress. The propagation kinetic corresponds to a long crack regime.

In plain fretting experiments, after a certain number of cycles the fretting crack stabilizes when reaching a systematic crack arrest length b CA [START_REF] Kubiak | Quantification de la fissuration d'un contact soumis à des sollicitations complexes de fretting de fretting wear et de fretting fatigue[END_REF].

Prestressed fretting cracking

Adding a static stress, constant in time, on a fretting specimen stimulates the fretting crack nucleation but above all the crack propagation. Zhou and Vincent show that for an aluminium alloy, an external static stress extends the cracking domain in fretting map [START_REF] Zhou | Effect of external loading on wear maps of aluminium alloys[END_REF]. This extension does not seem to concern gross slip regimes where fretting wear occurs. The same authors also highlight an increase of the crack depth for a fretting specimen subjected to an external static stress. 

Fretting fatigue cracking

Chapitre 1 -State of art

Adding a cyclic fatigue stress to fretting specimen creates a misfit in the contact between the fatigue specimen and the unstressed pad. This introduces an asymmetry of the stick zone and the lateral sliding zones (see figure 1.30) [START_REF] Araújo | Mixed high low fretting fatigue of ti6al4v : Tests and modelling[END_REF][START_REF] Hills | What features are needed in a fretting fatigue test ?[END_REF]. Crack nucleation and propagation are stimulated and can lead to the failure of the specimen. This geometrical asymmetry has to be taken into account in computations and leads to a dissymmetric profile of the surface shear distribution generated by the contact.

Figure 1.31 show the effect of the fatigue load by comparing the surface shear distribution for fretting computation and for fretting fatigue. It reveals that the fretting fatigue profile is dissymmetric which is the reason why the failure of the specimen occurs on the specimen side on which the fatigue load is applied (see Fig. 1.31) [START_REF] Kubiak | Quantification de la fissuration d'un contact soumis à des sollicitations complexes de fretting de fretting wear et de fretting fatigue[END_REF][START_REF] Szolwinski | Observation, analysis and prediction of fretting fatigue in 2024-t351 aluminum alloy[END_REF].

Fretting fatigue tests give relevant information on the fretting effect by comparing fatigue and fretting fatigue lifetimes. The presence of the contact significantly decreases the lifetime of the specimen. Bleuzen highlights the different fretting fatigue cracking steps by considering typical Wöhler curves [START_REF] Bleuzen | Evaluation de la susceptibilité au fretting d'alliages aéronautiques, le fretting corrosion[END_REF] (see Figure 1.32). The microscopic analysis of fretting fatigue cracks show two different micro-and macrocracks. The latter appear for lower stress levels than those observed for macrocracks and can lead to long crack propagation. 

Fretting crack nucleation

Fretting fatigue crack initiation under partial slip condition is usually localised at the trailing edge of the contact interface.

Some models can be used to predict the location of the initial crack by applying fatigue multi-axial criteria on the stress and strain fields generated by a fretting contact. Stress and strain distributions can be analytically calculated [START_REF] Johnson | Contact mechanics[END_REF] or defined using a FE approach where plasticity can be induced. An approach proposed by Petiot consists in transposing a classical crack initiation multi-axial fatigue criterion, ie. the Dang Van criterion, on a fretting fatigue contact [START_REF] Petiot | An analysis of fretting-fatigue failure combined with numerical calculations to predict crack nucleation[END_REF]. Petiot validates the Dang Van criterion by comparing the crack initiation prediction with the analysis of fretting fatigue specimens. The same criterion can also predict the direction of the crack at the initiation stage. Other multiaxial fatigue criteria [START_REF] Ferre | Stress gradient effect on the crack nucleation process of a Ti-6Al-4V titanium alloy under fretting loading : Comparison between non-local fatigue approaches[END_REF] can be considered such as : the Crossland criterion which is based on the first invariant I1 of the stress tensor and the second invariant J2, of its deviator [START_REF] Crossland | Effect of large hydrostatic pressures on the torsional fatigue strength of an alloy steel[END_REF] ; or the Papadopoulos criterion which is based on a more physical critical approach [START_REF] Papadopoulos | A comparative study of multiaxial high-cycle fatigue criteria for metals[END_REF][START_REF] Papadopoulos | Long life fatigue under multiaxial loading[END_REF].

Very high stress gradients are imposed by the contact, especially at the contact border. Hence for a better prediction of the crack initiation risk, the local fatigue approach based on the analysis of local stresses has to be replaced by a non-local fatigue description, taking into account the high gradient effect caused by the presence of the fretting contact. Good predictions can be achieved for instance applying the process volume stress averaging method [START_REF] Fouvry | Prediction of crack initiation under partial slip fretting conditions[END_REF] which consists in averaging the stress and strain fields over a critical volume (generally found equivalent to the grain of the material) and then in applying fatigue stress analysis (see figure 1.33).

Figure 1.33 -Illustration of the square volume averaging approach applied on a fretting configuration in order to predict the crack nucleation risk [START_REF] Fouvry | Prediction of crack initiation under partial slip fretting conditions[END_REF] There are other criteria that can be used to predict the crack initiation location which are based on critical plane approaches [START_REF] Lykins | An evaluation of parameters for predicting fretting fatigue crack initiation[END_REF], or monitoring Ruiz parameters at the contact interface [START_REF] Iyer | Analysis of contact pressure and stress amplitude effects on fretting fatigue life[END_REF], or monitoring the location of the maximum value of the principal strain during a full fretting cycle [START_REF] Talemi | Finite element analysis of localized plasticity in al 2024-t3 subjected tofretting fatigue[END_REF]. It appears that the location of the initiation crack site is most of the time localised at the slipping band near the edge of contact, (ie. at the contact border) [START_REF] Talemi | Prediction of fretting fatigue crack initiation and propagation lifetime for cylindrical contact configuration[END_REF]. However in some cases the crack initiation location is near the location of the maximum shear stress [START_REF] Talemi | Finite element analysis of localized plasticity in al 2024-t3 subjected tofretting fatigue[END_REF].

From the experimental point of view, to detect fretting crack nucleation digital image correlation (DIC) can be used. Berthel et al. propose another method based on the thermal response of the material to determine the fretting crack nucleation for a cylinder/flat interface [START_REF] Berthel | Crack nucleation threshold under fretting loading by a thermal method[END_REF][START_REF] Moustafa | Experimental study of the stress gradient effect under fretting loading by full field measurement techniques[END_REF].

Fretting crack propagation

According to Lemaitre, a crack propagation can be divided in two steps [START_REF] Lemaitre | Coupled elasto-plasticity and damage constitutive equations[END_REF][START_REF] Lemaitre | A course on damage mechanics[END_REF] : -Once the stress and strain fields are calculated, the obtained results are used to calculate the condition of macrocracks initiation by damage constitutive equations, ie. the number of cycles to fretting or fretting fatigue crack initiation N i .

-Then the crack propagation can be described by the fracture mechanics approach, using stress intensity factors or strain energy release rate, ie. the number of cycles to fretting or fretting fatigue crack propagation N p is used. Usually a modified fatigue Paris law is adopted to describe the fretting fatigue macrocrack propagation.

Consequently the propagation can be expressed by the following expression :

N f = N i + N p = N i + b f b i f ( dN db )db (1.24)
where N i is the number of cycles needed for a fretting fatigue crack to initiate, N p is the number of cycles corresponding to the crack propagation, b i is the nucleated crack length, b f is the final crack length.

Following this idea, Talemi et al. propose a damage model based on a thermodynamic potential function to predict the number of fretting fatigue cycles inducing the crack initiation [START_REF] Talemi | Prediction of fretting fatigue crack initiation and propagation lifetime for cylindrical contact configuration[END_REF], where cracks follow a microcrack behaviour :

N i = 1 A(β + 3) [σ β+2 eq,max -σ β+2 eq,min ] -1 R -β/2-1 ν (1.25)
where A and β are constant damage parameters depending from the material and obtained on experimental observations ; σ eq,max and σ eq,min localized at the contact border are the maximum and minimum von Mises stress respectively ; R ν is the triaxiality function.

In order to model the macrocrack growth propagation, an LEFM approach under mixedmode loading conditions is considered. A modified Paris law is adopted defining an equivalent stress intensity factor K eq taking into account the mode I and mode II components with :

∆N = ∆b C(∆K eq ) n (1.26)
where C and n are material constants ; ∆N and ∆b are the incremental number of cycles and crack length respectively.

Combining those two models, the global fretting fatigue life, ie. N f = N i + N p , can be estimated and a rather good correlation is observed between experimental results and numerical predictions. Figure 1.34 shows an example of calculation giving the experimental lifetime N f,experimental as a function of the predicted one N f,predicted for an aluminium alloy [START_REF] Talemi | Prediction of fretting fatigue crack initiation and propagation lifetime for cylindrical contact configuration[END_REF]. One limitation of this model concerns the crack path prediction. A 50µm long microcrack corresponding to the critical distance is used to take into account the stress gradient effect. This value is manually implemented in the FE remeshing model with an angle of 40 • against the surface normal, based on experimental observations. This initial angle is then "forced" to decrease gradually until reaching zero when the crack length is larger than two times the contact radius (ie. b = 2a).

The crack growth prediction deals with two issues : the crack path determination and the crack growth rate. Recently Baietto et al. propose a global-local strategy based on the XFEM (extended finite element method) which takes into account scale effects, structure, components, the contact interface, created cracks and interfacial non-linearities occurring within the crack lips [START_REF] Baietto | Fretting fatigue crack growth simulation based on a combined experimental and XFEM strategy[END_REF].

A mixed mode Paris crack growth law is introduced for plain fretting and prestressed fretting cracking configurations. Then the Hourlier criterion is applied to determine the propagation direction of a kinked crack, assuming that the crack propagates in a direction where either the stress intensity factor ∆K I (θ) is maximum, or in the direction corresponding to the maximum crack growth rate, ie. (db/dN (θ)) max [START_REF] Hourlier | Propagation of fatigue cracks under polymodal loading[END_REF].

A very good correlation is observed between the predicted crack path and the experimental one for plain fretting and prestressed fretting cracking experiments performed on both cylinder/flat and round/flat 100C06/35NCD16 configurations. Nevertheless the numerical model appears to quite underestimate the real crack growth rate. Hence, if since the past decade, significant improvements are reached regarding fretting fatigue endurance, low dispersive lifetime predictions and crack path modelling is still a critical issue.

Fretting thresholds and stress ratios

Crack arrest boundary

The fretting life and some associated relevant factors are described in Figure 1.35. The predominant factor leading to fretting crack nucleation is the existing shear q max between the two surfaces in contact. The crack initiation is localized and its location is very easy to predict thanks to the half-width contact parameter a which will be defined later on. As in fatigue, the fretting crack propagation period can be fully described by the stress intensity factor K. Finally the fretting final period can be characterized by the stress intensity factor when failure occurs, or if crack arrest is observed by a fretting threshold ∆K th(f r) . Concerning fretting fatigue loadings, the endurance limit can either be a function of the crack initiation condition, or controlled by a threshold crack arrest condition [START_REF] Nix | The micromechanisms of fatigue crack growth in a commercial al-zn-mg-cu alloy[END_REF].

For plain fretting configurations, the contact stress decreases asymptotically below the interface. Cracks can therefore evolve in three different ways :

-Below a threshold fretting fatigue condition, no cracks are nucleated. Above this threshold, two evolutions can be observed : -A crack nucleates and stops after a certain number of cycles.

-If the fatigue loading is large enough, the nucleated crack propagates until the failure of the specimen.

This concept is first introduced by Araujo et. al [START_REF] Araújo | Analysis of pad size effects in fretting fatigue using short crack arrest methodologies[END_REF] using a short crack arrest methodology, and then extended in the fretting fatigue map approach by Fouvry et. al [START_REF] Fouvry | Development of a fretting-fatigue mapping concept : The effect of material properties and surface treatments[END_REF].

The evolution of the plain fretting stress intensity factor below the surface is non-monotonous as shown in Figure 1.36. It displays an initial increase followed by an asymptotic reduction below a critical depth, due to the very sharp decrease of contact stresses below the surface. The stress intensity factor decreases until it reaches the fretting material threshold (∆K th(f r) ), inducing a crack arrest condition when the crack reaches a length b CA (see case A and case C on Fig. 1.36). Although plain fretting leads systematically to a crack arrest condition, this is not necessarily the case for fretting fatigue. Above a given depth, the fretting stress intensity factor decreases with the crack extension due to the surface contact stress reduction, whereas the bulk fatigue contribution, in contrast, increases with the square root power of the crack length, leading to a typical "∼" tilde-shaped stress intensity factor fretting fatigue evolution visible on Figure 1.36. For small fatigue stresses, the stress intensity factor value crosses the material threshold (∆K th(f r) ), and the sample will not fail (case B on Fig. 1.36). In contrast, if the combined fretting fatigue stress induces stress intensity factor evolution outside the material boundary, the crack will propagate until failure (case D on Fig. 1.36). This crack arrest description of fretting-fatigue endurance is first introduced by Lindley and co-authors [START_REF] Lindley | Fretting fatigue in engineering alloys[END_REF] and extended by Araujo et al. [START_REF] Araújo | Analysis of pad size effects in fretting fatigue using short crack arrest methodologies[END_REF].

To satisfy the paradox that initial fretting cracks may propagate with stress intensity factor values lower than the nominal long crack threshold (∆K 0(f r) ), the authors considered a short crack correction, assuming the Kitagawa-Takahashi theory [START_REF] Kitagawa | Application of fracture mechanics to very small cracks or the cracks in the early stage[END_REF]. According to this model, the stress intensity factor threshold increases asymptotically in the short crack domain to reach a constant long crack ∆K 0(f r) value in the long crack domain. This short-long crack arrest strategy is then applied to predict fretting fatigue endurance, using a damage-tolerance description of fretting fatigue failure. The mutual interaction between fretting and fatigue loading, and also the intrinsic crack arrest performance of materials, is then analysed using the crack arrest fretting fatigue mapping concept in [START_REF] Fouvry | Development of a fretting-fatigue mapping concept : The effect of material properties and surface treatments[END_REF].

Stress ratios

Another characteristic of fretting and fretting fatigue loadings is that the local stress ratio R occurring at the crack tip, changes with depth, even if the global load ratio is constant.

Vallellano et al. highlight this particularity by performing fretting fatigue threshold analysis on a sphere/flat Al-7075-T6/Al-7075-T6 configuration, as shown in Figure 1.37 [START_REF] Vallellano | Influence of R ratio and stick zone eccentricity on the prediction of the fretting fatigue limit with spherical contact[END_REF]. Even if the fatigue stress intensity factor threshold for long cracks is assumed to remain constant for negative stress ratios, ie. for R ≤ 0, ∆K 0 = K max = constant [START_REF] Taylor | Fatigue thresholds[END_REF], some attention must be paid to the local stress ratio to be certain that no closure effect occur. This implies that the corresponding threshold values to characterize the crack growth have to be considered as both fatigue limit σ th (R) and threshold stress intensity factors K th (R) are known to depend on the stress ratio R [START_REF] Vallellano | Influence of R ratio and stick zone eccentricity on the prediction of the fretting fatigue limit with spherical contact[END_REF]. 

Conclusion and objectives

This literature review highlights the parallels which can be made between cyclic fatigue and fretting loadings, especially considering the crack growth propagation analysis, namely after the crack nucleation phase, the same mechanisms are involved :

-A microcrack growth regime where short cracks can propagate at stress intensity factors below the long crack stress intensity factor threshold, ie. for ∆K ≤ ∆K 0 .

-A macrocrack growth regime which can lead to a crack arrest condition or the failure of the specimen.

-Same crack closure effects can occur at the crack tip as long as a large range of stress ratios is considered.

In the light of the literature review, considering fatigue crack growth experiments, even if there are some geometries which enable a stress intensity factor decrease at the crack tip for a crack length increase for a constant amplitude loading, such configurations are not used to measure fatigue thresholds. Thus conventional threshold evaluations use specimen geometries which imply a stress intensity factor increase while the crack grows. Consequently long crack thresholds measurements are difficult and time consuming as the stress intensity factor range has to be step by step decreased by limiting plasticity at the crack tip. This is the reason why it appears that estimating fatigue long crack stress intensity factor thresholds by fretting loadings is very effective, fast and rather cheap compared to conventional fatigue procedures.

Furthermore the variation of the load ratio at a fretting crack tip could turn out to be a major advantage as the complete fatigue map can be easily built from fretting experiments.

The aim of the present thesis is to identify crack propagation and arrest mechanisms for Chapitre 1 -State of art different configurations, involving both fretting and fatigue loadings. The following aspects are investigated :

-A correlation between plain fretting, fretting fatigue and fatigue loadings is performed in order to measure some material mechanical properties. In this approach, a reverse identification of the fatigue short-long crack arrest boundary from plain fretting and fretting fatigue crack arrest analysis is developed.

-The effect of the stress ratio is taken into account in order to quantify the crack closure for fretting and fretting fatigue experiments. In this approach, a novel closure model is proposed.

-The scale effect is investigated by the development of an original device in order to perform in situ fretting fatigue experiments. The fretting crack initiation and propagation is observed in situ for the first time.

The main idea of this study is the fact that plain fretting experiments systematically lead to a crack arrest condition suggesting that a reverse analysis could be applied to extract the material stress intensity factor threshold properties (see Fig. 1.38).

The proposed methodology consists in measuring through destructive methods the maximum projected crack length (b p,CA ) related to the fretting crack arrest condition (i.e. achieved after a certain number of fretting cycles). Adjusting the fretting loading and contact size (i.e. cylinder radius) short to long crack arrest regimes can be investigated. For each crack arrest condition the corresponding stress intensity factor range is computed, ie. ∆K th(f r) . Finally by plotting the obtained ∆K th(f r) values versus the related b p,CA crack lengths (see Fig. 1.38) an overall description of the crack arrest threshold from short to long crack regimes can be estimated. This methodology is applied on several configurations and is extended to fretting fatigue experiments. Thus a large range of stress ratio R is investigated and conventional fatigue crack growth experiments are performed on C(T) specimen to fully validate the reverse identification approach.

Chapter 2 presents the applied experimental method and techniques. Chapter 3 shows numerical analyses and introduces the reverse identification approach to estimate stress intensity factors. Chapter 4 correlates plain fretting crack arrest thresholds ∆K th(f r) with fatigue long crack ∆K 0 for negative stress ratios. This analysis is extended to positive stress ratio in Chapter 5 by coupling plain fretting, prestressed fretting and C(T) fatigue experiments. Finally scale effects and fretting fatigue crack growth propagation are investigated in Chapter 6.

Chapitre 2

Experimental methods and techniques

Sommaire 

Materials

The main part of this research work, a combined analysis between fretting and C(T) cracking, focuses on the 7050-T7451 aluminium alloy extensively applied in air plane structures. Two other aluminium alloys 7075-T6 and 2024-T351 are investigated under plain fretting condition as well as two steels : a 35NiCrMo16 low-alloy steel and a low carbon tempered AISI 1034 steel. Because of their respective mechanical properties (σ 0.2 ) for all aluminium alloys and the 35NiCrMo16 steel both short and long crack regimes can be investigated by adjusting the cylinder radius for elastic conditions. By contrast the AISI 1034 steel will require an elasto-plastic analysis since it yields at much lower stress.

For each alloy, all specimens are machined and polished to achieve a low R a = 0.2µm surface roughness on the fretted surface. All the specimens are machined so that the direction of fretting loading is parallel to the rolling direction (L-T direction).

The material used for the cylindrical pads (i.e., counterbodies) is chosen to display relatively similar elastic properties while ensuring that cracks only initiate on the flat specimens. Hence, the three aluminium alloys are fretted against a high-strength Ti-6Al-4V titanium alloy or a 100C6 heat treated steel. The 35NiCrMo16 steel is tested against a hard chromium 52100 steel and the soft AISI 1034 steel is fretted against a 30NiCrMo8 tempered steel. The elastic properties (i.e. yield and ultimate tensile stress values) of the materials used for the cylindrical pads are compiled in Table 2.3. The cylindrical surfaces are machined to reach the required cylinder radius and low surface roughness (R a = 0.5µm).

Aluminium alloys

7050-T7451

The 7050-T7451 is a Zn-Mg-Cu type alloy. Its chemical composition is detailed in Table 2.1. The heat treatment T7451 consists in a solution treatment, quenching, aging and overaging [START_REF] Shahzad | Influence de la rugosité et des traitements d'anodisation sur la tenue en fatigue des alliages d'aluminium aéronautiques 2214 et 7050[END_REF]. Figures 2.1 and 2.2 show the microstructure of the studied aluminium alloy : a mixed grain structure of non recrystallized grains (in grey on Figure 2.1), as well as small and large recrystallized grains (in white on Figure 2.1). The average size of the large recrystallized grains is about 50 to 80µm whereas the small size grains is about 10 to 20µm. The rolling process affects the microstructure by elongating the grains along the rolling direction ("L" direction).

Fretting and fatigue specimens are extracted from a rolled aluminium sheet with the dimensions 530mm ("L" direction), 910mm ("T" direction), 110mm ("S" direction).

Figure 2.1 -Optical micrographs of the 7050-T7451 microstructure where "L" is the rolling direction, "S" the short direction and "T" the transverse direction [START_REF] Shahzad | Influence de la rugosité et des traitements d'anodisation sur la tenue en fatigue des alliages d'aluminium aéronautiques 2214 et 7050[END_REF] Figure 2.2 -Optical micrographs of the 7050-T7451 microstructure where "L" is the rolling direction and "T" the transverse direction, Keller attacked This alloy, extensively applied in aeronautical structures has been investigated by Newman and co-authors [START_REF] Newman | Fatigue and crack growth in 7050-t7451 aluminium alloy under constants-and variable-amplitude loading[END_REF], its elastic, fatigue and crack propagation properties are compiled in Table 2.3.

The long crack arrest thresholds ∆K 0 for three positive load ratios (R = 0.1; 0.7; 0.9) are given in Table 2.4.

7075-T6

The 7075-T6 is a Mg-Cu type alloy. Its chemical composition is detailed in Table 2.1 [START_REF] Newman | Small-crack effects in high-strength aluminium alloy[END_REF]. The heat treatment T6 consists in heating the material at 470 • C during four hours followed by water quench. After subsequent heating at 120 • C during 24 hours the material is finally matured by drying in air. Figure 2.3.a shows the microstructure of the studied aluminium alloy. Typical average grain dimensions are 360µm in the longitudinal direction ("L"), 60µm in the transverse one ("T"), and 25µm in the short transverse one ("S") [START_REF] Donnelly | A study of small crack growth in aluminum alloy 7075-t6[END_REF]. 

2024-T351

The 2024-T351 is a Cu-Mg type alloy. Its chemical composition is detailed in Table 2.1 [START_REF] Proudhon | Identification des mécanismes de fissuration dans un alliage d'aluminium sollicité en fretting et en fatigue[END_REF][START_REF] Proudhon | Three-dimensional study of a fretting crack using synchrotron x-ray micro-tomography[END_REF]. The heat treatment T351 consists in a solution treatment at 500 • C, followed by a cold water quench at 20 • C before applying a tensile test (0.2% strain) to relieve internal stresses induced by the water quench [START_REF] Proudhon | Identification des mécanismes de fissuration dans un alliage d'aluminium sollicité en fretting et en fatigue[END_REF][START_REF] Proudhon | Three-dimensional study of a fretting crack using synchrotron x-ray micro-tomography[END_REF]. Figure 2.3.b shows the microstructure of the material : the typical average grain dimensions are 400µm in the longitudinal direction ("L"), 150µm in the transverse one ("T"), and 130µm in the short transverse one ("S") [START_REF] Lee | Effects of testing variables on stress corrosion cracking susceptibility of al 2024-t351[END_REF].

Steels 35NiCrMo16 low-alloy steel

The 35NiCrMo16 low-alloy steel is extensively analysed by Galtier [START_REF] Galtier | Contribution à l'étude de l'endommagement des aciers sous sollicitations uni ou multi-axiales[END_REF] and Henaff [START_REF] Henaff | Etude de la tolérance aux dommages en fatigue vibratoire d'un acier type 30 ncd 16[END_REF]. Its chemical composition is given in Table 2.2 [START_REF] Galtier | Contribution à l'étude de l'endommagement des aciers sous sollicitations uni ou multi-axiales[END_REF][START_REF] Henaff | Etude de la tolérance aux dommages en fatigue vibratoire d'un acier type 30 ncd 16[END_REF]. The heat treatment consists in an austenitisation cooling in 875 • C air and tempering [START_REF] Galtier | Contribution à l'étude de l'endommagement des aciers sous sollicitations uni ou multi-axiales[END_REF][START_REF] Henaff | Etude de la tolérance aux dommages en fatigue vibratoire d'un acier type 30 ncd 16[END_REF], to achieve a hardness of ≈ 60HRC which is very high. Its mechanical properties are compiled in Table 2.3 [START_REF] Fouvry | From uni-to multi-axial fretting-fatigue crack nucleation : Development of a stress-gradient-dependent critical distance approach[END_REF].

AISI 1034 steel

The AISI 1034 steel is a low carbon alloy which chemical composition is detailed in Table 2.2. The heat treatment consists in an austenitisation (at 900 • C) and cooling in still air [START_REF] Kubiak | Quantification de la fissuration d'un contact soumis à des sollicitations complexes de fretting de fretting wear et de fretting fatigue[END_REF]. This alloy displays comparatively low mechanical properties σ y AISI1034 /σ y 35N iCrM o16 = 0.4 but relatively high ∆K 0 values.

By adjusting the cylinder radius, it is possible to reach the long crack arrest condition while 50
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Materials maintaining elastic fretting stress conditions for the 35NiCrMo16 steel and all the studied aluminium alloys. In contrast concerning the AISI 1034 steel, despite the very large cylinder radius used, long crack arrest conditions can only be achieved by imposing elasto-plastic fretting loading. For such conditions, a classical Chaboche elasto-viscoplastic model with non linear kinematic and isotropic work hardening is used to model the material behaviour [START_REF] Kubiak | Quantification de la fissuration d'un contact soumis à des sollicitations complexes de fretting de fretting wear et de fretting fatigue[END_REF][START_REF] Chaboche | Viscoplastic constitutive equations for the description of cyclic and anisotropic behaviour of metlas[END_REF][START_REF] Yameogo | Etude expérimentale et numérique de l'amorçage et de la propagation de fissures de fretting dans un assemblage roue/essieu ferroviaire[END_REF]. The different parameters of this elastoplastic law are compiled in Table 2.5 [START_REF] Kubiak | Quantification de la fissuration d'un contact soumis à des sollicitations complexes de fretting de fretting wear et de fretting fatigue[END_REF]. The stress-strain response is determined by the following expression :

˙ pl = ˙ pl eq . ∂f ∂σ (2.1)
where "f " is the elastic domain, which can move and expand in the stress space according to the expression :

f = J 2 (σ -X) -R (2.
2)

The kinematic hardening variable X and the isotropic expansion variable R evolve according to the following relationships :

dX = Cd pl -γ e X|d pl | (2.3) R = R 0 + Q ∞ (1 -e -be pl eq ) (2.4)
The five parameters characterising the material plastic behaviour which values are listed in Table 2.5 are :

• The flow stress of the non-hardening material R 0 

E ν σ 0.2 σ u σ d [37] at R = -1 ∆K 0 at R = -1 (GPa) (MPa) (MPa)

Testing strategy

As mentioned before, the objective of this work is to investigate crack arrest conditions by combining plain fretting, fretting fatigue and conventional C(T) experiments. A range of stress ratio values are investigated : compressive normal load generate negative surface and subsurface stress ratio (plain fretting condition). By adding a tensile stress (prestressed fretting) -0.5 < R < 0.5 stress ratio values are achieved whereas positive stress ratio conditions are obtained using C(T) experiments (see Figure 2.4). For fretting experiments, the plane specimens are previously polished to reach a low surface roughness (R a = 0.2µm) following the protocol described in Table 2.6 using a Buehler polisher (type Vector Power Head, Beta Grinder-Polisher).

Cylinder/Plane contact configuration

The plane strain hypothesis is adopted as for all studied configurations "a/W < 0.1", where "a" is the half-width contact and "W " the width of the fretting sample or specimen (see Figure 2.5). Considering the elastic Hertz-Mindlin approach, it is possible to extract the shear and pressure distributions occurring at the surface fretting plane subjected to fretting loading conditions in partial slip. 

Surface pressure field

The 2D plane strain clyinder/plane Hertzian formalism can be adopted at the surface of the studied material :

p(x) = p max 1 -( x a ) 2 (2.5) 
with a the Hertzian contact radius and p max the maximum contact pressure occurring at the cylinder/plane interface center (x = 0) :

a = 4P r πE * with 1 E * = 1 -ν 2 1 E 1 + 1 -ν 2 2 E 2 (2.6)
p max = p 0 = 2P πa = P E * πr (2.7)
with P , the linear applied force (N/mm), r the radius of the fretting cylinder pad, (E 1 , ν 1 ) and (E 2 ,ν 2 ) the couple (Young modulus, Poisson's coefficient) of plane and cylinder pad respectively (see Figure 2.6).

Surface shear field

Considering a simple fretting condition in partial slip, the shear distribution in the interface is symmetrical and can be analytically expressed by the Mindlin formalism. For a partial slip contact, the central inner stick domain is bordered by two sliding zones at the cylinder/plane interface. During a fretting cycle, the slip boundary goes from the external contact border (x = a) to the inner stick radius (x = c) (see Figure 2 Testing strategy Q = -Q * stages, the surface shear profiles can be expressed by :

q +Q * (x, a, c) =        q 0 1 -( x a ) 2 , c ≤ |x| ≤ a q 0 [ 1 -( x a ) 2 -k 1 -( x c ) 2 ], |x| ≤ c (2.8) and q -Q * (x, a, c) = -q +Q * (x, a, c) (2.9) with k = c a = 1 - Q * µP and q 0 = µp 0 (2.10)
The maximum shear value q max observed at |x| = c is expressed by : 

q max = q 0 1 -k 2 (2.11)

Subsurface stress state

The subsurface stress field can be obtained by coupling the Hertz-Mindlin formalism and the McEwen formulations [START_REF] Mcewen | Stresses in elastic cylinders in contact along a generatrix[END_REF]. It reveals that the most severe stress loading paths are imposed at the trailing contact border x = ±a and at the loading stages Q(t) = ±Q * .

Hence for plain fretting and prestressed fretting configurations, the maximum contact stress is proportional to the maximum interfacial shear so that :

σ 11max = -σ 11min = 2q max (2.12)
If R = σ min /σ max remains constant during a fatigue experiment, it is not the case for fretting conditions. The contact presence induces high stress gradients within the subsurface of the fretted plane, implying a non constant local R ratio :

R(z) = σ min (z)/σ max (z) (2.13)
Figure 2.7) shows a typical evolution of subsurface strain fields and the corresponding local R ratio for a cylinder/plane Ti6-Al4-V/Ti6-Al4-V plain fretting contact. 

Plain fretting tests

Plain fretting tests are performed using a hydraulic set-up at the Laboratoire de Tribologie et Dynamique des Systèmes (LTDS, France) [START_REF] Fouvry | Development of a fretting-fatigue mapping concept : The effect of material properties and surface treatments[END_REF][START_REF] Heredia | Introduction of a new sliding regime criterion to quantify partial, mixed and gross slip fretting regimes : Correlation with wear and cracking processes[END_REF]. A static normal force P is imposed while an alternating cyclic displacement δ is applied, generating an alternating tangential load Q. P, Q and δ are recorded during the fretting test (Fig. 2.8). The δ -Q fretting loop can be plotted and characterised by an alternated tangential force amplitude Q* induced by an alternated displacement amplitude δ * (see Figure 1.21) [START_REF] Kubiak | Quantification de la fissuration d'un contact soumis à des sollicitations complexes de fretting de fretting wear et de fretting fatigue[END_REF].

Different cylinder pad radii (R = 40, 60 and 80mm) are used to adjust the contact size (the contact radius a) in order to investigate different subsurface stress gradients and extend the crack arrest investigation from short (b < b 0 ) to long crack regimes (b > b 0 ). The lateral width of the cylinder/flat contacts is large enough to satisfy 2D plane strain condition along the median axis where the crack analysis is performed. The maximum constant Hertzian pressures are adjusted to p max = 600M P a for the 35NCD16 steel, and p max = 300M P a for the three 7050-T7451, 7075-T6 and 2024-T351 aluminium alloys, applying P = 402N/mm, 450N/mm, 461.5N/mm and 453.5N/mm linear normal forces respectively (Appendix A). For the AISI 1034 steel, the normal pressure is first set at P = 227N/mm (p max = 450M P a) to maintain elastic [START_REF] Kubiak | Quantification de la fissuration d'un contact soumis à des sollicitations complexes de fretting de fretting wear et de fretting fatigue[END_REF] loading conditions ; to achieve the long crack regime, however, higher contact stress is required and the normal loading is increased to 683N/mm and 1107N/mm, inducing significant plastic deformations (Tests 32 and 33 in Appendix A).

Prestressed fretting tests

A double actuator fretting-fatigue test system described in [START_REF] Ferre | Prediction of the Fretting Fatigue Crack Nucleation Endurance of a Ti-6V-4Al/Ti-6V-4Al Interface : Influence of Plasticity and Tensile/Shear Fatigue Properties[END_REF] is used (see Figure 2.9). This test system allows a decoupled application of fretting loading (±Q * ) and a fatigue uni-axial stress which can be variable (fretting-fatigue) or constant, like in the present investigation. The normal force is applied after the prestressed value σ ext . The fatigue stress value is measured by a load cell located at the top of the fatigue (F B ) actuator, whereas the fretting load is defined by subtracting the forces measured at each side of the fatigue specimen : Q = F B -F T . From this measurement, the tangential force amplitude Q * is defined.

F ext is imposed on the specimen before applying fretting loadings (see Fig. 2.9). F ext is kept constant during the test in order to increase the load ratio at the surface and therefore at the crack, to induce negative and positive load ratios. Those tests are only performed on the 7050-T7451 aluminium alloy (Tests 43 to 55, Appendix A). Three different external stresses are performed, σ ext = 33M P a, 42M P a and 80M P a, corresponding to surface load ratio of R (f r) = -0.8, -0.75 and -0.5 respectively. The cylinder pads and normal loadings are the same as those used for simple fretting configurations. In the case of prestressed fretting loadings, the maximum stress level σ 11max localized at the "hot-spot" (ie. x = ±a) is related to the load ratio R (f r) occurring at the surface and to the external static fatigue stress σ ext according to the 

R (f r) = σ ext + σ 11max σ ext -σ 11max (2.14)
Combining equations 2.12 and 2.14, one gets :

R (f r) = σ ext + 2.q max σ ext -2.q max (2.15)
from which σ ext can be expressed as a function of q max and R (f r) :

σ ext = 2.q max 1 + R (f r) 1 -R (f r) (2.16)
Fretting results are usually presented using the tangential load amplitude Q * . Indeed, for a constant normal force P , fretting cracking condition are analysed by plotting the crack length as a function of the tangential load amplitude Q * . Nevertheless in the present work as numerous loading configurations are studied for different materials, all fretting results are exposed using the maximum shear value q max in order to compare the different configurations. It remains relevant as q max determines the stress level responsible for crack propagation generated in simple and prestressed fretting (see Figure 2.10). 

Crack expertise

For plain fretting and prestressed fretting experiments, a destructive method is applied to measure the crack length at the crack arrest condition (see Figure 2.11). After a given number of cycles N, the test is stopped and the sample is cut along the median axis of the fretting scar [START_REF] Delacroix | Influence of microstructure on the fretting resistance of Al-Cu-Li alloys[END_REF].

Prior to the optical cross section expertise, the surface is polished using dedicate protocols optimized for each material.

For aluminium alloys, cracks tend to be clogged by debris after polishing, making their observations difficult. To address this phenomenon a chemical attack is made with Keller agent (2ml HF + 3ml HCL + 5ml HNO 3 + 190ml H 2 0) on the 7050-T7451 specimens.

The polishing procedure for the crack expertise is repeated three times on three different cross sections along the x axis (see Figure 2.11) to obtain an averaged observed crack length. A digital image analysis is then applied to formalize the largest crack path using a segment procedure : the crack path is modelled by three linear segments making different angles with the sample normal. Hence using only one to three segments the real crack path is formalized. Beside the projected crack length b p along the normal of the surface is determined (see Figure 2 

Fatigue crack growth propagation experiments

Conventional fatigue crack growth propagation tests on C(T) specimen are performed on the 7050-T7451 aluminium alloy at the Ecole Polytechnique de Montréal, département Génie Mécanique (Canada) using a 100kN hydraulic testing machine at positive load ratios R = 0.1, 0.3, 0.5, and at a frequency of 20Hz (Fig. 2.12). The aim of these tests is to measure the fatigue stress intensity factor threshold for long cracks, ∆K 0 .

Conventional C(T) specimen (B = 12.7mm, W = 50.8mm, b n = 11.4mm) are used as described in the ASTM E647 standard [START_REF] Astm | Standard test method for measurement of fatigue crack growth rates[END_REF] (see Figure 2.12).

In order to optically follow the crack growth, specimens are manually polished before testing according to the following protocol :

-Silicon carbide papers are first used 600, 800 and 1200 grit with water as lubricant.

-Then 9µm, 3µm and 1µm diamond pastes are successively used with a Dremel 3000 as a rotating tool and methanol as lubricant.

After polishing, the surface roughness R a value is lower than 1µm. Due to machining, some residual stresses can still be present around the chevron of the C(T) specimen so that a precrack has to be created to be able to start a fatigue crack growth test far enough from plastic areas.

The choice of a manual precrack at "constant load" is made (see the ASTM E647 standard, Appendix 2 [START_REF] Astm | Standard test method for measurement of fatigue crack growth rates[END_REF]). According to the ASTM standard, the maximum stress intensity factor K max has to be maintained below 60% of the K IC value and the precrack load ratio has to be comprised between R = -1 and R = 0.1 in order to control the plastic zone created in the fatigue crack tip.

During the precrack steps ? the load ratio is fixed at R = 0.1. For a constant load, the stress intensity factor range increases with the crack length according to the following equation :

∆K = ∆F B √ W f ( a W ) (2.17)
with B and W in cm, ∆F in kN and ∆K in M P a √ m and f (a/W ) is given by the ASTM E399 standard [100].

Therefore a decreasing precrack by stepped force shedding [START_REF] Astm | Standard test method for measurement of fatigue crack growth rates[END_REF] is adopted with the initial stress intensity factor range ∆K = 9.5M P a √ m at the end of the chevron (ie. b = b n = 11.4mm) implying a force range of ∆F = 5.928kN and at the end of precracking ∆K = 8M P a.m 0.5 and ∆F = 3.652kN . Figure 2.13 illustrates the precracking methodology with 2mm steps. The length of the precrack is 6mm. The test conditions at the end of the precrack correspond to the initial conditions of a fatigue crack growth test so that each descent towards the threshold value begins at b = 17.4mm, F max = 4.058kN and K max = 8.89M P a √ m. Fatigue crack growth tests are then performed following K-decreasing procedures and the compliance method as per standard ASTM E647 [START_REF] Astm | Standard test method for measurement of fatigue crack growth rates[END_REF], using a normalized K-gradient C = (1/K).(dK/da) of -0.08mm -1 , until a threshold stress intensity factor range ∆K 0 characterizing a crack growth rate of 5.10 -11 m/cycle is reached. The decrease in load as the crack grows is controlled via a program developed by the MTS company (MTS TestSuite Elite software). Optical measurements of the crack length are performed on each side of the C(T) specimen to validate the compliance function. Measurements of the load at which the crack tip opens F op are made using the compliance offset method described in the ASTM E647 [START_REF] Astm | Standard test method for measurement of fatigue crack growth rates[END_REF], using the criteria of 4%. All tests are duplicated. 

Scale effect analysis

In addition to macro crack analysis, scale effects and propagation phenomena are also studied thanks to the development of an original micro fretting fatigue device. In situ tests are performed using synchrotron X-rays in order to follow the fretting fatigue crack propagation.

Synchrotron

The synchrotron radiation is for now the only way to achieve submicron resolution needed to characterize the fretting fatigue damage of metallic materials. For a first trial of in situ fretting fatigue experiments, only 2D radios are performed using synchrotron radiations which highly simplifies the problem as the fretting pad does not have to be removed during a test. Because of the presence of the contact in a fretting fatigue configuration, micro tomography turns out to be very complex to perform as it would imply : an interruption of the fretting fatigue test, the fretting pad removal in order to take n radiographies of the rotating specimen, after what the fretting pad should be replaced at the exact same position on the specimen (at ±5µm which is not achievable for the moment) to finally restart the fretting fatigue experiment.

The synchrotron in Grenoble, France (ESRF, European Synchrotron Radiation Facility, see Figure 2.14) is a third-generation synchrotron which is among others composed of a circular accelerator producing 6GeV electrons which are used to produce a very intense X-ray beam.

Compared to conventional X-ray sources, synchrotron radiation offers several advantages. The X-ray intensity is very high and enables to use only a part of the spectrum through a monochromator. This greatly improves the quality of the reconstructed images by deleting some artefacts, while maintaining a high signal/noise ratio and a low exposure time. Finally the high beam energy enables the observation of highly attenuating materials with a large atomic number. The experimental procedure used on ID19 beam line is schematically represented in Figure 2. [START_REF] Elber | The significance of fatigue crack closure[END_REF]. More details about synchrotron capacities are available elsewhere [START_REF] Proudhon | Identification des mécanismes de fissuration dans un alliage d'aluminium sollicité en fretting et en fatigue[END_REF][START_REF] Proudhon | Three-dimensional study of a fretting crack using synchrotron x-ray micro-tomography[END_REF]101]. The beam coming out of the ring is quasi monochromatic ("pink beam") and passes through the sample which is mounted on a highly accurate rotation device.

The X photons transmitted are absorbed by a fluorescent screen which emits visible light which is itself detected on a CMDS camera forming a radiography of the object. The pixel size of the recorded radio is about 0.72µm giving a 2D field of view corresponding to dimensions 1.5mm * 1.8mm. While recording radios of an object, additional projections are recorded, ie. "references" images without the X beam and images of reference without the sample. These images enable the correction of inherent defects during the acquisition, and the intensity decrease of the beam during the experiment.

In situ fretting fatigue experiments

The scale effect of fretting cracking is investigated thanks an original device which is specially developed during this research project. The aim of such a set-up development is to perform in situ fretting fatigue tests and to be able to follow the fretting crack path propagation within the specimen. As the opening of fretting cracks is very small, adding a fatigue load by a monoactuator helps opening the cracks and detecting them.

Figure 2.16.a illustrates the fretting fatigue principle. A hydraulic cylinder developed by the MATEIS laboratory (Insa de Lyon, France) is used to apply the cyclic fatigue loading F m ±F a on the specimen, where F m corresponds to the average fatigue load, ie. F m = (F min + F max )/2 and F a = F max -F m is the fatigue amplitude. The upper grip is fixed and the lower one is mobile. This system only works in "tension-tension", implying a positive fatigue stress ratio R f at > 0, with a maximum load of 1200N . A mechanical fretting set-up has been developed at the LTDS laboratory and added to the hydraulic cylinder. A static normal force P is imposed on the fretting pad while the stiffness of the pad holder is controlled by bimetallic elements. By monitoring this stiffness, the cyclic fatigue loading induces an elongation of the specimen making the fretting pad move until a partial slip fretting condition is reached. As the specimen elongation is larger at the bottom of the specimen than at its top, the fretting contact is deliberately set lower than the middle of the specimen to allow a larger fretting condition range in partial slip. The normal and fatigue loadings are recorded by load sensors during the fretting fatigue test while the tangential load Q is calculated from the signals of the two fatigue sensors, ie.

Q * = sensor 1 -sensor 2 .
The loading procedure is as follows : a static tension is first applied on the specimen at F m and the fretting pad is manually placed in contact with one face of the sample under load. By applying the cyclic fatigue loading ±F a , a constant surface fretting load ratio R (f r) = -Q * / + Q * = -1 can be kept during the test. A crack nucleates by the fretting partial slip condition and then propagates until failure of the specimen due to fatigue.

The micro fretting fatigue specimen geometry is detailed in Figure 2.16.b. It has 2mm * 2mm cross section and a 100C06 steel cylinder pad radii of 10mm is used to adjust the contact size in order to investigate scale effects while satisfying the plane strain condition. Here again, the specimens are machined so that the fretting fatigue loading is applied parallel to the rolling direction (L-T direction). The aim of the present chapter is to evaluate and compare several methods for computing K Imax values under fretting loading at a crack arrest condition. This chapter introduces a reverse simulation approach to estimate a threshold ∆K th(f r) value, which could then be compared to the fatigue long crack threshold ∆K 0 if the fretting crack is long enough. To analyse the growth of fretting cracks, three methods for calculating stress intensity factor values, namely :

• The classic approach (M E_W F ) deals with the McEwen's distribution which gives an analytical expression of the stress distribution below the contact to which the classical weight functions are applied. This method presents two major limitations : the sample has to be semi-Chapitre 3 -Numerical methods for stress intensity factor estimation of cracked fretting interface infinite, which is not the case in practice, and the surface pressure modified by the crack presence is not considered.

• A second method (F EM _L_W F or F EM _Q_W F ), indirect but more realist, uses the finite elements method (FEM) : the stress distribution is computed using an FEM model, and then the weight functions are used. In this case, the model can deal with a sample with finite dimensions but again, the crack's presence and its influence on the pressure's and shear's distribution at the surface is not considered.

• A complete analysis (F EM _L_CI) uses a cracked FEM model and the contour integral's method. A long computation time is the price to pay for an accurate model.

That is why the balance between time and error's prediction will be determined. Another aspect will also be discussed : the use of quadratic or linear elements for the FEM computation.

The present study is limited to plain fretting configuration displaying a crack perpendicular to the surface. Only the first mode (K Imax ) is considered. The chosen configuration, which corresponds to an experimental work carried out at the LTDS (Lyon, France), is a fretting model in partial slip, cylinder (Ti-6Al-4V)/flat (Ti-6Al-4V).

Crack growth propagation : experimental fretting crack arrest

Cylinder (Ti-6Al-4V)/flat (Ti-6Al-4V) fretting tests in partial slip are carried out at the LTDS (Table 3.1). As the aim of this chapter is to develop a numerical model to determine stress intensity factors for different crack growth stages, an experimental curve of propagation is needed (Fig. 3.1). That is why all parameters of Table 3.1 are fixed during the test campaign, and the number of cycles varies [START_REF] Heredia | Introduction of a new sliding regime criterion to quantify partial, mixed and gross slip fretting regimes : Correlation with wear and cracking processes[END_REF].

Plain fretting tests performed on the fretting device are described in chapter 2. The linear normal force P and tangential force Q are kept constant at 392.5N/mm and 250N/mm respectively, implying a maximal pressure value p max = 300M P a and a shear value q max = 350M P a. The cylinder pad radius is fixed at r = 40mm. All experimental tests are performed in elastic conditions. The evolution of the crack length b p as a function of fretting cycles N is established until achieving a "plateau" evolution corresponding to a crack arrest situation. According to Fig. 3.1, the crack arrest is found for a length about 40µm.

For the following computation analysis, simulated cracks are chosen to be between 30 and 600µm (ie. b p from 0.03mm to 0.6mm). 

Analytical stress analysis

Analytical formulation of the surface loading

The Hertz-Mindlin model is the classical analytical method for evaluating the elastic surface loadings of the studied flat material for the fretting partial slip regime. Figure 3.2 illustrates the surface pressure p(x) and shear q(x) distributions for the maximum value of tangential loading occurring during a fretting cycle (Q = +Q * ), according to the following relations :

Hertz's formulation [START_REF] Johnson | Contact mechanics[END_REF] :

p(x) = p max (1 - x 2 a 2 ) 0.5 (3.1)
Mindlin's formulation [START_REF] Johnson | Contact mechanics[END_REF] : 

               q(x) = µp max ( 1 -( x a ) 2 - c a 1 -( x c ) 2 ), if | x c | < 1 else q(x) = µp(x) with : c = a 1 -| Q * µP | (3.2)

Subsurface stress analysis (study at the trailing contact border along the z-direction)

After having analytically calculated the pressure p(x) and shear q(x) distributions by the Hertz-Mindlin's theory, subsurface stress can be analytically calculated by the McEwen's model [START_REF] Mcewen | Stresses in elastic cylinders in contact along a generatrix[END_REF] or the Muskelishvili's potentials [START_REF] Muskelishvili | Some basic problems of the mathematical theory of elasticity[END_REF]. This section only focusses on subsurface computations occurring at the maximum loading stage of a fretting cycle, so to say when the tangential loading is maximum , ie. at Q = +Q * .

McEwen's model [98]

The McEwen's calculation enables analytical subsurface stress computations by considering an elliptical pressure distribution which is combined with the shear distribution to explicit the total stress field, so that :

Σ T = Σ P + Σ F Sq + Σ SCq (3.3)
with Σ T stands for the explicit total stress, Σ P the stress due to pressure, Σ F Sq the stress due to the full sliding shear component and Σ SCq the stress due to the stick component. This model which is valid for a semi-infinite body is schematically described in figure 3.3. McEwen provides for each elliptical pressure and shear profiles the exact stress formulation on and below the surface. Assuming elastic hypothesis, the total stress field can be obtained by summing the contribution of each pressure P , full sliding F S and stick shear SC components.

Thanks to this method, an explicit stress formulation is very quickly obtained. Nevertheless, it restricts the model to an uncracked cylinder/flat configuration.

Muskelishvili's potentials [102]

Another method to estimate subsurface constraints is the use of Muskelishvili's potentials [START_REF] Muskelishvili | Some basic problems of the mathematical theory of elasticity[END_REF], where the pressure and the shear distributions are discretized using triangular overlappings (Fig. 3.4). interface 

Σ P = N i=1 Σ P ∆ (i) Σ Q = N i=1 Σ Q∆ (i) (3.4)
where N is the number of points discretizing the pressure's profile, Σ P ∆ (i) the explicit stress field generated by an elementary triangle due to pressure distribution, Σ Q∆ (i) the explicit stress field generated by an elementary triangle due to shear distribution. By summation of all stress contributions of all elementary triangles, the stress distribution below the surface can be determined. Muskelishvili's method can be applied to express the stress loading for a Hertz-Mindlin model (Fig. 3.4.a), but it can also be adopted to reproduce more complex pressure and shear stress profiles as exposed hereafter (Fig. 3

.4.b).

The loading profiles need a very high resolution : a very fine discretization of shear and pressure distributions, especially for discontinuous profiles (Fig. 3.4.b) to get representative subsurface stresses. Using Muskelishvili's potentials enables to get subsurface stress distributions from the shear and the pressure distributions estimated by an analytical Hertz-Mindlin model, or by FE calculation (semi-analytical method).

For the results presented herein, a discretization step of 5µm at the surface was used.

To synthesize, the following comparisons between McEwen's model and Muskelsihvili's discretization to calculate subsurface stresses can be highlighted :

-Both McEwen and Muskelishvili methods imply a semi-infinite hypothesis for the stress field computation. Coupled with an FEM model, Muskelishvili's discretization can take into account the finite thickness of the studied sample.

-The McEwen's method is totally analytical and provides the "exact" stress field evaluation which is very fast, whereas the Muskelishvili's method is slower and requires a relatively high level of discretization of the surface. Considering the Muskelishvili's method, the exact stress field cannot be calculated at the surface, ie. at z = 0, but it can be approximated by assuming a surface stress field for z = 10 -9 .

-The McEwen's method is limited to a Hertz-Mindlin's cylinder/plan configuration, whereas the Muskelishvili's discretization is applicable on every kind of surface loading configurations 72

© 2015 -Alix DE PANNEMAECKER -Labs. LTDS & MATEIS -Centrale Lyon
FEM analysis : contact modelling assuming that the pressure p(x) and the shear q(x) profiles are known.

FEM analysis : contact modelling

Abaqus 6.10 is used for all FEM computations. To get closer to the Mindlin's approach, a very thick specimen is considered (W (f r) = 100mm, ie. a W (f r) ≤ 10).

The fretting model is composed of a fixed specimen and a moving cylindrical pad (Fig. 3.5). The mesh is composed of triangular (CPE3) and quadrilateral (CPE4R) linear elements. 5µm CPE4R elements of are used to define the contact zone in a rectangular domain in order to provide a more accurate estimation of the contact stress fields. The contact is described by a master-slave algorithm, and the tangential loading is determined by Lagrange multipliers with a constant friction coefficient µ t which value is determined using a variable displacement test. For each cylinder/flat model, both linear normal force and cyclic alternated tangential forces are adjusted to achieve the required p max and q max interfacial loading (Fig. 3.5). The choice of quadratic (four integration points) or linear (one integration points) elements has to be discussed : the pressure and the shear distributions are extracted from the linear and quadratic FEM models, and compared to the Hertz-Mindlin's model using the following relative value (Fig. 3.6) :

• Comparison of pressure values between the FEM model with linear elements and the Hertz's pressure :

E_P L (%) = ∆p L (x) p max .100 = p F EM _L (x) -p(x) p max .100 (3.5)
Chapitre 3 -Numerical methods for stress intensity factor estimation of cracked fretting interface

• Comparison of pressure values between the FEM model with quadratic elements and the Hertz's pressure :

E_P Q (%) = ∆p Q (x) p max .100 = p F EM _Q (x) -p(x) p max .100 (3.6)
• Comparison of shear values between the FEM model with linear elements and the Mindlin's shear :

E_Q L (%) = ∆q L (x) q max .100 = q F EM _L (x) -q(x) q max .100 (3.7)
• Comparison of shear values between the FEM model with quadratic elements and the Mindlin's shear : The stress intensity factor value is extracted by computing the following integral [START_REF] Bueckner | A novel principle for the computation of stress intensity factors[END_REF] :

E_Q Q (%) = ∆q Q (x) q max .100 = q F EM _Q (x) -q(x) q max .100 (3.8)
K I = 2 π b 0 M (t)σ 11 (t)dt (3.9)
The normal stress σ 11 along the crack path at a distance t from the crack tip is first computed. The M (t) weight function, also expressed at a distance t from the crack tip, takes into account the finite thickness of the specimen, combining different constant values related to crack morphology : These approximations are useful for 0 ≤ r wf ≤ 0.5. For higher values (r wf > 0.5), the function becomes :

M (t) = t -0.5 [1 + m 1 t b + m 2 ( t b ) 2 ] ( 3 
m 1 = A 1 + B 1 r 2 wf + C 1 r 6 wf (3.11)
m 2 = A 2 + B 2 r 2 wf + C 2
M (t) = (Hs) 0.5 (1 + A 1 s + A 2 s), with s = t t + H (3.14)
This method is fast and avoids modelling the crack. Furthermore, the stress profile (σ 11 ) can be extracted from an analytical or FEM calculation. But on the other hand, the stress intensity factor's estimation is a function of the discretization level. The crack is not modelled, so that the surface load's distribution and its influence on the stress (σ 11 ) are not considered.

Contour Integral (CI)

The Contour Integral's method (CI) using the Rice's integral (J-integral) [START_REF] Rice | A path independent integral and the approximate analysis of strain concentration by notches and cracks[END_REF] is implemented in Abaqus 6.10 to estimate stress intensity factors at the crack tip. The crack tip zone is meshed as a circular domain of 5µm radius with 0.5µm quadrilateral elements, and the contact zone is meshed using 20µm triangular elements (Fig. 3.8). The J-integral is a fracture mechanics parameter that can be used in the case of linear and nonlinear material response. It is related to the energy release rate associated with crack growth and is a measure ot the deformation intensity at a crack tip. It can be related to the stress intensity factors if the material response is linear. Abaqus 6.10 provides a procedure for the J-integral evaluations based on the virtual crack extension and domain integral methods introduced by Parks [START_REF] Parks | The virtual crack extension method for nonlinear material behavior[END_REF] and Shih et al. [START_REF] Shih | Energy release rate along a three-dimensional crack front in a thermally stressed body[END_REF].

To evaluate these integrals, Abaqus defines the domain in terms of rings of elements surrounding the crack tip. Different "contours" are created. The fist contour consists of elements directly connected to the crack-tip nodes. The (n + 1) th contour is defined by adding the next ring of elements that share nodes with the elements in the previous n th contour [107].

For the extraction of mixed-mode stress intensity factors, the interaction integral defined by Shih and Asaro is used [START_REF] Shih | Elastic-Plastic Analysis of Cracks on Bimaterial Interfaces : Part I-Small Scale Yielding[END_REF]. The coordinates are taken to be the local crack tip coordinates with the x 1 axis parallel to the crack faces (see Figure 3.8).

For a plane strain mixed-mode model, the J-integral is related to stress intensity factors by the following equation :

J = (K 2 I + K 2 II )( 1 -ν 2 E ) (3.15)
Two states of the cracked body are considered : state 1 (σ

(1) ij , (1) ij , u (1) 
i ) related to the considered state, and state 2 (σ

(2) ij , (2) ij , u (2)
i ), defined as an auxiliary state corresponding to asymptotic fields for mode I or mode II. The J-integral for the sum of the two states is :

J (1+2) = Γ [ 1 2 (σ (1) ij + σ (2) ij )( (1) ij + 
(2)

ij )δ 1j -(σ (1) ij + σ (2) ij ) ∂(u (1) i + u (2) i ) ∂x 1 ]n j dΓ (3.16)
Expanding and rearranging terms gives :

J (1+2) = J (1) + J (2) + I (1,2) (3.17)
where I (1,2) is called the interaction integral for states 1 and 2 :

I (1,2) = Γ [W (1,2) δ 1j -σ (1) ij ∂u (2) i ∂x 1 -σ (2) ij ∂u (1) i ∂x 1 ]n j dΓ (3.18)
Equation (3.15) for the combined states gives after rearranging terms :

J (1+2) = J (1) + J (2) + 2(1 -ν 2 ) E (K (1) 
I K

(2)

I + K (1) II K (2) II ) (3.19) 
From (3.17) and (3.19) we have :

I (1,2) = 2(1 -ν 2 ) E (K (1) 
I K

(2)

I + K (1) II K (2) II ) (3.20)
The stress intensity factor for mode I can be extracted from equation 3.20 by choosing state 2 as the pure asymptotic fields with K 

I = 2(1 -ν 2 ) E I (1,modeI) (3.21)
The mode II stress intensity factor is extracted using a similar strategy. The contour integral (see equation 3.18) is not in an easy form for finite element calculations. Therefore the integral is rearranged into an equivalent domain form by multiplying the integrand Chapitre 3 -Numerical methods for stress intensity factor estimation of cracked fretting interface by a sufficient smooth weight function q(x) whith q(x) = 1 on an open set containing the crack tip and q(x) = 0 on an outer prescribed contour C 0 . Then for each contour Γ as shown in Figure 3.9, assuming the crack faces are straight in the region A bounded by the contour C 0 , the interaction integral may be written as : Using the divergence theorem on the closed integral contour C and taking the limit as the contour Γ is shrunk to the crack tip, the following equation for the interaction integral in domain form is obtained :

I (1,2) = C [σ (1) ij ∂u (2) i ∂x 1 + σ (2) ij ∂u (1) i ∂x 1 -W (1,2) δ 1j ]qm j dC - C + +C - [σ (1) i2 ∂u (2) i ∂x 1 + σ (2) i2 ∂u (1) i ∂x 1 ]qm 2 dC
I (1,2) = A [σ (1) ij ∂u (2) i ∂x 1 + σ (2) ij ∂u (1) i ∂x 1 -W (1,2) δ 1j ] ∂q ∂x j dA - C + +C - [σ (1) i2 ∂u (2) i ∂x 1 + σ (2) i2 ∂u (1) i ∂x 1 ]qm 2 dC (3.23)
At that stage is a first comparison between weight functions and the contour integral to calculate stress intensity factors can be made :

-The weight functions are directly applied on a stress path extracted from an uncracked model, whereas the contour integral needs the presence of a real crack so that it takes into account its presence in the considered model.

-The weight functions are faster and easier to compute than the contour integral.
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Analysis without meshing the crack : decoupled approach -The weight function can be semi-analytic when applied on a stress path extracted from an FE model whereas the contour integral can fully be implemented in an FE model.

Analysis of a 2D-cracked specimen

To justify the consistency between contour integral and weight functions, the K-factor in mode I is estimated with those two methods on a 2D-cracked specimen under tension/compression loading (through crack is perpendicular to the surface).

A critical aspect of the use of the Rice's integrals implemented in the FEM relates to mesh refinement at the crack tip, which can influence stress intensity factor estimations. To optimize this aspect, a simple normal crack inserted in a Ti-6Al-4V plain fatigue specimen is simulated and compared with established weight function result computations. A very good correlation is achieved if the mesh size at the crack tip is of the order of 0.5µm which very small compared to the crack length (Fig. 3.10). This critical mesh size will systematically be used in all the subsequent fretting cracking simulations. Note that the equivalence between the contour integral and the weight functions showed on Figure 3.10 is only valid in this particular case. As it depends on the geometry, boundary conditions and availability of weight functions.

Analysis without meshing the crack : decoupled approach

In this section the weight functions are applied on subsurface stresses so that no "real" crack is computed : decoupled approach calculations with the FE or the "analytical" cylinder (Ti-6Al-4V)/flat (Ti-6Al-4V) model described in Table 3.1 and Figure 3.1 are performed without any crack. The subsurface stress field σ 11 is first calculated at the fretting loading stage +Q * at the trailing contact border x = -a. A first analysis consists in comparing the σ 11 values for all presented models in Table 3.2. Then in a second analysis the common weight functions are applied on the previous calculated stress field to compare stress intensity factor values K Imax . interface 

Comparative analysis of the stress field σ 11

A similar fretting test condition (P = 392.5N/mm, R = 40mm, Q * = 250N/mm, µ t = 0.9) is simulated using the different methods previously exposed. The reference stress field is related to the exact M _M E formalism (see Table 3.2). An error index E % is therefore computed along the trailing edge (x = -a, z) to compare the σ 11 (z) extrapolation provided by the former expressions : Relative values shown in Figure 3.12.c show that all exposed models described in Table 3.2 are converging. The only difference is observed at the surface, ie. at z = 0. For z larger than 0.01mm, the error rapidly tends towards 0. Thus the following analysis focuses on the first point, at the surface where each method is compared to the reference, ie. the McEwen's model (M _M E).

E % (σ 11 ) = σ 11 (z) -σ 11_M _M E (z) σ 11_M _M E (z) 100 (3.24)

M_ME vs M_MUSK

Comparing the reference model to the other analytical method M _M U SK (increment size of 5µm) which consists in calculating the Hertz-Mindlin's surface loading distribution and then in applying Muskelishvili's discretization, it reveals that there is a small loss of resolution caused by Muskelishvili's discretization at the surface (the relative value is less than 5%) but then it tends very rapidly to the McEwen's computation.

M_ME vs FEM_L and FEM_Q

Concerning the FE simulation where the uncracked cylinder/flat configuration is fully computed, the choice of linear (F EM _L) or quadratic (F EM _Q) elements can now be quantified. A FEM calculation with linear elements underestimates σ 11 at the surface (ie z = 0). The error is about 15% for the FE model which uses linear elements (F EM _L), and about 8% for the one which uses quadratic elements (F EM _Q) at the first surface point compared to the McEwen's model. Further below the surface, the error becomes negligible. Quadratic elements give a more representative estimation of σ 11 near the surface.

The fact that FE simulation provides bad surface stress estimation is underlined by Heredia [START_REF] Heredia | Introduction of a "principal stress-weight function" approach to predict the crack nucleation risk under fretting fatigue using FEM modelling[END_REF] et al. They show that such error can significantly influence the crack nucleation predictions and suggest subsurface fatigue stress strategies considering the second mode below the surface [START_REF] Heredia | Introduction of a "principal stress-weight function" approach to predict the crack nucleation risk under fretting fatigue using FEM modelling[END_REF] to establish relevant crack nucleation prediction independent of the FE mesh size.

M_ME, FEM_L and FEM_Q vs FEM_L_MUSK and FEM_Q_MUSK

Applying the Muskelishvili's analytical calculation to a surface loading distribution extracted from an FEM model (F EM _L_M U SK) enables to quantify the influence of the FEM model passage by comparing the obtained stress field with the one obtained by the full associated FEM model (F EM _L). The average relative error's gap due to Muskelishvili's potentials is about 17% compared to the McEwen's model, but it decreases to 14% concerning the quadratic model for z = 0. The small loss of resolution is due to the intermediate stage of the Muskelishvili's potentials. Figure 3.13 summarises the different errors reported above where E % (0) is the error at z = 0, and E %moy (0; 0.1) the averaged error value over the first 100µm below the surface. The reference solution is the McEwen's model (M _M E), so that the error at z = 0 is expressed by :

E % (0) = σ 11 (0) -σ 11_M _M E (0) σ 11_M _M E (0) 100 (3.25)
and the average error for z = [0; 0.1] is :

E %moy (0; 0.1) = 0.1 0 σ 11 (z) -σ 11_M _M E (z) σ 11_M _M E (z) 100dz (3.26)
This analysis confirms that the FE simulation with the related Muskelishvili's coupling approach leads to significant surface (z = 0) underestimation of the surface maximum ("hot-spot") stress field. This can drastically influence a fatigue crack nucleation analysis based on the hotspot stress value. interface Figure 3.13 -Stress analysis : relative errors (%) with the reference M _M E However considering a non local critical distance or volume stress averaging strategies, which imply subsurface stress field computations, the effect of the surface stress estimation error can be reduced. Figure 3.13 shows that by considering the averaged stress error index computed over the first 100µm in depth, the error decreases below 2%. This convergence of subsurface stress fields allows relevant non local fatigue crack nucleation analysis but also stress intensity factor computations using a weight function along a virtual crack path integration (see equation 3.9). This aspect will be clarified in the following section.

Comparative analysis of stress intensity factors K Imax

The weight functions are now applied to the models exposed in the previous section. This part focuses on the error estimation of K Imax (see Table 3.2) depending on the numerical computation stress field used. The reference is still the McEwen's model (M _M E).

The relative error is given by :

E % (K Imax ) = K Imax (b p ) -K Imax_M _M E (b p ) K Imax_M _M E (b p ) * 100 (3.27)
The average relative error :

E %moy (b pmin ; b pmax ) = bpmax b pmin K Imax (b p ) -K Imax_M _M E (b p ) K Imax_M _M E (b p ) * 100db p (3.28)
And finally the relative error related to the maximal values of K Imax :

E % (max(K Imax )) = max(K Imax ) -max(K Imax_M _M E ) max(K Imax_M _M E ) * 100 (3.29)
where max(K Imax ) is the maximum value of K Imax values taken between b p = 30µm and b p = 600µm. The results of this analysis shown in Figure 3.14.a reveal that the maximal value of K Imax and its position are the same for all models : about 5M P a √ m at b p = 75µm. Furthermore, all the errors presented are less than 5%. The errors in the stress distribution at the surface reported in the previous paragraph have no consequences on K Imax : the first calculated point on the K Imax curve corresponds to a crack far enough from the surface (b p = 30µm) which is not influenced by the stress error at the surface. Thus, the other errors of K Imax do not exceed 1.5% (Fig. 3.15) with an FE model with linear elements (F EM _L_W F ), so that the use of linear elements in an FE model is fully justified. In the following analysis, only linear elements interface will be considered to reduce the computation time for FE models. Finally, when considering the errors on the K Imax , it can be concluded that all the methods presented in this paragraph are equivalent to estimate stress intensity factor values of a propagating crack below the surface using a decoupled weight function strategy.

Full crack meshing strategy : coupled approach

In this paragraph, a coupled approach is considered : stress intensity factor are calculated by the contour integral's method of a complete FE model of fretting contact including a crack. The subsurface stress and stress intensity factor values are analysed in the same way as for the decoupled approach, by implementing a crack at the trailing contact border x = -a in the FE cylinder/flat model described in Table 3.1.

Figure 3.16 describes the full coupled methodology. The materials, geometry, loading and boundary conditions are the input parameters of a Python-Matlab code which generates a Python script implemented in the FE Abaqus software. The crack is directly introduced and meshed by matlab in the fretting model. Abaqus enables the extraction of the stress fields and by using the contour integrals, stress intensity factors are calculated at the crack tip.

The new cases exposed hereafter are listed in Table 3.3.

Linear cracked FEM model to get p(x) and q(x), F EM C_L_M U SK_(W F ) Muskelishvili's potentials, (Weight Functions) Linear cracked FEM model, F EM C_L_(CI) (Contour Integral, to get K Imax ) Table 3

.3 -Studied configurations : models and abbreviations

The influence of the crack presence on the load distribution is shown on Figure 3.17. The uncracked model is related to a perfect Hertzian profile (Fig. 3.17.a), as the presence of a crack is not considered for the contact stress analysis. In contrast, the cylinder/flat cracked model shows a pressure peak and shear discontinuities at the contact border, ie. at x = -a (Fig. 3.17.b). The presence of the crack induces a modification of the pressure p(x) and of the q(x) shear profiles which can influence the stress intensity factor value at the crack tip, increasing the K Imax value in the region near the surface. The interaction between contact loads and the pressure of the crack can not be captured using the decoupled weight function approach. However, when the crack gets longer, the crack tip moves away from the surface, and the effect of these very local pressure and shear discontinuities decreases. Similar conclusions are made by Giner et al. [START_REF] Giner | Numerical modelling of crack-contact interaction in 2D incomplete fretting contacts using X-fem[END_REF]. 

Comparative analysis of the stress field σ 11

Thanks to Muskelishvili's method (F EM C_L_M U SK), the influence of the discontinuity associated to the crack's presence can be analysed on the stress field along z. As the Muskelishvili's discretization can be applied on any pressure and shear distributions to compute subsurface stress fields, this method can be applied on the surface loading distribution extracted from a FE cracked model (F EM C_L). Fictitious subsurface stresses along the crack path are then obtained (F EM C_L_M U SK) and are compared to a real subsurface stress field obtained by the equivalent method performed on an FEM model uncracked model (F EM _L_M U SK). The following approach is adopted :

• Several FE cylinder/flat models are first computed : an uncracked one, with b p = 0µm (F EM _L), and three others displaying an implemented crack, ie. b p = 30µm, b p = 200µm and b p = 500µm (F EM C_L).

• The surface loading distributions (p(x) and q(x)) are then extracted for each studied coupled FE model (including a "physical" crack in the plane). Muskelishvili's method is applied on each distribution : F EM C_L_M U SK for b p = 30µm, b p = 200µm and b p = 500µm, and F EM _L_M U SK for b = 0µm.

• Comparisons of σ 11 profiles along the z axis are carried out at the trailing border (x = -a).

As the previous section shows that the methods to get K Imax are equivalent, the reference's model may be changed. So, the reference is no longer the McEwen's model M _M E but the Muskelishvili's discretization applied on an FE cylinder/flat model F EM _L_M U SK (b p = 0µm, ie. without "physical crack"). The relative value's expression becomes :

E % (σ 11 ) = σ 11 (z) -σ 11_F EM _L_M U SK (z) σ 11_F EM _L_M U SK (z) 100 (3.30)
Figure 3.18 compares the stress profiles obtained for the two studied semi-finite methods in this section, ie. F EM _L_M U SK and F EM C_L_M U SK which is computed for different crack lengths. It reveals that the stress is higher at the surface (z = 0, Fig 3 .18.a) when a "physical" crack is considered in the FE model. This effect is directly related to the shear's and pressure's discontinuity and creates a local tensile stress peak. Moreover, the stress at the surface increases when the crack gets longer (Fig. 3.18.a.). Nevertheless, the stress quickly decreases because this effect is local and immediately below the surface, the mechanical loads σ 11 are controlled by the macroscopic load (Hertz-Mindlin's distribution). That is why, for z values larger than 30µm (z/a = 0.05), all curves tend towards the reference (F EM _L_M U SK).

This effect induced by the crack presence in the interface can be related to the one induced by a surface asperity. Local roughness can induce significant peak pressure discontinuities which result in local stress peaks. However, the region of influence domain of such peaks is small, of the order of the asperity lateral width and the in depth stress field remains controlled by the global contact geometry and macroscopic loading. This indirectly justifies the smooth surface hypothesis used for the simulations although a small but non zero surface roughness exists on the real experimental surfaces. 

Comparative analysis of stress intensity factors K Imax

Stress intensity factors obtained by the coupled and decoupled methods are now compared. The weight function method (WF) is applied to the models F EM _L_M U SK and F EM C_L_M U SK, and the contour integral (CI) to F EM C_L, to obtain the evolution of computed K Imax values along the z axis at the trailing contact border (x = -a). For the curve F EM C_L_M U SK_W F , each point is obtained by applying the weight function to the corresponding stress distribution. For example, to get K Imax at 30µm, the Muskelishvili's potentials use the pressure's and shear's distributions for the FE 30µm-cracked model. The obtained stress (F EM C_L_M U SK : b = 30µm) give the K Imax after application of the weight function.

This part focuses on the error estimation of K Imax (see Tables 3.2 and 3.3) depending on the numerical computation stress field used. The reference is now the cracked FE model coupled with the Muskelishvili's potentials and weight function (F EM C_L_M U SK_W F ).

The relative error is given by :

E % (K Imax ) = K Imax (b p ) -K Imax_F EM C_L_M U SK_W F (b p ) K Imax_F EM C_L_M U SK_W F (b p ) * 100 (3.31)
The average relative error :

E %moy (b pmin ; b pmax ) = bpmax b pmin K Imax (b p ) -K Imax_F EM C_L_M U SK_W F (b p ) K Imax_F EM C_L_M U SK_W F (b p ) * 100db p (3.32)
The relative error related to the maximal values of K Imax :

E % (max(K Imax )) = max(K Imax ) -max(K Imax_F EM C_L_M U SK_W F ) max(K Imax_F EM C_L_M U SK_W F ) * 100 (3.33)
FEMC_L_MUSK_WF vs FEM_L_MUSK_WF Figure 3.19.a allows to evaluate how the crack presence in the plane affects the K Imax estimation by comparing both F EM _L_M U SK_W F and F EM C_L_M U SK_W F computations (ie. by using a similar Weight Function strategy to compute the stress intensity factor value, only the surface stress field variations are considered). It confirms that the "physical" presence of a crack tends to increase the K Imax values at least until a threshold crack depth of the order of b pth /a ≈ 0.3. However even in the first domain b < b pth , the relative error between methods taking into account or not the "physical" crack presence (ie. the pressure peak) is relatively small. The maximum relative error is less than 7% (see Figure 3.20).

FEMC_L_CI vs FEM_L_MUSK_WF

In Figure 3.19.b, the "physical" crack presence is systematically considered but the stress intensity factor estimation is obtained either considering the coupled Contour Integral (CI) or using the Weight Function (W F ) applying Muskelishvili's stress field estimations from the modified p(x) and q(x) profiles (ie. extracted from FE simulations involving the "physical" crack presence in the plane). All the computations are superimposed leading to a relative error less than 1.5% (see Figure 3.20). This suggests that the decoupled approach (M U SK_W F provides very good estimations of K Imax provided that the p(x) and q(x) profiles used in the Muskelishvili's interface stress field analysis are correctly defined (ie. taking into account the presence of the pressure and shear discontinuities). It can be concluded that the full coupled method (CI) is the one which provides the best estimation of stress intensity factor values. However the more simple and faster decoupled methods still provide very good estimation, particularly if long crack length (b p > b pth ) are investigated. 

Synthesis

Thanks to the previous analysis, the mode I stress intensity factor can now be determined for the studied cylinder (Ti-6Al-4V)/flat (Ti-6Al-4V) configuration. The experimental crack arrest is determined for b p = 40µm (Fig. 3.1). The fast decoupled approach (F EM _L_W F ) gives a K Imax value of the order of 4.50M P a √ m, and the coupled approach (F EM _L_CI) 4.9M P a √ m. As the crack arrest is still in the zone influenced by the shear and pressure peak, the second value obtained for K Imax seems to be more relevant (Fig. 3.21). Note that as the stress intensity factor is computed for a fretting crack arrest condition, the obtained value can be associated to a fretting threshold condition, so that K Imax (b p,CA /a) = K th(f r) (b p,CA /a). -For a semi-infinite model, the analytical model is faster than an FEM approach and gives conservative results in terms of K Imax at the tip of longer cracks.

-For a cracked body with finite dimensions, the use of a decoupled approach is faster than the coupled one and gives conservative results for long cracks.

-For shorter cracks and for a better approximation, the coupled approach is more relevant even if it is a slightly more complicated to implement. The analysis may be restricted to linear elements, which allows to limit the computation time.

Chapitre 4

The fretting crack arrest under plain fretting condition : correlation with threshold stress intensity factor range of long cracks In chapter 3 two different approaches to calculate stress intensity factors for fretting configurations are introduced :

• the coupled approach consisting in computing a cracked FE cylinder/plane model, using contour integrals threshold stress intensity factor range of long cracks • the decoupled approach, consisting in computing an uncracked FE cylinder/plane model, extracting the stress field along the crack path, and applying the weight functions.

This chapter goes deeper in the comparison of those two methods, implying mixed mode analysis and the influence of plasticity, which are believed to be more representative of real plain fretting experimental configurations, in order to reliably compare fretting stress intensity factor threshold range ∆K th(f r) to the fatigue long crack crack stress intensity factor threshold range ∆K 0 .

Friction analysis

In order to compute stress intensity factor values related to fretting, it is necessary to determine the friction coefficient operating in the sliding zones of partial slip contacts. Variable displacement amplitude tests, as described in [START_REF] Fouvry | Development of a fretting-fatigue mapping concept : The effect of material properties and surface treatments[END_REF], are first performed to measure the friction coefficient characterizing the cylinder/plane interface occurring at the sliding transition assuming that such a friction value is representative of the friction coefficient of partial slip interfaces (µ P S = µ t ). Besides the µ t values determinate the calculation of the maximum shear q max which is controlling the fretting stresses. To perform variable displacement tests, for a constant normal force, the displacement δ is progressively increased in 5µm steps from a small value where the partial slip regime occurs (Q * < µP ), until reaching a stabilized condition (Q * = µP ) corresponding to the gross slip regime.

At the beginning of the variable displacement test, very small displacements are imposed leading to very closed fretting cycles. By increasing the displacement, the transition appears until largely open fretting cycles are obtained. By plotting the Q * /P ratio as a function of the number of cycles N , it appears that a maximum value is reached at the transition, where Q * = µ t P , and then a "plateau" corresponding to the gross slip regime, where Q * = µ GS P (Fig. 4.2), is obtained.

For each studied configuration, the variable displacement amplitude tests are repeated 3 times ; the mean values later used in the calculations are compiled in Appendix A. 

Semi quantitative analysis of plain fretting crack nucleation and propagation

Fretting crack path description

Fretting cracks are initiated at the contact border and propagate within the plane under the contact surface. Figure 4.3 shows a typical crack arrest path observed for a plain fretting Ti-6Al-4V(cylinder)/7075-T6 (plane) contact (Test 11, Appendix A). The crack first propagates making an angle with respect to the normal of the surface θ 1 = 23 • , with a length L 1 = 38µm. Farther below the surface, the crack bifurcates and makes an angle around θ 2 = 20 • (L 2 = 138µm segment). It then becomes normal to the surface (θ 3 = 0 • ) for another 87µm (L 3 segment) before stopping. This crack path depends on the studied material and on the loading conditions. This description with three angles and three segments (θ 1 , L 1 ) (θ 2 , L 2 ) (θ 3 , L 3 ) will be used for all the experiments ; the corresponding (θ 1 , L 1 ) (θ 2 , L 2 ) (θ 3 , L 3 ) values measured are compiled in Appendix A. However, to provide a global and simplified overview of the experiments, comparison is based on the "b p " projected crack length along the normal to the surface. The crack arrest condition is defined by the "b p,CA " crack length. For Test 11, as illustrated in Figure 4.3, it is found that b p,CA = 217µm ± 5µm. threshold stress intensity factor range of long cracks 

Plain fretting crack arrest

The curve showing the evolution of the crack length as a function of the number of fretting cycles N is identified as to achieve an asymptotic behaviour related to the crack arrest condition. The normal P and tangential Q * loadings are kept constant during such tests and are adjusted to guarantee fretting cracking for elastic configurations. Using these results, the fretting crack nucleation shear frontier can be determined by keeping the maximum pressure p max constant and by decreasing the shear stress q max . Figure 4.4.b shows the evolution of the normalized maximum projected crack arrest length versus the tangential shear for the 35NCD16 and AISI1034 steels, the 2024-T351 and the 7075-T6 aluminium alloys. A normalised value of crack length b p,CA(n) is used in order to take into account the contact size effect on the subsurface stress field extension, and therefore on the crack extension :

b p,CA(n) = b p,CA /a (4.1)
where b p,CA is the projected crack length at a crack arrest conditions and a the half contact length of a hertzian cylinder/plane fretting configuration. Linear evolution can be observed on Figure 4.4.b, allowing extrapolation of the crack nucleation threshold from the X axis intersection. The slope of the curve, defining the crack extension with the applied tangential shear, can also be extracted. It can be assumed that the larger the fatigue limit the larger the Q * CN threshold value, and the larger the material stress intensity factor ∆K 0 the lower the slope of the curve. However, while this "b p,CA -Q * CN " chart is useful for qualitative comparison between materials, assuming constant elastic properties and similar contact geometry, it cannot be implemented in the present analysis, as different cylinder radii and very different materials are tested. To achieve a more representative analysis, one solution is to compare the maximum interfacial surface shear stress (q max ) operating at the stick zone boundary (ie. x = -c) of the fretting interface. Analytical descriptions of cylinder/plane partial slip fretting contacts show that the maximum cyclic tensile stress at the contact border is twice the maximum interfacial shear operating within the interface [START_REF] Fouvry | From uni-to multi-axial fretting-fatigue crack nucleation : Development of a stress-gradient-dependent critical distance approach[END_REF]. Note that at the trailing contact border, the stress field is biaxial (ie. uni-axial assuming a plane strain hypothesis) [START_REF] Fouvry | From uni-to multi-axial fretting-fatigue crack nucleation : Development of a stress-gradient-dependent critical distance approach[END_REF].

σ 11max = 2q max (4.2)
This correlation is satisfied whatever the cylinder radius and p max pressure condition. Assuming a local uni-axial stress "hot-spot" fatigue description, the maximum shear threshold inducing the crack nucleation can be expressed by :

q max = 1 2 σ d (4.3)
The "b p,CA(n) -q max " representation provides a clearer comparison between materials. The crack nucleation condition is formalized by estimating the q max,CN shear threshold from the X axis intersection (b p,CA(n) = 0), and the crack arrest behaviour by measuring the slope of the curve, "H qmax ". The larger the material fatigue limit the larger the q max,CN value, whereas the larger the ∆K 0 stress intensity factor, the smaller the H qmax parameter. threshold stress intensity factor range of long cracks To validate such a basic material comparison, the fatigue limits are compared versus the obtained q max,CN parameter in shows a linear increase with significant scatter. The 7075-T6 alloy displays the lowest fatigue limit, but its q max,CN value is larger than for the 2024-T351 alloy, and the slope of the curve, around 0.8, is relatively high compared to the expected value of 0.5 (Eq. 4.3). This result confirms that, due to the severe contact stress gradients, local fatigue stress analysis over-estimates the crack nucleation risk. A non-local approach, based for instance on an averaged stress state [START_REF] Fouvry | A multiaxial fatigue analysis of fretting contact taking into account the size effect[END_REF], would be preferable for predicting crack nucleation risk. This aspect extensively investigated in previous research [START_REF] Fouvry | From uni-to multi-axial fretting-fatigue crack nucleation : Development of a stress-gradient-dependent critical distance approach[END_REF] will not be developed here. Focusing on crack propagation it can be concluded from Figure 4.4.b value displays a monotonic increase with the 1/H qmax ratio. However, the variable is still a "macro" contact parameter unable to describe the crack arrest process precisely. To be more quantitative, this fretting crack arrest analysis requires stress intensity factor crack computations, as shown in the next chapters.

Elastic plain fretting configurations : full coupled approach

All the FEM models (Abaqus 6.10) presented in this research work are automatically generated by a code developed in the LTDS laboratory (automatic remeshing of the crack tip coupled with Matlab).

For each plain fretting test configuration described in Appendix A, equivalent 2D-plane strain FEM models are constructed to simulate the studied plain fretting tests. FE contact conditions are described in chapter 3 with a plane geometry corresponding to real plain fretting configuration (W (f r) ≈ 15mm, see Figure 3.5.a). When the elastic condition is satisfied (i.e., test conditions 1 to 31, Appendix A), the stress analysis and related stress intensity factor computation are applied after a single tangential loading cycle (Fig. 3.5.b).

Choice of the crack path

For the crack propagation model, a normal crack path description (Fig. 4.6.a) is usually considered in the literature, as the stress intensity factor is based only on a mode I description. But, according to our results, the initial short crack is inclined with respect to the surface leading to a kinked crack (Fig. 4.6.b) as shown in figure 4.3. This part compares the contribution of mode I (K Imax ) and mode II (∆K II ) for two different crack paths : normal and kinked. This crack description is based on an experimental investigation by considering a cylinder (Ti-6Al-4V)/flat (aluminium alloy) configurations, ie. p max = 300M P a, q max = 190M P a, r = 80mm. For both configurations, the crack is meshed at the contact border (x = -a) and the friction coefficient operating between the crack lips is considered, as a first approximation, as equivalent to the friction value at the partial slip transition (i.e., µ crack = µ t = 0.9). Stress intensity factors are calculated using the Contour Integral method. ) which results in a larger shear mode II contribution than in the normal description, generating shear values more representative of the reality. It can be concluded that a kinked crack description is much more relevant than the normal approximation to address the shear mode II contribution, which is predominant for the shortest cracks. For this reason a kinked crack path description will be adopted for elastic configurations in this section.

Friction value operating in the crack lips

According to Figure 4.7.b which shows the mode II contribution of the kinked crack description, for very short cracks, due to the compressive state imposed during the unloading stage, the ∆K II value is highly affected by the value of the friction coefficient µ crack operating within the crack lips. To investigate this aspect, a parametric analysis of ∆K II evolution in a kinked crack is performed for various values of the friction coefficient between the crack faces µ crack between 0 and 1 (Fig. 4.8). This figure reveals that, for very short cracks (b p /a < 0.05), the mode II contribution has to be taken into account as it has non-negligible values compared to K Imax . For longer cracks (µ crack > 0.4), on the other hand, mode II has a very small effect.

As expected, the ∆K II contribution is significant for the initial short crack but sharply decreases towards zero for b p /a ≈ 0.2 (domain A on Figure 4.8). In domain B (b p /a > 0.2), the ∆K II contribution shows an asymptotic increase which appears highly dependent on the friction value.

A no-friction condition (µ crack = 0) leads to significantly larger ∆K II values in both domains A and B. The ∆K II evolution for larger µ crack values then depends on the crack length. In the first domain A, it is surprising to see that all the curves are superimposed whatever the µ crack value when µ crack > 0.2. This leads to the important conclusion that in this domain, even if the friction value operating within the crack lips is not perfectly known, the ∆K II estimation error will remain small.

For a larger crack b p /a > 0.2 (domain B), a single master curve is observed where ∆K II < 0.5M P a.m 0.5 when µ crack ≥ 0.4. The ∆K II values obtained for µ crack = 0.2 are between the former lower bound and the higher bound related to the no friction condition.

Therefore, it can be concluded that, assuming µ crack ≥ 0.4, all ∆K II values are aligned along a single master curve (A&B) and the ∆K II contribution is significant (∆K II ≥ 0.5M P a.m 0.5 ) only for the shortest crack domain (b p < 0.05). The µ crack value has to be estimated to be then implemented in the cracked FE model. Therefore the following experimental procedure fully described in [START_REF] De Pannemaecker | Introduction of a reverse simulation approach to identify the fatigue stress intensity factor crack arrest threshold from fretting cracking experiments[END_REF] is adopted : for example by considering the 7050-T7451 aluminium alloy, first the pressure profile operating along the crack path related to the longest crack arrest condition in simple fretting of the 7050-T7451 aluminium alloy is computed for the unloading compressive condition (Q = -Q * ). From this analysis, a mean pressure value P m = 234M P a can be extracted, representative of the maximum compression state generated in the crack lips during the fretting loading (Fig. 4.9.a).

To determine the corresponding friction values, a variable displacement analysis, equivalent to threshold stress intensity factor range of long cracks the fretting friction analysis, is performed. It consists in plotting the evolution of the tangential force ratio f = Q * /P as a function of the applied displacement, using homogeneous 7050-T7451/7050-T7451 flat/flat 4mm x 4mm square contact, applying a constant 234M P a mean contact pressure (Fig. 4.9.b). The tangential force ratio increases up to the transition between the partial and gross slip regimes, and then stabilizes for large sliding amplitudes in the gross slip region. A constant gross slip friction value can be assumed : µ GS = µ crack = 0.78 and will be considered in the following to describe the friction crack lip behaviour for 7050-T7451 configurations.

This value being larger than 0.4 the ∆K II contribution is found significant (≥ 0.5M P a.m 0.5 ) only for the very short cracks (b p /a < 0.05). An error in µ crack estimation is not significant for the ∆K II value, as a single master curve is observed when µ crack ≥ 0.4 (Fig. 4.8).

Note that, for such very high friction values, the mode II contribution is systematically cancelled as soon as the crack lips closed. In these conditions, a mode I analysis is sufficient for fretting "long" cracks.

Stress intensity factor computation for plain elastic fretting experiments

This section focusses on plain fretting experiments (ie. Tests 1 to 31, Appendix A) for the 35NCD16, AISI 1034, 7075-T6 and 2024-T351 materials in elastic configurations. A kinked crack path description is considered to fully describe the short crack arrest process.

The extreme stress intensity factors K max and K min values are computed at the trailing contact border (x = -a), respectively at the loading (+Q * ) and unloading (-Q * ) stage of the stabilised fretting cycle (i.e., N = 1 for elastic configurations). A coupled Abaqus-Python-Matlab code is used to model simultaneously the cylinder/plane partial slip fretting contact including the presence of the crack at the trailing contact border (i.e., x = -a). The friction coefficient occurring within the crack lips µ crack = 1 is also implemented. The extreme stress intensity factor values imposed at the crack tip are extracted from the Rice Integrals [START_REF] Rice | A path independent integral and the approximate analysis of strain concentration by notches and cracks[END_REF]. The complete FEM remeshing strategy is detailed in chapter 3.

Numerical stress intensity factor values are estimated from the contour integral analysis leading to the so called K I,max(CI) , K I,min(CI) , K II,max(CI) , K II,min(CI) calculations. Note that the contour integral analysis like other numerical weight function strategy [START_REF] De Pannemaecker | Reverse identification of short-long crack threshold fatigue stress intensity factors from plain fretting crack arrest analysis[END_REF] can establish a negative K I,min(CI) value which has no physical validity. Indeed, the minimum K I value is K I,min = 0 as the crack lips are closed under compressive stresses and the material response is theoretically equivalent to an uncracked bulk. Nevertheless the present analysis requires an appropriate stress ratio description, which is difficult under fretting condition due to the variation of the local stress ratio profile below the surface. A first strategy would consider the stress ratio level established at the hot spot contact border like previously defined to calibrate our experimental analysis. However, the surface contact border stress state is not representative of the averaged stress level driving the crack propagation. Note that this challenge is extensively investigated by Vallellano et al. in [31,[START_REF] Vallellano | On the estimation of fatigue failure under fretting conditions using notch methodologies[END_REF]. The authors conclude that the most relevant strategy is to consider an equivalent subsurface stress including the stress gradient effect from the surface hot spot to the crack tip so that [START_REF] Vallellano | Influence of R ratio and stick zone eccentricity on the prediction of the fretting fatigue limit with spherical contact[END_REF][START_REF] Vallellano | On the estimation of fatigue failure under fretting conditions using notch methodologies[END_REF] :

R eq (b) = σ eq,min (b) σ eq,max (b) (4.4)
Moreover the authors show that the equivalent stress ratio can be deduced from the numerical mode I stress intensity factor value according that :

σ eq (b) = K(b) √ πb (4.5)
with K(b) = K (CI) (b), which implies in the present analysis :

R eq (b) = K eq,min(CI) (b) K eq,max(CI) (b) (4.6)
Note that such equivalent stress ratio includes the definition of the stress ratio for C(T) fatigue crack growth propagation experiments according that :

R C(T ) (b) = σ min σ max = K min K max = R eq (4.7)
So in the following, all results will be compiled versus the co called R eq stress ratio.

In the following this definition of the equivalent stress ratio will be considered. Regarding this assumption, the stress intensity factor variables used to quantify the crack arrest behaviour related to a crack length b are defined as follow :

K I,max = K I,max(CI) = K max K I,min = K I,min(CI) = K min if R eq > 0 else K I,min = K min = 0 (4.

8) threshold stress intensity factor range of long cracks

An interesting aspect of the coupled FEM crack description is the possibility of considering the interaction between the surface stress field and the pressure of the crack within the contact interface. As previously underlined in chapter 3 and [START_REF] Giner | Numerical modelling of crack-contact interaction in 2D incomplete fretting contacts using X-fem[END_REF], the contact generates a contact pressure and shear discontinuity which, like a surface asperity, can modify the subsurface stress field and consequently could modify the stress intensity factor (Fig. 3.17). Previous investigations show that this effect is particularly significant for very small crack dimensions but could be neglected when the crack extends deeper below the surface, due to the distance between the surface crack discontinuity and the crack tip. Like any local surface defect, such stress discontinuity can be significant in intensity but is restricted to the top surface domain due its limited lateral dimension. The deeper stress fields, controlling the longer crack extension, are still mainly monitored by the global fretting contact loading.

Elasto-plastic plain fretting configurations : decoupled approach 4.4.1 Contact modelling

If plasticity needs to be considered (i.e., AISI 1034 tests 32 and 33), the accumulated plastic strain deformation induced significant contact area extension (i.e., increased half-contact radius), flattening and decrease of both pressure and shear distributions, and compressive residual stresses. Assuming an isotropic-kinematic hardening law for the AISI 1034 steel, a stabilised elastic shakedown state is observed after a few numerical fretting cycles on an uncracked FEM cylinder/plane model (Fig. 4.11) [START_REF] Ambrico | The role of macroscopic plastic deformation in fretting fatigue life predictions[END_REF][START_REF] Gandiolle | Experimental analysis and modeling of the crack arrest condition under severe plastic fretting fatigue conditions[END_REF] (see Figure 4.10). By fitting the incremental evolution of plastic strain (logarithmic fit) and setting a 10 -4 strain threshold, Figure 4.11 shows that an elastic shakedown state can be considered after 40 numerical fretting cycles. Hence, for elasto-plastic contacts, the stress path considered for the stress intensity factor computation is based on the 40 th stabilised numerical fretting cycle (N = 40). In fact, such an evolution mainly depends on the chosen hardening law and the plastic range over which it is identified. The combined isotropic-kinematic description of the AISI 1034 alloy is shown to be consistent with the fretting stress-strain condition. A posteriori analysis, focusing on the initial contact border position, shows that the maximum accumulated plastic strain is around 2.5% for the maximum crack length condition (Test 32, Appendix A), which is in good agreement with the plastic strain range used to determine the material law.

Stress intensity factor computation for plain elasto-plastic fretting experiments

For such configurations (Tests 32 and 33, Appendix A), the coupled approach is no longer possible, due to stress and strain field transfer limitations, and a decoupled Bueckner strategy [START_REF] Bueckner | A novel principle for the computation of stress intensity factors[END_REF] is applied as previously described in chapter 3 after accommodation.

The strategy consists in computing the elastic shakedown stress state after 40 fretting cycles of an uncracked interface combined with a weight function method to extrapolate the maximum stress intensity factor K Imax value related to an equivalent virtual crack path. This investigation is developed for a straight crack path along the z axis localised at the trailing contact border (x = -a) (Fig. 3.7).

The stress intensity factor value is extracted by computing the common weight functions which take into account of the finite thickness of the specimen [START_REF] Bueckner | A novel principle for the computation of stress intensity factors[END_REF]. Then the normal stress σ 11 along the crack path is extracted from the 40 th stabilised uncracked FEM fretting contact model.

The maximum tensile state inducing the maximum stress intensity factor value is achieved at loading sequence Q = +Q * . Because this analysis considers the elastic shakedown situation, the elastic hypotheses of the model are satisfied despite the severe plastic deformations introduced during the transient plastic stress-strain response [START_REF] Gandiolle | Experimental analysis and modeling of the crack arrest condition under severe plastic fretting fatigue conditions[END_REF]. The fretting elastic shakedown is related threshold stress intensity factor range of long cracks to a combined contact geometry accommodation taking into account residual stresses and a material hardening process.

The decoupled strategy is fast and can be transposed to any elasto-plastic contact when the elastic shakedown condition is reached. However, the chosen formulation cannot be applied to a kinked crack path or to the mutual interaction between crack surface and pressure and shear surface stress. These two limitations will be examined in the following section. To quantify the difference between the coupled and decoupled strategies, the evolution of the computed K Imax value is compared to the projected crack length achieved for a given test condition. Thus, in Test 32, the coupled elastic model, including the complete (θ 1 , L 1 ), (θ 2 , L 2 ) and (θ 3 , L 3 ) segment description and a µ crack = 1 friction value, is first applied, which is in agreement with the results found by Proudhon and Basseville [START_REF] Proudhon | Finite element analysis of fretting crack propagation[END_REF], leading to the K Imax (E, C, K) approximation. A similar stress intensity factor computation is then performed, but for a straight crack path (i.e., K Imax (E, C, S)). An equivalent decoupled straight crack path analysis is then performed, still with an elastic hypothesis (i.e., K Imax (E, DC, S)). Finally the same decoupled straight crack path analysis is computed, but for an elasto-platic response of the AISI 1034 alloy and establishing the stress intensity factor value from the stabilised 40 th numerical fretting cycle (i.e., K Imax (EP, DC, S)). The main conclusion regarding the elastic computations is that, below a threshold crack Both K Imax (E, C, S) and K Imax (E, DC, S) displays similar evolution, with a difference smaller than 5%. As previously mentioned, coupled computations provides slightly larger stress intensity factors, due the crack interaction on pressure and shear surface profiles, but the difference is negligible when b p /a > 0.45. For deeper crack extension (i.e., b p /a > 0.45), the kinked crack description provides smaller stress intensity factors than the straight crack assumption : due to the slant crack propagation towards the inner part of the contact, the crack tip is more and more affected by the compressive stress state imposed by the Hertzian subsurface stress field, reducing the K Imax estimation.

Comparison between coupled and decoupled stress intensity factor computations

In contrast, the straight crack assumption, by maintaining the crack tip in the external part of the interface, reduce the compressive Hertzian effect, leading to higher stress intensity factor values. Note, however, that this difference has to be taken with caution : the analysis extends the slant orientation far below the experimental crack arrest length. It can be assumed that, on reaching the inner compressive Hertzian zone, the crack will finally bifurcate to the normal direction, reducing the scatter on the straight crack assumption.

To conclude, for small and medium crack length extensions (b p /a < 0.45), under most of the fretting crack arrest conditions, the simple decoupled straight crack model (K Imax (E, DC, S)) provides very relevant stress intensity factor estimation. A major question now concerns the effect of plasticity. The straight crack decoupled strategy is now applied, assuming an elastoplastic material response for the 40 th fretting stabilised stress path. The difference between the K Imax (EP, DC, S) estimation and the previous elastic computation K Imax (E, DC, S) is very large. Plasticity greatly modifies the contact geometry, reducing the pressure and shear stress profiles, but also introduces significant compressive residual stresses reducing the maximum stress intensity factor values. Although the kinked crack path description and crack-surface stress interactions have only a minor influence on stress intensity factor estimations, the influence of plasticity needs to be considered. To compute Tests 32 and 33 where plasticity is predominant, an elasto-plastic decoupled strategy on a straight crack path description is applied to calculate stress intensity factors.

Results and discussion

This section focusses on plain fretting experiments (Tests 1 to 33, Appendix A) for the 35NCD16, AISI 1034, 7075-T6 and 2024-T351 materials.

Kitagawa-Takahashi (K-T) evolutions

Figure 4.14 shows the evolution of the threshold K Imax,th related to the corresponding b p,CA crack arrest length, for each material. All the elastic test conditions (i.e., Tests 1 to 31) are computed using the coupled kinked crack description, with µ crack = 1 (i.e. K Imax = K Imax (E, C, K)), whereas tests 32 and 33 (plastic conditions) are computed using the elastoplastic decoupled straight crack strategy (i.e., K Imax = K Imax (EP, DC, S)). Asymptotic evolution are observed, with a sharp increase in K Imax,th for the short crack domain followed by a flat evolution corresponding to the long crack domain. These evolutions are consistent with the short crack arrest description given by the Kitagawa-Takahashi (K-T) formalism previously investigated by Araujo et al. [START_REF] Araújo | Analysis of pad size effects in fretting fatigue using short crack arrest methodologies[END_REF] : short crack regime :

∆K th(K-T ) = ∆K 0 b b 0 for b p,CA < b 0 (4.9) long crack regime : ∆K th(K-T ) = ∆K 0 for b p,CA > b 0 (4.10)
where b 0 is estimated by :

b 0 = 1 π ( ∆K 0 1.12σ d ) 2 (4.11)
The theoretical K-T approximation needs the fatigue limit (σ d ) and the long crack threshold value (∆K 0 ) to estimate the b 0 long crack transition. For the studied materials, the following data are selected from the literature to consider fatigue limits and ∆K 0 values for negative (R eq = -1) stress ratio conditions (Table 2.3) : 35NCD16 (σ d (-1) = 575M P a [START_REF] Galtier | Contribution à l'étude de l'endommagement des aciers sous sollicitations uni ou multi-axiales[END_REF] ; ∆K 0 (-1) = 3.2M P a √ m [START_REF] Henaff | Etude de la tolérance aux dommages en fatigue vibratoire d'un acier type 30 ncd 16[END_REF]), AISI 1034 (σ d (-1) = 270M P a [START_REF] Gros | Etude de l'amorçage et de la propagation des fissures de fatigue dans les essieuxaxes ferroviaires[END_REF] ; ∆K 0 (-1) = 7M P a √ m [START_REF] Gros | Etude de l'amorçage et de la propagation des fissures de fatigue dans les essieuxaxes ferroviaires[END_REF]), 7075-T6 (σ d (-1) = 150M P a [START_REF] Newman | Small-crack effects in high-strength aluminium alloy[END_REF] ; ∆K 0 (-1) = 3.9M P a √ m [START_REF] Newman | Small-crack effects in high-strength aluminium alloy[END_REF]), and 2024-T351 (σ d (-1) = 240M P a [START_REF] Duquesnay | An analysis of notch size effect on the fatigue limit[END_REF] ; ∆K 0 (-1) = 4M P a √ m [START_REF] Kujawski | Correlation of long-and physically short-cracks growth in aluminum alloys[END_REF]). Applying Eq.(4.11) to estimate the short crack/long crack transition gives respectively :

             b 0 (35N CD16) = 8µm b 0 (AISI1034) = 170µm b 0 (7075 -T 6) = 171µm b 0 (2024 -T 351) = 70µm (4.12)
Note that the fretting crack arrest conditions are estimated from 10 6 cycles test durations whereas the related b 0 values are defined from 10 7 cycles fatigue data. Indeed, former investigations demonstrate that the fretting crack arrest condition is systematically achieved before 10 6 cycles even for aluminium alloys [START_REF] Muñoz | Prediction of the crack extension under fretting wear loading conditions[END_REF]. Hence, to compare such results it appears more consistent to consider the infinite endurance crack/long crack transition value estimated from 10 7 cycles fatigue data.

The corresponding (∆K 0 , b 0 ) values are transposed in the K-T formalism (Eq. 4.9 and 4.10) and the resulting ∆K th(K-T ) approximations are compared to the fretting experiments (Fig. 4.14). A very good correlation is observed : all experimental (K Imax,th ; b p,CA ) results are nearly superimposed along the ∆K th(K-T ) approximation.

The analysis confirms the Kitagawa-Takahashi approximation, showing an asymptotic increase in the short crack regime followed by a plateau evolution in the long crack domain. This pattern is illustrated by a normalized description in which the projected crack length for each alloy is normalized by the corresponding b 0 value and the fretting K Imax,th value is normalized by the corresponding ∆K 0 material parameter (Fig. 4.15). All the results are nearly superimposed following a single master curve. An asymptotic increase in the short crack arrest regime (i.e., b p,CA /b 0 ≤ 1) is clearly identified and constant evolution in the long crack domain is confirmed. This good correlation supports the Kitagawa-Takahashi short-long crack transition and threshold stress intensity factor range of long cracks This correlation is also justified by plotting, for each crack arrest condition, the corresponding R eq value operating at the crack tip (Fig. 4.16). All the values are negative, satisfying the hypothesis required by the model. However, most of the R eq values are larger than -1. Assuming the Elber formalism, the K Imax,th values should be a function of the R eq ratio. Figure 4.17 shows that the evolution of the K Imax,th /∆K 0 ratio versus the corresponding R parameter for long crack arrest conditions (i.e., b p,CA /b 0 > 1) contradicts this assumption : almost constant evolution from R eq = -1.2 to 0 is observed. However, this fully supports the Kujawski driving force parameter [START_REF] Kujawski | A fatigue crack driving force parameter with load ratio effects[END_REF], arguing that, for negative R eq conditions, only the positive part of the stress intensity factor parameter should be considered, suggesting, as observed, a constant evolution of K Imax,th in the negative R eq domain : 

if R eq < 0 and b p,CA /b 0 > 1, K * th = ∆K th = K Imax,th ≈ ∆K 0 (4.

Comparison between the K-T and El Haddad formulations

This reverse fretting identification of ∆K th demonstrates the necessity of considering short crack correction to predict the fretting crack arrest condition. Despite its simplicity, the K-T approximation provides reliable predictions. An error index is computed (Eq. 4.15) and leads to a K-T relative error E(K -T ) % = 2%.

E(K -T ) % = N i=1 ( K Imax,th(exp) -∆K th(K-T ) K Imax,th(exp) ) 2 N -1 100 (4.15)
However, the K-T formalism displays optimistic and potentially dangerous ∆K th estimations in the short-long crack transition domain (Fig. 4.15). A safer correlation is obtained using the El-Haddad (E-H) formalism [START_REF] Haddad | Fatigue crack propagation of short cracks[END_REF] :

∆K th(E-H) = b b + b 0 ∆K 0 (4.16)
In addition to provide an equivalent index error E(E -H) % = 2%, the El-Haddad model avoids the discontinuity at the b 0 transition and provides more conservative predictions of ∆K th in the medium short-long crack regime (i.e., 1 < b p,CA /b 0 < 4).

An extended Power Law (P-L) formulation is proposed so that :

∆K th(P -L) = ( b b + b 0 ) n ∆K 0 (4.17) 
Note that, for n = 0.5, this corresponds to the El-Haddad expression. Optimal fitting leads to n = 0.4, with relative error reduced to E % (P -L) = 1%. Hence, it is shown that a complete shortto-long crack threshold description can be achieved using reverse stress intensity factor analysis of the fretting crack arrest experiments. In addition to demonstrating the Kujawski driving force theory, this analysis allows deeper investigation of short crack arrest behaviour, confirming the Kitagawa-Takahashi and El-Haddad theories and extending the estimate by introducing a basic power law formulation.

Reverse identification of the threshold stress intensity factor range of long cracks

The interest of reverse plain fretting stress intensity factor fretting crack analysis lies in the possibility of extracting the intrinsic long crack ∆K 0 thresholds of materials. Focusing on the long crack conditions, the average value of K Imax,th is computed, defining the ∆K 0(f r) fretting parameter :

∆K 0(f r) = 1 N N i=1 K Imax,th (i) with R eq < 0 and b p,CA /b 0 > 1 (4.18)
Figure 4.18 compares the resulting ∆K 0(f r) versus the corresponding ∆K 0 obtained from fatigue experiments for compressive (R eq = -1) stress ratio conditions. Remarkably, all the results are aligned along a single curve, with very little scatter. The corresponding relative error values are compiled in Table 4.1. Table 4.1 -Comparison between long crack fatigue and fretting stress intensity factor thresholds at stress ratio R eq = -1

This very good correlation suggests that the material long crack, ie. b p,CA /b 0 > 1, ∆K 0 threshold can be extrapolated from an adequate description of the fretting crack arrest condition : if R eq < 0 and b p,CA /b 0 > 1, ∆K 0 = ∆K 0(f r) (4.19) Note that the estimation of ∆K 0 values for negative R eq -ratios is usually fastidious and time consuming and requires a significant quantity of material to machine the specimens.

The major advantages of reverse "Fretting" ∆K 0(f r) estimation are the following :

-Plain fretting experiments require a very small quantity of material compared to conventional fatigue crack growth tests (fretting about 1cm 3 ; C(T) tests about 50cm 3 ).

-Estimating the ∆K 0(f r) value requires less than three days, compared to several weeks for conventional tests.

However, the fretting ∆K 0 estimation is presently limited to negative stress ratios (R eq < 0) due to the compressive subsurface stress field induced by the normal loading. To extend the approach to positive R eq conditions, developments are presented in the following chapter to investigate fretting crack arrest response on prestressed fatigue specimens.

Synthesis

An original methodology is developed to investigate the crack arrest response of metallic materials subjected to partial slip plain fretting stressing. Considering a cylinder/plane contact configuration and investigating two steels and two high-strength aluminium alloys, the following points can be highlighted :

-By adjusting fretting loading and contact size by monitoring the cylinder radius, fretting crack arrest lengths from b p,CA = 20 to 800µm can be analysed, providing a global description of short-to-long crack arrest.

-Reliable investigation of fretting crack arrest conditions involves estimating the stress intensity factor at the fretting crack tip. The use of contact variables such as the maximum interfacial shear (q max ) is not sufficient, even for qualitative comparison between materials.

-A parametric study compares stress intensity factor evolution using 1) an elaborate and time-consuming FEM coupled kinked crack description, taking account the presence of the crack in the interface and a friction value between the crack lips, and 2) a simpler and faster decoupled weight function strategy, and shows that the estimation based on the decoupled straight crack assumption using uncracked FEM stress fields is reliable. However, plasticity, when activated, needs to be considered. To be reliable, elasto-plastic analysis of the fretting crack arrest condition must be performed with material behaviour identified for the equivalent plastic strain range condition. Elastic shakedown is shown to be usually reached after a few numerical fretting cycles (40) through a coupled material hardening process and plastic interface accommodation involving a significant extension of contact area and sharp reduction of pressure and shear surface stress field.

-Due to the very high friction coefficient operating between the crack lips, the contribution of mode II stress intensity factor can be neglected. Moreover, stress intensity factor computation showed that the R eq stress ratio is between -1 and 0 for most of the studied fretting crack arrest threshold stress intensity factor range of long cracks conditions. Thus, supporting previous assumptions, it is demonstrated that the fretting crack arrest analysis can be formalised using only the K Imax variable.

-Plotting the computed K Imax,th parameters related to the corresponding b p,CA crack arrest conditions enables complete description of the ∆K th stress intensity factor threshold between short and long crack regimes. A normalised (K Imax,th /∆K 0 ; b p,CA /b 0 ) chart is introduced, allowing direct comparison between materials. The asymptotic increase in the short crack regime, followed by a constant response in the long crack regime, can be formalised using the Kitagawa-Takahashi formalism. However, the continuous El-Haddad approach, extended using a power law formulation, provides more conservative predictions with less scatter.

-Focusing on the long crack arrest results, the K Imax,th parameter is found not to depend on the R eq parameter. This result confirms Kujawski's theory, suggesting that, under negative R eq conditions, the crack propagation driving factor is the positive part of the stress intensity factor (i.e., K Imax ), which implies that, under these conditions, the stress intensity factor threshold should be independent of R eq .

Finally, the ∆K 0(f r) thresholds extrapolated from the reverse long crack arrest fretting experiment analysis are shown to be fairly similar to the conventional ∆K 0 fatigue data for R eq = -1 stress conditions. This very good correlation, observed for four alloys displaying a large range of stress intensity factor thresholds, confirms the ability of the reverse fretting crack arrest analysis to extract such material properties. In the following chapter, investigations coupling fretting crack arrest analysis on prestressed fatigue specimens are described in order to extend ∆K 0(f r) identification to positive R eq conditions. In the proposed approach, fretting and prestressed fretting tests are first performed to obtain the crack lengths at crack arrest for a given loading condition. Then an automatic program based on FEM simulations of the experimental tests is used to estimate the stress intensity factor range at crack arrest condition for each configuration at a specific, positive or negative, load ratio R eq (b p,CA ) = K min (b p,CA )/K max (b p,CA ) at the crack tip. A conventional fatigue test campaign is carried out on C(T) specimens to extract the stress intensity factor threshold at three different positive R eq ratios to validate the fretting approach. Using the Sadananda and Vasudevan approach [START_REF] Sadananda | Extension of the unified approach to fatigue crack growth to environmental interactions[END_REF], the limitation between propagating and non propagating cracks is defined for stress ratios ranging from R eq = -2 to R eq = 1. Closure effect are discussed and ana-specimens and C(T) fatigue experiments lysed. The overall experimental campaign and finite element analysis allows the characterization of the resistance of the 7050-T7451 aluminium alloy to fatigue and fretting loadings.

Using fretting experiments instead of classical fatigue tests to evaluate the fatigue stress intensity factor threshold presents major advantages. As already mentioned, the analysis can be performed on a very small volume of material and needs only a few days to estimate the ∆K 0 value. Furthermore, as the stress ratio R eq is not constant during fretting tests, the fatigue stress intensity factor threshold value at different, positive or negative R eq values, can easily be estimated.

Three different types of tests are performed to extract the threshold stress intensity factor range of long crack, ∆K 0 , at different stress ratios R eq : plain fretting, fretting-fatigue and fatigue crack growth propagation experiments (see Figure 5.1). This chapter focusses on the 7050-T7451 aluminium alloy and the material used for the cylindrical counterbodies for plain fretting and fretting-fatigue experiments consists of a Ti-6Al-4V alloy as presented in chapter 2.

Experimental results

Plain and prestressed fretting experiments

Four different external stress levels are investigated : σ ext = 0M P a for plain simple fretting experiments, and σ ext = 33M P a, 42M P a, 80M P a for prestressed fretting experiments. The Ti-6Al-4V cylinder pad radius is fixed at r = 80mm and the maximum Hertzian pressure is fixed at p max = 300M P a, adjusting linear normal force to P = 450N/mm.

Variable displacement amplitude tests, as described in chapter 4, are first performed for each configuration to characterize the friction coefficient at the sliding transition so that : µ t = 0.9 for σ ext = 0M P a (ie. simple fretting experiments), µ t = 0.89 for σ ext = 33M P a, µ t = 0.74 for σ ext = 42M P a and µ t = 0.77 for σ ext = 80M P a. A first linear approximation suggests a very smooth reduction of µ t with application of a static stress σ ext . Note however that different test machines are used for plain fretting tests (see chapter 2) and prestressed friction analysis (σ ext > 0, see chapter 2). Considering the common experimental scatter of friction measurements, usually about 5%, a deeper investigation of the results suggests a constant friction response µ t = 0.83 ± 0.05 independent of the σ ext stress. This last conclusion is consistent with usual experimental results. It is also consistent with the physical phenomena involved in the tribological processes occurring in the fretting interface : friction phenomena only control the top surface properties (roughness, structure and surface composition) and there are some inconsistencies to consider a bulk fatigue stress effect on the surface friction behaviour.

The friction coefficient occurring within the crack lips µ crack = 0.78 is also determined by a plane-plane variable displacement test as described in chapter 4.

Then the plain and prestressed fretting crack arrest conditions have to be determined for the studied configurations (see Figure 5.2.a). For σ ext = 0M P a, b p,CA ≈ 400µm after 2.10 6 cycles (q max = 190M P a, Test 41, Appendix A). When σ ext = 0, between 2 and 4.10 6 cycles are required in order to ensure the crack arrest. This is due to the fact that adding an external fatigue load increases the stress intensity factor at the crack tip and can lead to the failure of the specimen (ie. no crack arrest), which is the case for the Test 51 in Appendix A.

Figure 5.2.b shows the evolution of crack arrest b p,CA as a function of the maximum shear pressure q max for the 7050-T7451 aluminium alloy for each studied external stress σ ext (Tests 34 to 55, Appendix A). It reveals that a higher external stress σ ext induces a longer arrested crack. On the other hand, a higher σ ext static stress requires a smaller q max for obtaining the crack arrest conditions. Figure 5.3 shows a typical crack path observed at a fretting crack arrest condition (Test 44, Appendix A, σ ext = 33M P a, b p,CA = 408µm) after 2.10 6 cycles. The crack path appears to make first an angle with respect to the normal of the surface θ 1 of the order of 10 • and then another segment approximated as straight (θ 2 = 0 • ). Most of the crack paths are similar. The relatively straight crack path is observed for the very long fretting cracks observed, which suggest a relatively high mode I contribution to crack formation, which is amplified by the external stress (σ ext ). A schematic description of the crack path is given in Figure 5.3 as well as the definition of the projected crack length along the normal direction at a crack arrest condition b p,CA . 

Fatigue crack growth experiments

Conventional fatigue crack growth tests are performed on C(T) specimens which are first manually precracked along 6mm at the R eq = 0.1 stress ratio as described in chapter 2. Decreasing ∆K tests until the fatigue long crack ∆K 0 are performed by monitoring ∆K with the normalized K-gradient, C = 1/K.dK/db = -0.08mm -1 [START_REF] Astm | Standard test method for measurement of fatigue crack growth rates[END_REF] for three different stress ratios R eq = 0.1, R eq = 0.3 and R eq = 0.5. Each test is repeated two times.

Figure 5.4 shows the fatigue crack growth rates db/dN against the stress intensity factor range ∆K for the three stress ratios investigated R eq = 0.1 ; 0.3 and 0.5.

For ∆K values ranging from 2.0M P a √ m to 4.0M P a √ m the results show similar crack growth rates for both R eq = 0.3 and R eq = 0.5. However for ∆K values below 2.0M P a √ m, the growth rates measured at R eq = 0.3 are lower than those measured at R eq = 0.5 and the measured crack growth threshold is higher. Such behaviours have been reported to be the result of closure [START_REF] Trudel | Fatigue crack growth in the heat affected zone of a hydraulic turbine runner weld[END_REF]. The crack opening is larger at a stress ratio of R eq = 0.5 than at R eq = 0.3 and closure is known to be more significant at low ∆K values. A similar analysis is applicable to the results obtained at a stress ratio of R eq = 0.1. The specimen, tested at the lowest R eq , is more subjected to crack closure than the other two, leading to lower crack growth rates and a higher ∆K 0 [START_REF] Trudel | Fatigue crack growth in the heat affected zone of a hydraulic turbine runner weld[END_REF]. Plasticity and roughness induced during crack propagation in aluminium alloys such as 7050 are believed to be the main mechanisms responsible for crack closure [START_REF] Newman | Fatigue and crack growth in 7050-t7451 aluminium alloy under constants-and variable-amplitude loading[END_REF].

Thresholds values ∆K 0 obtained for a crack growth rates db/dN ≤ 9.10 -11 m/cycle for each stress ratio are summarized in Table 5.1. The experimental ∆K 0 values obtained for R eq = 0.1 is in good agreement with the one reported by Newman et al. [START_REF] Newman | Fatigue and crack growth in 7050-t7451 aluminium alloy under constants-and variable-amplitude loading[END_REF]. ∆K 0 values increase with increasing R eq values and stabilize when R eq ≥ 0.5. This is also in good agreement with our results showing a smaller difference between ∆K 0 (R eq = 0.3) and ∆K 0 (R eq = 0.5) than between ∆K 0 (R eq = 0.1) and ∆K 0 (R eq = 0.3). The constant ∆K 0 value measured above R eq = 0.5 could be the result of the crack being fully opened for R eq ≥ 0.5 [START_REF] Newman | Fatigue and crack growth in 7050-t7451 aluminium alloy under constants-and variable-amplitude loading[END_REF].

Effective stress intensity factor range thresholds are measured with the compliance method described in the ASTM E647 [START_REF] Astm | Standard test method for measurement of fatigue crack growth rates[END_REF].

The load at which the crack tip opens F op (with F min ≤ F op ) is obtained with the COD-Load curve on the fatigue cycle corresponding to the threshold region as shown in Figure 5.5 using the offset method at 4% described in the ASTM E647 standard [START_REF] Astm | Standard test method for measurement of fatigue crack growth rates[END_REF]. The related K op value is directly obtained from the F op so that effective stress intensity factor range can be calculated with ∆K 0,ef f = K max -K op :

K op = F op B √ W f ( a W ) (5.1) 
Averaging all fatigue crack growth curves show that ∆K 0,ef f ≈ ∆K 0 (R eq = 0.5 

) = 1.6M P a √ m (see Appendix A). R eq 0.1 0.3 0.5 0.7 0.9 ∆K 0 (M P a √ m) 2.4 1.8 1.6 - - ∆K 0 (M P a √ m) [38] 2.5 - - 1 

Stress intensity factor calculation

Contact modelling conditions

For each plain fretting and prestressed fretting test configuration described in Appendix A (Tests 34 to 55), equivalent 2D-plane strain FEM models are computed. The model is composed of a moving cylinder pad (r = 80mm), a roller bearing and the aluminium specimen (see Figure 5.6.a). The mesh is composed of triangular (CPE3) and quadrilateral (CPE4R) linear elements. The FEM model used is described in detail in chapter 3. The contact condition is described by Lagrange multipliers with the friction coefficient µ t specified in the previous section.

Figure 5.6.b describes the sequence of loadings applied in the elastic/plane model. First the external force F ext is applied on the aluminium specimen (σ ext = 0M P a for plain fretting experiments). A linear normal force (P ) and a cyclic partial slip alternated tangential force amplitude (Q * < µP ) are then imposed leading to p(x) pressure and q(x) shear profiles at the surface of the aluminium specimen. 

Stress intensity factor computation

This section focusses on plain and prestressed fretting experiments (σ ext = 0M P a and σ ext = 0M P a, Tests 34 to 55, Appendix A) for the 7050-T7451 material.

The crack is directly implemented in the FEM model as it takes into account the crack's effect on the surface [START_REF] Giner | Numerical modelling of crack-contact interaction in 2D incomplete fretting contacts using X-fem[END_REF] and the friction coefficient within the crack lips. As the elastic condition is always satisfied, only one and a half fretting cycle is applied on the FEM computation to extract stress intensity factors. Results and interpretations are made for a single crack located at the trailing contact border (ie. x = -a), at the stage Q = +Q * for the extraction of the maximum stress intensity factor K max as the crack is partially or fully open, and at the stage Q = -Q * for the minimum K min as the crack is closed for plain and prestressed fretting tests. Stress intensity factors are calculated at the crack tip from the Rice Integrals [START_REF] Rice | A path independent integral and the approximate analysis of strain concentration by notches and cracks[END_REF] which are already implemented in the FEM software (Fig. 5.6 and 5.7).

A representative friction value between the crack lips µ crack value equal to 0.78 and is implemented into all the FEM models to estimate stress intensity factors.

Another aspect which has to be considered is the choice of the crack path for the Tests 34 to 55, namely a straight path along the z axis localized at the trailing contact border (x = -a), specimens and C(T) fatigue experiments The stress intensity factor variables used to quantify the crack arrest behaviour related to a crack length b are defined as follow (see chapter 4) :

       K I,max = K I,max(CI) K I,min = K I,min(CI) if R eq > 0 else K I,min = 0 K II,max = K II,max(CI) and K II,min = K II,min(CI) (5.2)
To quantify the crack arrest condition, an equivalent stress intensity factor range combining both mode I and mode II contributions need to be considered [START_REF] Baietto | Fretting fatigue crack growth simulation based on a combined experimental and XFEM strategy[END_REF][START_REF] Trolle | 2d fatigue crack propagation in rails taking into account actual plastic stresses[END_REF]. The following expression is usually adopted [START_REF] Baietto | Fretting fatigue crack growth simulation based on a combined experimental and XFEM strategy[END_REF] :

∆K eq = ∆K 2 I + α∆K 2 II with α < 1 (5.3)
To simplify the analysis and maximize the mode II contribution, we assume that α = 1. The mode II stress intensity factor stress range is expressed by : The mode I stress intensity factor range depends on the equivalent stress ratio condition so that :

∆K II = K II,max -K II,
if R eq < 0, ∆K I = K I,max else ∆K I = K I,max -K I,min (5.5) Using such equivalent stress intensity factor range estimations, we compare the ∆K eq evolution versus the corresponding projected crack length b p obtained for a full kinked crack path description and for a simplified normal crack description. Hence a test condition maximizing the mode II contribution (Test 34 displaying the most inclined crack) is simulated for plain fretting situation and different external stress conditions σ ext (Figure 5.8). This parametric study confirms a very small difference between the crack path description.

Besides we show that the ∆K II influence is very small due to the high friction coefficient occurring within the crack lips. This aspect is confirmed in Figure 5.8 where considering a normal crack description, the equivalent stress intensity factor range ∆K eq is now limited to the single mode I contribution : ∆K eq = ∆K I if R eq > 0 else ∆K eq = K I,max (5.6) Confirming the previous approach developed by Nowell et al. [89,[START_REF] Dini | The use of notch and short crack approaches to fretting fatigue threshold prediction : Theory and experimental validation[END_REF][START_REF] Fouvry | Prediction of fretting crack propagation based on a short crack methodology[END_REF], we can conclude that the stress intensity factor range estimation of fretting cracks can be achieved assuming a normal crack description and only considering the mode I contribution (equation 5.5). This approximation will be applied in the following analysis. 

Long crack regime validation

Our analysis focuses on the fatigue long crack threshold ∆K 0 value. Therefore we need to verify that all the fretting and prestressed fretting cracks simulated to estimate the ∆K 0(f r) belong to the long crack regime : b p,CA > b 0 with b 0 the transition from short to long crack regime. Applying the Kitagawa and Takahashi formalism [START_REF] Araújo | Analysis of pad size effects in fretting fatigue using short crack arrest methodologies[END_REF], the b 0 crack length transition can be estimated considering the following equation (see chapter 4) :

b 0 = 1 π ( ∆K 0 1.12σ d ) 2
(5.7)

Such equation involves both ∆K 0 and the fatigue limit σ d at 10 7 cycles which are function of the stress ratio condition. This suggests that the b 0 variable depends on the stress ratio situation : b 0 = f (R). Therefore to confirm that our fretting crack analysis is lead in the long crack regime we need to compare the corresponding R eq conditions. Figure 5.9 compares the evolution of σ d and ∆K 0 versus the stress ratio using a linear approximation between R eq = -1 and R eq = 0.5. The considered fatigue data has been found in the literature for σ d corresponding to the same material, heat treatment and orientation (σ d (R = -1) = 100M P a ; σ d (R = 0.5) = 60M P a [START_REF] Handbook | Metallic materials and elastic for aerospace vehicle structures[END_REF]). The ∆K 0 estimated for the R = R eq = -1 condition used for such analysis provides from the given reverse analysis developed in chapter 4 [START_REF] De Pannemaecker | Reverse identification of short-long crack threshold fatigue stress intensity factors from plain fretting crack arrest analysis[END_REF] (∆K 0 (Req = -1) = 1.8M P a √ m, see Appendix A) and ∆K 0 (R = 0.5) = 1.6M P a √ m is obtained from fatigue crack growth experiments performed on C(T) specimens. 

Crack growth controlling K max,th and ∆K n,th parameters

As already detailed by Vasudevan [START_REF] Sadananda | Extension of the unified approach to fatigue crack growth to environmental interactions[END_REF][START_REF] Sadananda | Analysis of high temperature fatigue crack growth behavior[END_REF], K max is an essential parameter for all fracture process involving the creation of two new surfaces. To describe the cyclic amplitude loading of fatigue loadings, another parameter is needed which is the so called nominal ∆K n = K max -K min stress intensity factor range, where K min could be negative. Regarding the given normal crack FE stress intensity factor analysis, both ∆K n and K max correspond to the mode I computation related the contour integral estimation so that :

K max = K I,max(CI)
(5.8)

∆K n = K I,max(CI) -K I,min(CI) (5.9)

Figure 5.10 compiles the evolution of the thresholds K max,th and ∆K n,th related to the crack arrest conditions at the R eq equivalent stress ratio. A very good correlation between fatigue and prestressed fretting experiments at similar R eq ratios is observed, suggesting that the material long crack ∆K 0 threshold can be extrapolated from an adequate description of the simple and prestressed fretting crack arrest condition. b respectively show the K max,th and ∆K n,th evolutions as a function of the R eq ratio. They reveal that below a critical ratio R c , K max,th remains constant and increases sharply for higher R eq ratios. In contrast, ∆K n,th linearly decreases until reaching a positive value R c , from where it stabilizes. Those behaviours are totally consistent with the literature [START_REF] Fonte | The environment effect on fatigue crack growth rates in 7049 aluminium alloy at different load ratios[END_REF] and fully validate the approach of fatigue stress intensity factor threshold estimations from fretting experiments at negative and positive R eq ratios. The "K max,th -∆K n,th " specimens and C(T) fatigue experiments transition is obtained at K min = K op , where K op is the stress intensity factor at which the crack tip opens.

By definition, the effective stress intensity factor range is expressed by :

∆K ef f = K max -K op (5.10)
Stating that the critical R c ratio is expressed by : R c = K op K max (5.11) It leads to :

R c = K op ∆K ef f + K op (5.
12)

It can be assumed that for high R eq or R ratios, the crack is fully open so that the effective stress intensity factor range is obtained. A first assumption is to consider the crack open at R eq = 0.5 based on the long crack propagation experiments, leading to an estimation of the effective stress intensity factor range threshold, ie. ∆K ef f,th = ∆K th (R eq = 0.5) = 1.6M P a √ m. Using the compliance method for the fatigue crack growth tests, the opening K op value is measured at the R eq ratio of R eq = 0.5, ∆K op (R eq = 0.5) = 0.5M P a √ m. Applying equation 5.12, the critical ratio R c is about 0.24.

Threshold data are represented in Figure 5.11 by plotting ∆K n,th versus K max,th . A typical L-shaped curve is obtained, defining two asymptotic values corresponding to two fundamental thresholds. Such a fatigue behaviour is consistent with the literature [START_REF] Sadananda | Extension of the unified approach to fatigue crack growth to environmental interactions[END_REF]. The two asymptotic limiting values ∆K * n,th and K * max,th defining the fatigue crack growth region can easily be identified. The obtained threshold line resulting of graphic construction maps defines the region where crack growth is possible under fatigue loadings. These two parameters depend on the microstructure of the material, slip mode and environment which influence closure and the intrinsic resistance of the material to crack propagation ∆K ef f,th [START_REF] Fonte | The environment effect on fatigue crack growth rates in 7049 aluminium alloy at different load ratios[END_REF].

The Vasudévan analysis is very interesting to detail the relative influence of K max and ∆K n variables on the crack arrest behaviour. However one objective regarding any engineering design strategy is to define a single parameter describing the whole stress intensity factor threshold response whatever the stress ratio condition. Figure 5.12 compiles all the results obtained. A rather constant behaviour is obtained for very negative and high R eq ratios. But an increase around R eq = 0 of K max,th and ∆K th is observed suggesting a crack closure effect. Indeed, at very negative R eq ratios, the crack front is very flat due to the severe compressive efforts, which reduce roughness induced crack closure. At high R eq values, the crack tip is always fully open. But around R eq = 0, crack closure certainly occurs due to the roughness of the crack front, especially near threshold regions (see Figure 5.13 [START_REF] Schijve | Fatigue of Structures and Materials[END_REF]). Whatever the C(T) test, plain fretting or prestressed fretting condition, the observed crack of the 7050-T7451 aluminium alloy displays a relatively tortuous path confirming that roughness phenomena can occur and may influence the propagation. Such a behaviour is also observed for the 7049 aluminium alloy [START_REF] Dafonte | The effect of microstructure and environment on fatigue crack growth in 7049 aluminium alloy at negative stress ratios[END_REF], which microstructure and mechanical properties are very close to those of the 7050 alloy. specimens and C(T) fatigue experiments 

Fatigue crack growth controlling parameter ∆K ef f,th : closure effect

To further quantify the fatigue crack growth region, the curve obtained on Figure 5.12 needs to be optimized. The effect of the closure is now taken into account in order to obtain a flatter curve (definition of a constant variable over all stress ratios conditions). Four different approaches are investigated to plot the effective stress intensity factor threshold range ∆K ef f,th as a function of the R eq ratio.

Originally, based on fatigue experiments performed on the aluminium 2024-T3, Elber suggests the following relation for this material [START_REF] Schijve | Some formulas for the crack opening stress level[END_REF] :

For -0.1 ≤ R eq ≤ 0.7, U = ∆K ef f ∆K = 0.5 + 0.4R eq (5.
14

)
It appears that this equation is not realistic for negative stress ratios so that Schijve [START_REF] Schijve | Some formulas for the crack opening stress level[END_REF] proposes an extension of Elber's model for the 2024-T3 aluminium :

For -1 ≤ R eq ≤ 1, U = ∆K ef f ∆K = 0.55 + (0.4 -α S )R eq + α S R 2 eq (5.15)
where α S is a dependent constant ranging from 0 to 1.

Those two models are limited to a specific material, the 2024-T3 aluminium alloy, and to a certain range of stress ratios. Kujawski proposes a new fatigue crack driving force parameter K * that takes into account the material's cyclic properties, temperature and environment [START_REF] Kujawski | A fatigue crack driving force parameter with load ratio effects[END_REF] :

Whatever R eq , K * = (K α K max )(∆K + ) 1-α K (5.16)
where α K is a constant depending on the material, ranging from 0 to 1, and it also depends on temperature and environment, and is usually taken equal to 0.5 for aluminium alloys [START_REF] Kujawski | A fatigue crack driving force parameter with load ratio effects[END_REF]. Figure 5.14 illustrates the optimization of the α S parameter related to the Schijve's closure model (in equation 5.15). The variance of the calculated ∆K ef f,th values is plotted as a function of α S and the optimal α S parameter is obtained where the variance is minimal. Regarding the Schijve's model α S = 0.2 for the 7050-T7451 aluminium alloy, which is relevant with the literature where α S varies between 0.10 and 0.15 for the 2024-T3 alloy [START_REF] Schijve | Some formulas for the crack opening stress level[END_REF]. For the Kujawski's approach, α K is first fixed at 0.5 as it is usually the case for aluminium alloys [START_REF] Kujawski | A fatigue crack driving force parameter with load ratio effects[END_REF], but then it is calculated using the same variance method applied on the K * values, leading to an optimum α K of 0.1. specimens and C(T) fatigue experiments The Elber's approach remains relevant but only for R eq between -0.1 and 0.7. Indeed, the extension to more negative R eq ratios leads to unrealistic results, whereas the adaptation of Schijve model displays a rather horizontal shape with a slope close to zero, even if here again, extending the model to R eq ratios lower than -1 gives irrelevant results. Considering the Kujawski's approach with α K = 0.5, the increase of the curve is too high so that the α K parameter is reduced to 0.1 to optimize this model. One advantage of Kujawski's model is that it is not material dependent and that it is valid for all R eq ratios. However, as it can be seen on Figure 5.15.c, this model displays a higher slope than in Figure 5.15.b, so that the Schijve's model seems to be more effective to quantify crack closure effects. 

Fatigue crack growth controlling parameter ∆K ef f,th : introduction of a new proposal

A new crack closure model is now exposed, describing all R eq ratios and applicable to all type of materials. Indeed, by estimating the effective stress intensity factor range threshold using the compliance method for the three R eq ratios R eq = 0.1, 0.3 and 0.5, it reveals that the K op value remains constant and is about 0.5M P a √ m. An assumption can be made by considering that the K op value is independent of the R eq ratio. Considering the empirical observations made on Figure 5.12, it appears that for R eq≥ R c and R eq ≤ R c , ∆K th and K max are constant respectively. The effective stress intensity factor range thresholds ∆K ef f,th are calculated by the following new system of equations to describe closure :

       ∆K ef f,th = K max for R eq ≤ -R c ∆K ef f,th = K max -K op for -R c ≤ R eq ≤ R c ∆K ef f,th = K max -K min for R eq ≤ R c
(5.17) Figure 5.16 shows a relatively flat evolution of the ∆K ef f,th as a function of the R eq ratio which is in good agreement with the literature and confirms that the closure effect is localized around the R eq = 0 ratio. It can therefore be concluded that similar closure effect can be considered for fretting, fretting fatigue and fatigue experiments. By averaging all data shown in Figure 5.16, the evolution of ∆K ef f,th is found to be of the order of 1.8M P a √ m which is very close to the experimentally measured value of ∆K ef f,th ≈ ∆K th (R eq = 0.5) = 1.6M P a √ m. Figure 5.17 compares the relevance of each exposed method by the calculations of the standard deviation, variance and slope of the linear regression applied on curve ∆K ef f,th or K * , depending on the method applied, as a function of the related R eq ratio. It clearly appears that for the investigated aluminium alloy, the two best methods to estimate the effective stress intensity factor range thresholds are the model described by Schijve with α S = 0.2, ∆K ef f,th (Shijve) = 1.4M P a √ m, and the new method exposed in this work ∆K ef f,th (N ewproposal) = 1.8M P a √ m. The ∆K ef f,th calculation using the Schijve's approach is direct but is limited to R eq ratios between -1 and 1 and aluminium alloys, whereas the novel approach presented here describes all R eq ratios and can be applied on all materials. However the new method requires one measurement of the stress intensity factor at which the crack tip opens, K op , which can be a limiting factor. 

Synthesis

An original methodology is used to investigate the crack arrest response of an aluminium alloy subjected to partial slip plain fretting and prestressed fretting stressing on a cylinder/flat configuration at negative and positive R eq ratios. Fatigue crack growth propagation experiments on C(T) specimen are also performed to validate the method at positive R eq ratios. The following points can be highlighted :

-By adjusting fretting loading and contact size by monitoring the cylinder radius, fretting crack arrest lengths from b p,CA = 90 to 1300µm can be analyzed, providing a global description of long crack arrest.

-The effect of the R eq ratio is investigated by performing plain fretting (R eq < 0), prestressed fretting tests (R eq < 0 and R eq > 0), and conventional fatigue crack growth experiments (R eq > 0).

-The evolution of the stress intensity factor of fretting cracking is modelled using a coupled FEM approach, which takes into account crack effect on surface stress loading and the friction effect within the crack. This friction coefficient is estimated using tribologic fretting sliding analysis experiments.

-A parametric study carried on the external stress σ ext concerning fretting experiments is performed comparing the obtained stress intensity factors for kinked and straight crack path descriptions. It reveals that the mode II contribution can be neglected in this study, due to a high friction coefficient operating within the crack lips (µ crack = 0.78) and a rather straight crack path observed experimentally.

-All fretting experiments are computed using the reverse identification method of the stress intensity factor threshold by considering a straight crack path. Fretting and fatigue results are compiled on the same graphs so that two controlling parameters of the fatigue crack growth, K max and ∆K th , can be identified. A very good correlation is obtained between fretting and fatigue results, in agreement with the approach of Vasudévan.

-The fatigue crack growth region is identified by plotting ∆K th versus K max , defining two asymptotic values corresponding to two fundamental thresholds, ∆K * th and K * max . -The effect of closure is taken into account by calculating the effective stress intensity factor range threshold ∆K ef f,th , in agreement with the approach of Newman, using a new system of equations. This new proposal is simple and can be applied whatever the R values, and can be extended to any metallic material. It requires only a single estimation of K op performing a C(T) test, and simple fretting and prestressed fretting experiments at crack arrest to calculate ∆K 0 . A flat evolution of the ∆K ef f,th value as a function of the R eq ratio is observed, confirming that same closure behaviours are obtained for fretting, fretting fatigue and fatigue experiments.

Finally, the thresholds values, K max and ∆K th extrapolated from the reverse long crack arrest fretting experiment analyses are shown to be fairly similar to the conventional ∆K 0 fatigue. This very good correlation, on an aluminium alloy displaying a very wide range of stress intensity factor thresholds for different R eq ratios, confirms the ability of the reverse fretting crack arrest analysis to extract such material properties. In addition to providing a complete short-to-long crack arrest description, the present methodology appears to offer a promising strategy to provide fast and low-cost estimates of ∆K 0 material data, for negative and positive R eq ratio conditions.

Note that ∆K 0(f r) value requires less than three days experiment so that the complete fatigue crack growth region at all R eq -ratios can be obtained by fretting experiments in few weeks. Conventional C(T) fatigue tests performed at 20Hz require from about two weeks (with R eq = R = 0.1) to one month (with R eq = R = 0.5) to determine the long crack threshold region.

The presented reverse identification of the ∆K 0 from fretting experiments seems to be a good alternative method to fatigue crack growth propagation experiments as long as the threshold region is concerned. However the proposed fretting methodology needs a specific experimental device and K-computations, whereas the frequency can be increased for fatigue C(T) tests up to 100Hz if the fatigue actuator is able to reach this value, which highly decreases the testing time. The aim of this chapter is to study the crack growth propagation due to fretting loading in partial slip conditions, and to compare the fretting fatigue behaviour to conventional fatigue C(T) crack growth experiments.

An original device consisting in a mono-actuator, presented in chapter 2, is specially developed by the laboratories MATEIS and LTDS (Lyon, France) in order to perform in situ fretting fatigue tests at the European Synchrotron Radiation Facility (Grenoble, France). This micro fretting fatigue set-up consists in a mono-actuator imposing the fatigue loading. Then by controlling the stiffness of the mechanical fretting cell system, relative displacement between the fretting pad and the specimen can be obtained generating fretting stresses in partial slip condition.

This analysis focuses on a 100C6/7050-T7451 cylinder/plane contact. In order to follow the crack growth propagation during in situ fretting fatigue tests, the 2 * 2mm 2 fatigue specimens are chosen to be in aluminium, a material showing only moderate X-ray attenuation.

Because of the synchrotron capacities, only small samples can be fully analysed. Therefore our micro fretting fatigue device is specially dimensioned to fit the synchrotron specificities and the scale effect is also studied. Table 6.1 presents the equivalence between macro and micro fretting configurations. As for macro fretting experiments, the same maximum hertzian pressure is applied on the micro fretting fatigue specimens and fixed at p max = 300M P a, implying a contact width of a = 0.099mm on the micro specimen surface generated by the cylinder pad radius of r = 10mm. The specimen width is fixed at W (f r) = 2mm in order to fulfil the plane strain hypothesis with 2a ≤ 0. The micro mono-actuator does not enable the control of the relative displacement δ occurring between the cylinder and the fretting fatigue specimen. Therefore variable displacement tests, as previously described in chapter 4, are first performed on macro fretting cubic samples (20mm * 15mm * 15mm) to characterise the friction law occurring at the sliding transition. It reveals that the chosen cylinder (100C6 steel)/flat (7050-T7451 aluminium alloy) interface is characterized by a friction coefficient of about µ t = 1.3.

A first calibration test campaign at a 12Hz frequency is performed in order to calibrate the micro fretting fatigue device. Table 6.2 summarizes the six studied micro fretting fatigue test conditions. Tests E and F are in situ fretting fatigue experiments observed at the ESRF. All micro fretting fatigue test conditions lead to the failure of the specimen. Note that the fatigue loading is very low and quite close to the fatigue limit at 10 7 cycles (σ d is about 100M P a for the 7050-T7451 aluminium alloy). The major advantage of fretting configurations is that the crack nucleation is very fast and also localized under the contact of the fretting pad. Therefore a micro fretting fatigue test leads to failure after about 200000 fretting cycles which is very fast in comparison with common fatigue experiments. Furthermore the site of crack nucleation is known so that a restricted field of view (small voxel size) can be used (Figure 6 

Contact loadings : surface analysis

It is known that the surface stress field is no longer symmetrical due to cyclic fatigue loadings. This section analyses the surface shear and pressure distributions and quantifies the fatigue effect at a micro scale. This surface stress analysis only considers the Test F condition as fretting fatigue loadings are the most severe (see Table 6.

2).

A Hertz-Mindlin approach is first adopted taking into account the influence of the eccentricity caused by fatigue. The bulk loading which is present in the fatigue specimen leads to a mismatch in the contact zone inducing a shift of the stick zone called the eccentricity "e" [START_REF] Nowell | Mechanics of fretting fatigue tests[END_REF] :

e a = σ 4µ t p 0 = σ 4q 0 (6.1)
where σ is the applied fatigue stress. In the present experimental work, the fretting contact is applied on the sample under tensile load which implies that the stress in equation 6.1 corresponds to the fatigue stress amplitude σ a so that :

e a = 1 8q 0 σ a (1 -R f a ) (6.2)
where R f a is the fatigue stress ratio (R f a = σ f a,min /σ f a,max ). It appears that the eccentricity e is very small compared to the stick zone width c, ie. e/c = 0.001/0.060 << 1 so that the asymmetry in the shear stress field distribution induced by this eccentricity (offset) has no influence in the studied micro fretting fatigue configurations.

By contrast, the difference of the Young modulus values between the fretting pad (E 2 ) and the fretted plane (E 1 ) highly influences the shear and pressure surface distributions as shown in Figure 6.3 with an offset x 0 = 0.009mm. The consequences described by Bufler [START_REF] Bufler | Zur Theorie der rollenden Reibung[END_REF] does not influence that much a classical Hertz-Mindlin approach for a macro fretting interface (ie. a about 1mm). Nevertheless this influence is no longer negligible for such a small contact (ie. a about 0.1mm). Bufler introduces the offset x 0 of the pressure and shear distributions :

           x 0 = 2γ a 1 -4γ 2 with γ = -atan(βµ t ) π (6.3)
where β directly depends on the plane E 1 and cylinder E 2 Young modulus :

                     β = 1 2 1 -2ν 1 G 1 - 1 -2ν 2 G 2 1 -ν 1 G 1 + 1 -ν 2 G 2
where

G 1 = E 1 2(1 + ν 1 )
and

G 2 = E 2 2(1 + ν 2 ) (6.4)
The new surface pressure p(x) and shear q(x) can now be estimated as functions of the x 0 offset :

                     For |x -x 0 | ≤ a, p(x) = 1 -( x -x 0 a ) 2 α( a -(x -x 0 ) a + (x -x 0 ) ) γ , with α = 1 1 -(βµ t ) 2 else p(x) = 0 (6.5)                      For |x -x 0 | ≤ c, q(x) = µ t p 0 1 -( x -x 0 a ) 2 -µ t ( c a ) 1 -( x -x 0 c ) 2
else q(x) = µ t p(x) (6.6) 

Crack growth propagation : in situ experiments

Two in situ micro fretting fatigue tests have been performed : Tests E and F (see Table 6.2). Concerning the Test E, the fatigue stress ratio is kept at R f a = 0.15 generating an oscillation between F f a,min = 72N and F f a,max = 490N while the corresponding fretting tangential load amplitude Q * = 70N is measured. The micro fretting fatigue is stopped every N = 5000 fretting fatigue cycles to monitor crack nucleation and growth by radiographic inspection of the sample under load (see Figure 6.4.a) with a static external stress corresponding each time to σ f a,min , σ f a,m and σ f a,max .

For Test F the fatigue and fretting loads are increased to R f a = 0.29, F f a,min = 193N , F f a,max = 670N and Q * = 77N . The radios are recorded every N = 10000 cycles (see Figure 6.4.b). Towards the end of the test, when the crack growth rate increases, the number of acquisition cycles is reduced until reaching the total specimen failure at N = 132521. Figure 6.4 shows different views of the crack propagation and the related schematic description of observations corresponding to Test E and Test F.

Test E displays some singularities which seem to correspond to some damage localized just below the fretting contact (see Figure 6.4.a) and produced during the alignment between the fretting pad and the fretting specimen. A perfect alignment is quite difficult to obtain so that a certain number of attempts are performed in order to obtain a good fretting scar alignment before running the test. The following protocol is adopted : a sheet of "pressure paper" is applied on the fretting fatigue specimen which is already in tension at the static stress σ f a,m . Then the normal load P = 90N is applied on the specimen. Once the maximum pressure p max = 300M P a is reached, the normal load is removed in order to observe the obtained fretting scar geometry on the "pressure paper". When the fretting scar is not perfectly rectangular, the procedure is repeated until achieving a good alignment between the fretting pad and the aluminium specimen. If on a macro fretting contact, such a procedure does not affect the subsurface stress field, this iterative seems to be more damaging on a micro fretting fatigue test. The distance between the two fretting cracks is about 450µm which is much larger than the estimated elastic contact width 2a = 200µm (see Figure 6.4.a). Such contact size extension suggests that significant plastic deformation are generated during the successive alignment procedures. It is likely, therefore that residual stresses are created below the surface.

For Test F, in order to avoid subsurface plastic deformations the normal load is kept lower than P = 50N during the alignment trials. Thereby the resulting contact width is measured to be about 2a = 180µm which is very close to the analytical value and damage is observed below the fretting interface (see Figure 6.4.b).

Figure 6.4 illustrates some key moments of each fretting fatigue tests : the first crack nucleation observation (at N = 90000 and N = 30000 for Test E and F respectively), the slow crack propagation due to fretting loading in mode II (at N = 150000 and N = 120000 related to Test E and F respectively), the bifurcation of the crack path in mode I due to fatigue loadings (at N = 195000 and N = 130000 for Test E and F respectively) and then the very fast crack propagation due to fatigue until failure of the specimen (at N = 231408 and N = 132521 related to Test E and F respectively). Note that for both tests, the final crack before failure displays a global straight crack path which is coherent with the observations mode for the macroscopic plain and prestressed fretting tests.

By analysing the radios taken from the micro fretting fatigue tests it appears that the crack nucleation is quite hard to estimate. Our observations confirm the conclusions previously developed by Proudhon [START_REF] Proudhon | Identification des mécanismes de fissuration dans un alliage d'aluminium sollicité en fretting et en fatigue[END_REF][START_REF] Proudhon | Three-dimensional study of a fretting crack using synchrotron x-ray micro-tomography[END_REF]. The incipient fretting crack nucleation process is mainly controlled by the microstructure of the material with a multiple crack nucleation within different grains (see Figure 6.5.a). Those different cracks are hard to detect on the radios. By contrast once a through crack is obtained, the crack front is revealed in white on radios (see Figure 6.5.b). For Tests E and F, the length of the first through crack is of the order of 90µm. From the data measured on the radios, crack growth curves can be obtained using the projected crack length b p as a function of the number of cycles N until failure of the specimen (Figure 6.6). As expected the crack growth rate increases with the number of fretting fatigue cycle N .

For both tests E and F, four zones can be observed :

-Zone 1 : a slow mode II crack nucleation due to fretting probably corresponding to multiple crack nucleation in different grains along the cylinder/plane contact.

-Zone 2 : a through fretting crack propagates and bifurcates towards mode I. Two cracks are observed at the contact border (ie. x = ±a).

-Zone 3 : this period corresponds to the critical moment when the crack localized at the trailing contact border (bottom side) of the fretting contact (ie. x = -a) bifurcates into a straight crack path. This crack which is supporting highest fretting fatigue stressing is now controlled by a mode I propagation process and displays a very fast propagation rate (Figure 6 The zone 1 corresponding to crack nucleation is estimated to be about b p = 100µm long ; if multiple initiation sites are quite difficult to observe, the transition towards zone 2 (from 

Micro fretting fatigue modelling 6.2.1 Contact modelling conditions

Symmetrical fretting fatigue hypothesis

For both E and F test configurations described in Table 6.2, equivalent 2D-plane strain FEM models are computed. First a so called symmetrical fretting fatigue configuration is studied, composed of two symmetrical moving cylinder pads (r = 10mm) and the aluminium specimen (see Figure 6.9.a). The cylinder/plane contact is applied at a distance of 8.5mm from the center of the aluminium specimen which corresponds to the real test configuration. The mesh used is similar to those described in the previous chapters, but is specially adapted to this micro-scale refinement at the fretting contact (mesh size of 1µm) to take into account the small specimen size. The contact condition is described by Lagrange multipliers with the friction coefficient µ t = 1.3. Figure 6.9.b describes the load sequence in the elastic/plane model. First the mean fatigue load F m is applied on the fretting fatigue specimen (F m = -215.75N/mm for Test F). The linear force P = 45N/mm ensures the cylinder/plane contact after which a cyclic partial slip alternated tangential force amplitude ±Q * < µP is imposed. The tangential load is also in phase with the fatigue amplitude ±F a , ie. Q(t) = +Q * when F a (t) = +F a and Q(t) = -Q * when F a (t) = -F a (±Q * = 38.5N/mm and ±F a = 119.25N/mm for Test F, see Figure 6.9.b). Note that the stress within the fretting fatigue specimen is maximum (ie. σ f a,max ) when Q(t) = -Q * as F = F m -F a , and minimum (ie. σ f a,min ) when Q(t) = +Q * as F = F m + F a (see Figure 6.9.b, at The surface pressure and shear distributions are extracted from the FE simulation at the loading stage Q(t) = +Q * and F a (t) = +F a which corresponds to the minimum fatigue stress (ie. σ f a,min ) occurring within the fretting fatigue specimen (see Figure 6.10). The surface distributions are coherent with the analytical descriptions : the eccentricity due to the external fatigue stress is negligible but in contrast the dissymmetrical profiles described by Bufler [START_REF] Bufler | Zur Theorie der rollenden Reibung[END_REF] are relevant. An offset of x 0 = 0.009mm is also calculated by the FEM simulation (Test F). 

Q(t) = -Q * , F = F m -F a = -335N/mm and at Q(t) = -Q * , F = F m -F a = -

Non symmetrical fretting fatigue hypothesis

By contrast to the usual fretting fatigue experiments, the micro "fretting fatigue" is not symmetrical. The presence of a fixed roller bearing displaying a radius of 8mm highly influences the surface pressure and shear distributions as it induces a small bending phenomenon around the fretting contact. For a macro configuration and a larger roller bearing radius, such influence does not occur, but on a 2 * 2mm 2 fretting fatigue specimen this aspect is significant. Figure 6.11 displays the real contact description which will be used for the crack growth analysis later on. This new FEM model which is close to the "fretting fatigue" test device displays a fixed roller bearing with a mesh refinement of 5µm at the frictionless contact with the specimen. The applied loadings sequence is the same as previously exposed (see Figure 6.9.b). Figure 6.12 shows the real surface pressure p(x) and shear q(x) distributions of the studied micro fretting fatigue configurations. If the pressure profile is not particularly affected by the presence of a fixed roller bearing the shear distribution is largely modified. A global decrease of the surface shear values is observed due to the small bending effect induced by the fixed roller bearing. This even leads to a small reverse slip condition where q(x) < 0 at x = -0.045mm for Test E (see Figure 6.12.a). Such a shear profile perturbation is highly affecting both mode I and mode II. Therefore a real FEM configuration displaying a fixed roller bearing will be considered to properly estimate the stress intensity factors in the following section. 

Crack propagation and stress intensity factor calculation

The stress intensity factors are calculated for Test F (R f a = 0.3) for which a fully elastic fretting contact is imposed. Again a crack is implemented in the previously exposed FEM contact modelling at x = -a where propagation occurs according to the radiographies. The friction coefficient within the crack lips is fixed at µ t = 0.78. As the fretting fatigue crack nucleates along a certain angle, a kinked crack path description is adopted (see Appendix C).

The LEFM conditions are satisfied as the plastic zone occurring at the crack tip is very small compared to the crack length so that an elastic 2D-plane strain FEM model can be adopted. One and a half fretting fatigue cycle is considered to extract stress intensity factors by the Rice's integrals method. Results and interpretations are made for a single crack computed at the trailing contact border x = -a at the two stages corresponding to the most severe stress conditions : the stress intensity factor K +Q * corresponding to a crack fully open is extracted at

(Q = +Q * , F = -F m + F a ) ; K -Q * corresponding to a partially or fully open is extracted at (Q = -Q * , F = -F m -F a )
. Note that due to the bending phenomena induced by the fixed roller bearing, the mode I maximum K Imax and minimum K Imin values will occur either at Q = ±Q * depending on the crack length (see Appendix C) so that the stress ratio occurring at the fretting fatigue crack tip R eq can be expressed as follows :

             R eq = K I,-Q * K I,+Q * if K I,-Q * ≤ K I,+Q * R eq = K I,+Q * K I,-Q * if K I,+Q * ≤ K I,-Q * (6.7)
The strategy is now to model the fretting fatigue crack growth propagation. The crack path geometry is estimated from the radios and each crack growing stage is implemented in the FEM model using the remeshing strategy previously described. Figure 6.13 displays the von Mises stress distribution at Q = +Q * for the last recorded fretting fatigue cycle N = 132521 before the specimen failure.

The mode I stress intensity factor range (ie. ∆K I ) is computed using equation 6.8. Only the positive part of K I is considered (a negative value corresponding to a closed crack is not contributing to the propagation).

∆K I = K I,+Q * if R eq < 0 ∆K I = K I,+Q * -K I,-Q * if R eq > 0 (6.8)
The mode II contribution is expressed by : ∆K II = K II,+Q * -K II,-Q * with µ crack = 0.78 (6.9) Two analyses will be made in the next section. One will deal only with mode I, defining the mode I equivalent stress intensity factor range ∆K eq,I as : ∆K eq,I = ∆K I (6.10)

The mode II contribution will also be investigated with a mixed mode analysis by defining the mixed mode equivalent stress intensity factor range ∆K eq,M as : ∆K eq,M = ∆K 2 I + ∆K 2 II (6.11) The crack growth rate db p dN between cycles N i and N i+1 where the crack length changes from b p,i to b p,i+1 is defined by equation 6.12 in agreement with the ASTM E647 [START_REF] Astm | Standard test method for measurement of fatigue crack growth rates[END_REF] :

( db p dN ) = b p,i+1 -b p,i N i+1 -N i (6.12)
As the db p dN value is calculated at the b p,i+1 -b p,i increment, the related average value of the equivalent stress intensity factor range has to be considered : ∆K eq,m = ∆K eq,i+1 + ∆K eq,i 2 (6.13)

Mode I and mixed mode analysis

Using the former stress intensity factor estimation procedure (chapter 3), K I and K II values are extracted at each propagation step of the fretting fatigue crack growth (see Appendix C). Figure 6.14 present a schematic description of the fretting fatigue crack propagation process. Three different zones are considered :

-Zone I : ∆K eq,M ≈ ∆K eq,I for b p < 60µm. At this stage the crack has just nucleated and its growth is mainly governed by severe compressive loads due to the fretting contact. Slip within the crack lips is so high that shear displacements cannot occur so that ∆K II ≈ 0.

-Zone II : ∆K eq,M > ∆K eq,I between b p = 60µm and b p = 400µm. Figure 6.15 shows the K I and K II evolutions at ±Q * as functions of the projected crack length b p . A mixed mode competition appear in zone II as same order of magnitudes of mode I and mode II contributions are observed. The compressive effect imposed by the fretting pad is less present further below the cylinder/plane interface and slip within the crack lips appear (Figure 6.14). This behaviour is coherent as the fretting fatigue crack propagates along a kinked crack path due to fretting stresses making the mode II contribution non negligible.

-Zone III : ∆K eq,M ≈ ∆K eq,I for b p = 400µm. The mode II contribution is very low as the fretting fatigue crack propagates far enough from the fretting contact. The fatigue stresses (mode I) are now predominant in the crack propagation (Figures 6. 14 and 6.15).

This confirms that for a fretting fatigue crack long enough (b p > b 0 , see chapter 4), the mode I contribution is the one that prevails even for a kinked crack. An interesting aspect is to compare the mode II contribution and the corresponding stress ratio occurring at the crack tip evolutions as a function of the crack length. Figure 6.16 plots the mode II contribution ∆K eq,M -∆K eq,I and the corresponding R eq value as a function of the crack length b p . The three different zones previously described clearly appear with a highly compressive stress state in zone I (R eq < 0 and ∆K eq,M -∆K eq,I ≈ 0), a non negligible mode II contribution in zone II (R eq > 0 and ∆K eq,M -∆K eq,I > 0) and a third zone III mainly governed by fatigue stresses in mode I (R eq ≈ R f a = 0.3 and ∆K eq,M -∆K eq,I ≈ 0).

Finally Figure 6.17 illustrates the mode II contribution of the fretting fatigue crack by plotting the equivalent stress intensity factor range in mode I (ie. ∆K eq,I ) and mixed mode (ie. ∆K eq,M ) as a function of the projected crack length b p measured at the ESRF. Both curves are superimposed in zones I and III which justifies that the mode II contribution can be neglected. By contrast a significant gap appears in zone II where the use of a mixed mode model seems to be more relevant to analyse fretting fatigue crack growth propagation. 

Crack growth analysis

Fatigue crack growth curves are plotted in a log-log db p /dN -∆K eq,m diagram (see Figure 6.19). As the fatigue stress is imposed at R = 0.3, some comparisons can be made with the corresponding fatigue crack growth experiments on C(T) specimens performed for similar stress ratio condition. The crack propagation rates found in literature for similar C(T) experimental condition [START_REF] Handbook | Metallic materials and elastic for aerospace vehicle structures[END_REF] are also compiled (see Appendix C).

Identification of the Paris region : mode I analysis

Concerning the studied fretting fatigue crack propagation, the previous section shows that for crack larger than b p = 400µm, propagation process is dominated by mode I only.

Hence, Figure 6.18 only focuses on fretting fatigue data for b p > 400µm with ∆K eq,m = ∆K eq,I,m , which are compared with conventional C(T) fatigue crack growth rates. The last point obtained just before the fretting fatigue specimen failure is omitted from this analysis as plastic phenomena are generated at this ultimate stage.

The correlation between "micro fretting fatigue" and macro C(T) experiments is very good as a single master curve is observed. Therefore the Paris region is well defined by the micro fretting fatigue data and can be identified using the Paris equations :

da dN = C∆K m (6.14)
Where m = 3.88 is the slope of the curve and C = 2.71.10 -11 m/(cycle.M P a √ m) which in very good agreement with the literature.

Identification of the short crack behaviour : mixed mode analysis

As for very short cracks in fretting fatigue loadings, the mode II contribution is not negligible, it is assumed that ∆K eq,m = ∆K eq,M,m for b p < 400µm. Using those values, the propagation behaviour of the fretting crack in zone I is typical of a short crack with a high growth rate below the macroscopic ∆K 0 value obtained with conventional C(T) specimens (see Figure 6.19). To the best of the author's knowledge this is the first time that the short crack behaviour of fretting fatigue cracks during fretting fatigue tests is directly shown.

Thus a complete crack growth propagation curve can be derived at a micro scale with a fretting fatigue specimen. Such in situ fretting fatigue tests can be performed in only three hours which is a major advantage compared to conventional fatigue crack growth tests.

Long crack behaviour : closure effect

Focussing on the micro "fretting fatigue" long crack behaviour (ie. for b p > 400µm), the closure effect can be analysed. Figure 6.20 shows the three db p /dN -∆K eq,m crack propagation curves previously studied (chapter 5) for the different stress ratios R = 0.1, 0.3 [START_REF] Handbook | Metallic materials and elastic for aerospace vehicle structures[END_REF] and 0.5. In order to take into account the closure effect, Elber's correction (see chapter 5) can be applied as it appears that the results are relevant for this aluminium alloy and also this stress ratio range (see Figure 6 

Synthesis

An original methodology is used to investigate the crack propagation response of an aluminium alloy subjected to partial slip fretting fatigue loadings on a micro cylinder/flat configuration enduring positive fatigue stress ratios R f a . Comparison with conventional fatigue crack growth experiments are made with C(T) specimens in order to analyse scale effects. The following points can be highlighted :

-An original "micro fretting fatigue" device consisting in a mono-actuator has been developed by the LTDS (Ecole Centrale de Lyon) and MATEIS (Insa de Lyon) laboratories.

-The fretting pad radius is adjusted at 10mm in order to generate a contact area about 2a = 0.2mm on the 2 * 2mm 2 aluminium specimen, justifying plane strain conditions.

-By tuning the stiffness of the fretting pad holder, fretting fatigue configurations can be reached in partial slip conditions inducing fretting fatigue crack growth.

-For the first time crack nucleation and propagation have been observed in situ using synchrotron radiation (2D radiographic imaging).

-The 2D fretting fatigue crack path is analysed confirming that crack nucleation is mainly governed by fretting loadings and a mode II description, whereas propagation until failure of the specimen is driven by the uni-axial fatigue loading (mode I).

-The evolution of the stress intensity factor is modelled using a coupled FEM approach including a kinked crack path description which takes into account the friction coefficient operating between the crack lips.

-A mixed mode analysis comparing the mode I and mode II contributions is performed to highlight the importance of the mode II during the crack nucleation period. A mixed equivalent ∆K eq taking into account both mode I and mode II is introduced.

-Micro fretting fatigue data are shown in a db p /dN -∆K eq curve where with short and long crack behaviours are observed. This curve fits remarkably well with conventional C(T) fatigue crack growth curves (in the long crack region).

-Concerning the long crack behaviour, a very good correlation is observed between the micro fretting fatigue data and the related C(T) curve at the same fatigue stress ratio R f a = 0.3. The Paris law parameters C and m can easily be identified using "micro fretting fatigue" data.

-The closure effect is taken into account by calculating the effective stress intensity factor range ∆K ef f by applying an Elber correction. C(T) fatigue crack growth curves at R = 0.1, R = 0.3 and R = 0.5, and on the long crack region related to micro fretting fatigue data are combined through a single master curve applying an Elber correction. This analysis definitely justifies the "micro fretting fatigue" analysis to describe the fatigue long crack behaviour.

Finally ∆K and ∆K ef f with the related crack growth rate db p /dN values can be extrapolated from in situ "micro fretting fatigue" experiments. The macro test behaviour can be extrapolated as it totally fits the long crack growth curves provided by conventional C(T) specimens. In addition a short crack behaviour can be obtained by in situ tests which is quite difficult with macro experiment. Note that the micro fretting fatigue experiment at the fatigue stress ratio R f a = 0.3 is performed at 12Hz and the failure is reached after only three hours. Comparatively the macro fatigue crack growth experiment on a C(T) specimen lasts two weeks just for the decrease until the long crack threshold ∆K 0 .

Besides in addition to provide a very fast and accurate description of short and long crack propagation behaviour, this "micro fretting fatigue" analysis requires a quantity of material much smaller than that required for C(T) experiments.

Conclusion

The work presented in this thesis focuses primarily on crack propagation and arrest conditions for simple fretting, fretting fatigue and fatigue configurations in different metallic materials. An experimental and numerical analysis has been carried out on three major thrusts :

-Long fatigue crack propagation arrest properties were extracted at negative loading ratios for two steels (35NiCrMo16 and AISI 1034) and two aluminum alloys (2024-T351 and 7075-T6) using a reverse method combining simple fretting tests and a numerical model.

-The approach was extended to positive loading ratios combining simple fretting, prestressed fretting and C(T) fatigue tests on 7050-T7451 aluminum alloy. An original crack closure model was proposed and allows to quantify fretting crack closure.

-A "micro fretting fatigue" machine was developed by LTDS and MATEIS specifically for this project allowing, for the first time, in situ monitoring of short and long crack propagation kinetics in fretting fatigue. The effect of scale was studied applying this approach to 7075-T7451.

The analysis and understanding of crack propagation is increasingly necessary for predicting damage tolerance in the field of aeronautics and that is why the different correlations between mechanical properties and fatigue and fretting loading is of particular importance.

Correlation between simple fretting and fatigue : negative loading ratios

An original method was developed for the analysis of crack arrest in metallic materials subjected to partial slip fretting in two steels (35NiCrMo16 and AISI 1034) and two aluminum alloys (2024-T351 and 7075-T6).

The variation in fretting threshold stress intensity factor ∆K th(f r) corresponding to each arrest condition obtained experimentally has been extrapolated from FEM taking into account rubbing between crack faces, describing both short and long crack regimes. A very good correlation between fretting and fatigue is obtained from the comparison of long crack thresholds ∆K th(f r) with ∆K 0 values obtained from the literature.

Correlation between simple fretting, prestressed fretting and fatigue : negative and positive loading ratios

The reverse method presented earlier was extended to positive loading ratios in order to characterize the cracking resistance of 7050-T7451 under simple and partial slip prestressed fretting loading. Fatigue crack propagation tests carried out on C(T) specimens under three Conclusion different loading ratios allowed to validate completely the ∆K 0 reverse identification method. Again, a very good correlation was obtained between fretting and fatigue validating the reverse identification method for all loading ratios. In addition to providing a global description of the short and long crack propagation arrest conditions, this method offers a promising strategy for quick and low cost ∆K 0 estimations for metallic materials usually obtained by fatigue crack propagation testing under positive and negative loading ratios.

The crack closure effect was analysed proposing a new correction model for ∆K 0 at all loading ratios. Thus, thinking effective values ∆K ef f , the closure attributed to fretting has been quantified.

Fretting fatigue crack propagation kinetics : scale effects

An original "micro fretting fatigue" machine enabled the in situ monitoring of fretting fatigue crack propagation for the first time. The fretting fatigue propagation kinetics in 7050-T7451 were compared to results obtained from conventional fatigue crack propagation C(T) tests at corresponding loading ratios. Using the reverse identification method for stress intensity factors, a perfect correlation between C(T) and "micro fretting fatigue" tests was obtained for the long crack regime by plotting a graph of the crack propagation rate as a function of the equivalent stress intensity factor range. The Paris regime can be obtained directly from "micro fretting fatigue" tests.

At low ∆K values, a behaviour attributed to short cracks was observed and identified for the first time using "micro fretting fatigue" tests.

The initiation, propagation and fracture kinetics can be obtained in a few hours for "micro fretting fatigue" tests compared to a few weeks for conventional fatigue propagation tests.

Some perspectives

The reverse identification method for stress intensity factors proposed here is semi-automatic because it requires the observation of an experimental condition. In order to optimize the method, it would be interesting to develop a fretting and fretting fatigue life prediction model to study propagation kinetics.

The model accounting for crack closure at all loading ratios applied on aluminium 7050-T7451 highlighted more significant closure effects around zero loading ratios. In fact, for very negative loading ratios, the fracture face was crushed in compression consequently reducing roughness induced closure effects. For very large loading ratios, the crack is naturally open. Therefore, the analysis of fretting, fretting fatigue and fatigue crack fronts at the conditions studied would allow the mapping of roughness parameters as a function of loading ratio, providing a better understanding of closure mechanisms.

Other "micro fretting fatigue" tests should be carried out at other loading ratios and the observed behaviour compared to conventional fatigue propagation test data. The correlation between fretting and fatigue in the long crack regime being flawless, its extension to short cracks would represent a major advance.

Moreover, a 2D representation of crack propagation was obtained for in situ "micro fretting A global analysis of the crack propagation path would be obtained from isometric views while a 3D reconstruction would provide more information locally, particularly on the multiinitiation phase in fretting cracks.

Version française

Les travaux présentés dans ce mémoire sont principalement orientés sur la propagation et les conditions d'arrêt de fissuration pour des configurations de fretting simple, fretting fatigue et fatigue pour différents matériaux métalliques. Une analyse expérimentale et numérique a été menée selon trois grands axes :

-A l'aide d'une méthode inverse couplant essais de fretting simples et modèle numérique, les conditions d'arrêt de propagation des fissures longues en fatigue ont été extraites pour des rapports de charge négatifs pour deux aciers (35NiCrMo16 et AISI 1034) et deux alliages d'aluminium (2024-T351 et 7075-T6).

-La démarche a été étendue aux rapports de charge positifs en couplant essais de fretting simple, fretting précontraint et essais de fatigue C(T) en se concentrant sur l'alliage d'aluminium 7050-T7451. Un modèle de fermeture de fissure original a été proposé permettant de quantifier la fermeture due au fretting.

-Une machine de "micro fretting fatigue" a été spécialement développée par le LTDS et MATEIS pour ce projet, permettant pour la première fois le suivi in situ de la cinétique de propagation des fissures courtes et longues en fretting fatigue. En appliquant cette démarche à l'aluminium 7050-T7451, l'effet d'échelle a pu être étudié. L'analyse et la compréhension de la propagation des fissures sont de plus en plus nécessaires pour prédire la tolérance aux endommagements en aéronautique. C'est pourquoi les différentes corrélations des propriétés mécaniques entre les sollicitations de fatigue et de fretting présentent un intérêt majeur.

Corrélation entre fretting simple et fatigue : rapports de charge négatifs

Une méthode originale a été développée pour analyser l'arrêt de fissuration de matériaux métalliques sujets à des sollicitations de fretting en glissement partiel sur deux aciers (35NiCrMo16 et AISI 1034) et deux alliages d'aluminium (2024-T351 et 7075-T6).

La variation du facteur d'intensité de contraintes seuil en fretting ∆K (f r) correspondant à chaque condition d'arrêt obtenue expérimentalement a été extrapolée à partir de calculs par éléments finis en prenant en compte le frottement dans la fissure, décrivant ainsi le domaine des fissures courtes et longues. Une très bonne corrélation entre fretting et fatigue est obtenue en comparant les ∆K (f r) des fissures longues aux valeurs seuils ∆K 0 extraites de la littérature.

Conclusion

Corrélation entre fretting simple, fretting précontraint et fatigue : rapports de charge négatifs et positifs

La même méthode d'identification inverse de la variation de ∆K 0 a été étendue aux rapports de charge positifs pour caractériser la résistance à la fissuration de l'alliage d'aluminium 7050-T7451 sous chargements de fretting simple, fretting précontraint en glissement partiel. Des essais de fatigue propagation sur éprouvettes C(T) à trois rapports de charge différents ont permis la validation complète de la méthode inverse d'identification de ∆K 0 . Ici encore une très bonne corrélation a été obtenue entre le fretting et la fatigue validant la démarche d'identification inverse pour tout rapport de charge. En plus d'apporter une description globale des conditions d'arrêts de propagation des fissures courtes et longues, cette méthode offre une stratégie prometteuse pour estimer rapidement et à relativement faible coût les ∆K 0 des matériaux métalliques usuellement obtenus par les essais de fatigue propagation, à rapports de charge positifs et négatifs.

L'effet de fermeture de fissure a été analysé en proposant un nouveau modèle de correction du ∆K 0 pour tout rapport de charge. Ainsi, en raisonnant en valeurs efficaces ∆K ef f , la fermeture due au fretting a pu être quantifiée.

Cinétique de propagation des fissures de fretting fatigue : effets d'échelles

Une machine originale de "micro fretting fatigue" a permis le suivi in situ de la propagation de fissures de fretting fatigue pour la première fois.

La cinétique de propagation mesurée pour l'alliage d'aluminium 7050-T7451 en fretting fatigue a été comparée aux résultats d'essais conventionnels de fatigue propagation sur éprouvettes C(T) à même rapport de charge. Par la méthode d'identification inverse des facteurs d'intensité de contraintes, une parfaite corrélation entre les essais C(T) et "micro fretting fatigue" est obtenue pour le domaine des fissures longues en traçant la vitesse de propagation en fonction de la variation du facteur d'intensité de contraintes équivalent. La région de Paris peut directement être détuite par les essais "micro fretting fatigue".

A faibles ∆K, un comportement propre aux fissures courtes a été observé et identifié pour la première fois sur les essais "micro fretting fatigue".

La cinétique de propagation de l'amorçage et la rupture est obtenue en quelques heures par les essais "micro fretting fatigue", pour habituellement plusieurs semaines en essais fatigue propagation conventionnels.

Quelques perspectives

La méthode d'identification inverse des facteurs d'intensité de contraintes proposée dans ce travail est semi automatique car elle nécessite l'observation d'une condition expérimentale. Pour optimiser la démarche, il serait intéressant de développer un modèle de durée de vie en fretting et fretting fatigue pour étudier la cinétique de propagation.

Le modèle de prise en compte de fermeture de fissure pour tout rapport de charge appliqué sur l'aluminium 7050-T7451 met en évidence des effets de fermeture plus importants autour des rapports de charge proches de zéro. En effet, à rapports de charges très négatifs, le faciès de rupture est écrasé en compression, réduisant la rugosité et la fermeture associée à ce phénomène. A rapports de charges très élevés, la fissure est naturellement ouverte. L'analyse des fronts de fissures en fretting, fretting fatigue et fatigue des conditions étudiées permettrait une cartographie des paramètres de rugosité en fonction du rapport de charge, contribuant à une meilleure compréhension des phénomènes de fermeture. D'autres essais "micro fretting fatigue" devraient être menés à d'autres rapports de charge, et le comportement observé des fissures courtes comparés au données des essais classiques de fatigue propagation. La corrélation dans le domaine des fissures longues en fatigue et "micro fretting fatigue" étant parfaite, étendre l'analogie pour les fissures courtes représenterait une avancée majeure.

Aussi une représentation 2D de la propagation des fissures a été obtenue pour les essais in situ "micro fretting fatigue". L'idéal serait de pouvoir obtenir une reconstruction 3D des faciès de rupture au cours d'un essai. A partir des vues 2D, l'analyse globale sur le chemin de propagation des fissures, alors que la reconstruction 3D donnerait des informations précieuses plus localement, notamment sur la phase de multi-amorçage des fissures de fretting. 0.8 0.8 1.17 1.17 1.17 1.17 1.17 1.17 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 
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 11 Figure 1.1 -Different phases of the fatigue life and relevant factors [1]
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 3 Newman reminds the two different stages of the crack initiation process : the stage I occurs on a single slip system, and the stage II involves multiple slip systems at the crack tip (Fig.1.3.a). A crack can directly grow in stage II (skipping stage I) when surface defects are present (Fig.1.3.a) [1].
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 12 Figure 1.2 -Formation of intrusion or extrusion from persistent slip bands in a metallic simple crystal submitted to uniaxial cyclic loading [2] (a) new fresh surface formation (b) irreversible damage (c) intrusion (d) extrusion
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 13 Figure 1.3 -Schematic diagram illustrating the transition from surface crystallographic Stage I crack to Stage II crack in the bulk [3, 4] (a) stage I and stage II (b) stage II
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 14 Figure 1.4 -Stress concentration of an elliptical hole in an infinite sheet[START_REF] Timoshenko | Theory of elasticity[END_REF][START_REF] Muskelishvili | Some basic problems of the mathematical theory of elasticity[END_REF] 
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 16 Figure 1.6 -Three different crack opening modes[START_REF]Analysis of stresses and strains near the end of a crack traversing a plate[END_REF] 
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 17 Figure 1.7 -Infinite sheet with a mode I through crack : coordinates definition [8]
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 18 Figure 1.8 -Compact tension specimen C(T) [9]
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 110 Figure 1.10 -Different ways to reduce ∆σ in steps to determine ∆K 0 [2] (a) constant σ min and decreasing σ max (b) constant σ max and decreasing σ min (c) decreasing σ max and σ min

1

 1 

  .

Figure 1 . 11 -

 111 Figure 1.11 -Crack propagation and thresholds : (a) observation of non-propagating cracks on mild steel [10] (b) schematic drawing of the Kitagawa-Takahashi diagram[START_REF] Kitagawa | Application of fracture mechanics to very small cracks or the cracks in the early stage[END_REF] 

Figure 1 . 13 -

 113 Figure 1.13 -Crack propagation and thresholds : (a) consequences on the db/dN -∆K curve [13] (b) equivalent ∆K th evolution of the Kitagawa-Takahashi diagram[START_REF] Kitagawa | Application of fracture mechanics to very small cracks or the cracks in the early stage[END_REF] 
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 114 Figure1.14 -Plastic zones of a growing crack[START_REF] Rice | The mechanics of crack tip deformation and extension by fatigue[END_REF] 

Figure 1 . 15 -Figure 1 . 16 -Chapitre 1 -

 1151161 Figure1.15 -Load vs COD for a mode I crack loaded in tension experiencing some crack closure[START_REF] Elber | The significance of fatigue crack closure[END_REF] 
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 118 Figure1.18 -Influence of fretting on the fatigue limit of the aluminium 2091 alloy (R = 0.1 ; f = 100Hz, p max = 30M P a)[START_REF] Zhou | Fissuration Induite en Petits Débattements : Application au Cas d'Alliages d'Aluminium Aéronautiques[END_REF] 

Figure 1 . 19 -

 119 Figure 1.19 -Different geometric configurations to perform plain fretting experiments

Figure 1 . 20 -

 120 Figure 1.20 -Sliding border definition between fretting and alternative sliding

Figure 1 . 21 -

 121 Figure 1.21 -Definition of the two fretting regimes
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 123 Figure 1.23 -Typical tribological behaviour for one specific material/geometry/friction configuration : flat/flat steel SUP9/steel SUP9 interface[START_REF] Tanaka | Fatigue growth threshold of small cracks[END_REF] 
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 30124 Figure 1.24 -Transition criteria to quantify the sliding condition from a fretting cycle[START_REF] Fouvry | Etude Quantitative des Dégradations en Fretting[END_REF] 
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 125 Figure 1.25 -Variable displacement method to characterize the sliding transition (cylinder/flat 7075/2024A contact, P = 170N/mm)[START_REF] Proudhon | Identification des mécanismes de fissuration dans un alliage d'aluminium sollicité en fretting et en fatigue[END_REF][START_REF] Proudhon | Three-dimensional study of a fretting crack using synchrotron x-ray micro-tomography[END_REF] 

Figure 1 .

 1 [START_REF] Zhou | Effect of external loading on wear maps of aluminium alloys[END_REF] illustrates the surface pressure and shear distributions for a partial slip cylinder/flat configuration at the maximum tangential load +Q * , ie. the part of the cycle where the stress concentrations are the most severe. Due to the symmetry of the contact, two hot spots appear localized at the contact borders, ie. at half of the contact width +/ -a, where temperature and stresses are maximum (see Fig. 1.26.b).
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 126 Figure 1.26 -Partial slip condition (a) fretting cycle (b) related shear and pressure distributions for a cylinder/flat configuration[START_REF] Muñoz | Prediction of the crack extension under fretting wear loading conditions[END_REF] 

Figure 1 . 27 - 24 ]Figure 1 . 28 -

 12724128 Figure1.27 -Influence of the plasticity on the surface shear q(x) and pressure p(x) distributions for a cylinder/flat 30NiCrMo8/AISI 1034 configuration (r = 40mm, P = 280N/mm, Q = 99N/mm (a) elastic computation (b) elastoplastic computation after 15 cycles (stabilized state)[START_REF] Kubiak | Quantification de la fissuration d'un contact soumis à des sollicitations complexes de fretting de fretting wear et de fretting fatigue[END_REF] 
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 129 Figure 1.29 -Static stress influence (200M P a) on the fretting cracking domain at 10 6 cycles of an aluminium alloy[START_REF] Zhou | Effect of external loading on wear maps of aluminium alloys[END_REF] 

Figure 1 . 30 -

 130 Figure 1.30 -Fretting fatigue scar with the eccentricity phenomenon on a cylinder/flat AISI 1034/AISI 1034 contact (r = 40mm, Q * = 90N/mm, σ a = 50M P a)[START_REF] Kubiak | Quantification de la fissuration d'un contact soumis à des sollicitations complexes de fretting de fretting wear et de fretting fatigue[END_REF] 

Figure 1 . 31 -

 131 Figure 1.31 -Influence of a cyclic stress on the surface shear distribution of a cylinder/flat AISI 1034/AISI 1034 contact (r = 40mm, p max = 450M P a, Q * = 80N/mm, σ a = 100M P a) [24]
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 134 Figure 1.34 -Estimated fretting fatigue total lifetime versus experimental observation for a 2024-T3 aluminium alloy[START_REF] Talemi | Prediction of fretting fatigue crack initiation and propagation lifetime for cylindrical contact configuration[END_REF] 
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 135 Figure 1.35 -Different phases of the cracking fretting life and relevant factors for modelling

Figure 1 .

 1 Figure1.36 -Schematic evolution of the stress intensity factor K at crack tip versus crack length for plain fretting and fretting fatigue loading conditions : correlation versus material crack arrest boundary stress intensity factor threshold[START_REF] Fouvry | Development of a fretting-fatigue mapping concept : The effect of material properties and surface treatments[END_REF] 
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 137 Figure 1.37 -Variation of the load ratio R along the crack path of a fretting fatigue round/flat Al-7075-T6/Al-7075-T6 configuration[START_REF] Vallellano | Influence of R ratio and stick zone eccentricity on the prediction of the fretting fatigue limit with spherical contact[END_REF] 

Figure 1 . 38 -

 138 Figure 1.38 -Description of the proposed reverse plain fretting crack arrest modelling approach used to extrapolate the material stress intensity factor threshold : correlation with conventional fatigue data for long crack arrest regime

Figure 2 . 3 -

 23 Figure2.3 -Aluminium microstructures where "L" is the rolling direction, "S" the short direction and "T" the transverse direction (a) optical micrographs of the 7075-T6[START_REF] Donnelly | A study of small crack growth in aluminum alloy 7075-t6[END_REF] (b) optical micrographs of the 2024-T351[START_REF] Lee | Effects of testing variables on stress corrosion cracking susceptibility of al 2024-t351[END_REF] 

Figure 2 . 4 -

 24 Figure 2.4 -Description of the three test configurations used with the corresponding stress ratio values achieved in each case All plain fretting and prestressed tests are performed at 12Hz and C(T) tests at 20Hz.For fretting experiments, the plane specimens are previously polished to reach a low surface roughness (R a = 0.2µm) following the protocol described in Table2.6 using a Buehler polisher (type Vector Power Head, Beta Grinder-Polisher).
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 25 Figure 2.5 -Cylinder/plane hertzian contact with P the linear normal force, p(x) the pressure profile, r the cylinder radius and a the half-width contact
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 6 At the loading Q = +Q * and unloading 54 © 2015 -Alix DE PANNEMAECKER -Labs. LTDS & MATEIS -Centrale Lyon

Figure 2 . 6 -

 26 Figure 2.6 -Pressure and shear distributions for a cylinder/plane contact in partial slip at ±Q *

Figure 2 .

 2 Figure 2.7 -(a) Subsurface stress evolutions and (b) corresponding local R(z) = σ min (z)/σ max (z) stress ratio occurring at the trailing contact border x = -a of a fretting condition in partial slip (Ti6-Al4-V/Ti6-Al4-V cylinder/plane contact with R = 40mm, p max = 450M P a, q max = 350M P a, a = 0.56mm)
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 28 Figure 2.8 -Picture of the experimental set-up used for plain fretting tests (a) and schematic drawing describing the device (b)[START_REF] Kubiak | Quantification de la fissuration d'un contact soumis à des sollicitations complexes de fretting de fretting wear et de fretting fatigue[END_REF] 
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 29 Figure 2.9 -Picture (a) and (b) schematic drawing of the fretting fatigue set-up (c) geometry of the 7050-T7451 specimens used

Figure 2 . 10 -

 210 Figure 2.10 -Pressure and shear distributions predicted on the cylinder/plane interface at +Q * with fretting configurations : stress analysis at the trailing contact border

Figure 2 .

 2 Figure 2.11 -Schematic representation of the method used to determine the fretting cracks length : example of a simple fretting sample

Figure 2 .

 2 Figure 2.12 -(a) Photography and (b) schematic diagram of the fatigue crack growth set-up (c) geometry of 7050-T7451 C(T) specimen

Figure 2 .

 2 Figure 2.13 -Precracking procedure (a) stepped force shedding method (R = 0.1) [9] (b) Pictures of the two faces C(T) 7050-T7451 aluminium specimens at the end of the precrack (Keller attacked)

Figure 2 .

 2 Figure 2.14 -ESRF, European Synchrotron Radiation Facility, Grenoble, France
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 215 Figure 2.15 -Schematic drawing of the radiographic procedure used to monitor crack propagation

Figure 2 . 3 Numerical methods for stress intensity factor estimation of cracked fretting interface Sommaire 3 . 1 3 . 2

 233132 Figure 2.16 -Micro fretting fatigue device (a) diagram of the set-up (b) micro fretting fatigue specimens
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 68 Figure 3.1 -Cylinder (Ti-6Al-4V)/flat (Ti-6Al-4V) fretting configuration : propagation curve (r = 40mm, p max = 450M P a, q max = 335M P a) obtained by destructive metallographic observation (see chapter 2)
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 32 Figure 3.2 -Hertz-Mindlin's model of the stress distribution at the loading stage Q * for a cylinder/plane interface

Figure 3 . 3 -

 33 Figure 3.3 -Schematic representation of McEwen's stress computation (a) Stress due to the pressure (b) Stress due to the shear related to Q * < µP

Figure 3 . 4 -

 34 Figure 3.4 -Schematic representation of Muskelishvili's discretization (a) Method applied on a Hertz-Mindlin's distribution (b) Method applied on a complex surface pressure loading

Figure 3 . 5 -

 35 Figure 3.5 -FEM description of the fretting cracking experiments (a) FEM model (b) loads applied on an elastic configuration Figure 3.5.b describes the sequence of loadings applied in the elastic/plane model. A linear normal force (P ) and a cyclic partial slip alternated tangential force amplitude (Q * < µP ) are imposed leading to p(x) pressure and q(x) shear profiles at the surface of the studied specimen. Results and interpretations are made for an open crack, ie. at the last +Q * loading stage in this section, ie. for an opened crack condition.The choice of quadratic (four integration points) or linear (one integration points) elements has to be discussed : the pressure and the shear distributions are extracted from the linear and quadratic FEM models, and compared to the Hertz-Mindlin's model using the following relative value (Fig.3.6) :• Comparison of pressure values between the FEM model with linear elements and the Hertz's pressure :

Figure 3 . 6 -

 36 Figure 3.6 -Cylinder(Ti-6Al-4V)/flat(Ti-6Al-4V) configuration : comparison of the analytical and FEM models (a) Pressure analysis with the related relative error values (b) Shear analysis with the related relative error valuesThe results of this analysis, see Figure3.6, show that at the half-width contact (at x = -a and x = +a) and at the stick zone (x = -c and x = +c), the use of quadratic elements (Error of 1.5%, Fig.3.6.a and Fig.3.6.b) seems to be more relevant than linear elements (Error of 2 -3%), even if everywhere else at the contact's surface, the differences with the Hertz-Mindlin's model are negligible (less than 1%). The gaps at |x| = a and at |x| = c being very local an analysis on the stress values below the surface must be carried out. This aspect will be examined hereafter.
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 37 Figure 3.7 -Definition of variables for the weight function approach used to compute the stress intensity factor values along the straight crack path at the trailing contact border (x = -a)

.10) m 1

 1 and m 2 are constants depending on the ratio r wf = b/W (3.7). The total crack length b is assumed to be finite. m 1 and m 2 have the following expressions :

r 6 wf( 3 . 12 )

 6312 © 2015 -Alix DE PANNEMAECKER -Labs. LTDS & MATEIS -Centrale Lyon interface The geometry illustrated in figure 3.7 uses the following constant values [103] : A 1 = 0.6147; B 1 = 17.1844; C 1 = 8.7822 A 2 = 0.2502; B 2 = 3.2889; C 2 = 70.0444 (3.13)

Figure 3 . 8 -

 38 Figure 3.8 -Contour Integral's calculation (a) geometry of the contours (b) mesh used for the FEM model

(3. 22 )

 22 where the contour C = Γ + C + + C -+ C 0 and m is the unit outward normal. In deriving the above, the following relations are used : m j = -n j on Γ and m j = n j on C 0 , C + and C -, and m 1 = 0 on C + and C -.
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 39 Figure 3.9 -Conventions at crack tip. Domain A is enclosed by Γ, C + , C -and C 0 . Unit normal m j = n j on C + , C -and C 0 and m j = -n j on Γ.

Figure 3 .

 3 11 describes the full FE decoupled methodology. The materials, geometry, loading and boundary conditions are the input parameters of a Python-Matlab code which generates a Python script implemented in the FE Abaqus software. No crack is introduced in the fretting FE model. Abaqus software enables the extraction of the stress fields and stress intensity factors are calculated at the crack tip by the weight function on a virtual crack path.
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 310 Figure 3.10 -Equivalence of the weight functions (WF) and the contour integral (CI) on a single edge crack in an Ti-6Al-4V sample
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 312 Figure 3.12 -Stress analysis (a) σ 11 as a function of z/a, taken at the contact border x = -a (b) Stress computation with the Muskelishvili's potentials (M _M U SK) (c) Relative error E%(σ 11 ) (P = 392.5N/mm, r = 40mm, Q * = 250N/mm), µ t = 0.9)

Figure 3 .Figure 3 . 15 -

 3315 Figure 3.14 -K Imax analysis (a) K Imax as a function of b p /a, taken at the contact border x = -a (b) relative errors (%) with the M _M E_W F calculation taken as a reference (P = 392.5N/mm, r = 40mm, Q * = 250N/mm), µ t = 0.9)

Figure 3 . 17 -

 317 Figure 3.17 -Surface loading and subsurface stress fields at Q = +Q * (a) Uncracked FEM modelling (F EM _L) (b) Cracked FEM modelling (F EM C_L with b p = 30µm) (P = 392.5N/mm, r = 40mm, Q * = 250N/mm), µ t = 0.9)
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 318 Figure 3.18 -Stress analysis (a) σ 11 as a function of z/a, taken at the contact border x = -a (b) Stress computation of a cracked FEM model (b p = 30µm) with the Muskelishvili's potentials (F EM C_L_M U SK) (c) Relative error E%(σ 11 ) (P = 392.5N/mm, r = 40mm, Q * = 250N/mm), µ t = 0.9)
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 3320 Figure 3.19 -K Imax analysis (a) F EM C_L_M U SK_W F vs F EM _L_M U SK_W F (b) F EM C_L_M U SK_W F vs F EM C_L_CI (P = 392.5N/mm, R = 40mm, Q * = 250N/mm), µ t = 0.9) (P = 392.5N/mm, r = 40mm, Q * = 250N/mm), µ t = 0.9)

Figure 3 .

 3 Figure 3.21 -K Imax analysis at the crack arrest condition : F EM _L_W F (decoupled approach) vs F EM C_L_CI (coupled approach) (P = 392.5N/mm, r = 40mm, Q * = 250N/mm), µ t = 0.9) To summarize, three methods are presented to estimate stress intensity factor values for a fretting model in partial slip : the classic analytical approach (M _M E_W F ), the decoupled approach (F EM _L_W F or F EM _Q_W F ) and the coupled one (F EM _L_CI).-For a semi-infinite model, the analytical model is faster than an FEM approach and gives conservative results in terms of K Imax at the tip of longer cracks.-For a cracked body with finite dimensions, the use of a decoupled approach is faster than the coupled one and gives conservative results for long cracks.-For shorter cracks and for a better approximation, the coupled approach is more relevant even if it is a slightly more complicated to implement. The analysis may be restricted to linear elements, which allows to limit the computation time.
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Figure 4 .

 4 1 illustrates the variable displacement method applied on the cylinder (Ti-6Al-4V)/flat (Al-7050-T7451) interface and summarizes this phenomenon : a discontinuity between closed and open fretting cycles, corresponding to the partial slip/gross slip sliding transition can clearly be observed.

Figure 4 . 1 -

 41 Figure 4.1 -Variable displacement amplitude tests to determine the transition between the partial and gross slip regime (cylinder (Ti-6Al-4V)/plane (7050-T7451) configuration, p max = 300M P a)

Figure 4 . 2 -

 42 Figure 4.2 -Experimental determination of the friction coefficient µ t controlling the shear q(x) at the contact interface for a fretting configuration in partial slip (cylinder (Ti-6Al-4V)/flat (7050-T7451) configuration, p max = 300M P a)
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 43 Figure 4.3 -Definition of the angles θ i and lengths L i used to describe the crack path, b p,CA is the projected crack length at a crack arrest condition in the studied contact (Test 11 (Ti-6Al-4V(cylinder)/7075-T6(plane))

Figure 4 . 4 .

 44 a shows such a curve by plotting the maximum projected crack length b p as a function of the number of fretting cycles for the different tests performed on the 7050-T7451 aluminium alloy. It reveals that, for this material, after 2.10 6 fretting cycles a crack arrest is obtained. For the other studied materials, crack arrest conditions are systematically achieved before 10 6 cycles so that the tests are systematically stopped at 10 6 cycles from Tests 1 to 33 (Appendix A).
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 44 Figure 4.4 -Fretting crack arrest conditions related to the 7050-T7451 (a) "Plateau" evolution (σ ext = 0M P a, q max = 190M P a) (b) 35NCD16, AISI 1034, 2024-T351, 7075-T6 : normalized b p,CA(n) -q max chart

  Figure 4.5.a and the ∆K 0 material thresholds are compared versus the 1/H qmax ratio in Figure 4.5.b.

Figure 4 . 5 -

 45 Figure 4.5 -(a) Evolution of the q max,CN fretting crack nucleation parameter versus the material σ d fatigue limit (b) Evolution of the 1/H qmax fretting crack arrest parameter versus ∆K 0 ( : 35NCD16 -: AISI 1034 -: 7075-T6 -: 2024-T351) The positive slopes of the curves in Figures 4.5a. and 4.5.b tend to confirm a correlation between material fatigue properties and fretting cracking response. The crack nucleation response (Fig. 4.5.a)shows a linear increase with significant scatter. The 7075-T6 alloy displays the lowest fatigue limit, but its q max,CN value is larger than for the 2024-T351 alloy, and the slope of the curve, around 0.8, is relatively high compared to the expected value of 0.5 (Eq. 4.3). This result confirms that, due to the severe contact stress gradients, local fatigue stress analysis over-estimates the crack nucleation risk. A non-local approach, based for instance on an averaged stress state[START_REF] Fouvry | A multiaxial fatigue analysis of fretting contact taking into account the size effect[END_REF], would be preferable for predicting crack nucleation risk. This aspect extensively investigated in previous research[START_REF] Fouvry | From uni-to multi-axial fretting-fatigue crack nucleation : Development of a stress-gradient-dependent critical distance approach[END_REF] will not be developed here. Focusing on crack propagation it can be concluded from Figure4.4.b value displays a monotonic increase with the 1/H qmax ratio. However, the variable is still a "macro" contact parameter unable to describe the crack arrest process precisely. To be more quantitative, this fretting crack arrest analysis requires stress intensity factor crack computations, as shown in the next chapters.
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 46 Figure 4.6 -Illustration of the two crack meshes used (a) Plain normal crack hypothesis (b) Kinked crack description

Figure 4 .

 4 Figure 4.7.a focuses on K Imax evolution. For the kinked crack description, three different zones are observed, corresponding to the three angles related to the crack path (θ 1 = 47.5 • ; θ 2 = 15.5 • , θ 3 = 0 •). The presence of an angle seems to reduce the K Imax value, so that the normal crack path description provides relevant conservative estimations. Note that both cracks are meshed at the contact border, just near the zone in compression induced by the contact normal loading. The stress intensity factor in mode I is directly bound to the projection of the stress field σ 11 . In contrast to the normal crack, the kinked crack propagated into the inner part
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 47 Figure 4.7 -Comparisons of K Imax values (a) and ∆K II values (b) as a function of b p /a (q max = 190M P a, r = 80mm) for two different crack geometries A second comparison concerns the evolution of the mode II stress intensity factor range (Fig. 4.7.b).It suggests that both normal and slant cracks models are equivalent for "long" cracks : b p /a > 0.2. But for shorter cracks, especially for b p /a < 0.03 (actually corresponding to the order of magnitude of the size of a grain), the kinked crack path has a non-negligible influence on the contribution of mode II : ∆K II_KIN KED >> ∆K II_N ORM AL . This difference is due to the inclination of the crack with respect to the surface (45 • ) which results in a larger shear mode II contribution than in the normal description, generating shear values more representative of the reality. It can be concluded that a kinked crack description is much more relevant than the normal approximation to address the shear mode II contribution, which is predominant for the shortest cracks. For this reason a kinked crack path description will be adopted for elastic configurations in this section.
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 48 Figure 4.8 -Parametric study : K II as a function of b p /a (q max = 190M P a, r = 80mm)

Figure 4 . 9 -

 49 Figure 4.9µ crack estimation (a) Pressure profiles along the crack lips extracted from the FEM analysis (7050-T7451, Test 41, see Appendix A : q max = 190M P a, r = 80mm) (b) Results of flat/flat 7050-T7451/7050-T7451 variable displacement tests (P avg = 234M P a)
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 410 Figure 4.10 -Equivalent plastic strain at integration point : elastic accommodation after 40 fretting cycles for Test 32 (a) and Test 33 (b) (Appendix A).

Figure 4 .

 4 Figure 4.11 -Evolution of the incremental 11 plastic strain at the hot-spot trailing contact border versus the number of numerical fretting cycles (a) and (σ 11 , p 11 ) loops evolution (Test 32, Appendix A).

Figure 4 .

 4 Figure 4.12 compares the two approaches used to extrapolate K Imax evolution as a function of the fretting crack path, in elastic or elastic shakedown conditions respectively.
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 412 Figure 4.12 -Decoupled and coupled approaches : illustration of the K Imax estimations

Figure 4 .

 4 [START_REF] Suresh | Fatigue of Materials[END_REF] compares the evolution of the different K Imax approximations as a function of the corresponding projected crack length.
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 413 Figure 4.13 -Application to the AISI 1034 long crack arrest analysis (Test 33, Appendix A) : comparison of the estimated K Imax values -Contact stress analysis : (E : elastic on the 1st cycle, EP : elasto-plastic on the 40 th cycle) -Stress intensity factor computation strategy : (C : coupled, DC : decoupled) -Crack path description : (K : kinked (here slant θ 1 = 30 • and L 2 = L 3 = 0µm) ; S : straight).
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 414415 Figure 4.14 -Crack arrest analysis using the K Imax approximation (a) 35NCD16 (b) AISI 1034 (c) 7075-T6 (d) 2024-T351 ( : experimental points, elastic FEM model -: experimental points, elasto-plastic FEM model)

14 )

 14 Figure 4.16 -Normalized crack arrest chart (a) and corresponding R eq ratio evolution versus the normalized crack length b p,CA /b 0 (b) ( : 35NCD16 -: AISI 1034 -: 7075-T6 -: 2024-T351)
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 417 Figure 4.17 -Evolution of the normalized K Imax,th /K 0 crack arrest parameter versus the R eq ratio for the long crack conditions (ie. b p,CA /b 0 > 1) ( : 35NCD16 -: AISI 1034 -: 7075-T6 -: 2024-T351)
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 418 Figure 4.18 -Evolution of the fretting ∆K 0(f r) versus the ∆K 0 (R eq = -1) data (see Table2.3) ( : 35NCD16 -: AISI 1034 -: 7075-T6 -: 2024-T351)

2

 2 Figure 4.18 -Evolution of the fretting ∆K 0(f r) versus the ∆K 0 (R eq = -1) data (see Table2.3) ( : 35NCD16 -: AISI 1034 -: 7075-T6 -: 2024-T351)

  Figure 4.18 -Evolution of the fretting ∆K 0(f r) versus the ∆K 0 (R eq = -1) data (see Table2.3) ( : 35NCD16 -: AISI 1034 -: 7075-T6 -: 2024-T351)
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 51 Figure 5.1 -Description of the three test configurations with the related load ratio areas
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 5253 Figure 5.2 -Plain and prestressed fretting crack arrests (a) propagation curves for each tested stress level (Tests 43-45 48-50 52-53, see Appendix A) (b) Evolution of the projected crack lengths at crack arrest b p,CA as a function of fretting loadings ( : σ ext,1 = 0M P a -: σ ext,2 = 33M P a -: σ ext,3 = 42M P a -: σ ext,4 = 80M P a)
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 41151123554 Figure 5.4 -Fatigue-crack-growth-rate data on the 7050-T7451 aluminium alloy
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 56 Figure 5.6 -FEM description of the fretting cracking experiments (a) FEM model (b) load sequence applied on an elastic configuration
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 57 Figure 5.7 -Illustration of the FE model and the related mesh used

Figure 5 . 8 -

 58 Figure 5.8 -Comparison of the kinked and straight crack paths : ∆K eq evolution versus the R eq -ratio, parametric study on σ ext (Test 34)

Figure 5 . 9 -

 59 Figure 5.9 -Long crack regime (a) fatigue limit at 10 7 cycles and related stress intensity factor threshold ∆K 0 versus the R eq -stress ratio (b) crack arrest conditions related to plain and prestressed fretting experimentsHence assuming a very basic linear evolution of b 0 from R eq = -1 to 0.5, we confirm that all our plain fretting and prestressed crack arrest lengths are related to the long crack regime.
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 510 Figure 5.10 -Evolution of the fatigue crack growth controlling parameters as a function of the stress ratio R (a) K max,th evolution (b) ∆K n,th evolution versus R eq -ratio ( : simple fretting tests -: prestressed fretting tests -: C(T) fatigue tests -: C(T) fatigue data extracted from the literature) Figure 5.10.a and Figure 5.10.b respectively show the K max,th and ∆K n,th evolutions as a function of the R eq ratio. They reveal that below a critical ratio R c , K max,th remains constant and increases sharply for higher R eq ratios. In contrast, ∆K n,th linearly decreases until reaching a positive value R c , from where it stabilizes. Those behaviours are totally consistent with the literature[START_REF] Fonte | The environment effect on fatigue crack growth rates in 7049 aluminium alloy at different load ratios[END_REF] and fully validate the approach of fatigue stress intensity factor threshold estimations from fretting experiments at negative and positive R eq ratios. The "K max,th -∆K n,th "
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 511 Figure 5.11 -Two parametric crack driving force ∆K * n,th -K * max,th requirement for fatigue damage ( : simple fretting tests -: prestressed fretting tests -: C(T) fatigue tests -: C(T) fatigue data extracted from the literature)
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 512 Figure 5.12 -Evolution of the fatigue crack growth controlling parameters ∆K th -K max,th as a function of the stress ratio R eq ( : simple fretting tests -: prestressed fretting tests -: C(T) fatigue tests -: C(T) fatigue data extracted from the literature)
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 514 Figure 5.14 -Optimization of the α S parameter, example of the Schijve's approach
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 515 Figure 5.15 -Controlling parameters taking into account closure as a function of the stress ratio (a) Elber's approach (Equation 5.14, [15]) (b) Schijve's approach with α s = 0.2 (Equation 5.15, [35]) (c) Kujawski's approach with α K = 0.5 (Equation 5.16, [36]) (d) Kujawski's approach with α K = 0.1 (Equation 5.16, [36]) ( : simple fretting tests -: prestressed fretting tests -: C(T) fatigue tests -: C(T) fatigue data extracted from the literature)
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 5 Figure 5.16 -∆K ef f,th versus R eq -ratio ( : simple fretting tests -: prestressed fretting tests -: C(T) fatigue tests -: C(T) fatigue data extracted from the literature)
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 61 Figure 6.1 -"In situ fretting fatigue" set-up (a) contact configuration (b) schematic description

Figure 6 . 2 - 6 . 1 6 . 1 . 1

 6261611 Figure 6.2 -"In situ fretting fatigue" principle : in situ crack propagation test : (a) zoom on the contact (b) schematic representation (c) radiographic image of the crack under load (d) broken sample
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 63 Figure 6.3 -Asymmetry of the surface loading distributions (a) pressure (b) shear (Test F, at Q(t) = +Q * )
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 65 Figure 6.5 -Schematic illustration of the fretting crack nucleation (a) multiple crack nucleation at grain boundaries (b) full transverse fretting crack lead by the contact[START_REF] Proudhon | Identification des mécanismes de fissuration dans un alliage d'aluminium sollicité en fretting et en fatigue[END_REF][START_REF] Proudhon | Three-dimensional study of a fretting crack using synchrotron x-ray micro-tomography[END_REF] 

  .7). A sharp increase of the crack growth kinetics is observed for both tests E and F. -Zone 4 : this period corresponds to the failure of the specimen (ie. brittle failure). The fracture surfaces of the specimen broken during Test F observed by SEM are shown on Figure 6.8. The crack front appears perpendicular to the propagation direction confirming that the fretting pad is well aligned with the fretting fatigue specimen. The four different zones defined at Figure 6.6 can be identified (Figure 6.8.a and Figure 6.8.b).
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 6667 Figure 6.6 -In situ fretting fatigue crack propagation curves : evolution of the projected crack length b p as a function of fretting cycles N
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 68 Figure 6.8 -SEM observations of the fracture surfaces of the sample broken during Test F (a) SE view (b) BSE view (p max = 300M P a, q max = 310M P a, σ a = 59.6M P a, R f at = 0.29, N f = 132521). The zones labelled 1 to 4 correspond to the different zones identified on Figure 6.6

  96.5N/mm for Test F).
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 69 Figure 6.9 -Symmetrical FEM modelling of the micro fretting fatigue experiments (a) symmetrical FEM contact model (b) loads sequence applied on an elastic configuration (Test F)
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 610 Figure 6.10 -Surface shear q(x) and pressure p(x) distributions for a symmetrical fretting fatigue configuration at +Q * and -F m + F a (Test F configurations)
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 611612 Figure 6.11 -Non symmetrical FE modelling of the micro fretting fatigue experiments
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 613 Figure 6.13 -Micro fretting fatigue FEM cracked modelling : surface shear and pressure distributions (Test F after 132521 cycles, at +Q * and F m + F a )
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 614 Figure 6.14 -Schematic description of the three fretting fatigue propagation zones
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 615 Figure 6.15 -Evolution of K I and K II values at ±Q * as a function of the crack length b p

Figure 6 .

 6 Figure 6.17 -Influence of the mode II contribution in the fretting fatigue crack propagation
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 2015618 Figure 6.18 -Long crack behaviour of the 7050-T7451 aluminium alloy : correlation with micro fretting fatigue experiments and conventional fatigue C(T) tests (L-T orientation, R f a = 0.3 [37])

  .20). A good correlation is observed. The dispersion is quite low leading to a single master curve db p /dN -∆K ef f,m . Again the Paris region can be extracted from the "micro fretting fatigue" data with effective Paris coefficient : m ef f = 3.42 and C ef f = 3.36.10 -11 m/(cycle.M P a √ m).

Figure 6 . 19 -Figure 6 . 20 -

 619620 Figure 6.19 -Short crack behaviour of the 7050-T7451 aluminium alloy : correlation with micro fretting fatigue experiments and conventional fatigue C(T) tests (L-T orientation, R f a = 0.3 [37])
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 2015 Alix DE PANNEMAECKER -Labs. LTDS & MATEIS -Centrale Lyon Conclusion fatigue" tests. The ideal would be to obtain a 3D reconstruction of the facture faces during testing.
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Table 2 .

 2 1 -Chemical composition of the studied aluminium alloys

	Material				Species (%)			
	7050-T7451 [32]	Cu 1.76	Mg 2.42	Mn 0.07		Si 0.28 0.19 6.15 0.14 0.06 Bal Fe Zn Zr Ti Al
	7075-T6 [91]	Cr 0.2	Cu 1.6	Fe 0.2		Mn Mg 0.2 2.6	Si 0.1	Ti 0.1	Zn 5.7
	2024-T351 [21, 22]	Cu 3.8-4.9 1.2-1.8 0.3-0.9 0.07 0.04 Mg Mn Fe Si		Cr 0.01	
	Material					Species (%)			
	AISI 1034 [24]	C 0.38	Mn 1.2	Cr 0.3	Ni 0.3	Cu 0.3	Si 0.5	P <0.2	S <0.2	Mo <0.08 <0.06 V
	35NCD16 [92, 93]	C 0.3-0.4 0.3-0.6 <0.02 <0.02 0.15-0.4 3.5-4.2 1.6-2.0 0.35-0.60 Mn P S Si Ni Cr Mo	Fe Balance

• The asymptotic value corresponding to the stabilised cyclic regime Q ∞ • The stabilisation index b e • The hardening coefficient C • The kinematic hardening coefficient γ e

Table 2 . 2

 22 

-Chemical composition of the studied steels Material

Table 2 .

 2 4 -Long crack stress intensity factor range threshold values for three positive values of stress ratios R for the 7050-T7451 aluminium alloy[START_REF] Newman | Fatigue and crack growth in 7050-t7451 aluminium alloy under constants-and variable-amplitude loading[END_REF] 

	and 10 7 cycles (MPa)	(M P a.m 0.5 )

Table 2 .

 2 

5 -Parameters defining the combined isotropic-kinematic hardening law of the AISI 1034 steel 52 © 2015 -Alix DE PANNEMAECKER -Labs. LTDS & MATEIS -Centrale Lyon Testing strategy

Table 2 .

 2 .11). 6 -Polishing protocols for the different studied materials

	Polishing step	Polishing speed load time Steel Titanium Aluminium (RPM) (N) (min)
	silicon carbide paper with graining of 80 (with water)	300	30	0.5	X	X	X
	silicon carbide paper with graining of 320 (with water)	300	30	1	X	X	X
	diamond paste						
	9µm Poly Gel2+ :	150	30	3	X	X	X
	0.5mL/60sec						
	diamond paste						
	3µm Poly Gel2+ :	150	30	2	X	X	X
	0.5mL/60sec						
	diamond paste 1µm Poly Gel2+	150	25	1			X

crack growth propagation Sommaire 6.1 Micro vs macro fretting fatigue experiments : scale effect

  A ∆K 0 determination from fretting experiments or C(T) fatigue crack growth tests can give similar material parameters but note the best methodology also depends on the context. It is noteworthy that such data are more and more requested for damage tolerance prediction in the transport and energy industries, which are usually very fastidious to obtain using conventional fatigue experiments. . . . . . . . . 143 6.1.1 Micro fretting fatigue tests calibration . . . . . . . . . . . . . . . . . . . . . 143 6.1.2 Contact loadings : surface analysis . . . . . . . . . . . . . . . . . . . . . . . 144 6.1.3 Crack growth propagation : in situ experiments . . . . . . . . . . . . . . . . 146 6.
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Table 6 .

 6 1 * W . 1 -Macro and micro fretting contact equivalence

		r(mm) L(mm) P (N/mm) p max (M P a) a(mm)
	Macro contacts	80	8	450	300	0.953
	Micro contacts	10	2	45	300	0.099

Table 6 .

 6 .1). 2 -Micro fretting fatigue test configurations (r = 10mm, p max = 300M P a, P = 45N/mm, µ t = 1.3)

	Test	Q *	q max	σ f a,min σ f a,max	σ a	R f at N at failure
		(N/mm) (M P a) (M P a) (M P a) (M P a)		
	A	30.25	276	28.5	131	51.3	0.22	228535
	B	37	305	29.8	134.3	52.3	0.22	126318
	C	35	298	38.8	143	52.1	0.27	120037
	D	36	302	53.3	162	54.4	0.33	179301
	E	35	296	18	122.5	52.3	0.15	231953
	F	38.5	310	48.3	167.5	59.6	0.29	132521

Table A .

 A 3 -7050-T7451 : Elastic test conditions and related analysis of crack arrest conditions, with r Table B.1 -Analysis related to a straight crack path geometry (Test 34, Appendix A) © 2015 -Alix DE PANNEMAECKER -Labs. LTDS & MATEIS -Centrale Lyon 173 Annexe B -Mode II analysis on plain and prestressed Fretting test conditions

						= 450N/mm,
	Annexe B = 80mm, P Mode II analysis on plain and KINKED CRACK PATH σ ext 0 33 42 80 (MPa) prestressed Fretting test conditions b p,CA 87 87 87 87 (µm)
	L 1 (µm)	51	51		51	51
	θ 1 ( • )	STRAIGHT CRACK PATH 15 15	15	15
	σ ext L 2 (µm) (MPa) L 1 = b p,CA θ 2 ( • ) (µm) θ 1 K Imax (M P a.m 0.5 ) ( • ) K Imax K Imin (M P a.m 0.5 ) (M P a.m 0.5 ) K Imin K IImax (M P a.m 0.5 ) (M P a.m 0.5 ) ∆K I K IImin (M P a.m 0.5 ) (M P a.m 0.5 ) R eq ∆K I (M P a.m 0.5 ) ∆K eq (M P a.m 0.5 ) ∆K II (M P a.m 0.5 )	0 36 87 0 0 1.5 1.8 0 0 0.1 1.8 0.6 -1.6 1.5 1.8 -0.5	33 36 87 0 0 2.2 2.3 0 0 0.4 2.3 0.3 -0.7 2.2 2.3 0.1	42 36 87 0 0 2.3 2.4 0 0 0.4 2.4 0.4 -0.6 2.3 2.4 0.1	80 36 87 0 0 3.0 3.1 0 0 0.5 3.1 0.4 -0.3 3.0 3.1 0.1
	R eq	-1.7	-0.9	-0.8	-0.4
	∆K eq (M P a.m 0.5 )	1.6	2.2		2.3	3.0	= 953µm
							max = 300M P a, a
							p

Table B .

 B 

Table C .

 C 1 -Stress intensity factors computation for the "micro fretting fatigue" Test F (r = 10mm, p TableC.2 -Crack growth propagation data for the "micro fretting fatigue" Test F (r = 10mm, p max = 300M P a, q max = 310M P a, σ a = 59.6M P a, R f at = 0.3)

				max =
	db p /dN (m/cycle) ∆K eq,avg (M P a 1.279 * 10 -6 25.04 9.025 * 10 -7 17.91	√	m) max = 300M P a, q
	7.901 * 10 -7	14.59	
	5.124 * 10 -7	12.87	
	2.971 * 10 -7	10.93	
	1.724 * 10 -7	9.35	
	1.318 * 10 -7	7.67	
	1.584 * 10 -8	5.98	
	1.368 * 10 -8	5.31	
	1.239 * 10 -8	4.70	
	3.814 * 10 -9	4.14	
	4.538 * 10 -9	3.70	
	2.591 * 10 -9	3.28	
	1.224 * 10 -9	3.20	
	5.761 * 10 -9	2.83	
	3.812 * 10 -9	2.28	
	4.829 * 10 -9 8.710 * 10 -9 4.316 * 10 -9 7.805 * 10 -10	1.98 1.78 1.60 1.49		310M P a, σ f at = 0.3) a = 59.6M P a, R
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