This study is part of an original approach based on quantitative imaging techniques, such as Infrared Thermography, to study the damage under fretting loadings. The main objective was the establishment of new experimental method for a rapid determination of crack initiation conditions under fretting loadings, based on the analysis of the thermal signal. One other objective was the determination of the different heat sources in order to assess a local analysis of the fretting damage. This work underlined the great potential of Infrared Thermography to study this damage.

Résumé:

Cette étude s'inscrit dans une approche originale basée sur des techniques d'imagerie quantitatives comme la thermographie infrarouge pour étudier l'endommagement sous chargement de fretting. Le premier objectif était de développer une méthode de construction rapide de carte de fretting basée sur l'analyse du signale thermique au cours d'essais de fretting. Un deuxième objectif était de déterminer les sources de chaleurs accompagnant le fretting pour une meilleure compréhension des mécanismes d'endommagement. Ce travail a souligné le grand potentiel de la thermographie infrarouge pour l'étude de c'est phénomènes.
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Introduction

Fatigue is a phenomenon associated with variable loading or more precisely to cyclic stressing or straining of a material. Often machine components subjected to such repeated or cyclic stressing are found to have failed even when the actual maximum stresses were below the ultimate strength of the material, and quite frequently at stress values even below the yield strength.

The aim of this study is to provide a better understanding of the damage under cyclic loadings with high stress gradients. These stress gradients can have an important influence on the fatigue performance of materials and may reduce significantly the life of structures. The focus was held on fretting problems, defined as oscillating contacts, of very small amplitudes.

Fretting can be considered as the worst case scenario introducing strong and heterogeneous stress gradient states in structures. However, the different results of this project can be transposed to cyclic loading situations with high stress gradients (for example, notch fatigue).

Under partial slip conditions, a part of the contact zone remain stuck and the fretting damage is mainly characterized by the initiation of cracks. Under gross slip conditions, the whole contact begins to slide and the main damage is wear. In order to describe these different damaging phenomena, a synthetic form of a fretting mapping is used. This map defines three damage domains, each depending on the loading parameters: the no cracks nucleated, the cracks nucleated and wear damage. Experimentally, the crack nucleation conditions are obtained by destructive methods which are time and material consuming and give scattered results.

Crack initiation in metals is generally associated to the gliding of dislocation and the creation of slip bands. A more specific mechanism of such phenomenon is the development of localized high temperature and thermal gradients in the front of any active slip band, resulting from the conversion into heat of the work of the applied mechanical load. The idea of using heat release to study the damage of metallic materials under fretting loadings have been rarely reported. The importance of such an energy approach is in its ability to unify microscopic and macroscopic data to facilitate the detection of damage.

Therefore, the main interest of this work is the establishment of new experimental means based on the dissipative response of the material under fretting loadings for a better understanding of the cracking mechanisms. To fulfill such research perspective, full-field measurement techniques, such as Infrared Thermography, for temperature measurement and Digital Image Correlation for displacement measurements are used, and that for:

 Short-time evaluation of the crack initiation boundaries.

 Quantitative calorimetric analysis of the fretting damage.

The present thesis is divided into four main chapters; each chapter is then divided into different subsections.

Chapter 1 is a literature review on the major characteristics of fretting loadings and their damage mechanisms. A review on the different dissipative approaches to study fatigue mechanisms is also made. This chapter, in our opinion, helps the reader to understand the different inspirations and motivations of this thesis.

In Chapter 2 are presented the mechanical and tribological properties of the studied material.

In this chapter, are also presented the different experimental set-ups, and metrological developments made during this thesis.

In Chapter 3, the Thermographic methodology for the rapid determination of crack initiation thresholds under fretting loadings is presented. This first method is based on the spectral analysis of the thermal signal during a fretting testing.

In chapter 4, the thermomechanical framework and the 2D image processing technique allowing the determination of the different heat sources are exposed. Finally, the different results and interpretations allowing the assessment of a new dissipative approach to study fretting cracking are presented. I would like to warmly thank all the project partners for the fruitful and animated scientific discussions. I would also like to thank The Agence Nationale de la Recherche for funding this work.

The work was done in the

Chapter 1: State of Art

This chapter is a brief state of art so readers can get familiar with the major characteristics of fretting loadings, their damage mechanisms and more precisely cracking mechanisms along with life prediction models and experimental expertise. A brief review on the dissipative approaches to study fatigue mechanisms is then made. Finally, a highlight on the use of infrared thermography for fretting problems is presented.

1.1 Fretting: a brief review

Introduction

The first study on fretting appeared in the early twentieth century when Eden [1] highlighted the presence of oxide debris between two samples in contact subjected to tensile tests. This phenomenon was associated with a mechanism of corrosion and the term fretting-corrosion was introduced. Nowadays, in contact mechanics, the term fretting is used in reference to any situation where two contacting surfaces pressed together by external normal forces are subjected to small oscillating movements.

In many industrial applications, fretting damage is considered as the origin of components premature failure or loss of functionality. Fretting can be induced by the vibrations and/or deformations of structures assemblies and parts, as in helicopters, airplanes, ships, trains, cars, trucks, electrical connectors, heavy machinery, etc.

To illustrate a fretting contact, let us consider Figure 1-1 where a schematic of a sphere on flat contact configuration is presented. Depending on the contact parameters such as the normal pressure P, the radial pressure P r and the cyclic tangential displacement , three sliding modes can be defined:

 Mode I: P is constant, P r is null,  is considered variable and the contact undergo a linear sliding.

 Mode II: P is variable, P r and  are null and the contact is only subjected to a compression state.

 Mode III: P is constant, P r is variable,  is null and the contact undergo a radial sliding.

The mode I is considered as a fretting contact and the main parameters are the normal pressure P and the cyclic tangential displacement The combination of P and  lead to a cyclic macroscopic tangential force Q. We note, Q * and   as the corresponding displacement and tangential force amplitudes.
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Sliding characteristics

Since fretting is characterized with small cyclic displacements, one main difficulty often encountered is to distinguish fretting from alternating slip conditions observed for larger displacement amplitudes. This transition can be defined using a sliding variable characterizing the exposure of the interface:

a e *   (1.1)
with a, the Hertzian contact half-size in case of a cylinder on flat contact configuration.

In case of a fretting loading this ratio is often considered smaller than 1 (e < 1), and the central zone of the interface is never exposed to the external environment. In case of alternating slip conditions, the entire interface is exposed. 

Fretting tests

Different types of tests exist to study fretting (Figure 1-3):

• Fretting-fatigue [START_REF] Waterhouse | Fretting Fatigue[END_REF]: corresponds to the combination of a contact loading and a fatigue loading. The specimen deformation due to the fatigue loading generates relative displacements between the contact pad and the specimen leading to a fretting loading. Fretting leads to crack initiation and early propagation, while the cyclic fatigue stress pushes the crack to propagate more and leads to failure.

• Fretting wear (Plain fretting): For this type of tests, the sample is only subjected to a contact loading. The combination between an applied normal force and an applied relative displacement generates the fretting loading. This type of test is often used to study wear phenomena. However, various studies [START_REF] Zhou | Fissuration induite en petits déplacements: application au cas d'alliages d'aluminium aéronautiques[END_REF] showed that it is also possible to study crack initiation and propagation.

• Pre-stressed fretting: In this case the contact loading is applied on a pre-stressed fatigue specimen. The applied static stress influences the initiation of cracks but most importantly their propagation. It has been shown that the introduction of a static tensile stress enhances the initiation and increases the depth of cracks [START_REF] Fouvry | Etude quantitative des dégradations en fretting[END_REF].

It is important to note that these designations are relatively independent from the studied damage. For example, a fretting wear test may induce cracks while a fretting-fatigue test can induce wear.

In the following are presented the different contact configurations used to study fretting problems. 

Contact configurations

In the industrial context, fretting often occurs between highly complex structures that are hard to reproduce on a laboratory scale. This is why researchers decided to study this phenomenon through simple geometric configurations as illustrated in Figure 1-4:

• The flat/flat configuration: This configuration is widely used as it provides a better description of real structures. One main experimental difficulty will be the good alignment between the two flat surfaces. A mechanical analysis shows a strong discontinuity of the shear and contact pressure distributions due to edge effects. Nevertheless, this effect can be controlled by adjusting the curvature of the edges.

• The sphere/flat configuration: This configuration reproduces a punctual contact and is easy to implement experimentally as no alignment is needed. It is usually used to study wear phenomena and rarely used to investigate cracking given the tridimensional aspect of the contact. This configuration is well formalized using a Hertzien description [2] for linear elasticity and the elastic stress distribution under the contact was first introduced by Hamilton and Goodman [START_REF] Hamilton | The stress field created by a circular sliding contact[END_REF].

• The cylinder/flat configuration: This configuration gives a 2D linear contact and is easy to implement experimentally since a single alignment is needed. This configuration is often used for the study of cracks since it allows to consider a bidimensional approach to the problem which make it easier to model [START_REF] Proudhon | Identification des mécanismes de fissuration dans un alliage d'alluminium sollicité en fretting et en fatigue[END_REF]. In case of linear elasticity, the surface contact pressure distribution is well described by the Hertz Theory and shear stress under the contact was formalized by Mindlin [START_REF] Mindlin | Compliance of elastic bodies in contact[END_REF]. 

Sliding conditions and transition criteria

One important feature that highly influences the material damage response under fretting loadings will be the sliding conditions. For a given normal force, geometry and material, two sliding conditions at the interface can be activated depending on the displacement amplitudes (Figure 12345).

Partial slip condition:

This sliding condition is activated as long as the amplitude of the displacements remain smaller then a threshold value, called the transition value   t . In this case the contact is characterized by a stick area and two sliding areas. For elastic contact, the fretting loop in   Q *  diagram has an elliptical shape. Theoretically, the macroscopic response is not purely linear due to local sliding or plastic deformation. However, for very small relative displacements, the mechanical response tends to be linear, leading to closed cycles. Finally, we note that under partial slip conditions, the ratio between the amplitude of the tangential force and the normal force does not correspond to a coefficient of friction. In fact, even if the tangential load is the result of friction in the sliding areas it also depends on the elastic accommodation in the stick area.

Gross slip condition:

This sliding condition is activated when the amplitude of the displacements are higher than the transition value. In this case the whole contact surface is a sliding area and the fretting loop takes a quadratic form. Since the amplitude of the tangential force is independent from the amplitude of the displacement, the coefficient of friction can then be conventionally defined as the ratio between the amplitude of the tangential force and the applied normal force. The quantification of these sliding conditions has long been qualitative, based on the observation of the fretting loop shape. To overcome this drawback, Fouvry in 1997 [START_REF] Fouvry | Etude quantitative des dégradations en fretting[END_REF] proposed three quantitative transition criteria based on the Mindlin formalism for an elastic sphere/plan contact configuration (Figure 123456):

• The energetic criterion A, depending on the dissipated energy by the contact interface and the opening criterion B of the fretting cycle, both depend on the device compliance but present high stability in terms of determining the sliding transition between partial and gross slip regimes. • The energetic criterion C: independent from the device compliance but implies very precise fretting device due to small differences between the values of E d0 and E d .

The comparison of A, B and C with the associated critical values A t , B t and C t allows the definition of the sliding condition. For a cylinder on flat contacts, no critical values can be derived; however the transition can be characterized by a discontinuity of the considered criterion (cf. Figure 1234567). Furthermore, the identification of a µ = µ t (=Q * /P) at the transition is necessary to define the friction law in the sliding areas for partial slip conditions.

Tanaka in [START_REF] Tanaka | Fatigue growth threshold of small cracks[END_REF], showed a link between the material response and the evolution of the Q * /P ratio. The author differentiates four stages in the evolution of this ratio versus the applied displacement amplitude, each having a different material response. Proudhon later showed that the coefficient of friction in the sliding areas of a partial slip contact can be related to the coefficient defined at the partial/gross slip transition [START_REF] Proudhon | A fretting crack initiation prediction taking into account the surface roughness and the crack nucleation process volume[END_REF] (Figure 1234567).

Figure 1234567: comparison between energy ratio A and Q * /P ratio to characterize the sliding transition [START_REF] Proudhon | A fretting crack initiation prediction taking into account the surface roughness and the crack nucleation process volume[END_REF].

Sliding regimes and associated damage

To integrate the evolution of the slip conditions in time due to friction and surface wear fluctuations, Vincent et. al introduced the concept of fretting regimes with constant loading conditions [START_REF] Vincent | Mechanics and materials in fretting[END_REF]:

Partial slip regime (PSR): is associated to a constant partial slip condition.

Gross slip regime (GSR): is associated to a constant gross slip condition.

Mixed regime (MR)

: is associated to an evolution of the contact from partial to gross slip condition and vice versa.

For a given material and geometry, the local regime map can be defined in a   -P diagram.

Such representation allows the definition of different areas associated to different sliding regimes (Figure 1-8 (a)). It can also be associated to a local material response map (Figure 1-8 (b)). Under partial slip regime, the displacement can be very small that the contact stresses are not able to initiate a crack leading to a no damage state. Above a certain displacement threshold, these stresses are now large enough to initiate a crack. However, a mixed fretting regime can be activated above the partial slip transition leading to a competition state between crack initiation and surface wear induced by gross slip cycles. Finally, if the displacements are high enough the gross slip regime is activated which leads to the formation of surface wear [START_REF] Fouvry | Etude quantitative des dégradations en fretting[END_REF]. Most authors agree that cracking is mainly observed for partial slip regimes and wear for gross slip regimes. In the following, the focus is held on the cracking phase and more precisely crack initiation.

Cracking mechanisms under fretting loading

Damage by cracking is often attributed to the cyclic nature of the fretting loading. As previously mentioned, cracks mainly initiate under partial slip regime. Fretting cracking mechanisms can be divided into four different stages. A schematic illustration of a fretting crack propagation is shown on Figure 123456789.
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The accommodation stage: Stress concentrations create cyclic plastic deformation at a microscopic scale which may influence the dislocation movements.

The initiation stage:

The initiation of a crack is generally caused by the accommodated cyclic plastic deformation. The plastic strain energy plays an important role in the damage process, specially at the early stages of crack growth. Most of the plastic energy is converted into heat, which induce local increase of the contact interface temperature. Therefore, the development of localized high temperature, resulting from the conversion into heat of the plastic work, may be considered as a reasonable mechanism of crack initiation.

An important feature to consider while studying crack nucleation, is the critical crack length of the initiated microcrack. Generally, a length of about 10 to 50 µm is considered, which corresponds to the order of magnitude of a grain size.

The stage I propagation: Once initiated, the crack starts to propagate. This initial phase of propagation is mainly controlled by the shear stress. The crack path direction forms an angle of about 45° -50° with respect to the surface's normal direction and oriented towards the inner part of the contact. The propagation kinetic is controlled by the short crack dynamics [START_REF] Proudhon | Identification des mécanismes de fissuration dans un alliage d'alluminium sollicité en fretting et en fatigue[END_REF] and the crack can undergo several grains.

The stage II propagation: Beyond a critical crack length, dependent on the imposed load and the nature of the material, the propagation is mainly governed by the maximum principal stress (tensile load). The crack path is now perpendicular to the tensile stress and the propagation kinetic is controlled by the long crack dynamics. After a certain number of cycles the fretting crack stabilizes when reaching a systematic crack arrest length [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]. 

Crack initiation: life prediction models

Cattaneo [START_REF] Cattaneo | Sul contatto di due corpi elastici: distribuzione locale degli sforzi[END_REF] and Mindlin [START_REF] Mindlin | Compliance of elastic bodies in contact[END_REF], [START_REF] Mindlin | Elastic spheres in contact under varying oblique forces[END_REF] were the first to interpret the nonlinear behavior of the (Q(t),(t)) loading that describes a fretting cycle, on a cylinder on flat contact configuration (Figure 1-10 (a)). Applying the Hertz theory, they adopted a parabolic pressure distribution and defined the half-width c of the sticking area. Figure 1-10 (b), illustrates the surface pressure, p(x), and shear distribution, q(x), for a partial slip cylinder on flat contact configuration at the maximum tangential load Q * (the part of the cycle where the stress concentrations are the most severe). Due to the symmetry of the contact, two loading hot spots appear at the contact borders, reflecting localized stress concentrations.

Figure 1-10: (a) fretting cycle, (b) related shear, q(x), and pressure, p(x), distributions for a cylinder on flat contact configuration [START_REF] Munoz | Prediction of the crack extension under fretting wear loading conditions[END_REF].

The stress tensor under partial slip conditions is considered to be a periodic function of time.

Therefore authors often consider a fretting loading as a multiaxial fatigue loading and use multiaxial fatigue criterion when studying crack initiation.

Current approaches to predicting crack initiation are based on the knowledge of the subsurface stress fields and then applying multiaxial fatigue criteria. These predictions are mostly based on elastic analyses. Significant developments have been made in the understanding of fretting damage, still the mechanics of plastic deformation near the contact interface is poorly understood.

Petiot et al. were the first to apply a multiaxial fatigue criterion to predict crack initiations under fretting-fatigue loading for a steel alloy [START_REF] Petiot | An analysis of fretting-fatigue failure combined with numerical calculations to predict crack nucleation[END_REF]. Since, authors tried to apply other multiaxial fatigue criterion, like the Dang Van criteria as in [START_REF] Fouvry | Prediction of crack nucleation under partial slip fretting conditions[END_REF] and the Smith-Watson-Topper (SWT) criteria as in [START_REF] Proudhon | Identification des mécanismes de fissuration dans un alliage d'alluminium sollicité en fretting et en fatigue[END_REF]. These approaches allow to calculate a number of interesting parameters, such as the position of the crack initiation points, but also their angles. However, in term of damage boundaries, large differences can be found between models predictions and experimental data. An example of such conservative results, presented by Amagier in [START_REF] Amargier | Stress gradient effect on crack initiation in fretting using a multiaxial fatigue framework[END_REF] is illustrated on Figure 1234567891011. This differences in predictions, can be basically due to the presence of high stress gradient states at the contact edges. These observations were the basis to the introduction of the size effect in fretting and the non-local approaches [START_REF] Fouvry | Identification of the characteristic length scale for fatigue cracking in fretting contacts[END_REF]. This assumes that the punctual stress analysis is false due to the high accommodation capacity of the material under the contact.

One technique to apply the size effect in fretting is the one used by Fouvry et al. in [START_REF] Fouvry | Identification of the characteristic length scale for fatigue cracking in fretting contacts[END_REF]. It consist on averaging the stress and strain fields on a micro-volume of material (Figure 1-12). Fouvry uses a cubic shape volume and shows that for steels, this volume can be connected to a characteristic dimension of the microstructure such as the grain size. Proudhon showed later that the results of such methodology can be improved by using a variable micro-volume, function of the stress gradient [START_REF] Proudhon | Determination and prediction of the fretting crack initiation: introduction of the (P, Q, N) representation and definition of a variable process volume[END_REF]. This approach was validated for different aluminum alloys but showed instabilities for steels. Kubiak then proposed a modification of this approach by considering the spatial variations of the shear stress and the hydrostatic pressure in the sliding zones [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 1-12:

Illustration of the size effect and the use of a micro-volume averaging [START_REF] Fouvry | Identification of the characteristic length scale for fatigue cracking in fretting contacts[END_REF].

Araujo in [START_REF] Bernardo | Proposition of a finite element-based approach to compute the size effect in fretting fatigue[END_REF] used mesh size as size effect, taking advantage of the formalism of the finite element method which implicitly induces an averaging effect. One problem for this type of model is the non consideration of the physical parameters used for the prediction of the fretting crack initiation.

Recently, Amargier in [START_REF] Amargier | A Non Local Multiaxial Fatigue Approach to Account for Stress Gradient Effect Applied to Crack Initiation in Fretting[END_REF] proposed a new methodology to overcome the size effect for rotating bending and fretting experiments. The proposal is based on the use of a multiaxial fatigue criterion weighted by a weight function depending on the stress gradient. The proposed model showed the capability to predict four-point rotating bending fatigue limit and crack initiation for an Inconel 718 in cylinder on flat contact under partial slip conditions (cf. Figure 1-13).

Figure 1-13: Variable volume approach [START_REF] Proudhon | A fretting crack initiation prediction taking into account the surface roughness and the crack nucleation process volume[END_REF], h = 6.2 (h parameter of the "variable process" volume). (a) Comparison between experimental and numerical initiation boundaries in a p 0q c,max diagram. (b) Error between experimental and numerical results [START_REF] Amargier | Stress gradient effect on crack initiation in fretting using a multiaxial fatigue framework[END_REF].

In parallel with these approaches based on the application of multiaxial criteria, Ambrico and Begley in [START_REF] Ambrico | Plasticity in fretting contact[END_REF], proposed an original strategy based on identifying different contact loading areas associated with different material responses (elasticity, elastic shakedown, plastic shakedown or ratcheting). The idea developed was that the crack initiation condition is directly related to the evolution of elasto-plastic material behavior. Alquezar et. al in [START_REF] Alquezar | Computational fretting fatigue maps for different plasticity models[END_REF] also proposed a computational analysis of different computed fretting maps, based on slip, shakedown and fatigue regimes. The shakedown limit and the fatigue prediction were estimated using Dang Van or Crossland criterion. On On the other hand, difficulties in such predictions, led researchers to consider the fretting loading like a notch effect. Many models were developed, known as Crack-Like Notch Analogue models. This analogy is very attractive, because it considers that the material cracking behavior under fretting conditions can be similar to that occurring in notch components under fatigue loadings.

Giannakopoulos et al. in [START_REF] Giannakopoulos | Aspects of equivalence between contact mechanics and fracture mechanics: theoretical connections and a life-prediction methodology for fretting-fatigue[END_REF] were the first to investigate the equivalence between contact mechanics and fracture mechanics via asymptotic matching. They proposed a crack analogue model based on an asymptotic approach of the stress and strain fields derived from classical analysis for sharp-edged contacts and the crack-tip fields predicted from fracture mechanics methods. This model was then applied for life-prediction of fretting-fatigue contact situations.

Chapter 1 -State of Art

Various authors have shown interest for this type of analogy. Atzori et al. in [START_REF] Atzori | Estimation of the fatigue strength of light alloy welds by an equivalent notch stress analysis[END_REF] introduced the scale effect and proposed a simple fatigue strength diagram based on the Atzori-Lazzarin diagram [START_REF] Atzori | Notch sensitivity and defect sensitivity under fatigue loading: two sides of the same medal[END_REF], to estimate the fatigue strength of welded joints as a function of the equivalent V-notch depth. Ciavarella in [START_REF] Ciavarella | A ' crack-like ' notch analogue for a safe-life fretting fatigue[END_REF] presented a new model based on the work of Atzori for the fretting-fatigue life design. Nowell et al. in [START_REF] Nowell | Stress gradient effects in fretting fatigue[END_REF] showed that notch and fretting-fatigue experiments can lead to equivalent stress gradients. Araujo in [START_REF] Araujo | On the use of the Theory of Critical Distances and the Modified Wöhler Curve Method to estimate fretting fatigue strength of cylindrical contacts[END_REF] proposed a model based on the Taylor's point method and the Modified Wholer Curve Method to estimate fretting-fatigue strength for a cylinder on plane contact configuration.

Most of the said authors use non-local approaches that are based on the definition of a characteristic length (critical distance, volume size, etc.), which is often very difficult to give a physical sense to (very empirical). These characteristic length are either calibrated using approaches such as the Taylor approach [START_REF] Taylor | Geometrical effects in fatigue : a unifying theoretical model[END_REF], which depends on the fatigue limit and crack arrest threshold K th . Or calibrated using experimental data.

The experimental expertise to assess such data is presented in the following.

Crack initiation: experimental expertise

The experimental expertise for crack initiation starts by inspecting the fretting scar after any experiment. An example of a fretting scar is illustrated on Figure 1-15. The surrounding damaged areas, correspond to the sliding zones and the central area to the stick zone. As mentioned before, cracks take place at the edge of the contact, which corresponds to the local hot spots. The specimen is then cut along the middle cross section perpendicular to the fretting loading (Figure 12345678910111213141516). The new surfaces are then polished and observed with an optical microscope to measure the crack length and depth. This process is repeated at least three times in order to assess the homogeneity of the crack data.

Chapter 1 -State of Art In order to determine a crack nucleation threshold for given normal load, tangential force and number of cycles, the following approach is used, f1or each normal load (kept constant during the experiment), several fretting tests are carried out, maintaining a constant tangential force Q * , by monitoring the displacement amplitude   . After each test, crack data are assessed using optical inspection as explained previously and only maximal crack lengths are considered. This allows to plot the evolution of these maximal crack lengths as function of the tangential force amplitude Q * . The threshold value Q th is then determined by extrapolation for a given threshold crack length l th (in some applications l th is considered equal to zero). About 10 tests are required to reach a 5 N accuracy of the threshold value Q th . This method is illustrated in Figure 1-17 [START_REF] Proudhon | Determination and prediction of the fretting crack initiation: introduction of the (P, Q, N) representation and definition of a variable process volume[END_REF]. One common approach to quantify fretting cracking response consists in reporting the crack nucleation boundaries in a Q * -P chart, or Q * -σ fa chart for the fretting-fatigue mapping (σ fa for fatigue stress) [START_REF] Proudhon | A fretting crack initiation prediction taking into account the surface roughness and the crack nucleation process volume[END_REF]. Such approach is appropriate to evaluate the effect of the normal force and the interactions between the fretting and the fatigue loadings. Fouvry et al. in [START_REF] Fouvry | From unito multi-axial fretting-fatigue crack nucleation: Development of a stress-gradient-dependent critical distance approach[END_REF] developed a new approach to quantify the stress gradient effect. This approach consists in reporting the crack nucleation boundaries in a σ fr -P max (σ fr = 2q max for the contact stressing). Schematics of these representations are illustrated in Figure 1-18.

Given the fact that the generated fretting cracks eventually reach a crack arrest length, the expertise using the above destructive method, is the only way to describe the fretting damage under partial slip conditions. Hundreds of fretting experiments are usually carried out to obtain such boundaries. Each experiment is performed at loading frequencies between 10 and 15 Hz, at 10 6 to 10 9 cycles, which make this method very time/material consuming. Some alternative methods, using non-destructive control techniques, have been proposed to perform such expertise. For example, the potential drop technique proposed by Meriaux in [START_REF] Meriaux | Characterization of crack nucleation in TA6V under fretting-fatigue loading using the potential drop technique[END_REF]. This method requires the construction of calibration curves for each contact configuration (several destructive testing) with results difficult to indentify accurately. Another method also proposed by the same author in [START_REF] Meriaux | Identification of fretting fatigue crack propagation mechanisms using acoustic emission[END_REF], this time using acoustic emission. Still this method requires heavy post-treatment procedures.

On the other hand, Infrared thermography has been successfully used as an experimental technique for investigating damage and failure of metallic material under fatigue loading, yet relatively unexplored technique for the non destructive evaluation of the fretting damage. In the following, a brief review on the use of infrared thermography to study fatigue mechanisms is presented.

Chapter 1 -State of Art

Highlights on the use of dissipative approaches to study fatigue mechanisms 1.2.1 Introduction

The concept of non-contact full-field measurement techniques has already been implemented by scientists nearly 50 years ago. One can mention for example, photoelasticity, grid method, Moiré and deflectometry. Hence at that time, this experimental issue has long been considered as secondary given the many obstacles faced such as computer storage capacity, image processing and the emergence of finite element methods that shifted the majority of the scientific community toward purely numerical approaches. In the early 80's, major technological progress considerably contributed to changing this situation. First, development in camera technology such as the charge-coupled device (CCD) and the complementary metal-oxide-semiconductor (CMOS) sensors. Moreover, there has been considerable advancement in computer performance at almost the same time. This progress led to the emergence of new techniques such as digital image correlation and infrared thermography. In all these cases, the goal is to measure the spatial distributions of various physical quantities, such as displacements, strain and temperature. Different classifications can be attributed to the full-field measurement techniques depending on the applications:

-Non destructive testing and inspection: full-field measurement techniques are used for example, to reveal local defects due to manufacturing process. It is important to note that these observations remain purely qualitative. -Verification/identification/validation of assumptions, boundary conditions and constitutive parameters for mechanical modeling: full-field measurement techniques are well suited to detect the influence of loading and boundary conditions as well as some assumptions for mechanical modeling. They can also be used to identify governing parameters of models or to even validate such models. -Crack and damage characterization: damage by cracking is often characterized by local heterogeneities of the displacement or temperature fields. These local heterogeneities can be detected and quantified using full-field measurements techniques.

Many advantages of such techniques over the conventional ones can be sorted. This include the reduction of the number of experimental testing, the use of more complex geometries and loadings, and their ability to detect heterogeneities and identify physical parameters, to the amount of interesting data that they offer.

On the other hand, it is unrealistic not to mention that these techniques also have their drawbacks and limitations, like spatial and temporal resolutions, noise, measurements precision and repeatability.

Temperature variations under fatigue loadings

The first studies on fatigue phenomena appeared during the first industrial revolution with the rise of machines using mechanical moving parts and especially with the development of railways. Albert in [START_REF] Albert | Uber Treibseile am Harz[END_REF] was probably the first to publish a study on fatigue. Fatigue occurs Chapter 1 -State of Art when a material is subjected to cyclic loadings. If the loads are above a certain threshold called fatigue limit, microscopic cracks will begin to form around stress concentrators and eventually reach a critical size leading to structure failure. In high cycle fatigue, the final failure may occur after 10 5 -10 6 cycles or more depending on material properties. It is known that the deformation of metallic materials during a fatigue test is accompanied by temperature variations. It is therefore of great interest to understand fatigue phenomena and build criteria from an energetic standpoint. The working principle of such approach considers, in general, the intrinsic dissipation or the temperature as an indicator of fatigue damage, which is then used to evaluate fatigue properties. 

Rapid fatigue limit determination method

The first attempt to use temperature as a fatigue indicator can be attributed to Moore and Kommers in 1921 [START_REF] Moore | Fatigue of metals under repeated stress[END_REF]. Later, Luong in [START_REF] Luong | Infrared thermographic scanning of fatigue in metals[END_REF], [START_REF] Luong | Fatigue limit evaluation of metals using an infrared thermographic technique[END_REF] and Rosa & Risitano in [START_REF] Rosa | Thermographic methodology for rapid determination of the fatigue limit of materials and mechanical components ଝ[END_REF], suggested that the stress level leading to a quick increase of the material's surface temperature corresponds to its fatigue limit. A typical example is illustrated on Figure 1-20. In this example, the fatigue limit is determined using a graphical approach; this method is often known as rapid fatigue limit determination.
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The working principle of such methods is the following:

 Tests per block of cycles are performed. From one block to another the stress amplitude is increased and the number of blocks should be high enough to achieve temperature stabilization (Phase II).  The stabilized temperatures are then plotted as function of the stress amplitudes. These curves are often known as self-heating curves. The rapid change of the slope is empirically related to the fatigue limit. This limit is often determined by the intersection of two lines. The first line is drawn through the first points and the second through the last points.

Figure 1-20: Graphical determination of fatigue limit of XC55 steel [START_REF] Luong | Fatigue limit evaluation of metals using an infrared thermographic technique[END_REF].

The advantages of such methods compared to the conventional ones are:

-A single test is needed.

-Few cycles are needed to determine fatigue limit.

-Self-heating curves can be very similar from one specimen to another.

However, these empirical methods sometimes give questionable results. Studies published in [START_REF] Cugy | Microplasticity and temperature increase in low carbon steels[END_REF] and [START_REF] Vaucheret | Étude de la microplasticité dans l'acier inoxydable 304 L[END_REF] show that these self-heating measurements are a good way to detect a cyclic microplasticity threshold  loc (Figure 1-21 (a)), that corresponds to the appearance of persistent slip bands (PSBs) but does not determine the fatigue limit for different steels like 304L, S355 and HR55. This threshold corresponds to the beginning of the slope change on the self-heating curves. To illustrate such results, Figure 1-21 (b) shows the evolutions of the slip bands and the self-heating curve for a USIDUR 355 steel [START_REF] Galtier | Influence de la microstructure des aciers sur leur propriétés mécaniques Influence of steel microstructure on their mechanical properties[END_REF]. Authors such as Mabru in [START_REF] Mabru | Dissipation et couplages accompagnant la fatigue de matériaux métalliques[END_REF] and Krapez in [START_REF] Krapez | Thermography detection of early thermal effects during fatigue tests of steel and aluminium samples[END_REF] have also shown that for aluminum alloys these methods are difficult to use. The above methods had some applications in the industry [START_REF] Krapez | Application of lock-in thermography to rapid evaluation of fatigue limit in metals[END_REF] and [START_REF] Krapez | Thermography detection of early thermal effects during fatigue tests of steel and aluminium samples[END_REF], but to this date, there is still no mature technology. This is probably because the determination of the fatigue limit is very influenced by the last measurement points before failure and its sensitivity is influenced by the number of these points. This is why these approaches are more likely to be sorted as empirical.

Although the empirical aspect and the fact that these methods only work for certain materials, a connection can still be found between the self-heating curves and fatigue mechanisms. In the following, we will discuss how some research teams relied on these curves to build their models.

The use of self-heating curves in mechanical modeling

We can mention the work of Jiang in [START_REF] Jiang | Temperature Evolution and Life Prediction in Fatigue of Superalloys[END_REF], that integrated the temperature changes during fatigue testing into the classical Coffin-Manson formula to predict fatigue life for Low Cycle Fatigue. While authors such as Doudard, Calloch, and Poncelet ([48]- [START_REF] Calloch | Dialogue essais-modèle pour l'interprétation des liens entre mesure d'autoéchauffement sous chargement cyclique et fatigue polycyclique[END_REF]) proposed a probabilistic model based on self-heating curves to predict fatigue characteristics in the domain of High Cycle Fatigue for steel materials. Today, these authors also take into account non-homogeneous loadings.

Authors such as Charkaluk and Constantinescu also developed plasticity-damage models [START_REF] Charkaluk | Dissipative aspects in high cycle fatigue[END_REF].

They considered a REV of plastic inclusions representing the mis-oriented grains, and in order to take into account the different regimes of the self-heating curves, they chose to vary the volume fraction of plastic inclusions. They used the results presented by Cugy and Galtier [START_REF] Cugy | Microplasticity and temperature increase in low carbon steels[END_REF], and supposed that the evolution of the slip band surfaces can be representative of the fraction of plastic inclusions. The model is then able to quantitatively predict the specimen's self-heating under a fatigue loading.

In addition, the works of Mareau et al. in [START_REF] Mareau | Prévision de l'échauffement et de la microplasticité des aciers sous sollicitations cycliques[END_REF], [START_REF] Mareau | Modelling of selfheating of steels under cyclic loading using a polycrystalline model[END_REF], authors, proposed a micromechanical approach of the fatigue mechanisms. They proposed models taking into account the scale effect with consideration of the polycrystalline nature of the studied material. The aim of such models was to predict self-heating curves and therefore fatigue behavior. They also relied on the observations of Cugy and Galtier [START_REF] Cugy | Microplasticity and temperature increase in low carbon steels[END_REF].

To this end, many researchers prefer to convert temperature into energy and link it with mechanical energy inputs. We can mention for example, the works of Fargione [START_REF] Fargione | Rapid determination of the fatigue curve by the thermographic method[END_REF] and Yang [START_REF] Yang | Temperature evolution during fatigue damage[END_REF] in which authors attempted to evaluate the fatigue S -N curve by introducing a limiting energy concept. They assumed that during high cycle fatigue, the material has a dissipated energy threshold before the failure occurs regardless of the stress amplitude. The authors proposed a relationship between the stabilized temperature and the number of cycles to failure.

Even if thermomechanical considerations appear in the aforementioned papers, no special treatment of the infrared images was proposed. The Infrared camera is only used for its performance in terms of acquisition rate and size of measurement fields (the number of measurement points). In the following we will see how raw infrared images can be processed and used to interpret materials mechanical behavior.

Quantitative infrared imaging applied to the analysis of fatigue mechanisms

As previously highlighted, the deformation of solid materials is nearly always accompanied with temperature variations. These variations are induced by heat sources of different nature, intensities and spatial distributions. Few research teams have developed infrared imaging techniques to identify these distributions. To briefly illustrate the potential of IR image analysis, we will present some examples from the works of Chrysochoos and his research team ( [START_REF] Berthel | Mesures thermographiques de champs de dissipation accompagnant la fatigue à grand nombre de cycles des aciers[END_REF], [START_REF] Chrysochoos | Dissipation et blocage d'énergie lors d'un écrouissage en traction simple[END_REF], [START_REF] Boulanger | Analyse par thermographie infrarouge des sources de chaleur induites par la fatigue des aciers[END_REF]). The theoretical framework behind these examples will be discussed in Chapter 4.

Figure 1-22 illustrates the spatial distributions of heat sources for a steel material under a fatigue loading: (a) the temperature field according to the loading direction, (b) the distributions of the thermoelastic source, (c) the intrinsic dissipation field and (d) the intrinsic dissipation field without the 2D Laplacian term. We can see that this term can be a heavy noise amplifier [START_REF] Boulanger | Analyse par thermographie infrarouge des sources de chaleur induites par la fatigue des aciers[END_REF].

Chapter 1 -State of Art The areas where the dissipation is high/low remain approximately the same from one block to another, even if the dissipation increases with the stress range. Boulanger in [START_REF] Boulanger | Analyse par thermographie infrarouge des sources de chaleur induites par la fatigue des aciers[END_REF] showed that this heterogeneous pattern remains relatively constant as long as a fatigue crack does not initiate. IR image analysis makes it possible to identify potential crack sites [START_REF] Berthel | Mesures thermographiques de champs de dissipation accompagnant la fatigue à grand nombre de cycles des aciers[END_REF]. Another full-field measurement technique, the DIC, can also be added to these types of measurements and that for the determination of the material energy balance. The DIC technique is used for strain and stress identifications using inverse methods, to then determine the plastic strain energy. In this case, the stored energy can be obtained by subtracting the intrinsic dissipation from the plastic strain energy. Figure 1-24, shows an example from the works of Berthel in [START_REF] Berthel | Mesures thermographiques de champs de dissipation accompagnant la fatigue à grand nombre de cycles des aciers[END_REF] of energy patterns using IR and speckle image processing. Sakagami et al. in [START_REF] Sakagami | Thermal sensing and imaging of the dry sliding contact surface using IR thermo-microscope[END_REF]- [START_REF] Sakagami | APPLICATION OF INFRARED THERMOGRAPHY FOR CONTACT PROBLEMS[END_REF] proposed the use of infrared thermography combined with infrared transmitting materials for continuous monitoring of the surface temperature for dry sliding contact of a plastic pin. It was found that both frictional temperature rise due to interfacial slip and the temperature fluctuation due to thermoelasticity can be accurately monitored by thermography and can be used to evaluate the nature of the contact stress field and the mechanics of partial slip fretting contacts.

Ishida and Chiba in [START_REF] Ishida | Contact Surface Damage Evaluation by Infrared Thermography[END_REF] also came to the conclusion, that thermographic measuring is applicable to fretting fatigue damage evaluation. In this paper, the detectability of contact surface damage is discussed using damage surface models employing infrared thermography and finite element analysis.

Harish et al. in [START_REF] Harish | In-Situ Measurement of Near-Surface Fretting Contact Temperatures in an Aluminum Alloy[END_REF] used infrared thermography to characterize the near-surface conditions associated with fretting contact for an aluminum alloy in a cylinder on flat contact configuration. It was also found that these experimental investigations provide insight into not only the near-surface temperatures, but also the mechanics of partial slip fretting contacts.
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To date, the transformation of these metrics to inputs for life prediction methods in fretting contacts has not yet been reported. It presents unique challenges that must be overcomed. The success or failure of such methods depends on a number of factors such as material properties, structural shapes, measuring device characteristics, data processing techniques, etc.

Conclusions and objectives

The aim of this bibliographic review is to present a solid background to define the motivations, the inspirations and the objectives of the proposed work. In the first part of this chapter, a general framework on the fretting loadings and the damage mechanisms was presented. We can retain that:

 Damage by cracking is often attributed to the cyclic nature of the fretting loading and that cracks mainly initiate under partial slip regime.  The fretting loading under stabilized partial slip conditions can be considered as a multiaxial fatigue loading.  Experimentally, the expertise of fretting cracks responsible for defining the fretting maps are obtained by destructive methods extremely costly in time/ material and can give very scattered results.  The alternative techniques to assess crack initiation boundaries are hard to implement and need destructive calibration procedures, which greatly limits the possibilities of experimental investigation.  To our knowledge no quantitative infrared imaging techniques were yet applied to study fretting damage.

In the second part, an introduction on the use of dissipative approaches to study the fatigue properties and mechanisms is presented. We can retain that:

 Full-field measurement techniques are powerful tools for the identification, verification and validation of different parameters important for the mechanical modeling and understanding of material behavior.  Temperature can be considered as an indicator of fatigue damage, which is then used for evaluating fatigue properties.  The self-heating curves represent temperature variations of a specimen as function of the stress amplitudes under cyclic loadings and are related to the material behavior and damage state.  The stress level leading to a quick increase of the temperature on these curves is related by some authors to the fatigue limit. This limit can be determined by graphical approaches; these methods are usually known as rapid fatigue limit determination methods.  To overcome the empirical aspect of such methods, quantitative infrared imaging techniques can be applied enabling the access to the spatial distributions of the heat sources. Damage can then be studied in terms of dissipated energy.

The main objective of this work is to extend the dissipative approaches used to study the damage behavior under fatigue loadings so it can be applied for fretting problems. Moreover, Chapter 1 -State of Art it is important to establish the link between fretting localizations, associated dissipation and temperature by differentiating the part dissipated by plasticity from the one by friction. Therefore, three major axis were defined:

I. Development of a thermographic methodology for rapid determination of crack nucleation thresholds under fretting loadings. II. Determination of the heat sources to overcome thermal diffusion problems. III. Detection of early micro-plastic phenomena through the analysis of the dissipative source.

In this chapter, the studied material, its microstructure, its mechanical and tribological properties are first presented. The experimental set-ups for both fretting testing and optical measurements are then described. Finally, the technical aspects and working principles of the different metrologies, are briefly introduced.

Materials

The present study was performed on a 35Ni Cr Mo 16 low-alloyed steel in a cylinder on flat contact configuration. Counter bodies were made from a 100 Cr 6 steel, presenting same elastic properties as the studied material but higher mechanical strength to ensure that cracks arises only in flat pads.

The 35Ni Cr Mo 16 steel used for this work, is well characterized by our research team, and, an important data base on the crack initiation thresholds already exist [START_REF] Fouvry | From unito multi-axial fretting-fatigue crack nucleation: Development of a stress-gradient-dependent critical distance approach[END_REF]. It also present good and homogeneous thermal properties. The thermo-physical data commonly used for steel materials and presented in Table 2-2, are used in this work.
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Table 2-2: Thermo-physical properties commonly used for steels. (with the mass density, C p the specific heat at constant pressure, k the thermal conductivity and  the isotropic thermal expansion coefficient)

Microstructure

A pattern of the studied material microstructure presented on Figure 2-1, shows a tempered martensitic structure. In addition, an EBSD analysis detailed in appendix A, revealed no detectable residual austenitic latter. 

Mechanical properties

Results of fatigue limits  D and  D respectively for alternating traction-compression and shear torsion loadings for the studied 35Ni Cr Mo 16 steel are presented in this section. The chosen stress ratio is R  = -1, the number of cycles is 10 6 cycles and the loading frequency is 30 Hz.

The tested specimen geometry is given on Figure 2-2 (a). The same geometry was used for both loadings (traction-compression and torsion).

This geometry is recommended by the French standard NF A03-401 and has a stress concentration factor K t equal to 1 (1.058 under traction-compression and 1.08 under torsion), meaning that the stress concentrations can be neglected. The fatigue experiments were carried out using an MTS servo-hydraulic machine, the "Bionix 25KN" showed in In order to account for the random aspects of fatigue results, different statistical methods were developed to define both experimental protocols and testing approaches. In this work, a staircase method was used (Appendix B). We refer readers interested in these methods to the works of Bathias and Bailon in [START_REF] Bathias | La fatigue des matériaux et des structures[END_REF] and Rabbe et al. in [START_REF] Rabbe | Essais de fatigue[END_REF]. The results and parameters used for this method are presented in Table 2-3, and in Table 2-4 are given the mechanical properties of the studied materials. The choice of the starting stress levels were based on results of preliminary tests done to confine the fatigue limits. This configuration is well adapted for full-field measurements since it provide a 2D contact configuration and is easy to implement experimentally. However, any miss-alignments between the cylinder and the flat can lead to corrupted results. This alignment is verified before each test using special pressure-sensitive papers.

The cylinder on flat contact configuration is also often used for the study of cracks since it allow to consider a bi-dimensional approach of the problem which is easier to model [START_REF] Proudhon | Identification des mécanismes de fissuration dans un alliage d'alluminium sollicité en fretting et en fatigue[END_REF] and well described by the Hertz Theory when applying linear elasticity. 

Coefficient of friction

Coefficient of friction µ t at the transition between partial and gross slip regimes were also estimated. As previously mentioned, Proudhon in [START_REF] Proudhon | A fretting crack initiation prediction taking into account the surface roughness and the crack nucleation process volume[END_REF] showed that this coefficient of friction may be used to provide representative value of the friction within the sliding zone under partial slip condition. To determine this coefficient, a variable displacement method was applied keeping the normal load constant while increasing progressively the displacement amplitude. For a 2D cylinder on plane configuration, the sliding transition is marked by a discontinuity of the tangential force ration Q * /P as in the example showed in This test is repeated for each experimental condition and a constant partial slip friction mean value was found and assumed to be equal to 0.8.

Figure 2-5:

Variable displacement test to determine the coefficient of friction.

Fretting wear experimental set-up

Test were carried out using an experimental set-up specially designed at our laboratory and mounted on a servo-hydraulic machine as in For this work, experiments are characterized using p max and q max . These two parameters, reflect the stress state at the interface and therefore crack initiation.

The general experimental approach used in this work can be described as follows:

 Specimen preparation: first, the contact surfaces are polished and a roughness of 0.05 µm for both pads is obtained. Next, the lateral surfaces are coated to achieve optical measurements, black coating (obtained using a black commercial paint) for the infrared measurements and a speckle coating for the visible ones (more details are given in the next sections).  Mechanical testing: different type of testing procedures were carried out, all taking into consideration numerous aspects such as contact pressure, contact stressing and contact size.  Optical measurements: simultaneously with the mechanical testing, optical measurements are performed. Those techniques are discussed in the following sections.  Data post-processing: images are processed using matlab algorithms.

Experimental set-ups for full-field measurements

Measurements scale

An important part of this work was dedicated to the development of new experimental means to characterize fretting loadings under partial slip conditions. One important aspect of any optical measurement, is the definition of a relevant measurement scale compared to the heterogeneities of the studied phenomena. It is important to note that, the definition of such scale, is highly influenced by the performance of the available optical instrumentation. Table 2- Considering the above, two observation scales were defined. A first scale using the standard FLIR 25 mm lens, which allows macroscopic observations as in Figure 2-7 (a). In this case the pixel size was equal to 150 µm. The second chosen scale, this time using the G1 lens, allow local observations as in Figure 2-7 (b). In this case the pixel size was equal to 15 µm. For macroscopic measurements, only the IR camera was used and the Rigid Body Movements (RBM) induced by the vibrations of the testing device were corrected using a marker tracking method as in [START_REF] Berthel | Crack nucleation threshold under fretting loading by a thermal method[END_REF]. As for the microscopic one, a coupled thermal-kinematic set-up was developed. Many difficulties were faced while realizing such measurements. Regarding the infrared thermography, the commercial black paint observed with a G1 lens does not have the same properties as when observed with a standard lens (25 mm). At the G1 observation scale, the black paint loses its dark and uniform characteristics, enabling the reflection of the detectors on the coated surface (Narcissus effect) as shown on Figure 2345678. It was therefore necessary to find other type of coating. A carbon black coat obtained by the burning of a candle as in [START_REF] Poncelet | Multiaxialité, hétérogénéité intrinsèque et structurale des essais d'autoéchauffement et de fatigue à grand nombre de cycles[END_REF] and an amorphous carbon film obtained by magnetron sputtering were tested. However in both cases, the achievement of a uniform layer was very delicate and the quality of the coatings lacked consistency. None of these issues were therefore exploitable. Giving the above, the idea was then to use the standard IR lens coupled with kinematic measurement and consider an intermediate observation scale. For this scale, the working distance between the IR camera lens and the specimen was reduced to obtain a pixel size corresponding to a zone of 95x95 µm 2 . Hence, for this observation scale (only RBM is considered), the kinematic measurement was found to give close results as the IR markers tracking method. However, this set-up was used successfully in [START_REF] Moustafa | Experimental study of the stress gradient effect under fretting loading by full field measurement techniques[END_REF].

Since the idea of this work was first to develop a fast method for a rapid determination of the cracking conditions using temperature variations, and since the coupled measurement require long data post processing procedures (post processing of thousands of both IR and CCD images), it was decided to use only the thermal measurement at this stage of the project.

One-face set-up

For this set-up, only the IR camera is used. 

Two-face set-up: coupled thermal-kinematic measurement

To our knowledge, four different experimental techniques exist to achieve coupled thermalkinematic measurements. The single-face measurement, where both IR and visible cameras observe the same face either by introducing an angle as in [START_REF] Saai | Experimental and numerical study of the thermo-mechanical behavior of Al bi-crystal in tension using full field measurements and micromechanical modeling[END_REF], [START_REF] Dumoulin | Heat sources, energy storage and dissipation in high-strength steels: Experiments and modelling[END_REF], or by introducing a dichroic mirror as in the work of [START_REF] Bodelot | Étude couplée des champs cinématiques et thermiques à l ' échelle de la microstructure des matériaux métalliques Remerciements[END_REF]. One important problem for this method is the coating of the specimen surfaces, since a uniform high emissive coating is used for IR images, where DIC requires a heterogeneous coating, such as speckled painting.

The one-shot measurement, developed in the works of Silva et. al [START_REF] Bodelot | Étude couplée des champs cinématiques et thermiques à l ' échelle de la microstructure des matériaux métalliques Remerciements[END_REF], and Maynadier et. al [START_REF] Silva | Combined thermoelastic stress analysis and digital image correlation with a single infrared camera[END_REF], where a single IR camera is used to measure both kinematic and thermal fields. The main problem with this method is the low-resolution of IR images which will influence the DIC precision. In the following, the spatial and temporal matching are discussed. 

Spatial matching

Since the two types of images (IR and visible) are not recorded with the same magnification, they present different spatial resolutions. In addition to that, their optical axes do not coincide and have unknown relative positions. Therefore, the accuracy of this coupled measurement cannot be achieved without spatially matching both images. The strategy to illustrate such spatial matching is presented on Figure 2-11. A first step consists in selecting a ZOI on the IR image, step 2 is the transition from IR to CCD image so the same zone can be found, and step 3 is a verification step to ensure the accuracy of this transition. An affine transformation  defined as in (2.1), is used to accomplish such transition. This equation is solved by least square minimization, and at least 3 points on each image are needed. In order to minimize the errors, 5 points were considered. These points are determined using a reference target as in Figure 2-12.

The target has 5 holes of the same size, perforated through the thickness of a metal plate and randomly distributed. The thickness of the metal plate is equal to the one of the tested specimens. Before testing, this target is placed inside the testing devise at exactly the same position where the tested specimen should be. This allows to avoid any additional corrections related to the cameras depth field and position, since the target is located at the exact same position as the tested specimens, and since the two cameras are always fixed during any experiment. A shape detection algorithm (section 2.4.2) is then used to detect the morphology of the holes and their centroid coordinate system as in Figure 2-13. Therefore, the contrast between the holes and the out-of-hole zones should be as high as possible for better accuracy. Various methods exists to improve this contrast. For example, in case of IR images, a blackbody can be placed behind the target at a higher temperature. The holes will then show higher temperature than the out-of-hole zone and therefore the contrast will be increased. In our case, the target surface observed by the IR camera was painted with high emissivity black paint and a less emissive sheet was placed behind the target to ensure a high contrast. As for the surface observed by the CCD, it was coated with a white paint and the contrast was achieved by a light saturation as shown in Figure 2-12 (a).

The accuracy of such method will depend on the accuracy in the points coordinates selected on both images. Wang in [START_REF] Wang | Investigation of grain-scale surface deformation of a pure aluminium polycrystal through kinematicthermal full-field coupling measurement[END_REF] use the target analytical model to achieve such spatial matching and to correct image distortions. The centroid coordinate system used here, seemed for us a fast and appropriate way to achieve spatial matching.

It is also important to note that the spatial matching contrarily on the temporal matching, is performed for each experiment. A good agreement seemed to be found between both transformations, with relative errors in x and y coordinates of 1 %. We consider 2% of relative error as acceptable in our case, and that because we consider only rigid body movement corrections. 

Temporal matching

It is important to understand that each camera has a physical time delay between the moment a trigger signal is given to take an image and the moment of capturing the image. Again, the accuracy of the coupled measurement cannot be guaranteed unless this physical delay is taken into consideration [START_REF] Moustafa | Experimental study of the stress gradient effect under fretting loading by full field measurement techniques[END_REF] (Figure 2-15).

Preliminary tests showed that the IR camera present faster acquisition then the CCD one. One way to determine this time delay is presented in the work of Wang in [START_REF] Wang | Study of plastic deformation in oligoand single crystals based on full-field measurements[END_REF] as the free-fall experiments. The idea is to drop a small object that passes a reference target, being observed by both cameras. The relative positions of this object in IR and CCD images is then used to estimate the time delay. This method can give precise results on the time delay if an analytical model of the reference target exists. The procedure used in this work, is illustrated on Figure 2-16. It consist in tracking the position of the LVDT by both cameras using a marker tracking method. The markers were obtained using the same reference target as Figure 2-12. The contrast between the holes and the out-of-hole zones is high enough to achieve such measurements. The cameras were then triggered externally using a micro-controller, An Arduino MEGA ADK. An Arduino simplifies the amount of hardware and software development one needs to do in order to get a system running. Its hardware platform already has the power and reset circuitry setup as well as a circuitry to program and communicate with the microcontroller over USB. In addition, the I/O pins of the microcontroller are typically already fed out to sockets/headers for easy access. On the software side, Arduino provides a number of libraries that make programming the microcontroller easier. Two separate triggers are generated and the image acquisition was done using two separate computers. The applied displacement amplitude was chosen to be equal to 215 µm with a loading frequency of 1 Hz and a frame rate equal to 100 Hz. In order to determine the delay between both cameras, a first test is done with t = 0 s. This test is repeated 3 times to assure the homogeneity of the results. On Figure 2-17, are presented the IR and CCD displacements of this test. Displacements were fitted using sinusoidal functions with a period equal to the loading period. On The accuracy of this method depends on the accuracy of the markers tracking algorithm used to process displacements data. For this study, an order of magnitude of 1 ms of error was considered acceptable (comparing to the testing period of about 80 ms). In the following, the technical aspects and working principles of the different metrologies are introduced

Metrologies

Quantitative Infrared Thermography (QIRT)

The use of infrared techniques to study the mechanics of materials and structures has been considerably extended over the last 20 years. The major interest of such techniques is that they provide non-contact full-field measurements of surface temperatures. The first application of quantitative infrared measurements can be attributed to the thermoelastic stress analysis (TSA), which provides a direct link between temperature variations and hydrostatic stress variations. Since, as we saw in the first chapter of this document, many research groups have been interested in the development of such techniques.

In many of these applications, temporal reliability and spatial resolutions remain fundamental for any type of analysis. It is also important to reliably convert the radiation emitted by the studied object into temperature (calibration process).

In this section, first a reminder on the infrared radiation is introduced. Second, the calibration procedure is presented and finally an assessment on the IR camera noise is made.

Reminder on the physics of infrared radiation

It is known that any solid material with a temperature above absolute zero emits electromagnetic radiation, which is a form of energy that is produced by the movement of electrically charged particles traveling through vacuum or matter. This energy is then grouped into categories on the electromagnetic spectrum based on the amplitude of its wavelength, as shown in Table 234567. The infrared radiation correspond to wavelengths between 0.8 µm and 1000 µm, and infrared thermography applies generally in spectrums between 2-5 µm (SW) and 7-15 µm (MW). The signal measured by a camera, is a radiance L (W. m -2 .sr -1 ), which is the intensity of the emitted radiation (d) by unit surface area (dS.cos) and a solid angle (d). In most cases it is assimilated to the studied object, but before reaching the camera detectors this signal travels through a certain environment and atmosphere as illustrated in Figure 2 If the environment is at temperature T env , and if the atmosphere between the target and the camera is isothermal at a temperature T atm , and a transmission coefficient  a (a transmission coefficient describes the amplitude, intensity or total power of a transmitted wave relative to an incident wave), the measured radiance L mes can be defined as function of the object radiance L 0 as follows:
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with  the object's emissivity.

For short distance measurements (of the order of few tens of centimeters), the atmosphere may reasonably be considered transparent to IR radiation and therefore equation (2.2) can be written as follows:
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This equation shows that the environment must be controlled to limit the influence of any external perturbations (reflection of a heater or another IR source, or the operator itself). Any instability in the environment, may alter the exchange conditions between the sample and the atmosphere, and must be taken into account when the temporal evolution of the temperature fields are required. For example, in this work, room temperature was monitored during the experiments to track any possible drift in the equilibrium temperature that might influence our measurements.

Infrared detectors are also sensitive to the object nature. For example, a white body has a surface that reflects all incident rays uniformly in all directions. An ideal physical body capable of absorbing all incident radiation in all wavelengths is called a blackbody. In this case, the Plank's law allow to establish the link between the spectral radiance and the blackbody temperature as follows:
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where c 1 = 3.741832×10 -16 W.m -2 and c 2 = 1.438786×10 -2 K.m. By integrating this law over all the wavelengths, we obtain the Stefan law : The above expressions allow to connect the radiated flux measured by an infrared detector to the temperature of a blackbody. In practice, few objects behave as blackbodies, the measurements are often made on flat samples, coated with a black matt paint to obtain emissivity surfaces close to 1.

By definition, the emissivity depends on the direction of observation and on the surface temperature as we can see in the following expression:
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where , is the solid angle and , the viewing direction.

Experimentally the camera's lens axis is kept fixed and held perpendicular to the flat sample's surface. Therefore, the dependence of the emissivity on the direction of observation can be neglected. On the other hand, temperature variations during our experiments stays low, and the influence of the temperature on emissivity can also be neglected. Finally, we consider that the tested specimen behaves as a blackbody in the working spectral bands of the IR camera (2.5 -5 µm). For all these reasons, equation (2.7) can be written:
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Calibration

Infrared cameras are usually sold with their setup and acquisition system as well as some applications to perform basic signal processing (temperature-digitized IR flux convertor, basic computation, display, etc.). The schematic diagram of the temperature fields acquisition process is presented in Figure 2-19. The infrared radiation goes through the lens to be converted into electrical signal by the detector. This signal is then converted into digital levels (DL) by the ADC converter. The next step takes into account the non-uniformity response of the detector elements when placed in front of a uniform radiative source.

This step is called the NUC : Non-Uniformity Correction of the detector. At this stage, the "bad pixels" are also tracked and replaced. This operation is called BPR : Bad Pixel Replacement. These basic operations are part of the manufacturer's standard calibration protocol. The digital film is then stored into the computer RAM. Finally the Altair software provided by FLIR allows to calibrate, record and visualize the temperature fields. The major interest of the standard calibration procedure described above is its usage simplicity. The NUC, the BPR and the coefficients of the calibration laws can be automatically managed by the software. Altair uses the FLIR "hypercal" module which enables saving different calibration files for different sets of camera parameters (frame size, integration time, etc). However, this calibration is based on the homogenization of the detector response, while the pixel response is generally heterogeneous. The NUC operation supposes a linear response of each detector element as illustrated in Figure 2-20 [START_REF] Honorat | Calorimetric analysis of polymer behaviour using a pixel calibration of an IRFPA camera[END_REF]. This may limit the thermal range used for calibration or may induce uncontrolled errors if some elements behave nonlinearly. The BPR replaces some bad pixels because their responses are far from the mean detector response. On a thermomechanical level, this replacement may distort by spatially correlating measures and consequently the thermal gradients which are essential for the heat sources estimation. For all these reasons a pixel to pixel calibration based on polynomial fitting of the digital levels was used [START_REF] Honorat | Calorimetric analysis of polymer behaviour using a pixel calibration of an IRFPA camera[END_REF]. A calibration law by detector pixel is calculated, connecting the camera DL to uniform and constant temperature fields T generated by a blackbody (Figure 2-21). 

          D d d d d j i DL j i a j i T 0 , , , with       2 1 , T DL T DL DL  (2.9)
The a d (i, j) coefficients are derived by least-square minimization. The calibration protocol is partly managed by a computer. The user may define the degree D of the polynomial fitting function. Generally polynomials of degree higher than 2 would be sufficient.

The user also defines a number of equilibrium thermal states distributed between T 1 and T 2 . A step of 0.5°C was chosen between each state. Once the data are fitted, defective pixels are detected using the following two criteria:
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(2.11)

The system considers a pixel (i, j) as defective if:

• The difference between the predicted temperature and the blackbody temperature is greater than a predefined threshold T 1 generally equal to 0.5°C. This step eliminates pixels that alter the calculation of a mean temperature for the following criterion. • The difference between the predicted temperature and T mean defined as in (2.11), is greater than a threshold T 2 equal to 0.015°C (blackbody uniformity).
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where N i and N j are respectively the detector's total row and column number. The blackbody used for the calibration is the SR 800R by CI-system, having the following specifications: surface aperture of 7"×7", absolute temperature range from 5°C to 90°C, surface temperature accuracy of +/-0.006°C for 0 < T < 50°C, thermal resolution of 0.001°C, and a thermal uniformity of +/-0.015 °C.

The major advantage of this calibration method, beside its accuracy, is the ability to work with raw data directly from the IR camera. This considerably decreases the computation time.

The calibration settings can also be modified without having to run new tests. This feature is not available with the NUC and BPR.

The accuracy of this method will depend on the integration time but also on the thermal stability of the IR camera. Actually, the FLIR SC7600 is equipped with a Stirling cycle engine that helps cooling the camera. This process can cause internal thermal drifts that may alter the detectors responses. Although this calibration phase will help increasing the accuracy of the measurements, it is also important to quantify the noise from the complete measurement chain for optimal temperature resolutions. A work that is discussed in the next section.

Noise related problems

We can distinguish different sources of noise that can alter the measurements phase, like:

 Thermal stability of the environment: as we saw in section 2.4.1.1 the environment must be controlled to limit the influence of external perturbations. More details are given in the next chapter.

 Temporal noise: corresponds to the temporal evolution of one pixel observing a constant and uniform thermal scene from a blackbody.  Surface coating: the choice of the surface coating is essential in order to neglect reflections. The specimens emissivity should be close to 1. The choice of this coating was made from qualitative measurement as explained below.

Emissivity measurement

Since the emissivity of our specimens are naturally low (around 1 . 0 ), we use a matt black paint as coating. This operation will help increase the specimens surface emissivity. Different techniques exist to measure this emissivity : Either by a direct measurement of the specimen surface radiation, and then compare it to the one measured from a blackbody at the same temperature. Or by indirect measurement of the specimen surface reflection. In fact, Pajani in [START_REF] Pajani | Mesure par thermographie infrarouge[END_REF] has showed that for an observation angle less than 45 degrees, the emissivity of a gray body encounter small variations. In this work, indirect measurements were performed as in [START_REF] Poncelet | Multiaxialité, hétérogénéité intrinsèque et structurale des essais d'autoéchauffement et de fatigue à grand nombre de cycles[END_REF]. A schematic of the experimental set-up implementing this method is shown on Figure 2-27. The camera and the blackbody are placed symmetrically to the normal of the specimen surface with and angle < /4. The blackbody emits infrared radiation that is reflected by the specimen. The camera measures then this reflected radiation.

The total reflected radiation, DL cam , can be divided into two parts, one coming from the blackbody at a temperature T BB and the other part coming from the environment a T env , as follows :
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13) where DL(T env ) represent the radiation emitted by the environment surrounding the specimen excluding the blackbody.

Since T env and T spec are supposed to be constant, DL(T env ) and DL(T spec ) are also constant. Furthermore, DL(T BB ) is determined by direct measurement from the blackbody at the temperature T BB . Therefore, the emissivity can be calculated using at least two uniform and constant thermal levels T 1 and T 2 as below [START_REF] Berthel | Mesures thermographiques de champs de dissipation accompagnant la fatigue à grand nombre de cycles des aciers[END_REF]:
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If the selected temperatures are too high, the specimen surface might over-heat and alter DL(T spec ), or if the temperatures are too low, this might increase the signal noise.

The selected temperatures where: (20 -25 °C), (20 -27 °C), and (25 -31°C), and the results are shown in Table 2 The emissivity undergoes a mean value of 0.96, high enough to achieve temperature measurement and a standard deviation close to zero leading to a very homogeneous emissivity field.

After explaining the major characteristics of accurate infrared measurements, the next section details the working principle of the infrared markers tracking method developed in this work.

Infrared markers tracking method

As previously mentioned, this method was developed in order to eliminate rigid body movements induced by the vibrations of the experimental device. The idea was to develop a fast method, considering the large number of images that need to be processed (of about 100 000 images for the longest experiments), with acceptable precisions. Therefore, we chose to work with the matlab library, since it provides a wide panel of image processing tools.

Markers are detected using edge detection and basic morphology [START_REF] Jahne | [END_REF]. The reasons why we chose edge detection over simple image thresholding is to be able to place the markers directly on the specimen. Actually, as illustrated on Figure 2-28, with a simple thresholding it become hard to detect markers on the specimen due to the temperature variations. An edge is the boundary between two regions relatively distinct in grey-level properties which is the most common approach for detecting discontinuities. The basic idea of edge detection techniques is the computation of a local derivative operator.

The different steps of our algorithm are as follows (this algorithm uses predefined matlab functions):

- -Step 2: detect the markers. The gradient image is calculated and a threshold is applied to create a binary mask containing the segmented markers. First, the Sobel operator is used to calculate the threshold value, then this threshold is tuned to obtain the binary mask that contains the segmented markers (Figure 2-30). A least square method is then used to determine the terms of the rotation and the translation matrix for the following system:

     0 1 t t X X
(2.15) where  is the rotation and  is the translation. Xt 0 is the position the marker at t 0 and Xt 1 the position at t = t 1 .

Calibration test

In order to check the validity of the data calculated by the above method, a calibration test was first carried out. This test consisted in checking the agreement between the LVDT and the infrared markers tracking method results. For this purpose, different displacement amplitudes were applied (50, 100, 150, 200 µm) at a loading frequency of 1 Hz and a frame rate of 100 Hz.

The results of this calibration test are shown in Figure 2-34. It can be seen that good agreement was obtained for the four amplitudes, with an averaged standard deviation of 0.05%. It means that, differences between the two measurements reach an order of magnitude of about 6 µm, which remains low in comparison with the spatial resolutions of the IR camera (95 to 150 µm). A comparison with DIC results is made in the next section to verify these order of magnitudes. In the following, the Digital Image Correlation technique is presented.

Digital Image Correlation

Digital Image Correlation or DIC, is an optical metrology based on digital image processing and numerical computing. Inspired from image correlation velocimetry methods in fluid mechanics [START_REF] Dudderar | Laser speckle photography in a fluid medium[END_REF], it was first proposed in the 1980s by authors like Sutton et al., 1983 [84], and Chu et al., 1985 [85]. The basic purpose of the DIC is to measure displacement fields, from images acquired at different stages of the loading. This technique is no longer limited to 2D in-plane measurements, but also to 3D measurements (in-plane and out-of-plane) thanks to multi-camera set-ups.

The DIC method used in this work is based on a method proposed by Wattrisse in [START_REF] Wattrisse | Etude cinématique des phénomènes de localisation dans des aciers par intercorélation d'image[END_REF]. The order of magnitude of the measured displacements resolution is 5.10 -2 pixels, which corresponds to a value of 0.75 µm if we consider the CCD camera spatial resolution.

In the following, the preliminary settings for a good DIC precision, is first presented. The working principle of the method is then detailed, and finally, a calibration test is proposed.

Preliminary settings

On Figure 2-35, is presented an image of the DIC experimental set-up. For accurate measurements, the specimen surface must be flat and remain parallel to the camera's sensor during the loading. In addition, the imaging system should not suffer from geometric distortions. The advantage of using a telecentric lens is that it is less sensitive to these distortions.

In fact, a conventional lens have angular fields of view that lead to changes in magnification depending on the object distance. While, a telecentric lens have the property of maintaining a constant magnification over a specific range of object distances. This property makes our measurements less sensitive to out-of-plane problems. On the other hand, and since the DIC method used here is based on a white light granularity method, the lightning system should provide uniform and stable luminance on the specimen surface. The specimen surface should also be coated with a speckle pattern. This kind of texture can be realized by spraying fine droplets of black paint on a white background (or inversely). For finer texture rendering, an aerograph airbrush was used in this work. This pattern should also provide a wide dynamic of gray levels without saturation [START_REF] Grédiac | Mesure de champs et identification en mécanique des solides[END_REF]. Examples, of the surface pattern and a histogram of the gray levels are shown respectively in 

Working principle

Digital Image Correlation (DIC) determines the displacement fields between two images: a reference image I1 and a deformed image I2. The first step of the method employed here, is to define a ROI (Region Of Interest) on the I1 image. The ROI is then partitioned to form a regular mesh. The mesh nodes are the points at which displacements are estimated. The idea is to search/track in the deformed image I2 for a matching points. However, because it is almost impossible to find the matched point using a single pixel, an area with multiple pixel points is used to perform the matching process. This area, usually called subset, has a unique light intensity (gray level) distribution inside the subset itself. There is an abundance of literature available for the selection of the subset size, as well as the effects of this size on DIC analysis, but the main idea is to select a small subset which does not result in noisy displacement data (larger subsets tend to have a smoothing effect).

The displacement of the subset on the image before deformation is found in the image after deformation by searching the area displaying the closest light intensity distribution in the subset between I1 and I2. Once the location of this subset in the deformed image is found the displacement of this subset can be determined. An example of matching the subset before and after deformation is given in Figure 2-37. Based on the above basic concept, several functions exist to match the subset from one image to another. One is the magnitude of intensity value difference, defined as below:
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where I 1 (x,y) and I 2 (X,Y) represent the gray levels within the subset of the undeformed I1 and deformed I2 images, and (x,y) and (X,Y) are respectively, the coordinates of a point on the subset before and after deformation.

The displacement components are obtained by searching the best set of (X,Y) coordinates that minimize R(x,y,X,Y). A normalized cross-correlation function, C(x,y,X,Y), is usually defined, and displacements are usually obtained by maximizing this function defined as below:

dxdy Y X I dxdy y x I dxdy Y X I y x I Y X y x C S S S 2 2 2 1 2 1 ) , ( ) , ( ) , ( ) , ( ) , , , (      (2.17)
Readers interested in more details on this method may find additional information in the works of Wattrisse in [START_REF] Wattrisse | Etude cinématique des phénomènes de localisation dans des aciers par intercorélation d'image[END_REF], [START_REF] Wattrisse | Analysis of Strain Localization during Tensile Tests by Digital Image Correlation[END_REF], [START_REF] Wattrisse | Kinematic manifestations of localisation phenomena in steels by digital image correlation[END_REF].

In the following, a comparison between results of this method, the IR markers tracking one and the LVDT is made.

Calibration test

This test consisted in checking the agreement between the LVDT, the DIC and the infrared markers tracking method results. For this purpose, a displacement amplitude of 200 µm was applied at a loading frequency of 1 Hz and a frame rate of 20 Hz.

The results of this calibration test are shown in Figure 2-38. It can be seen that good agreement was obtained between the different results. The standard deviation between the DIC and the markers method was equal to 0.03%. It means that, differences between the two measurements reach an order of magnitude of about 3 µm, for a spatial resolution of 100 µm. For this work, since only the RBM corrections are considered, the optical distortions of the CCD images were not corrected (even if these distortions are low using a telecentric lens).

Conclusion

In this chapter are presented the main properties of the studied material. The 35Ni Cr Mo 16 microstructure revealed no residual austenite and does not present preferential crystallographic orientations. The mechanical properties showed high strength and toughness and a coefficient of friction of 0.8 was found for a cylinder on flat contact configuration, the contact configuration chosen for this study. This configuration is often used for the study of cracks and well adapted for full-field measurements.

An important part of this chapter is then dedicated to the development of new experimental methods to study the fretting damage. A one-face measurement, using only a IR camera is presented and a new IR markers tracking method is developed. A coupled thermal-kinematic measurement is also developed. To implement this two-face measurement, two main technical problems are solved, the spatial matching and the temporal synchronization of the CCD and IR cameras.

Finally, an overview on some fundamental and technical aspects of the different metrologies used in this work, is presented.

In the next chapter, a first approach based on the analysis of the temperature to study the fretting damage is discussed. The variation of the temperature and the different steps that led to the development of this new method are presented. Even if the temperature is a qualitative indicator of cyclic damage, various research teams developed methods to rapidly estimate the endurance limit of metal materials under fatigue loadings from the observation of thermal effects ( [START_REF] Luong | Infrared thermographic scanning of fatigue in metals[END_REF]; [START_REF] Rosa | Thermographic methodology for rapid determination of the fatigue limit of materials and mechanical components ଝ[END_REF]; [START_REF] Doudard | Identification of the scatter in high cycle fatigue from temperature measurements[END_REF]; [START_REF] Poncelet | Multiaxialité, hétérogénéité intrinsèque et structurale des essais d'autoéchauffement et de fatigue à grand nombre de cycles[END_REF]; [START_REF] Ezanno | Fast characterization of high-cycle fatigue properties of a cast copperaluminum alloy by self-heating measurements under cyclic loadings[END_REF]). G. La Rosa writes:

Chapter 3: Thermographic methodology for rapid determination of crack nucleation thresholds under fretting loadings

"By analyzing the temperature of the external surface during the application of cyclic loading, it is possible to evaluate the dynamic behavior of an element and to determine the fatigue limit."

In this chapter, a new experimental method for a rapid determination of crack initiation thresholds under fretting loadings is proposed. This method is based on the thermal response of the tested material. First some measurements aspects are treated. A detailed analysis of the measured thermal signal is then proposed, and finally the new method is presented with results compared to the conventional one.

Tests and measurements

The preliminary experimental settings for temperature measurements are first introduced, and solid rigid body movement correction is then discussed.

Preliminary settings

Before testing, the IR camera is first calibrated (Chapter 2, section 2.4.1.2), then fixed on a tripod that allows millimetric positioning adjustments and the lens axis is held perpendicular to the lateral surface of the studied specimen. In order to minimize the possible environmental effects on the thermal fields and maintain stable thermal boundary conditions, the camera and the specimens were covered with an insulation box as in Figure 3-1 (a). This box presents very low emissivity on the outside to avoid any radiation absorption from the environment. As for the inside, it was painted with black paint with high emissivity to avoid reflections. All experiments were carried out at room temperature, and a thermocouple was used to monitor the ambient temperature.

The exposed surfaces of the specimen and the pad, were coated with a thin coating of commercial black paint with high emissivity (Chapter 2, section 2.4.1.4). The paint is only applied on the exposed surfaces and does not penetrate the contact interface. Finally, since the idea here is to develop a fast method, markers are then placed on the actuator as in Figure 3-1 (b). 

Thermal measurements

Temperature variations are defined as follows:
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where T(t) is the temporal evolution of the measured temperature, and T 0 (t) the one of the equilibrium temperature.

Generally, T 0 (t) is considered constant, but as previously mentioned in chapter 2, the environment can introduce measurement fluctuation. Therefore to limit the influence of this noise, this equilibrium temperature is monitored during each experiment and corrected, as follows:
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where, T 0 ini is the specimen temperature when the specimen is not loaded. It is calculated over hundreds of images taken at the beginning of each experiment. Such operation will improve the signal to noise ratio. T ref (t) is the temporal evolution of the surrounding temperature variations measured with the thermocouple. In practice, these evolutions stay constant during testing.

Thermal fields are then spatially averaged over a ZOI equal 2a x a (Eq. (3.3)) as illustrated on Figure 3-2. This size can have a smoothing effect on the temperature field, since the signal-tonoise ratio will be multiplied by the square root of ZOI number of pixels [START_REF] Jahne | [END_REF].
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with F for the normal load in N, R for the cylinder radius in mm, L for the specimen thickness in mm and E* for the equivalent young modulus in MPa. 

Rigid Body Movements correction (RBM)

On Figure 3-3 is presented a schematic illustrating the advantage of RBM corrections while processing thermal images. This step helps tracking the ZOI during a test, leading to a better estimation of the temperature evolution. The shape of this spectrum can be divided into a first harmonic with a high amplitude, corresponding to the real loading frequency (f L = 1 Hz) and different other harmonics with lower amplitudes, all multiple of this frequency. This distortion can be explained by signal distortions due to the experimental device and the contact rigidity. It is characterized by a triangle form rather than a sinusoidal one. We later show that this distortion also has a signature on the thermal signal. 

Thermal analysis

Temperature evolutions for constant loading parameters

An example of temperature evolution (averaged over a ZOI equal to 28x14 pixels) during a fretting test with constant loading parameters is shown in Figure 345.

It can be observed that, the thermal signal undergoes, an overall thermal drift, that can be divided into two phases :

 Phase 1: an unsteady state, where the averaged temperature increase from the equilibrium temperature to reach a local maximum.  Phase 2: a steady state, where the averaged temperature reach a stabilized and constant value sta  . To this thermal drift are added oscillatory variations of about 0.17 °C. A frequency analysis by DFT of only the periodic part (the mean variation is removed) of this signal is shown on Figure 3-6. This spectrum can be divided into different harmonics. A first one with a high amplitude at f ≈ 0 Hz, can be related to the thermal drift. A second harmonic, at the same frequency as the loading frequency (f L = 1 Hz), and the other ones with decreasing amplitudes at frequencies multiple of the loading frequency.

We assume that the harmonic at f L is induced by thermoelastic effects, while the one at 2f L , is associated to the unsteady response of the thermoelastic signal and to energy dissipation having different origins, such as plasticity and frictional heating. The lower amplitudes harmonics can be explained by signal distortions related to the shape of the displacement signal as shown in the above section. The idea, is to develop a method that can extract the first 3 harmonics of the thermal signal (distortion harmonics are neglected), reduce the measurement noise, and finally allow to process long tests (work with under-sampled signals). Such approach was first proposed by Boulanger in [START_REF] Boulanger | Analyse par thermographie infrarouge des sources de chaleur induites par la fatigue des aciers[END_REF], and is well adapted for long cycling loadings. It consist on approximating, locally, by least-square minimization, the thermal signal by a periodic function based on the spectral properties of this signal.

Sliding-smoothing least-square fitting method

On Figure 3-7 is illustrated a schematic explaining the working principle of the employed fitting method. The idea here is to minimize by least squares, the distance between the experimental thermal signal and an approximation function, while conserving as much information as possible and leaving the noise out. This minimization process, is done locally over a moving window (= 2N t + 1, with N t a smoothing temporal parameter). This method offers a lot of advantages. One main advantage is the suppression of the measurement noise. On Finally, this method offers the advantage of working with under-sampled signals with the correct ratio between sampling frequency and loading frequency. In order to determine this ratio and to check the fitting parameters, simulations were conducted. it consisted in simulating a known signal, and then check if by applying the above fitting method, the specific values of the initial simulated signal can be obtained. These simulations also allow, depending on the chosen frequencies, to define a threshold value of the fitting window half size N t .

The simulated signal is defined as follows:
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where  sta , A 1 , A 2 , B 1 and B 2 are constants defined arbitrarily. To this signal is also added white Gaussian noise with amplitude equal to ± 0.04°C.

Chapter 3 -Thermographic methodology for rapid determination of crack nucleation thresholds under fretting loadings

On Figure 3-13 (a) is presented an example with the correct ratio between loading and camera frequencies. On Figure 3-13 (b), (c) and (d) are presented the evolutions of  fit d , A f fit and A 2f fit as function of N t . In this example the loading frequency was chosen to be equal to f L = 12 Hz, the camera frame rate equal to f a = 20 Hz,  sta = 0.33 °C, A f num = 0.053 °C and A 2f num = 0.022 °C. It can be observed that the employed fitting method can quickly, predict the amplitudes of the simulated signals. Therefore, increasing the size of N t , will only increase the computation time with no major improvements in the predictions accuracy. Considering the following, the size of N t was chosen to be multiple of the sampling frequency f a , and was set to be equal to

N t = 2 f a +1.
For this study the chosen frequencies were f L = 12 Hz and f a = 20 Hz. These frequencies, are well adapted for the fitting method and also helps avoiding undesirable machinery vibrations. In the following, the influence of the loading frequency and the contact stress on the temperature evolutions is discussed.

Influence of the loading frequency f L

In order to assess the influence of the loading frequency on the temperature evolutions, 5 loading frequencies were tested, f L = 3, 6, 9, 12 and 15 Hz, for the following contact condition : R cyl = 80 mm, p max = 1000 MPa, q max = 570 MPa. the loading frequency and undergo a linear behavior. This can be explained by the fact that, the faster a specimen is loaded, the higher the dissipated energy is, and therefore the higher the temperature is. 

Influence of the contact stress

To study the influence of the contact stress on the temperature evolutions, a test in blocks of cycles with constant maximal Hertzian pressure, p max , and variable relative displacement amplitude,  * , was made [START_REF] Berthel | Crack nucleation threshold under fretting loading by a thermal method[END_REF] (Figure 3 For each block, when stabilized mechanical (cycle stabilization) and thermal (temperature stabilization) conditions were reached,  * was increased and then maintained constant until a new stable situation is attained. During each step, the evolution of the surface temperature is recorded by the infrared camera, and the evolutions of Q * (used to estimate q max ) are recorded by a dedicated computer. Displacements start from very low values and are incremented little by little, until the transition to gross slip regime (Q * = µP) is reached, where testing is stopped.

The tested condition was: R = 80 mm, p max = 1000 MPa (P = 17425 N/mm) at a loading frequency f L = 12 Hz, and displacements variations, 10 ≤  * ≤ 310 µm with a 10 µm step.

On Figure 3-16, are presented the evolution of the temperature variations during this test. It can be observed that, this evolution increase from one block to another. It can also be observed the presence of short but high increase of the temperature at the beginning of some blocks. This can be related to contact instabilities, where the contact undergoes few gross slip cycles before reaching a stabilized partial slip state. It is important to mention that the analysis done in the study is only made on the stabilized phase. A first one, where the specimen mainly undergoes elastic deformation, and the low temperature variations are mainly induced by non-plastic effects like thermoelasticity. A second part, defined starting from a certain threshold value q th , where plastic deformation take place. In this case plastic strain energy continues to accumulate and most of the mechanical energy is dissipated as heat energy leading to temperature rise.

In order to differentiate the part of energy dissipated by microplasticity and by friction, a numerical model is developed in the following. 

Numerical modeling

The idea here is to estimate numerically the order of magnitude of the stabilized values,  d sta , A f sta , and A 2f sta , of the thermal signal and compare it to experimental data. The model is based on the theory of linear thermoelasticity applied to non-proportional multiaxial cyclic loadings. It assume, the material behavior as thermoelastic during a fretting loading. Meaning, no intrinsic dissipation will be considered.

Thermomechanical framework

Under partial slip conditions, the fretting loading is a non-proportional multiaxial fatigue loading with little temperature variations. Therefore the local heat equation can be written in the following simplified form [START_REF] Boulanger | Analysis of heat sources induced by fatigue loading[END_REF] [92]: (please refer to chapter 4 for more details on this equation)

the s d k t C       1 2    (3.9)
where k is the heat conduction coefficient, ρ the mass density, C the specific heat, 2  the Laplacian,  the temperature variations defined by  = T -T 0 (where T is the measured temperature and    is the equilibirum temperature at the beginning of the test), d 1 the intrinsic dissipation (= 0) and s the the thermoelastic source.

Applying linear thermoelasticity, the thermoelastic source can be defined as follows:

             tr T s the 0 (3.10)
where  is the thermal expansion coefficient and  the stress tensor.

Note that, for thermoelastic behavior, a stabilized mechanical cycle becomes a thermodynamic cycle and the only allowed source of irreversibility is due to heat diffusion.

Frictional heating and boundary conditions

Modeling frictional heating in sliding contacts has long been considered by many researchers (Jaeger 1942 [93], Blok 1955 [94], and Archard 1959 [START_REF] Archard | The temperature of rubbing surfaces[END_REF]). Although a limited amount of work available in literature concerns fretting contacts under partial slip regime, one can consider for example, the work of Attia in [START_REF] Attia | Friction-induced thermo-elastic effects in the contact zone due to fretting action[END_REF]. The author predicted temperature rise under partial slip conditions for a steel using a finite-element model, with maximum predicted temperature of 100 K. In the work of Harish in [START_REF] Harish | In-Situ Measurement of Near-Surface Fretting Contact Temperatures in an Aluminum Alloy[END_REF], the author concludes that under partial slip conditions the observed effects of frictional heating in an aluminum alloy are negligible.

Even if the order of magnitude of the heat generation due to friction is considered negligible under partial slip conditions comparing to what can be observed under gross slip conditions, where at a macroscopic scale more plastic deformation take place. In our case, and since the idea is to detect low temperature variations due to microplasticity, this frictional heating might become non-negligible and need to be included in the model. The magnitude of this frictional heating can be calculated as the product of the shear stress distribution and local sliding velocity:

slip slip q  
(3.11) where v slip is the tangential slip velocity, derived from the analytical solution of the tangential slip u slip (Eq. 3.25).

In case of low sliding amplitudes [START_REF] Denape | Aspect thermique du frottement : mise en évidence expérimentale et éléments de modélisation[END_REF], this heat flux is divided between the cylinder,  cyl. , and the flat,  flat , as in Figure 3-18:

        slip flat slip cyl      1 (3.12) with flat cyl cyl k k k    (3.13)
where k cyl. and k flat are respectively heat conduction coefficients of the cylinder and the flat. In our case, k cyl is considered equal to k flat and therefore the boundary conditions in the sliding areas can be defined as follows:

slip n n   2 1       (3.14)
where n is the normal to the surface.

Outside the sliding areas, the boundary conditions are considered linear, and can be defined as (Figure 3-18):

  B A h n n /        (3.

15)

where h A/B is the heat transfer coefficient, where A and B are either air or steel.

Mechanical framework

Knowing the time evolution of the surface shear stress distributions, q, and the constant Hertz contact pressure distribution, p, allows to compute the subsurface stress fields using elastic hypothesis. Under partial slip condition, the time evolution of the surface shear stress is defined by [START_REF] Hills | Mechanics of fretting fatigue[END_REF]:

                                                         2 2 2 2 2 2 max 1 ' 1 ' 2 1 ' 1 ' 2 1 1 ) ( c x a c c x a c a x c x a c a x a x µp x q a x c   ' ' c x c   c x  (3.16) with                  ) cos( 1 ' 1 * * * t Q Q µP Q Q a c µP Q a c  (3.17)
where µ is the coefficient of friction, x is the axis oriented by the sliding direction and centered on the contact, a is the Hertzian contact half-size, c is the stick zone size and c' is the new stick zone size during Q variation (Figure 345678910111213141516171819). The maximal contact shear stress can be estimated using Eqs. (3.16) and (3.17) when Q = Q * and x = c:

2 max max 1         a c µp q (3.18)
The surface pressure distribution follows the Hertz theory and is defined by:

2 max 1 ) (         a x p x p (3.19) With RL PE p  * max  (3. 20 
)
where P is the macroscopic normal load, L is the contact length and E * is the equivalent young modulus.

Under plane strain hypothesis, the stress tensor has the following form (see Figure 3-20 (a) for axis orientation):

           zz xz yy xz xx       0 0 0 0 (3.21)
To determine the stress tensor, pressure and shear stress distributions are replaced by stepwise distributions acting on discrete segments of the surface as illustrated in Figure 3-20 (a). In the case of uniform distributions of pressure and shear stress, stress components are given by [START_REF] Johnson | Contact mechanics[END_REF] (see Figure 3-20 (b) for notations):
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Therefore, stress tensor distribution is the sum of each stepwise contribution and time derivation can be estimated by a finite difference method. Solution of the tangential slip u slip when Q = Q * , u a , can be found in [START_REF] Ciavarella | The generalized Cattaneo partial slip plane contact problem. II-Examples[END_REF], [START_REF] Ciavarella | A review of analytical aspects of fretting fatigue, with extension to damage parameters, and application to dovetail joints[END_REF] and its expression for the cylinder on flat configuration is:

  , ln 2 2 ) ( 0 * 2 0 2      d x x q µA x x R k x u a                slip L x  (3.23)
where x 0 is any particular point inside the stick region and,

                              2 max * 2 2 2 1 ) ( 1 1 2 x a c p p µ q x q E E A cyl cyl flat flat   (3.24)
To estimate the time evolution of u slip we assume that: 

    ) cos( , t x u t x u

Solving

Using Matlab programming, an explicit finite difference method was implemented to compute three-dimensional temperature fields.

Time evolutions of the stress fields are first computed for a material volume of 10x10x8 mm 3 , with spatial resolutions of 1 µm. Low spatial resolutions allow better estimation of p(x), q(x) and u(x) and therefore better estimation of the stress fields. Figure 3-21 illustrates an example showing the distributions of p(x), q(x) and u(x).

Once the mechanical quantities are estimated, temperature fields are computed using Eqs (3.9), (3.14) and (3.15), for spatial resolutions equal to 100 µm, order of magnitude of the experimental data. The physical properties of the flat and the heat transfer coefficients are summarized in Table 3-1.

 C p k 

h air/steel  h steel/steel  7800 kg.m -3 460 J.kg -1 .K -1 60W.m -1 .K -1 10 -6 K -1 0.25 3.33 Table 3-1: Physical properties used for the numerical model. On Figure 3-22 is presented an example of a computed temperature field. Please note that at least 2000 points per cycle are considered for this computation, which implies long computation time. These fields are then spatially averaged and filtered as for the experimental fields. For each block, stabilized data are plotted as function of the maximal shear stress amplitudes q max , as illustrated on Figure 3-23 (same conditions as in section 3.2.4). The change in slop of these numerical data is due to the frictional heating generated in the sliding areas. 

Comparisons between experimental and numerical data

To assess the comparison between experimental and numerical data, stabilized numerical and experimental data are plotted as function of the maximal shear stress amplitudes q max , as shown in Figure 3-24. It can be observed that, from a certain threshold the magnitude of the experimental data are higher than the numerical one. Since no intrinsic dissipation is considered in the numerical model, this difference of behavior can be considered connected to locolized plasticity.

An ideal case to detect this plasticity would be in simulating all the experimental conditions. However, several problems arise from such appraoch. First, even if the model presented here gives a good estimate on the order of magnitude of the temperature generated by non-plastic effects, it lacks information on the material thermal properties. Add to that, the long computation time needed to assess evolutions as presented on Figure 3-23 (one week). For these reasons, this approach was not considered for this study.

In the following, the thermal method to determine crack initiation conditions is detailed but first a state of art on the existing procedures commonly used to determine fatigue limit is presented. 

Thermal method to determine crack initiation conditions

Existing methods for rapid determination of fatigue limit

As previously introduced in chapter 1, Luong in [1], was among the first who suggested that Chapter 3 -Thermographic methodology for rapid determination of crack nucleation thresholds under fretting loadings the stress level leading to a quick increase of the material's surface temperature corresponds to its fatigue limit. This limit is determined by the intersection of two lines as illustrated in Figure 3-25 (a). The first line is drawn through the first points and the second through the last points. Applied to fretting self-heating curves as shown on Figure 3-25 (b), this method over estimate the crack initiation condition, estimated at 413 MPa for this example. This is basically due to the bad definition of the final points of the curves, which are highly influenced by the transition between partial and gross slip regimes. One other method illustrated on Figure 3-26 (a), and first introduced in the work of La Rosa and Risitano [START_REF] Rosa | Thermographic methodology for rapid determination of the fatigue limit of materials and mechanical components ଝ[END_REF], define the fatigue limit as the intersection between the line drawn through the last points of the curve, and the stress level x-axis. Applied to fretting curves as in Figure 3-26 (b), this method also overestimates the cracking condition and that for the same reasons as the previous method. It is important to point that, these methods use only the stabilized temperature  d sta . The determination of the other two frequency harmonics (A f sta and A 2f sta ), requires the use of experimental means with good performance, both in terms of acquisition frequencies and temperature resolutions. For example, Krapez in [START_REF] Krapez | Thermography detection of early thermal effects during fatigue tests of steel and aluminium samples[END_REF], proposed a synchronous demodulation analysis of the thermal signal. This method consist on the identification, in time, of the experimental temperature parameters using a demodulation function. The author uses the variations of the mean temperature, but also the thermoelastic response and its harmonics. This suppose linearity's in the thermoelastic response, which is not always the case. This nonlinearity was observed by the author himself for higher stress levels, for 316L steels and 7010 aluminum. It was also observed by Mabru in [START_REF] Mabru | Dissipation et couplages accompagnant la fatigue de matériaux métalliques[END_REF] for the 304L steels.

Actually, these methods seek to determine a fatigue limit, that corresponds to the initiation of a crack, the propagation and failure. However, Cugy and Galtier in [START_REF] Cugy | Microplasticity and temperature increase in low carbon steels[END_REF], show that these selfheating measurements are a good way to detect a cyclic microplasticity threshold  loc , that corresponds to the appearance of persistent slip bands (PSBs) but does not determine the fatigue limit. Therefore, we propose next to use the three thermo-signals

 d sta , A f sta and A 2f sta ,
to detect a microplasticity threshold preceding the initiation of a crack.

Toward a first attempt for a rapid determination of the fretting maps

The goal of research in fretting is mainly the prediction of material's life under a given set of contact conditions, geometries and loadings. Most of the life prediction approach's, uses the evolutions of the stress fields under the contact as an input and then apply averaging of multiaxial criteria over a critical volume. The material thermomechanical behavior is often ignored and the temperature is often referred as a control variable. Although the deformation of solid materials is nearly always accompanied by temperature variations, it was shown through this chapter that, in case of a fretting loading, these variations can provide important information on the material's microstructural transformations. Therefore, in this section we propose to use these temperature variations toward a first attempt for a rapid determination of the fretting maps.

On Figure 3-27 are illustrated the different tested experimental conditions. Numerous aspects such as the contact size, the contact pressure, and the contact stressing are considered. An important panel of database on the crack nucleation conditions exists in our research team and is used to validate the proposed thermal method. One important assessment from the comparison made in section 3.2.6, is that numerical and experimental data overlap for shear stress amplitudes lower then a threshold value, and that in this interval the numerical data can be approximated with a straight line. Therefore, the first step in the method proposed here, is the linear approximation of the first experimental values.

The crack initiation threshold is then considered as the value were the experimental data leave this linear approximation. Yet, this change in slope is not easily detected. This is why an offset method is used. The offsets are fixed values, used to detect non-linearities on curves.

One commun example on such approach is the offset yield method. The 0.2% yield strength is considered as the stress at which a line constructed parallel to the initial portion of the stressstrain curve but offset by 0.002 (0.2%), intersects with the stress-strain curve.

In practice offsets are either arbitararily chosen or calibrated using experimental data. An example of an aribtrary choice can be the noise level. In our case this noise is supressed. Therefore, the choice was to calibrate the offsets using experimental threshold values.

For each cylinder radius, three offsets  d A f , and A 2f are defined. They correspond to the difference between the curves and the line drawn through the first points of the curve (usually first two points). These offsets are then calibrated, using a threshold value obtained from the destructive method. On Table 3 One way to evaluate the accuracy of this method is to evaluate the relative error. The relative error is the absolute error divided by the magnitude of the measured value, it gives an indication of how good a measurement is relative to the size of the quantity being measured. Expressed in terms of percent, this error can be defined as follows :

IR th th IR th q q q E    100 (%) (3.26)
with q th IR the threshold values obtained using the thermal method and q th the ones obtained from the conventional method.

The degree of tolerance authorized for this work is set to 0.05 (5%), meaning that the results obtained by the thermal method have less than 5% chance of being obtained randomly. These errors are presented under histograms on Figure 3-35, and on Table 3-3 are summarized the different results of q th IR and q th for plain fretting loadings.

Either we change the contact size, the contact pressure, the contact load or the contact geometry, the relative error stays below 5 %. This demonstrate that the proposed method can give accurate results. However, temperature variations are not entirely intrinsic to the material behavior. It actually depends not only on the intensity and distribution of the heat sources (structure effects) but also on the diffusion properties within the material (material effect), and consequently on the heat exchange with the surrounding environment. Therefore, thermal offsets used in this method depend on the same factors.

For example, offsets could increase with more thermal insulating materials and decrease with forced convection (using a fan for example) or bigger contacts configuration (plane on plane configuration). Therefore, the accuracy of this method can depend on:

 The repeatability of the boundary conditions between the tests. On Figure 3-36 are presented an example of two self-heating curves of the same experimental condition (R = 80 mm, p max = 1000 MPa), done at two separate days. It can be observed that the differences between these two curves remain low.  The number of steps near the slope change of each stabilized evolutions 

R(mm) p max (MPa)

q th (MPa) 

q th IR (MPa) E(%)

Conclusion

This chapter illustrates the use of infrared thermography as a non-destructive and non-contact technique to detect crack initiation conditions under fretting loadings. Thermal measurements were coupled to a markers tracking method to eliminate rigid body movements induced by the vibrations of the testing device. The proposed technique has been applied successfully to different contact conditions with errors less than 5% compared to the conventional one.

Unlike the destructive method where fretting maps are obtained within several months of testing, the thermal method can give results within few hours (to one day). Infrared thermography can therefore be considered as an attractive tool for non destructive evaluation under fretting loadings and still remain relatively unexplored.

In the following, the thermographic investigations are pushed further for a better understanding of the damage localizations under plain fretting loadings. Small temperature variations can correspond to high sources of heat having different origins.

Chapter 4: Thermographic analysis of the heat sources under plain fretting loadings: relationship between dissipation and crack initiation

In this chapter, we would like to establish the transition between the temperature (measured quantity) and these sources (determined quantity), to then study the damage risks through the analysis of the dissipation fields.

To do so, the theoretical framework allowing the interpretation of the thermal measurements is first discussed. The image processing technique and the related computation processes is then presented. The final section is then dedicated to present different results and interpretations.

Theoretical framework

Introduction

As previously highlighted, the deformation of solid materials can be accompanied by temperature variations. These variations may present low order of magnitudes and are not completely intrinsic to the material behavior, but also dependant on the diffusivity of the material and boundary conditions. Consequently, they are often neglected by scientists. Nevertheless, no matter how small these variations are, they may correspond to amounts of heat that cannot be neglected in the energy balance. The nature of these heat sources depends on material behavior. They may represent an intrinsic dissipation of energy (plasticity, viscosity, damage, etc.), or result from thermomechanical coupling mechanisms (thermoelasticity, solid-solid phase transition, etc.). These experimental facts, are, of great interest since they characterize the irreversibility of deformation mechanisms and reveals the thermal sensitivity of the material. In what follows, a brief review of the framework used to define these strain-induced heat sources and the whole energy balance is presented.

State variables and state laws

In this section, we present the theoretical framework leading to the local form of the heat diffusion equation required for the estimation of the different heat sources. This approach consist on considering a fretting test as a quasi-static process (mechanically and thermodynamically). It means that, from a mechanical point of view, it allows to neglect the quantities related to the acceleration in the equation of motion. From a thermodynamic point of view, the quasi-static character allows the use of the concept of local state, which is an axiomatic concept of the Thermodynamics of Irreversible Processes (TIP). It states that, at any point in time, the local thermodynamic quantities of a system vary in a quasi-thermostatic way despite the fact that the system is moving [START_REF] Germain | Cours de Mécanique des Milieux Continus[END_REF]. The TIP of near balance (or local state), provides a consistent and flexible framework to describe the behavior of materials. Its flexibility comes from the fact that one can choose a set of state variables to describe macroscopic responses of complex microstructural phenomena. The use of such framework with applications in materials modeling began to multiply in the 60s, readers interested in such approaches may refer to the works of Germain 1973and 1974[START_REF] Sidoroff | On the formulation of plasticity and viscoplasticity with internal variables[END_REF][START_REF] Chaboche | Description phénoménologique de la viscoplasticité cyclique avec endommagement[END_REF] in [START_REF] Germain | Cours de Mécanique des Milieux Continus[END_REF]- [START_REF] Chaboche | Description phénoménologique de la viscoplasticité cyclique avec endommagement[END_REF].

State variables

Since we consider a local state approach, the deformation process can be considered to be quasi-static in a thermodynamic sense. It means that any particle in the studied system is considered as a sub-system at a thermodynamic equilibrium state (Figure 4-1). The equilibrium state of each element of materials or sub-system is then described using a set of n + 1 state variables. The choice of these state variables is dictated by the phenomena we seek to model and the precision with which we wish to describe them. We can distinguish two types of state variables:

 The p, observable variables. In our case, T the absolute temperature and the small deformation tensor (under the assumption of small perturbations and small displacements).  The n + 1 -p additional variables, that in our case are represented by the ( i ) i∈{2,....,n} internal variables. These variables should have a physical sense, such as, plastic deformation  p or  e elastic deformation, isotropic or anisotropic damage, etc., all describing the state of the material. In order to represent the thermodynamic state of the system, a thermodynamic potential is introduced. A disadvantage of using ξ(s, i ), the internal energy, as a thermodynamic potential is that the natural variable s (the entropy) is difficult to control in the lab. For practical purposes, it is more convenient to deal with other thermodynamic potentials that can be defined by making use of the Legendre transformation. Therefore we introduce the potential energy, , known as the Helmholtz free energy, and defined as the Legendre transform of the internal energy, in which temperature replaces entropy as the state variable :

Ts     , ) , , ( i T      with   n i , , 2   (4.1)
with ξ = ξ(s, i ) the specific internal energy (which is the internal energy per unit of mass), and , s the entropy.

State laws

The constitutive equations of the studied system can be divided into two categories: The state equations and the equations describing the evolutions and the irreversibility of such system.

 The state equations : which are the first order derivatives of the free energy with respect to the state variables. These state laws are written:

1.   T T s i        , , 2.     rev with            i T , , 3 
.

i i A   with   i i i T         , , (4.2) 
with the mass density,  rev the reversible part of the stress tensor,   and i the conjugate variables of and  i .

The local form of the second law of thermodynamics leads to the Clausius-Duhem inequalitydefined as follows:

  0 . :             T T grad q D dt dT s dt d     (4.3) 
 with the stress tensor, D the strain rate tensor, and  q the heat flux that flows across the system boundaries, ∂.

If we introduce in the Clausius-Duhem inequality the (4.2) equations, under the assumption of small perturbations (this will allow to replace the strain rate tensor D, by the time derivative of the strain tensor   ), we obtain the following fundamental inequality:

  0 . . :                  T grad T q          (4.4)
The left member of this inequality is the total dissipation, d, that can be decomposed into two terms:

 d 1 the intrinsic dissipation per unit of volume, representative of the material degradation (mechanically produced heat source), supposed positive (d 1 > 0):

                        . : 1 d (4.5)
 d 2 the volumetric heat capacity, reflecting the irreversible character of the heat diffusion, also supposed positive (d 2 > 0), this impose that the heat flow is opposed to the temperature gradient as illustrated on Figure 4-2:

  T grad T q d . 2    (4.6)
Figure 4-2: d 2 > 0 impose that the heat flow is opposed to the temperature gradient  Additional constitutive equations : in the particular context of the generalized standard materials [START_REF] Halphen | Sur les matériaux standards généralisés[END_REF], it is assumed the existence of a pseudo-potential of dissipation,  in the space of rate of dissipative variables [START_REF] Germain | Cours de Mécanique des Milieux Continus[END_REF]:

          T q i ; , ,    (4.7)
is supposed to be positive and convex in its main arguments and is assumed to contain

origin            0 , 0 , 0 q   .
When the dissipation potential is differentiable, we obtain the complimentary constitutive equations allowing to express the thermodynamic forces as function of the rate of dissipative variables:
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If we state now that:

irrev rev      (4.9) 
the intrinsic dissipation can be expressed as follows

i i irrev A d       . 1 : (4.10) 
Finally, we will note the following equation:

i A X   (4.11) 
Thus we have defined the Helmholtz free energy, the state variables, the state laws and the total dissipation necessary for the implementation of the heat diffusion equation that is presented hereafter.

Heat diffusion equation

General expression

In order to define the heat diffusion equation, we will state first, the first two laws of thermodynamics applied to continuum mechanics for small perturbation assumptions [START_REF] Lemaitre | Mécanique des matériaux solides[END_REF]:

      q div r ext     : (4.12)      q div r d s T ext 1  (4.13)
with r ext the external heating.

If we develop now :

                          i i T T T T T T T T dt d T s T              2 2 2 2 :
(4.14)

Considering the Fourier heat conduction law:

  T grad K q     (4.15)
with K the system conductivity tensor.

Chapter 4 -Thermographic analysis of the heat sources under plain fretting loadings: relationship between dissipation and crack initiation

If we introduce C the specific heat defined as follows:

T T C 2 2      (4.16)
We can now define the heat diffusion equation as follows:

    e r T T T T T grad K div T C                                               . : . : 2 2 (4.17)
On the left side of the equation (4.17) are grouped terms in relation with the temperature, we can distinguish:

-The term  T C  : the thermal inertia, reflecting the contribution of the heat rate to locally vary the temperature at a given point.

-The term

    T grad k div
: represents the heat losses by conduction in the system.

On the right-hand side, the different heat sources terms:

-The term -The term

       p p d        . :
      .
,T ic T s : the internal coupling, reflecting the interaction between the temperature and the other state variables characterizing the material. It represents homogeneous thermomechanical coupling of volumetric heat sources. -The term r ext : representing the volumetric heat sources of external origins. In our case, the thermal exchanges by radiation with external surfaces.

Specific assumptions

In case of fretting testing, small variations in temperature from the initial temperature, small deformations with no structural effects (at least until the appearance of a fatigue crack), and small displacements can be reported. Therefore, under these conditions the following assumptions were made:

 The mass density  and the specific heat C are material constants with no variations in time.  The material is considered as a thermally isotropic solid, meaning that the conductivity tensor can be replaced with a constant conductivity:

        T k T grad div k T grad K div 2 .

  

 Since the temperature gradients and the sliding amplitudes are low, the convective terms (   T grad V .



) in the temperature derivative are neglected:

  t T t T T grad V dt t x dT                . , (4.18) 
 The term r ext is considered time independent undergoing a linear isotropic Fourier's law:

ext r T k    0 .
with T 0 the system equilibrium temperature  The temperature variation induced by the frictional heating is considered with no effects on the material microstructural state. Which means there is no internal coupling and the fatigue mechanisms are considered as purely dissipative.

Under those assumptions the heat diffusion equation can be written with the following form:

0 2 1 2 T k s d T k t T C the          (4.19)
If we note   , the temperature variations, Eq. (4.19) can be written:

the s d k t C       1 2    (4.20)
The establishment of this theoretical framework showed that the estimation of the heat sources go through the determination of temperature fields. In the following, we will see how, under certain assumptions, the above volumetric approach can be simplified into a twodimensional approach.

2D Heat diffusion model

The 3D heat diffusion equation (4.20) makes a direct link between thermal and calorimetric quantities. On the left hand size, a linear partial differential operators are applied to the temperature while on the right hand size the different heat sources are grouped.

The idea here is to determine the heat sources in the volume of a body from the measurement of the surface temperature of this body. This type of problem falls into the category of inverse problems where it is impossible to find a single solution without a prior information on the spatial distribution of the sources (Figure 4-3). One way to simplify this problem is to switch from a 3D to a 2D formulation of the heat diffusion model. However, the difficulty with such formulation is that the solution (the heat sources) is very sensitive to the measurement noise (experimental temperature fields). To overcome these difficulties a series of hypothesis on the spatiotemporal evolutions of the sources and the temperature are formulated. It was highlighted that, the thermoelastic source is connected to the stress level, while the dissipative source is connected to irreversible microstructural transformations produced by the mechanical loading (plasticity, viscosity). These transformations, reflect the material local state and the stress distributions.

The possible reasons of heterogeneities of the dissipative source are caused by stress heterogeneities or material heterogeneities. For example, in case of a proportional fatigue loading, for a thin specimen, and before a crack is initiated, the heterogeneities are caused by material heterogeneities at a very local scale coming from the specimen history (nonhomogeneous distributions of the grains, residual stresses due to the manufacturing, inclusions, etc), and these heterogeneities are often considered as surface heterogeneities. On the other hand, for a notched fatigue specimen, to these material heterogeneities are added the effects of the stress concentrations. These concentrations that, on a macroscopic scale, induce very localized irreversible phenomena.

In case of a cylinder on flat contact configuration, under partial slip conditions, which is often considered with behavior analogue to the one of the notch fatigue (very localized stress concentrations), the stress heterogeneities often overcome the influence of the material heterogeneities. These heterogeneities that are very localized on the surface and in the sliding areas, are considered homogenously distributed over the material thickness. For example, Proudhon in [START_REF] Proudhon | Identification des mécanismes de fissuration dans un alliage d'alluminium sollicité en fretting et en fatigue[END_REF] and De Pannemaecker in [START_REF] Pannemaecker | Etude du phénomène d'arrêt de propagation des fissures au travers d'un couplage multi-échelles fretting , fretting fatigue et essai fatigue C ( T )[END_REF], showed that a fretting crack undergo 3D homogeneous distributions over the martial thickness as illustrated in Figure 4-4 and Figure 45.

As a first order, we can then assume that the dissipation undergo homogeneous distributions over the thickness. Regarding the thermoelastic source, the stress distributions being homogeneous, the source will also be. We can assume then, that the specimen surface temperature can be compared to a mean temperature over its thickness. This assumption allow to work with surface temperature fields provided experimentally by the IR camera. This assumption is verified further in this chapter (section 4.4).

Under this assumption, we propose to work then with temperature fields averaged over the material thickness. In this case, Chrysochoos and Louche in [START_REF] Chrysochoos | An infrared image processing to analyse the calorific effects accompanying strain localisation[END_REF], proposed the following simplification of the (4.20) equation:  The boundaries conditions are supposed to be linear and symmetrical on both sides of the specimen (Figure 456):

the D th s d y x C k t C                            1 2 2 2 2 2        (4.
z t e y x T z t e y x T        ) , 2 , , ( ) , 2 , , ( (4.23) 
    0 2 2 , , , ) , , , ( . T t z y x T h z t z y x T k e z e z           (4.24)
with e the specimen thickness.  By considering the surface temperature fields close to a mean temperature field through the material thickness: 

       2 / 2 / , , , 1 ) , , 

Heat sources determination

The partial differential equation (4.21) and the boundary conditions being linear, it is possible then to separately study the influence of each source on the temperature fields.

Thermoelastic coupling

For temperature variations T close to the thermal equilibrium T 0 and in case of a fretting loading, considered as a non-proportional multiaxial fatigue loading, the thermoelastic source, defined in equation (3.9), is reminded here:

             tr T s the 0 (4.26)
where  is the thermal expansion coefficient.

In this case, the components of the cyclic stress tensor can be written as follows:

) (t f ij a m ij ij ij      (4.27)
with  m , the mean stress tensor,  a , the stress amplitude tensor and f ij (t) a periodic time function such as :

) ( ) ( t f t f ij ij   
, with Γ, the period and

t du u f t t ij      , 0 ) ( (4.28) 
In such conditions:

 The thermoelastic source is phase shifted having the same frequency spectrum as the loading  The variation of the thermoelastic energy w the vanishes at the end of each complete loading cycle:

0 ) ( ) ( 0 0 0          du u f T dt s w ii a the the ii   , ( 4.29) 
For the amplitude of the thermoelastic source, it is possible then to extract from the thermal signal, the periodic part having the same frequency as the loading frequency and introduce it into equation (4.21).

Dissipative source

As highlighted earlier, the dissipation reflects the irreversibility of the material deformation.

In order to study this process, we consider first, that the kinetics of the microstructural degradation is slow on a small number of cycles. We then consider equation (4.29) to integrate equation (4.21) over a number of complete cycles N and determine the mean intrinsic dissipation per cycle 1 d , defined as follows:

    0 1 1 1 ~dt d f N d L (4.30)
The mean dissipation per cycle 1 d , is a positive heat source with a spectrum limited to low frequencies.

Example on the heat sources order of magnitudes

To illustrate the previous equations, an example is given in Figure 4567. It shows temperature variations averaged over a ZOI for a fretting test under partial slip sliding conditions: R= 80 mm, p max = 1000 MPa, q max = 570 MPa, f L = 1 Hz, f a = 100 Hz.

In this example, the dissipative effect induces a temperature rise of about = 0.33 °C in a time t = 160 s, while the thermoelastic coupling induces a temperature variation of  the = 0.17 °C every 1/2 f L -1 = 0.005 s.

If we consider now a "0D" model. This model, is associated with the assumption of homogeneous sources. In this case, the heat diffusion equation becomes a time differential equation of time [START_REF] Chrysochoos | An infrared image processing to analyse the calorific effects accompanying strain localisation[END_REF], [START_REF] Chrysochoos | Analyse du comportement des matériaux par thermographie infrarouge[END_REF]:

    t s t d dt d C the D th            1 0     (4.31)
We can then approximate the temperature variations by [START_REF] Berthel | Mesures thermographiques de champs de dissipation accompagnant la fatigue à grand nombre de cycles des aciers[END_REF]:

C f s L the the    2    (4.32)
If we make now a rapid estimation of the amplitudes of the thermoelastic and dissipative sources, we get:

s C f C s the L the / 107 2         (4.33) s C C d D th sta d / 022 . 0 ~0 1       (4.34)
Note that the division by the term C allows to define for each type of the sources an equivalent heating rate in °C/s, corresponding to a monotonous and adiabatic heating process. This also facilitates comparison between the dissipative source and the thermoelastic coupling source.

Please note that this model is very conservative in case of a fretting loading, and the idea behind this section is just to show the significant difference in the order of magnitude of the sources, which makes their determination difficult. Adding to that, the computation of the heat sources implies different derivatives that have to be locally estimated using discrete and noisy thermal data, making the task even more difficult.

In the following, the 2D image processing technique is presented, but first a small review on some existing methods. 

2D image processing technique

Noise related problems

To reduce the amplitude of the noise while conserving as much information as possible on the thermal gradients and their evolutions in space and time, filtering or fitting tools can be considered.

One possible method, well established on monotonic loads, and based on the use of spectrum functional analysis, is the one proposed by Chrysochoos in [START_REF] Chrysochoos | Analyse du comportement des matériaux par thermographie infrarouge[END_REF]. For this method, the thermal signal is filtered by the number of retained eigenvectors, and its main drawbacks, are:

 Long computation time.

 The description of spatial heterogeneities by proper sinusoidal functions demands many functions and hence does not seem appropriate for intensive use.

Another method is the one proposed by Louche in [START_REF] Louche | Analyse par thermographie infrarouge des effets dissipatifs de la localisation dans des aciers[END_REF] and based on convolutive filtering using discrete Fourier transform. To avoid additional frequencies due to the automatic periodization induced by the discrete Fourier transform, the author proposed a periodic expansion of the thermal images. This method was used to measure heat sources in localized areas such as the Lüders bands. The main drawbacks of such technique were:

 The periodic expansion used to avoid additional frequencies that may disturb the computation of heat sources requires a lot of memory space and is time consuming.  Considering that the spatial frequencies property of the heat sources are limited and that the Fourier transform of the signal can be approximated by its Fourier series (analytically differentiable).

As for our choice, the method proposed by Boulanger in [START_REF] Boulanger | Analyse par thermographie infrarouge des sources de chaleur induites par la fatigue des aciers[END_REF] and applied on 0D temperature variations in Chapter 3, is applied on 2D thermal fields. In this case, the approximation function becomes, trigonometric in time and polynomial in space. More details are given in the following.

Local approximation function of the temperature

As previously highlighted in Chapter 3, the thermal response can be divided into a periodic portion, having the same frequency spectrum as the loading with a phase shift. A second part with a spectrum limited to low frequencies. For this part of the study, the trigonometric time function at 2f L , is not considered, since it gives instantaneous information on the dissipation, which is not useful for the heat sources estimation. Therefore, the approximation function becomes:

    t f y x p t f y x p t y x p y x p t y x L L fit    2 sin ) , ( 2 cos ) , ( ) , ( ) , ( ) , , ( 4 3 2 1     (3.35)
where the linear time function takes transient effects due to heat losses, dissipative heating and possible drifts in the equilibrium temperature into account while the trigonometric functions describe the periodic part of the thermoelastic effects. The P  functions are polynomials in x and y accounting for local spatial heterogeneities of the temperature fields.

Fitting process

This approach consist in minimizing, locally, by least squares, the distance between the experimental values and the specific values of the approximation function. For this part of the work, a spatiotemporal smoothing window characterized by two spatial parameters, N x and N y , and one temporal parameter N t is considered (Figure 45678). Since the data provided by the IR camera are discrete in time and space, the approximation function can be written as follows: 
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The resolution of the smoothing problem consists then, in minimizing the following Ɓ 2 sum compared to the P  coefficients, in a least squares sense, on a discrete smoothing window as in Figure 456789:
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Or also: This system can be written as:
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    P M B (4.43)
The M matrix is related to the smoothing parameters (N x , N y and N t ), the loading frequency f L , and the time step t. In addition, it is symmetrical and certain terms corresponding to the sums of odd functions are null. The vector P, is the vector containing polynomial unknowns.

The calculations leading to the M matrix are developed in appendix C.

Since we perform tests with fixed loading frequencies and camera frame rates, meaning constant smoothing parameters, the M matrix do not depend on the considered time and position. The advantage of such property, is that one needs to calculate this matrix and its inverse only once to entirely process all the data obtained from an experiment. The system size does not require an iterative method. In this way, the specific values of the approximation function at all points, are determined as follows, which greatly reduces computation time:

     B M P 1 (4.44)

Heat sources estimation

Once the polynomials, are determined we can estimate the heat sources at the center of the smoothing window, using the definition of each type of these sources and the 2D heat diffusion equation (4.21): These expressions can be simplified by using the coefficients of the (P  ) =1,..,4 : Since we're dealing with a quasi-static process and in order to limit computation time, these sources are determined at different steps in time as illustrated in Figure 4-10. The advantages of this method were well established in Chapter 3.
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An interesting work on the numerical control of this method has been done in the thesis of Berthel [START_REF] Berthel | Mesures thermographiques de champs de dissipation accompagnant la fatigue à grand nombre de cycles des aciers[END_REF]. The author first tested the influence of the smoothing parameters on the amplitudes of the intrinsic dissipation. He then tested the performance of this method in detecting the different sources from simulated temperature fields. He concluded the following:

"The numerical control that was carried out on this method has shown that despite important differences in the order of magnitudes of the sources, this method is capable of detecting the intensity of each source and reproduce their spatial distributions, as long as the size of the smoothing window is small compared to the heterogeneities of these fields [START_REF] Berthel | Mesures thermographiques de champs de dissipation accompagnant la fatigue à grand nombre de cycles des aciers[END_REF]." , is first presented, to then present the different experimental results and interpretations.

Evaluation of the time constant  th 2D

It is reminded that D th 2  is a time constant representing heat loss by convection and radiation between the specimen cross sections and the surroundings (Figure 4-1). It depends on the material, the specimen geometry and the heat transfer conditions. In order to evaluate this time constant, one of the three methods proposed by Louche in [START_REF] Louche | Analyse par thermographie infrarouge des effets dissipatifs de la localisation dans des aciers[END_REF] is considered. This method consist in measuring the time to reach back a thermal equilibrium state after a uniform preheating of the specimen.

To do so, the specimen is preheated using an oven. Accounting the good diffusivity of the material, we can consider that this heating is uniform along the specimen thickness. Only the cross sections are exposed to the environment, the other surfaces are insulated using an insulating material and the specimen is placed on an insulating support (Figure 4 -11). In this case, the heat sources are null and the temperature variations can be approximated using the following exponential form (by solving equation (4.21)): with  eq the overall heat losses taking into account heat loss by convection and radiation,  th , and heat loss by conduction,  cd . Since the adopted testing configuration limits the loss by conduction, we can consider that  eq =  th . 

Experimental results

Note that, for this part of the study, the different heat sources were computed on a region defined between the flat and the cylinder and only the flat is then considered for representations (Figure 4-13). Given the small order of magnitudes of the estimated intrinsic dissipation amplitudes, and the close spatial distributions of the above sources, It is important to study the influence of the fitting parameters on the intensities and distributions of these fields.

Influence of the fitting parameters

In order to study the influence of the fitting parameters on the intensities and distributions of the estimated sources, fields of intrinsic dissipation are considered. It was already highlighted in Chapter 3, that increasing the time half-size N t , will only increase the computation time with no major influence on the noise suppression. Therefore, and with respect to the correct frequency ratio f a / f L , this size is kept equal to N t = 2 f a + 1.

To assess the influence of the sizes of the spatial parameters N x and N y , different tests were conducted. The size of N x was first fixed to 15 pixels and three different sizes of N y were tested. On Figure 4-16, the different dissipative fields corresponding to these tests are represented. It can be observed that increasing the size of N y reduces the size and intensities of the fields with no major influence on their spatial distributions. Therefore, N y was chosen to be equal to 5 pixels, so a maximum of information can be conserved. We noticed that for a D s / N x ratio less than about 1.2, it is no longer possible to distinguish these spots. Same conclusions can be found in the work of Berthel [START_REF] Berthel | Mesures thermographiques de champs de dissipation accompagnant la fatigue à grand nombre de cycles des aciers[END_REF], for simulated sources. Given the following, the size of N x was set to 15 pixels. 

Experimental control of the heat sources distributions over the specimen thickness

We find it also important, to control the spatial distributions of the different sources over the material thickness. The experimental procedure to achieve such work is illustrated on Figure 4-18. Two measurements are performed, each on different side of the tested specimen, for the following contact conditions ( The first measurement, on side 1, is stopped once mechanical and thermal stabilization are reached. The mechanical loading is then stopped keeping the contact pressure, and the IR camera is placed facing side 2. Before achieving the second measurement, it was made sure to stay under the same experimental configuration as the first measurement: working distance, camera lens perpendicular to the specimen surface, and isolated from the surroundings (section 3.1.1, Chapter 3). The second measurement is then performed under the same loading amplitude as the first one, and both fields are then spatially correlated for comparison (the spatial correlation was performed using an affine transformation as it was already introduced in Chapter 2, section 2.3.3.1). On Figure 4-19 (a) and (b) are represented respectively, fields of intrinsic dissipation and thermoelastic amplitudes of both sides. It can be observed that the spatial distributions of the heterogeneities are very close from one side to another. The differences between the maximal local amplitudes of both sides were found to be less than 0.05 °C/s (0.05 °C/s for intrinsic dissipation and 0.03 °C/s for the thermoelastic amplitudes). It can be concluded then, that the heterogeneities of the estimated sources can be considered homogenously distributed over the material thickness. However any miss-alignments between the cylinder and the flat can lead to false results. This is why the alignment is verified before each test using special pressuresensitive papers (an example on the influence of miss-alignments is shown further in this chapter).

Please note that all the interpretations made in the following section correspond to a contact with a cylinder radius R = 80 mm and a maximal normal pressure p max = 1000 MPa. 

Asymmetry

It can also be seen that the spatial distributions of the different sources undergo a asymmetry. This contact asymmetry can be explained by a difference in stiffness between the upper and bottom side of the sample caused by the configuration of the testing. The bottom side of the sample is restrained over its whole surface by the sample holder. As for the upper side, the sample is maintained with a screw over a smaller area. In this case, there is no accommodation of the displacements by the contact, which generates higher principle stresses, causing the asymmetry of the contact (Figure 4 -20). This asymmetry can also be observed on the cracks, as it can be seen on Figure 4-21. Here, are presented the maximal projected crack lengths for A and B, after 10 6 cycles, with a maximal length of 145 µm for the upper side against 96 µm for the bottom side. 

Temporal evolutions

The spatial heterogeneities of the estimated fields were found to be time independent for constant loading parameters (p max = 1000 MPA, q max = 603 MPA, f L = 12 Hz and f a = 20 Hz, a m = 4 mm and c m = 2.8 mm), and that at least before a crack is initiated. This can be seen on Figure 4-22 where, for each source, are represented two fields, one after 3000 cycles (2.5 minutes) of testing and the other one after 15000 cycles (10.5 minutes). In the following, the different sources are analyzed separately, first the thermoelastic source and then the dissipative one. 

Numerical control of the nature of the estimated thermoelastic fields

In order to control the nature of the estimated thermoelastic sources, experimental and numerical fields of these sources were compared as shown on Figure 4-27. The computed thermoelastic sources were obtained using the model of Chapter 3, section 3.2.5. It is reminded that the computation is performed with low spatial distributions (x = 10 µm), in order to assess good estimate of the mechanical quantities (stress fields distributions). Therefore, amplitude fields, s the , of the computed sources were then smoothed using a 2D median filter with a [33µm 112µm] box, accounting to the effect of the experimental smoothing window size.

The spatial heterogeneities of the following fields, and their order of magnitudes are in close correlation. For the same cylinder radius and normal pressure, different shear stress amplitudes were tested and the local maxima of the computed thermoelastic fields amplitudes were compared to experimental data as shown on Figure 4-28. It can be observed that the computed and experimental data undergo a linear behavior. The small differences in their order of magnitudes can be explained by the choice made on the material thermo-physical properties taken from literature.

Both experimental and numerical results leads to the conclusion that, the estimated thermoelastic source is in a close agreement with the theory of linear thermoelasticity. As for the thermoelastic fields, it was also found that the spatial distributions of the dissipative fields remains close, independently from their intensities, with the loading frequency as shown on This type of observations is then used to develop a new method for the evaluation of the crack initiation conditions, but first a series of experiments were conducted to control the nature of the estimated dissipation.

Experimental Control of the nature of the estimated dissipation

A first test was conducted to check the repeatability of the results. It consisted in testing two different samples under the same experimental conditions. On Figure 4-33 are presented fields of the mean dissipation for both samples (R = 80 mm, p max = 1000 MPa, q max = 710 MPa). Note that the above fields are not spatially correlated, the idea here is to show that a correlation exists between the different measurements. The small differences in the spatial distributions and intensities of these fields can be explained by a contact miss-alignment as can be seen on In this example, it was shown that the estimated dissipation fields are connected to the specimen behavior and not the result of some systemic noise for example. It was also highlighted the influence of a bad contact alignment.

Numerical Control of the nature of the estimated dissipation

The second test, consisted in comparing the estimated dissipation fields with the distribution Chapter 4 -Thermographic analysis of the heat sources under plain fretting loadings: relationship between dissipation and crack initiation of the multiaxial fatigue criterion of Crossland. Different studies [START_REF] Amargier | Stress gradient effect on crack initiation in fretting using a multiaxial fatigue framework[END_REF], [START_REF] Fouvry | From unito multi-axial fretting-fatigue crack nucleation: Development of a stress-gradient-dependent critical distance approach[END_REF], showed that the Crossland criterion is well adapted to describe the crack risks under fretting loadings. This criterion is also a good indicator of micro-plastic behavior. The Crossland equivalent stress is defined as follows:

max , , 2 H c a Cr P J     (4.50)
where the square root of the maximum amplitude of the second stress invariant is defined as follows:
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With Γ the period, S the deviatoric stress and P H,max the maximum value of the hydrostatic pressure throughout the history of the stress defined as follows:
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with  d the alternating shear fatigue limit and  d the alternating bending fatigue limit.

In order to determine this equivalent stress, fretting subsurface stress fields under partial slip conditions, were computed as in the model presented in chapter 3, section 3.2.5. On Figure 4-35, are presented fields of the estimated mean dissipation per cycle and the Crossland equivalent stress distribution for the following condition : R = 80 mm, p max = 1000 MPa, q max = 603 MPa. The computed field was smoothed using a 2D median filter with a [33µm 112µm] box, so it can be compared to the experimental one.

With the exception of the experimental field asymmetry, it can be observed the close correlation in the spatial distribution of the above fields. The local maxima of both the mean intrinsic dissipation and the Crossland equivalent stress were then compared for different contact conditions and plotted on Figure 4-36. It can be observed that both quantities undergo a linear behavior. Consequently, this assumes that the estimated mean dissipation can be linked to early cyclic microplasticity.

Both experimental and numerical results leads to the conclusion that, the estimated intrinsic dissipation source reflect the onset of the plastic behavior of the tested specimen. In the following a new method to detect microplasticity is introduced.

Relationship between intrinsic dissipation and plastic behavior

It was shown that the intrinsic dissipation reach a stabilized state after few cycles and that it stays constant for a low number of cycles. To study the influence of the contact stress on the mean dissipation, a test in blocks of cycles with constant maximal Hertzian pressure, p max , and variable shear stress amplitude was made. For each block, the number of cycles was high enough (about 4000 -5000 cycles) to reach stabilized mechanical (cycle stabilization) and thermal (temperature stabilization) conditions in order to estimate fields of the mean dissipation per cycle. Here, we remind on Figure 4-37, the evolution of the temperature variations during a fretting test in blocks of cycles. In order to check the origins of this pattern, it was compared with the one estimated on the first hundreds of images characterizing the thermal equilibrium state where no load is applied, and illustrated on Figure 4-40. It can be seen that this pattern is also found to be repeated. Therefore, we can consider that its related to a systematic error. This error can have different origins, like reflections, coating defects, etc. It is reminded that the computation of the heat sources imply different derivatives that have to be locally estimated, therefore small systematic noise can introduce important errors in the estimation of these fields. It can be observed that the loss in linearity of the above evolutions, are in close correlation. This confirm the presence of a threshold from which behavioral changes induced by the presence of plasticity starts to take place.

The same test was then made for the different tested conditions presented in Table 3 and the different results are presented on Figure 4-43. For each case, the same behavior as in Figure 4-41 was found. It can be concluded that the transition between the two dissipative regimes can be correlated to a threshold value from which localized microplastic deformation starts to take place.

Figure 4-43:

Local maxima of the mean dissipation as function of the maximal shear stress amplitudes, q max , for different contact configurations.

Relationship between intrinsic dissipation and cracking conditions

In order to study the link between the estimated intrinsic dissipation and the cracking conditions, a threshold value is defined as the mean value of the two first shear stress amplitudes corresponding to 0

1  C d  ~.
These values were then compared to the ones determined by the conventional method [START_REF] Proudhon | Determination and prediction of the fretting crack initiation: introduction of the (P, Q, N) representation and definition of a variable process volume[END_REF] as illustrated on Figure 4-44. It is reminded that the threshold values given by that method, q max_th , are calibrated experimentally for a crack length b = 10 µm and for 10 6 cycles. It can be observed that the boundaries obtained by thermographic measurements are left-shifted compared to the crack nucleation boundaries. However, the difference between the two boundaries stays very small, which suggest that the thermal measurement provides very relevant predictions of the cracking conditions. Consequently, the predicted boundaries may be considered as the elastic shakedown boundaries. 

Conclusion

In this chapter we exposed first the thermomechanical framework responsible for the definition of the heat diffusion equation and the assumptions made to simplify the diffusion problem. The validation of the assumption made on the thermal level was then controlled experimentally, and it was found that the surface temperature of a specimen can be compared to a mean temperature over its thickness.

A 2D image processing technique was then introduced. The difficulty of such method was the determination of two heat sources, from one thermo-signal with significant differences in their order of magnitudes. This approach relies on a local spatiotemporal smoothing of the temperature fields to estimate then, via the heat equation, fields of mean intrinsic dissipation per cycle and thermoelastic amplitudes. It was shown that despite this significant difference in the order of magnitudes, this method is capable of detecting the intensities and the spatial distributions of these sources, as long as the size of the smoothing window is not bigger than the heterogeneities of their fields.

The experimental results showed that the above method is able to estimate thermoelastic amplitude fields in a good agreement with the theory of linear thermoelasticity, and mean intrinsic dissipation per cycle fields reflecting localized plastic deformation. The spatial distributions of the different fields showed a strong localization around the contact in the sliding areas. It was also shown, that the experimental device imposes a contact asymmetry.

The study of the maximal local evolutions of the intrinsic dissipation as function of the loading frequency, showed that the tested specimen undergo a plastic behavior, at least until a certain threshold. Here this threshold is imposed by experimental limitations.

The maximal local evolutions of the intrinsic dissipation as function of the number of cycles provided information on the slow kinetics of the fretting damage. Finally, as function of the shear stress amplitudes these evolutions, underlined the presence of a non-dissipative phase, where the specimen mainly undergo elastic deformation and a dissipative phase where plastic deformation takes place. The transition between these two phases was then coupled with the crack initiation thresholds identified by the conventional method, and a close correlation was found.

This close correlation underline the potentials of this dissipative approach to accurately detect localized plastic deformation responsible of initiating a fretting crack.

Of course, experimentally, the heat sources being derived from measured temperature fields, the precision of the thermal measurement will therefore affect the stability and the results of this method. However, this work underlines the high potential of the energetic approaches in the study of the fretting damage.

Conclusions and Perspectives

This work was part of an original approach based on quantitative imaging techniques, to study the damage under fretting loadings.

An important part of the work was dedicated to the development of new experimental means well adapted for fretting testing. A one-face measurement set-up, using only an IR camera was presented and a new IR markers tracking method was developed. A coupled thermalkinematic measurement in a two-face measurement set-up was also developed (Figure 5-1). To implement this coupled measurement, two main technical problems were solved, the spatial matching and the temporal synchronization of the CCD and IR cameras. Later, a new, non-destructive and non-contact experimental method using an infrared camera, to determine crack initiation thresholds, was developed. This method provided new understanding of the thermal effects during a fretting test in a cylinder on flat contact configuration. Thermal measurements were coupled with the infrared markers tracking method to eliminate rigid body movements induced by the vibrations of the testing device.

During a fretting test with constant loading parameters, results showed that the temperature evolution averaged over a zone of interest can be decomposed into an overall thermal drift and two periodic signals at f L and 2f L , where f L is the loading frequency. To separately analyze these different signals, a sliding-smoothing fitting method was applied. This approach consisted in approximating, locally, by least-square minimization, the thermal signal by a periodic function based on its spectral properties. Results showed that from one thermal signal, three other periodic signals ( d , A f , and A 2f ) can be obtained and that their amplitudes reach stabilized values after few cycles.

To study the influence of the contact stress on the temperature evolutions, tests in blocks of cycles with constant maximal Hertzian pressure, p max , and variable relative displacement amplitude,  * , were made. The evolutions of the stabilized values  d sta , A f sta , and A 2f sta as function of the maximal shear stress amplitudes (self-heating curves) showed that for low shear stress amplitudes, these evolutions evolve slowly to increase rapidly starting from a certain threshold (Figure 5-2). In order to differentiate the part of energy dissipated by microplasticity (preceding a fretting crack) and by friction, a numerical model was developed. The model was based on the theory of linear thermoelasticity applied to non-proportional multiaxial cyclic loadings. No intrinsic dissipation was considered and only heat generated by thermoelastic coupling and frictional heating were considered. The idea was to estimate numerically the order of magnitude of the stabilized values,  d sta , A f sta , and A 2f sta , of the thermal signal and compare it to experimental data. It was shown that, from a certain threshold the magnitude of the experimental data are higher than the numerical one. This difference in behavior was then considered connected to plasticity (Figure 5-3). These findings led later to the development of a methodology based on the so-called selfheating curves to estimate cracking conditions. The proposed method was then applied successfully to different contact conditions with errors less than 5% compared to the conventional one (Figure 5-4). Unlike the destructive conventional method where fretting maps are obtained within several months of testing, the proposed thermal method give results within few hours (to one day).

Thermographic investigations were then pushed further in order to overcome temperature related problems (structure and material effects) and study the different heat sources. The thermomechanical framework responsible for the definition of the heat diffusion equation and the different assumptions made to simplify this diffusion problem were presented.

The validation of the assumption made on the thermal level was then controlled experimentally, and it was found that the specimen surface temperature can be compared to a mean temperature over its thickness.

The sliding-smoothing fitting method was then generalized to process the 2D thermal images.

The difficulty of such method was the determination of two heat sources, from one thermosignal with significant differences in their order of magnitudes. It was shown that despite these significant differences in the order of magnitudes, this method was capable of detecting the intensities and the spatial distributions of the different sources, as long as the size of the smoothing window is not bigger than the heterogeneities of their fields.

The experimental results showed that the proposed method is able to estimate thermoelastic amplitude fields in a good agreement with the theory of linear thermoelasticity, and mean intrinsic dissipation per cycle fields reflecting localized plastic deformation. The spatial distributions of the different fields showed a strong localization around the contact in the sliding areas (Figure 5-5). The maximal local evolution of the intrinsic dissipation as function of the loading frequency, showed that the tested specimen undergo a plastic behavior. As function of the number of cycles these evolutions were found to stay constant (at least before a crack is initiated), reflecting the low kinetics of the fretting damage. Finally, as function of the shear stress amplitude these evolution, underlined the presence of a non-dissipative regime, where the specimen mainly undergoes elastic deformation and a dissipative regim where plastic deformation take place. The transition between these two regimes was then coupled with the local elastic shakedown boundary (Figure 56).

This work underlined the great potentials of the dissipative approaches to accurately detect localized plastic deformation responsible for the fretting damage. Among the different perspectives of this work we propose the following :

 Upgrade the microscopic measurements by finding an adapted coating for infrared measurements involving a G1 lens. An alternative option would be chemical coatings, like for example the one used in the work of Bodelot [START_REF] Bodelot | Étude couplée des champs cinématiques et thermiques à l ' échelle de la microstructure des matériaux métalliques Remerciements[END_REF]. As for the digital image correlation, it may be interesting to look into the new advancement made on the reconstruction of displacement and strain fields around discontinuities [START_REF] Deb | Extended digital image correlation method for analysis of discrete discontinuity[END_REF].

 Use the estimated dissipated energy to define an energetic criterion that link the crack initiation threshold to the number of cycles. This assume that the material dissipates a finite amount of energy, independent of the loading (q max ) prior to crack initiation:

  max 1 q d N E initiation T  
The above criterion can be calibrated using a known experimental condition for 10 6 cycles and then used to introduce a fretting Wöhler-like curves as shown on Figure 567. 

Operating conditions of the EBSD maps

The EBSD analysis were done with a FEG FEI QUANTA 600 equipped with an EBSD (Electron Backscatter Diffraction) camera, for the following operating conditions:

-accelerating voltage of 20 kV -working distance of 17.7 mm -magnitude of ×318 -detector exposure time of 48.8 ms -a maximum number of Hough peaks in space of 11 -correction of the background noise

In addition, the sample rolling axis is oriented toward the e x vector collinear to the stage rotation axis. During the analysis the sample is tilted of 70 degrees. This choice of tilting angle, often used for EBSD analysis, can be justified by the fact that it maximizes the contrast of the backscattered electron cliché.

While it is expected that the studied steel have a single martensitic phase ', it is important to make sure the presence or absence of austenite residual. Thus two phases are considered when indexing Kikuchi bands:

-Martensite ' centered tetragonal structure, close to a face-centered cubic lattice with a lattice parameter of a ' = 0,287 nm -Austenite  face-centered cubic lattice with a lattice parameter of a  = 0,287 nm The analyzed area is rectangular, with a length l x = 282.12 µm in the e x direction and a width of l y = 267 µm in e y direction. The measurement is performed on a square grid with a measuring pitch of 0.12 µm in the e x and e y directions. The analyzed surface, was mechanically polished, successive polishing are performed with SiC abrasive papers having different grades of P1200, P2400 and P4000. The final step in the polishing process is performed with a polishing felt on which are applied diamond pastes having grade size of 3 µm and 1 µm. To improve the quality of the backscattered electron diffraction patterns, the hardened layer formed on the sample surface during the mechanical polishing is removed using chemical polishing. This operation is performed with a Nital acid solution, with the following proportions (by mass):

-95% of denatured ethanol -5% of nitric acid

The chemical reagent has been applied on the surface for 6 seconds. The surface is then rinsed with distilled water first and then ethanol.

Mapping processing

In order to process the EBSD maps, these maps undergoes various treatment performed using the Oxford instruments post-treatment software. First, the points for which no orientation has been indexed are assigned an orientation depending on their vicinity. For every non-indexed point, if a minimum of 5 neighboring points have one disorientation between them less than 10 degrees then the average orientation of the neighboring points is assigned to the nonindexed one. This iteration is repeated as long as there are non-indexed points with at least 5 neighboring points with one disorientation between them less than 10 degrees. I practice, all the non-indexed points are assigned a direction. Grain boundaries are then detected by drawing a line between each pairs of points with a disorientation angle between them greater than 10 degrees. These boundaries are used to define a set of points. To correct outlier points, usually located near the grain boundaries, the orientations of the set of points of less than 2 points are removed and new orientations, depending on their neighboring are assigned to them using the iterative process described hereinabove.

Appendix B: Staircase method 8.1 Staircase method

The staircase test was first analyzed by Dixon and Mood in 1948 [START_REF] Dixon | A Method for Obtaining and Analyzing Sensitivity[END_REF]. In a staircase test, specimens are tested sequentially, with the first specimen tested at an initial stress level and then increased or decreased for the next specimen by a given interval. The step size between adjacent stress levels is held constant and the stress level will depend on whether the specimen survives or fails. However, arbitrary spacing between stress levels may be used but the analysis becomes more tedious and the equations and tables derived for uniformly-spaced tests are no longer valid. The primary advantage of the staircase method is improved efficiency. The staircase approach for a constant step size between stress levels is defined in the following law:

d i i      1 (B.1)
with d the step size between stress levels, +d if the specimen i survives and -d if the specimen i fails.

The event type which occurred less frequently is determined (failure or non-failure), to eliminate a sequence of results far away from the value sought. If n i the number of less frequent events at each testing level i. A value of i = 0 is attributed to the lowest level of those to whom the event was observed at least once.

The estimation of  D is given by : The resolution of the smoothing problem presented in this appendix is the one developed by Berthel in [START_REF] Berthel | Mesures thermographiques de champs de dissipation accompagnant la fatigue à grand nombre de cycles des aciers[END_REF] for polynomial of degree n. The author showed later that polynomials of degree 2 and 3 introduce less computation errors than the ones higher. For this study a degree 2 was chosen, but the solution proposed here are for polynomial of degree n.
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The fitting process consist, in minimizing the Ɓ 2 sum of the distances between the measured temperature,  exp , and the approximation function,  fit . If N the number of coefficients p  m,n to be determined for a polynomial of degree n, than we have a system of 4N unknown linear equations, defined as follows: By introducing a matrix linked to the way P is defined and which is given by the following expression: We introduce the M' symmetrical matrix of (4 × 4) dimension, which is given by the following expression: 
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 11 Figure 1-1: Illustration of sliding modes for a sphere on flat contact configuration.
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 212 Figure 1-2: Illustration of the sliding boundary between fretting loadings and alternating sliding.
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 13 Figure 1-3: Illustration of the different types of fretting tests.
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 14 Figure 1-4: Illustration of the different contact configuration geometries.

Chapter 1 -Figure 1 - 5 :

 115 Figure 1-5: Basic sketch of plain fretting sliding conditions.
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 16 Figure 1-6: Transition criteria for the quantification of the sliding condition [5].
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 18 Figure 1-8: Local fretting map approach, (a) local regime map, (b) material response map [5].

Figure 1 - 9 :

 19 Figure 1-9: Schematic illustration of a fretting crack propagation [12].
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 111 Figure 1-11: Experimental results showing crack initiation conditions for fretting tests under partial slip regime on Inconel 718 at 10 5 cycles. The experimental results are compared to the computations using the local Crossland multiaxial fatigue criterion [18].
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 114 Figure 1-14: (a) Example of a Shakedown map obtained using a kinematic hardening model from [24], (b) link between intrinsic dissipation and fatigue damage.

Figure 1 - 15 :

 115 Figure 1-15: surface observation of a cylinder on flat fretting scar.
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 116 Figure 1-16: Experimental expertise of the tested specimen for cracks detection.
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 117 Figure 1-17: Schematics of the crack nucleation threshold determination: (a) tested conditions, (b) results in terms of crack length.
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 118 Figure 1-18: Illustration of the experimental fretting crack nucleation boundaries: (a) fretting wear, (b) fretting-fatigue.
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 1 Figure 1-19 shows an example of the temperature variations of a DP600 steel during a fatigue test. Three phases can be identified, each corresponding to a different thermal effect:
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 119 Figure 1-19: Temperature variations of a DP600 steel during a fatigue test [36].
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 121 Figure 1-21: (a) Evolution of specimen temperature increase versus stress amplitude, (b)Evolution of the slip bands area.[START_REF] Galtier | Influence de la microstructure des aciers sur leur propriétés mécaniques Influence of steel microstructure on their mechanical properties[END_REF] 
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 122 Figure 1-22: Example on the heat sources distributions from [59].
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 1 Figure1-23 shows the mean dissipation patterns per cycle at different stress ranges for a steel material. The areas where the dissipation is high/low remain approximately the same from one block to another, even if the dissipation increases with the stress range. Boulanger in[START_REF] Boulanger | Analyse par thermographie infrarouge des sources de chaleur induites par la fatigue des aciers[END_REF] showed that this heterogeneous pattern remains relatively constant as long as a fatigue crack does not initiate. IR image analysis makes it possible to identify potential crack sites[START_REF] Berthel | Mesures thermographiques de champs de dissipation accompagnant la fatigue à grand nombre de cycles des aciers[END_REF].
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 123 Figure 1-23: Example from [36] of the mean dissipation patterns per cycle for a HSLA280 specimen (f L = 30 Hz, R  = -1).
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 124 Figure 1-24: Example from [36] of 2D fields of: (a) plastic strain energy, (b) intrinsic dissipated energy and (c) stored energy.1.3 The use of infrared thermography for fretting problems
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 21 Figure 2-1: Inverse pole figure of the 35 Ni Cr Mo 16 orientation mapping.

Figure 2 -

 2 2 (b). It is equipped with a force cell of 25 kN and a rotating cell of 200 N.m.
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 22 Figure 2-2: (a) Geometry of the fatigue specimen and (b) fatigue testing machine, Bionix 25kN.
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 23 Figure 2-3, shows an overview of the experimental results of the fatigue tests. We also represent two models (Wöhler and Stromeyer) commonly used to interpret fatigue results. The equation of these curves are given below:
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 2324 Figure 2-3: Overview of the fatigue experimental results at 10 6 cycles: (a) alternating traction-compression, (b) shear torsion.
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 24 Figure 2-4: Geometries of the studied fretting specimens.
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 2 5 ( R = 80 mm, P = 2178 N/mm).
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 2 6 (a). It is well adapted for our optical measurements since it provides a constant optical path. This set-up includes two actuators: one for the normal load that can apply loads up to 25 kN and another for the cyclic tangential displacement equipped with a load cell up to 250 kN (Figure2-6 (b))[START_REF] Proudhon | A fretting crack initiation prediction taking into account the surface roughness and the crack nucleation process volume[END_REF].
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 26 Figure 2-6: Schematic of the fretting testing device.A fretting wear experiment consists in applying a static normal force P to the counter body causing an elliptic pressure distribution over the contact zone with a maximal value, p max (Figure1-10 (b)). A cyclic relative displacement , is then imposed leading to a macroscopic tangential force Q and a classical shear stress over the surface which exhibits its maximum value, q max at the stick zone limit (Figure1-10 (b)). P, Q and  are recorded during the tests
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 25 5, gives the major characteristics of the cameras and lenses used in this work. FLIR SC7600 MWIR 2.5 -5 µm camera Redlake M5 CCD camera • InSb 640x512 elements detector with a 15 µm step • Maximal frame rate = 380 frame/s • FLIR 25 mm lens: 75 µm < x < 150 µm • FLIR G1 lens: x = 15 µm • Maximum Resolution 2336x1728 pixels • Maximal frame rate = 340 frame/s • Tamron 28-300 mm lens: 7 µm < x < 150 µm • TC 16M 096 OPTO ENGINEERING telecentric lens: x = 15 µmTable Major characteristics of the cameras and lenses used in this work.
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 27 Figure 2-7: IR images of the contact using (a) the standard 25 mm lens and (b) the G1 lens.
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 28 Figure 2-8: IR image of a commercial black painting coat.

  Figure 2-9 (a), shows the IR camera facing the contact. On Figure 2-9 (b), is presented an IR image showing the markers placed on the actuator. Details concerning this type of measurement are given in the following chapter and a detailed description of the markers tracking method is given in section 2.4.2.
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 29 Figure 2-9: (a) one face measurement set-up and (b) infrared image where the contact and the markers are shown.

Finally

  the two-face measurement used in this work and first introduced in the works ofChrysochoos et al. 2008 (a & b) [START_REF] Chrysochoos | Local energy analysis of high-cycle fatigue using digital image correlation and infrared thermography[END_REF],[START_REF] Chrysochoos | Local Energy Approach to Steel Fatigue[END_REF],Chrysochoos et al. 2010 [76] and Badelescu et al. 2011[START_REF] Badulescu | Applying the grid method and infrared thermography to investigate plastic deformation in aluminium multicrystal[END_REF].On Figure2-10, is presented an image of the experimental set-up used in this work. The main advantage of this set-up is the flexibility to choose the surface coating of each technique separately without special constraints. Since the two metrologies are performed on two separate surfaces, it provides good measurement precision. However, one main problem arises: spatial and temporal matching between both images. In other words, both visible and thermal images should be spatially and temporally matched.
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 210 Figure 2-10: Two-face experimental set-up.
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 211 Figure 2-11: Basic sketch illustrating spatial matching.
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 2 12 (a) and (b), shows respectively, a CCD and IR images of the reference target inside the testing device.
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 212 Figure 2-12: Reference target: (a) CCD image and (b) IR image
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 213 Figure 2-13: Holes shape detection and points coordinates determination of the reference target holes: (a) IR image, (b) CCD image.
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 2 Figure 2-14 (a), shows an example of the spatial matching between IR and CCD images.Three distinctive points are first selected on the IR image and then matched on the CCD one. On Figure2-14 (b), are plotted the coordinates of the selected points before and after transformation in the IR reference. A good agreement seemed to be found between both transformations, with relative errors in x and y coordinates of 1 %. We consider 2% of relative error as acceptable in our case, and that because we consider only rigid body movement corrections.
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 214 Figure 2-14: Example of the spatial matching, (a) transformation from one space to another of three distinctive points, (b) points coordinates before and after transformation.
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 215 Figure 2-15: Basic sketch illustrating temporal matching.
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 2 Figure 2-16: A sketch of cameras time delay determination.
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 217 Figure 2-17: Experimental results of spatial matching test 1.

  -18. 
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 218 Figure 2-18: Thermal scene.

  with M the radiant emittance in W.m -2 and  b = 5.67032×10 8 W.m.K -4 the Stefan-Boltzmann constant.
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 219 Figure 2-19: Schematic diagram of the temperature field acquisition process.
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 220 Figure 2-20: NUC Correction.
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 221 Figure 2-21: IR camera facing the blackbody. Equation (2.6) is then approximated by the following polynomial function [80]:
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 2 Figure2-22, shows a mapping of these bad pixels with a percentage of about 0.4%. These bad pixels can be ignored, since they are spatially distributed in zone where no quantitative measurement is performed, or they can be replaced with an interpolated value base on the responses of neighboring pixels.
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 222 Figure 2-22: Bad pixels map.

Figure 2 -

 2 23, shows the temporal evolutions of the mean temperature, measured by the IR camera observing a blackbody at a constant temperature of 24°C. The time needed to reach a stable state is estimated to 2 hours. It is therefore preferred to use the camera once this stable state is reached.
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 223 Figure 2-23: IR camera temporal drift.
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 2224 Figure 2-24: (a) temporal evolution of the temperature variations of a blackbody at T = 24°C over 1000 images, (b) temperature variations around the mean value in time for 1 pixel.  Spatial noise: corresponds to the amplitude of spatial fluctuations of a temperature field generated by a homogeneous thermal scene.Figure 2-25 (a), shows a temperature field of the blackbody surface at T = 24°C. On Figure 2-25 (b) are presented the temperature variations spatial distributions around the mean value. This noise can be considered as Gaussian with an amplitude equal to 0.19°C.
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 2 25 (a), shows a temperature field of the blackbody surface at T = 24°C. On Figure 2-25 (b) are presented the temperature variations spatial distributions around the mean value. This noise can be considered as Gaussian with an amplitude equal to 0.19°C.
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 225 Figure 2-25: (a) temperature field of a blackbody surface at T = 24°C, (b) spatial distribution of the temperature variations around the mean value.
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 2 Figure 2-26: 2-D Fast Fourier Transform of a thermal image of a blackbody surface.
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 227 Figure 2-27: Schematic representation of the experimental set-up for emissivity measurements.
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 228 Figure 2-28: Image thresholding downfalls.

  Step 1: read the first image and select the zone including the markers (Figure2-29).
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 229 Figure 2-29: Markers tracking algorithm, step 1.
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 230 Figure 2-30: Markers tracking algorithm, step 2. -Step 3: dilate the image. The binary gradient mask shows lines of high contrast in the image. These lines present gaps and do not delineate the outline of the markers. The Sobel image is then dilated using linear structuring elements to eliminate these linear gaps. -Step 4: fill interior gaps. The dilated gradient mask delineate the outline of the markers but some holes might still be present inside these markers. This is why these holes are then filled. -Step 5: remove connected objects on borders. The objects connected to the border of the image is then removed. -Step 6: remove small objects. Small unrelated objects are then removed using morphological processing to remove small objects and preserving large objects (Figure 2-31).
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 231 Figure 2-31: Markers tracking method, step 3, 4, 5 and 6.
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 232 Figure 2-32: Markers tracking method, step 7. -Step 8: determination of the Rigid Body Movements (RBM).Figure 2-33, illustrate the RBM that a specimen can undergo during a fretting experiment (translations and rotations).
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 2 [START_REF] Meriaux | Characterization of crack nucleation in TA6V under fretting-fatigue loading using the potential drop technique[END_REF], illustrate the RBM that a specimen can undergo during a fretting experiment (translations and rotations).

Figure 2 - 33 :

 233 Figure 2-33: Illustration of markers rigid body movements.
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 234 Figure 2-34: Calibration test for displacement amplitudes of: (a) 50µm, (b) 100µm, (c) 150µm and (d) 200µm.

Figure 2 -

 2 36 (a) and (b).
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 235 Figure 2-35: DIC imaging system.
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 236 Figure 2-36: (a) speckle painting, (b) gray levels dynamic.
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 237 Figure 2-37: Matching the subset before and after deformation.
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 238 Figure 2-38: Calibration test for LVDT, DIC and IR markers results.
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 3 Figure 3-1: (a) IR camera and the insulation box and (b) IR image showing the markers.
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 32 Figure 3-2: ZOI selection.

Figure 3 - 3 :

 33 Figure 3-3: Schematic illustrating the interest in RBM corrections.

Figure 3 - 4 :

 34 Figure 3-4: (a) Example on the RBM evolution and (b) frequency spectrum of the same evolution.(R = 80 mm, p max = 1000 MPa, q max = 570 MPa, f L = 1 Hz, f a = 100 Hz)
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 35 Figure 3-5: Temperature evolution for a fretting contact of R= 80 mm, p max = 1000 MPa, q max = 570 MPa, f L = 1 Hz, f a = 100 Hz, a = 1.4 mm.
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 36 Figure 3-6: Frequency spectrum of (t).

Figure 3 - 7 :

 37 Figure 3-7: Schematic of the working principle of the fitting method.The choice of the approximation function is guided by the spectral properties of the thermal signal. The above frequency analysis showed that in addition to a thermal drift two other signals at f L and 2f L overlaps the thermal signal. Therefore, the approximation function is defined as follows:
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 38 Figure 3-8: Example showing the thermal experimental signal along with the fitted one.
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 3 9 (a) is represented the differences between the experimental and the fitted signals characterizing measurement noise, and on Figure3-9 (b), are represented the distributions of this noise. It can be observed that, this noise can be considered as Gaussian with an amplitude equal to 0.04 °C.
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 39 Figure 3-9: (a) Difference between experimental and fitted signals and (b) the distribution of this difference.A frequency analysis by DFT of the above signal presented on Figure3-10, shows a spectrum with only the neglected harmonics.
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 310311 Figure 3-10: Frequency spectrum of  exp (t) - fit (t).Another advantage of this method is that it offers a known time function characterizing the temporal evolution of the temperature variations, from which later can be extracted three other evolutions, the thermal drift  d , the amplitude of the periodic function at f L and the one at 2f L , defined as follows: (Figure3-11) 
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 312 Figure 3-12: evolutions of  d , A f , and A 2f .
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 313 Figure 3-13: Example of the simulations: (a) simulated and fitted signals, (b),(c) and (d) are the evolutions of  fit d , A f fit and A 2f fit as function of N t .
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 3 Figure 3-14 (a), shows the temporal evolution of the temperature variations for each of the tested frequency. On Figure 3-14 (b) are presented the evolutions of the stabilized temperature  d sta as function of the loading frequency. It can be observed that, the evolution increases with

Figure 3 - 14 :

 314 Figure 3-14: (a) temporal evolutions of the mean temperature. (b) evolutions of  d sta as function of the loading frequency.

  -15).

Figure 3 - 15 :

 315 Figure 3-15: Illustration of a test in blocks of cycles.
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 316 Figure 3-16: Evolution of the temperature variations during a test in blocks of cycles. On Figure 3-17 (a), (b) and (c) are presented respectively, the evolutions of the stabilized values,  d sta , A f sta , and A 2f sta as function of the maximal shear stress amplitudes for each block of cycles. These evolutions, usually called self-heating curves, can be divided into two parts.A first one, where the specimen mainly undergoes elastic deformation, and the low temperature variations are mainly induced by non-plastic effects like thermoelasticity. A second part, defined starting from a certain threshold value q th , where plastic deformation take place. In this case plastic strain energy continues to accumulate and most of the mechanical energy is dissipated as heat energy leading to temperature rise.
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 317 Figure 3-17: Evolutions of the stabilized values, (a)  d sta , (b) A f sta , (c) A 2f sta , as function of the maximum shear stress amplitude for each block of cycle.
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 318 Figure 3-18: Boundary conditions.
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 319 Figure 3-19: (a) Shear stress evolutions during a loading cycle from Q * to -Q * , (b) illustration of the Hertzian contact size a, the stick zone c and c' the new stick zone size during a loading cycle.
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 320 Figure 3-20: (a) Discrete distribution of pressure and shear stress, (b) notations for stress tensor solution.
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 321 Figure 3-21: Example showing the distributions of p(x), q(x) and u(x).
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 322 Figure 3-22: Example of computed temperature field.
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 323 Figure 3-23: Evolutions of the stabilized numerical values, (a)  d sta , (b) A f sta , (c) A 2f sta , as function of the maximum shear stress amplitude for each block of cycle.
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 324 Figure 3-24: Comparison of the order of magnitude of the stabilized temperature values between experimental and numerical data for p max = 1000 MPa, (a)  d sta , (b) A f sta , (c) A 2f sta , as function of the maximum shear stress amplitudes for each block of cycle.
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 325 Figure 3-25: (a) illustration of double lines graphical method, (b) application to fretting selfheating curve.
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 326 Figure 3-26: (a) illustration of one line graphical method, (b) application to fretting selfheating curve.

Figure 3 - 27 :

 327 Figure 3-27: Experimental conditions. For each of these conditions, test per blocks of cycles are performed and the stabilized values of the thermo-signals  d sta , A f sta and A 2f sta are then plotted as function of the maximal shear

Figure 3 - 28 :

 328 Figure 3-28: Example on the offsets identification. On Figure 3-29, Figure 3-30 and Figure 3-31, examples on how the threshold value is determined for a different condition, p max = 800 MPa using the calibrated offsets. Each thermal offset correspond to a threshold value. These values are then averaged, and the mean value is considered as the thermal crack initiation threshold. For this example, q th IR = 395MPa (q th = 380 MPa).

Figure 3 -

 3 Figure 3-29: q th IR determination for R = 80 mm, p max = 800 MPa using  d .

Figure 3 -

 3 Figure 3-30: q th IR determination for R = 80 mm, p max = 800 MPa using A f .

Figure 3 -

 3 Figure 3-31: q th IR determination for R = 80 mm, p max = 800 MPa using A 2f . On Figure 3-32 are summarized in a σ fr -p max fretting map chart, results from the conventional method and the thermal one for plain fatigue experiments. On Figure 3-33 and Figure 3-34 are represented respectively, those of fretting-fatigue and pre-stressed fretting results. It can be observed that a close correlation exists between these results. This comparison shows that the proposed thermographic method can provide crack initiation thresholds for a wild panel of experimental conditions.
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 332 Figure 3-32: σ fr -p max fretting chart of the crack nucleation conditions.
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 3 Figure 3-33: σ fr -p max fretting-fatigue chart of the crack nucleation conditions.
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 334 Figure 3-34: σ fr -p max prestessed-fretting chart of the crack nucleation conditions.

Figure 3 - 35 :

 335 Figure 3-35: Histogram of results from the conventional and thermal methods for plain fretting loadings. On this histogram is also presented relative errors of the results.
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 336 Figure 3-36: example of two self-heating curves of the same experimental condition (R = 80 mm, p max = 1000 MPa), done at two separate days.

Figure 4 - 1 :

 41 Figure 4-1: Illustration of the thermal scene: the studied system () along with boundaries conditions.

, , 1 :

 1 The intrinsic dissipation, representing the part of the power transmitted by the internal forces and transformed into irreversible heat; for example, for plastic, viscoplastic, damage or fatigue transformations, a part of the stress work is dissipated. coupling, indicates that microstructural and mechanical states of the material are highly temperature dependent.
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 43 Figure 4-3: Illustration of the heat sources determination misstated problem.

Figure 4 - 4 :

 44 Figure 4-4:As in the original document[START_REF] Proudhon | Identification des mécanismes de fissuration dans un alliage d'alluminium sollicité en fretting et en fatigue[END_REF]: "Rendu 3D de la surface reconstruite d'une fissure de fretting" ( 3D view of a reconstructed fretting crack).
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 45 Figure 4-5: As in the original document [109]: " Schematic illustrating of the fretting crack nucleation (a) multiple crack nucleation at grain boundaries (b) full transverse fretting crack lead by the contact".
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 2142 Thermographic analysis of the heat sources under plain fretting loadings: relationship between dissipation and crack initiation with 1 , dand the s are respectively, the temperature variations, the intrinsic dissipation and the thermoelastic coupling averaged through the material thickness. D th is a time constant representing heat loss by convection and radiation between the specimen surfaces and the surroundings. It depends on the material, the specimen geometry and h, the heat transfer coefficient between the specimen and the surroundings: 21) is considered valid only if:
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 46 Figure 4-6: Illustration of the linear and symmetrical boundary conditions on both sides of the specimen

Figure 4 - 7 :

 47 Figure 4-7: Temperature evolutions under a fretting loading.

Figure 4 - 8 :

 48 Figure 4-8: smoothing window.

  n the order of the polynomials (a + b ≤ n), and  b a p , are the N = (n + 1)(n + 2)/2 coefficients of P  (4.37)

Figure 4 - 9 :

 49 Figure 4-9: discrete smoothing window.

   L = 2f L and d f = k/C.
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 410 Figure 4-10: Working principle of the 2D image processing. Now that we established the theoretical and the technical framework for the determination of the different heat sources, the evaluation of the time constant  th 2D

Figure 4 - 11 :

 411 Figure 4-11: IR image showing a cross section of the preheated specimen.

Figure 4 -

 4 Figure 4-12 shows the temperature variations averaged over the cross section during the thermal equilibrium recover. In this case,  th was estimated to be equal to 602 s. The low heat loss by conduction can lead to low uncertainties in the estimations of  th .
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 412 Figure 4-12: thermal equilibrium recover.

Figure 4 - 13 :

 413 Figure 4-13: Illustration of the region where the sources are computed.

Figure 4 - 14 :

 414 Figure 4-14: Temperature fields: (a) experimental and (b) fitted for a contact condition of R = 80 mm, p max = 1000 MPa, q max = 603 MPa, a m = 4 mm and c m = 2.8 mm. Fields of s the , corresponding to the amplitudes of the thermoelastic source and d 1 , the mean intrinsic dissipation per cycle, are represented respectively on Figure 4-15 (a) and (b). It can be first observed the difference in the order of magnitude between these two sources. This reflect the difficulty in the determination of such sources. Second, both fields present heterogeneous spatial distribution with maximum values (hot spots) in the sliding areas. The

Figure 4 - 15 :

 415 Figure 4-15: Fields of (a) thermoelastic amplitude and (b) mean dissipation per cycle.

Figure 4 - 16 :

 416 Figure 4-16: Influence of the N x size.On the other hand the choice of the N x size can be more delicate as it can be shown on Figure4-17. On Figure4-17 (a), are represented different dissipative fields corresponding each to a different size of N x . It can be observed that increasing the size of N x , can decrease the intensities of the estimated sources. adding to that, from a certain size, the hot-spots were found to merge into one spot. To illustrate these observations, on Figure4-17 (b), are illustrated the profiles in the x direction of two hot-spots separated with a distance D s . We noticed that for a D s / N x ratio less than about 1.2, it is no longer possible to distinguish these spots. Same conclusions can be found in the work of Berthel[START_REF] Berthel | Mesures thermographiques de champs de dissipation accompagnant la fatigue à grand nombre de cycles des aciers[END_REF], for simulated sources. Given the following, the size of N x was set to 15 pixels.
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 417 Figure 4-17: Influence of the N y size.
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 418 Figure 4-18: illustration of the experimental procedure for heat sources distributions control.

Figure 4 - 19 :

 419 Figure 4-19: fields of intrinsic dissipation and thermoelastic amplitudes for (a) side 1 and (b) side 2.

Figure 4 - 20 :

 420 Figure 4-20: illustration of the contact asymmetry due to the testing machine configuration.
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 421 Figure 4-21: Maximal projected crack lengths for the different hot spots.

Figure 4 - 22 :

 422 Figure 4-22: Fields of (a) thermoelastic amplitude and (b) mean dissipation per cycle after 3000 and 15000 cycles. On Figure 4-23 (a) and (b) are plotted, respectively, the maximal local temporal evolutions of the thermoelastic source and the dissipative source. The time independent feature of the thermoelastic source can be explained by the fact that, for constant loading parameters, the stress level and distribution stay constant unless damage occurs. As for the dissipative source, the time independent feature can be related to the low kinetics of the fretting damage.

Figure 4 - 23 :

 423 Figure 4-23: Local temporal evolutions of (a) the thermoelastic source and (b) the dissipative source. (N = 15000 cycles)

Figure 4 - 24 :

 424 Figure 4-24: Fields of thermoelastic sources amplitudes for different loading frequencies (f L = 6, 9, 12 and 15 Hz).

Figure 4 - 25 :

 425 Figure 4-25: Fields of thermoelastic sources amplitudes for different shear stress amplitudes (q max = 372, 524, 567 and 603 MPa). On Figure 4-26 (a) and (b) are plotted respectively, the maximal local evolutions of the above fields as function of the different loading frequencies and shear stress amplitudes. For each
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 426 Figure 4-26: Maximal local evolutions of the thermoelastic source amplitudes as function of (a) loading frequency and (b) shear stress amplitude.
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 427428 Figure 4-27: Fields of (a) computed thermoelastic source amplitude and (b) experimental thermoelastic source amplitude. (R = 80 mm, p max = 1000 MPa, q max = 603 MPa, f L = 12 Hz and f a = 20 Hz)
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 429 The evolution of the local maxima of the estimated fields as function of the different loading frequencies are represented on Figure4-30. The linear behavior of the following evolution is linked to the plastic behavior of the tested specimen.

Figure 4 - 29 :

 429 Figure 4-29: Fields of the mean dissipation per cycle for different loading frequencies (f L = 6, 9, 12 and 15 Hz).

Figure 4 - 30 :

 430 Figure 4-30: Maximal local evolution of the mean dissipation for different loading frequencies (f L = 6, 9, 12 and 15 Hz). On Figure 4-31 are shown fields of the mean dissipation per cycle for different shear stress levels.With the exception of q max = 372 MPa which is lower than the crack initiation threshold (q th = 413 MPa), the spatial distributions of these fields stay close, independently from their intensities.
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 431 Figure 4-31: Fields of the mean dissipation per cycle for different shear stress amplitudes (q max = 372, 524, 567 and 603 MPa).The evolution of the local maxima of the above fields as function of the shear stress amplitudes are represented on Figure4-32. These evolutions are found to increase with the increase of the shear stress amplitudes and undergo an exponential behavior. These observations highlight the link between the localizations of these sources and early plastic phenomena.
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 432 Figure 4-32: Local evolution of the mean dissipation for different shear stress amplitudes (q max = 372, 524, 567 and 603 MPa).

Figure 4 - 33 :

 433 Figure 4-33: Fields of mean dissipation for (a) sample 1 and (b) sample 2.
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 434 On this figure are shown the fretting scares of both samples. It can be observed that sample 2 undergo a contact miss-alignment.

Figure 4 - 34 :

 434 Figure 4-34: Fretting scares for (a) sample 1 and (b) sample 2.
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 435 Figure 4-35: Fields of (a) Crossland equivalent stress distributions and (b) the estimated mean dissipation per cycle.

Figure 4 - 36 :

 436 Figure 4-36: Maximal local evolution of the dissipative sources as function of the maximal local Crossland equivalent stress.

Figure 4 - 37 :

 437 Figure 4-37: Evolution of the temperature variations during a test in blocks of cycles (Figure 3-16). For each block, the computation of the different heat sources is made, and the maximal local evolution of their intensities are then plotted as function of the maximal shear stress amplitude of each block. We present first, on Figure 4-38, the ones of the intrinsic mean dissipation per cycle evolution for the following fretting contact : cylinder radius R = 80 mm and a maximal normal pressure p max = 1000 MPa.

Figure 4 - 38 :

 438 Figure 4-38: Maximal local evolution of the mean intrinsic dissipation as function of the shear stress amplitudes.The above evolutions are found to undergo an exponential behavior with horizontal tangent to the first values. This can indicate the presence of a threshold from which localized plastic deformation starts to take place. To indentify this threshold and since the first values were not found equal to zero, when normally they should (no plastic deformation), we compared their fields illustrated on Figure4-39. It can be observed that the same pattern is repeated from one field to another (with a possible deviation of one pixel due to the contact instabilities).
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 439 Figure 4-39: Fields of mean dissipation for the first blocks represented on Figure 4-38

Figure 4 - 40 :

 440 Figure 4-40: Comparison between fields of mean dissipation for (a) the thermal equilibrium state and (b) q max = 338 MPa. We therefore took the choice to suppress this initial field, considered as systematic noise, for each of the steps represented on Figure 4-38, and the new evolution is shown on Figure 4-41.
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 441 Figure 4-41: Initial and corrected maximal local evolutions of the mean intrinsic dissipation as function of the shear stress amplitudes. The above figure underline the presence of two dissipative regimes. A first regime with a nondissipative phase, where the specimen mainly undergo elastic deformation, and a second one, where the mean dissipation increase with the increase of the shear stress amplitude indicating
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 442 Figure 4-42: Maximal local evolutions of (a) thermoelastic sources amplitudes and (b) mean intrinsic dissipation.

Figure 4 - 44 :

 444 Figure 4-44: Definition of the cyclic microplastic threshold. These comparisons are represented in term of fretting maps as illustrated on Figure 4-45 and Figure 4-46.It can be observed that the boundaries obtained by thermographic measurements are left-shifted compared to the crack nucleation boundaries. However, the difference between the two boundaries stays very small, which suggest that the thermal measurement provides very relevant predictions of the cracking conditions. Consequently, the predicted boundaries may be considered as the elastic shakedown boundaries.
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 445 Figure 4-45: Fretting map and elastic shakedown boundary for R = 80 mm.

Figure 4 - 46 :

 446 Figure 4-46: Fretting map and elastic shakedown boundary for R = 160 mm.
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 51 Figure 5-1: Two-face experimental set-up.

Figure 5 - 2 :

 52 Figure 5-2: Evolutions of the stabilized values, (a)  d sta , (b) A f sta , (c) A 2f sta , as function of the maximum shear stress amplitude for each block of cycle.

Figure 5 - 3 :

 53 Figure 5-3: Comparison of the order of magnitude of the stabilized temperature values between experimental and numerical data for p max = 1000 MPa, (a)  d sta , (b) A f sta , (c) A 2f sta , as function of the maximum shear stress amplitude for each block of cycle.
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 54 Figure 5-4: Histogram of results from the conventional and thermal methods for plain fretting loadings. On this histogram is also presented the relative errors between these results.
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 55 Figure 5-5: Fields of (a) thermoelastic amplitude and (b) mean dissipation per cycle.
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 56 Figure 5-6: Cyclic microplastic boundaries.

Figure 5 - 7 :

 57 Figure 5-7: Fretting Wöhler-like curves. A final perspective, would be the establishment of stored energy fields given by the local energy balance, using the coupled thermal-kinematic measurement (strain energy via the kinematic measurements and dissipated energy via the thermal measurement).
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 72 Figure 7-2: Poles figure built using EBSD analysis.

2 .

 2 the calculation is based on the tests that survived, -for the one that failed) and the estimation of the standard deviation is given by : the lowest stress level used for the less frequent event, d the step size between two levels, , Dixon and Mood stated that s value is not valid unless

9 ) 10 )

 910 the following is considered (A and B are either air or steel Figure 3-18):for i = I x , expansion for i = I x -1 and i = I x -2 gives: By linear combination of the two previous expressions the temperature x partial derivative can be written as follows:In this case the (C.7) equation can be written as follows:Following the same logic as above, we can write:

  Determination of the smoothing matrix M

2 ) 3 ) 5 )P

 235 This system can be written in the following matrix form:To determine the M matrix, we define a function, (f  )  = 1..4 where:                 We then can rewrite the (D.1) equation like the following: , is the vector containing polynomial unknowns  P , defined as follows:

  set b as m =  b1 and n =  b2 , we can rewrite the (D.7) equation like the following:

B

  write the M matrix as follows: are vectors of length N, which values at a are given by:
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Table 2 -

 2 The 35Ni Cr Mo 16 is a high strength, low alloy vacuum arc melted steel that takes its name from French industry designation. The combination of high strength, toughness and superior cleanliness available with the 35Ni Cr Mo 16 steel identifies it as a good candidate for many industrial applications. The material chemical composition is given in Table2-1.

		C	Si	Mn	S	P	Ni	Cr	Mo
	%	374 . 0	38 . 0	39 . 0	003 . 0	012 . 0	83 . 3	72 . 1	3 . 0

1: 35Ni Cr Mo 16 chemical composition.
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 23 Staircase results and parameters.

			Estimated fatigue limit (MPa)	Starting level	Step	Number of specimen	Estimated standard deviation
		D	571	560	7.5	13		8.452
		D	394	387	7.5	11		11.15
			Material	E (MPa)	v	 u (MPa)  y0.2% (MPa)
			35Ni Cr Mo 16	200	0.3	1130	810
			100 Cr 6	195	0.3	1500	813
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 24 Mechanical properties of the studied materials.

Table 2

 2 -6 are given the time shifts between both signals for the 3 tests. A mean value of 41 ms was considered for the cameras time delay and was integrated in the microcontroller algorithm to achieve the spatial matching.

	Test	t (ms)
	1	40.3
	2	41.2
	3	41.5

Table 2 - 6 :

 26 Time shift between both IR and CCD signals.

Table 2 - 7 :

 27 The Electromagnetic spectrum.

	rays	-	X-rays	Ultraviolet	Visible	Infrared	Microwaves
	nm 0001 . 0	nm 1 . 0		nm 10	µm 3 . 0	µm 8 . 0	1000	µm

Table 2 - 8 :

 28 Emissivity measurements.

  Preliminary settings ....................................................................................................................... 3.1.2 Thermal measurements ................................................................................................................ 3.1.3 Rigid Body Movements correction (RBM) .....................................................................................

	3.1.1

3.2 Thermal analysis ........................................................................................................ 3.2.1 Temperature evolutions for constant loading parameters ........................................................... 3.2.2 Sliding-smoothing least-square fitting method ............................................................................. 3.2.3 Influence of the loading frequency f L ............................................................................................ 3.2.4 Influence of the contact stress ...................................................................................................... 3.2.5 Numerical modeling .................................................................................................................... 3.2.6 Comparisons between experimental and numerical data ..........................................................

  The possible reasons for such dispersions can be related to the variations in the ZOI size from one condition to another.

	R(mm)	Reference p max (MPa)	q th (MPa)	 d (°C)	A f (°C)	A 2f (°C)
	20	1000	562	8.4×10 -2	1×10 -3	1×10 -4
	40	1000	492	2.1×10 -2	1.3×10 -3	1.4×10 -4
	80	1000	413	3.1×10 -1	4.1×10 -4	5×10 -4
	160	600	298	1.2×10 -1	2.7×10 -2	9.5×10 -4

-2 are summarized the different offsets for each cylinder radius, and on Figure

3

-28 is presented an example on the calibration process for the following condition : R = 80 mm, p max = 1000 MPa. The dispersions on the thermal offsets ( d ±0.1 °C, A f ±0.011 °C and A 2f ±0.00034 °C) does not allow to define a mean value.
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 32 Reference conditions with offsets values per cylinder radius.
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 33 Results from the conventional and thermal methods for plain fretting loadings.

	20	800	519.2	513.6	1
	20	1000	562	562	0
	40	600	454.3	450	0.9
	40	800	470	466.7	0.7
	40	1000	491.6	491.6	0
	80	400	272.1	267	1.9
	80	600	332.3	329	1
	80	800	380	392	3
	80	1000	413	413	0
	160	400	236.6	238.8	0.9
	160	600	298.6	298.6	0
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Table 4

 4 

		-1):			
	R (mm)	p max (MPa)	q max (MPa)	f L (Hz)	f a (Hz)
	80	1000	603	12	20

Table 4 -1: experimental conditions.

 4 
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No austenitic phase was detected during this EBSD analysis. It can therefore reasonably be assumed that the material shows no detectable residual austenite. The measurement step being small, it seems unlikely that the analysis did not reveal austenite if the latter were actually present.

The pole figure, presented in Figure 7-2 showed that the studied material does not present preferential crystallographic orientations. The differences between the minimal and maximal density is low and the main features commonly encountered for the face centered cubic metals (ideal orientations (0 0 1)[1 1 0], (1 1 1) [1 1 0], (1 1 1) [1 2 1] and (1 1 2) [1 1 0]) are not clear in the pole figures.
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Appendix C: Analytical resolution of the heat diffusion equation

The idea is to numerically solve the heat diffusion equation bellow (C.1), by explicit programming:

Therefore, we chose a discretization of the spatial (Figure 9-1) and temporal variables as follows:

where x, y, z and t are respectively, the spatial and temporal resolutions. A second order Taylor expansion in space and a first order in time are considered. This choice is commonly encountered for the resolution of a partial differential equation of the first order in time [START_REF] Spiteri | Méthode des différences finies pour les EDP stationnaires[END_REF].

We note:

,, ( , , , ) ( ,,, )

By introducing the above expressions in the heat diffusion equation C.1 and by considering an explicit programming, we get the following equation:

After the calculation, the only non-zero terms of this matrix are:

We also introduce the M" symmetrical matrix of (4 × 4) dimension, with value at the line a and column b are given by: