Influence of SiC particles orientation on fretting crack extension in an Al-SiC metal matrix composite
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The effect of SiC particle orientation regarding the fretting cracking process of an Al-SiC metal matrix composite (MMC) is investigated. Focusing on the crack extension below a sphere-onflat fretting contact after 10 6 loading cycles, it is shown that the maximum crack extension is observed when the SiC particles are collinear with the crack path (i.e. perpendicular to the fretting tensile stress). The minimum extension is by contrast observed when the SiC particles are perpendicular to this latter. The crack extension seems favoured when the crack path follows the interface between the SiC particle and the Al matrix but slows down when the particles are perpendicular to the crack path.

The crack must then fracture the reinforcing particle. These various experiments are simulated using a 3D finite element modelling (FEM) including the presence of a 3D crack shape. Considering that the crack arrest condition is reached (i.e. plain fretting cracks do not extend anymore after 10 6 loading cycles), the crack arrest thresholds ΔK th from short to long crack regimes as a function of the SiC particles orientation are extracted from a reverse analysis of the experiments.

Introduction

Metal matrix composites (MMC) appear as a suitable alternative to replace aluminium and steel alloys in numerous aerospace applications. For instance, aluminium alloys reinforced with silicon carbide particles (Al-SiC p ) can be used to produce structural components such as helicopter rotors.

They combine excellent fatigue resistance and other mechanical properties with a relatively low density. This class of materials exhibits an improved elastic modulus [START_REF] Clyne | An introduction to metal matrix composites[END_REF][START_REF] Srivatsan | The tensile response and fracture behavior of 2009 aluminum alloy metal matrix composite[END_REF], yield strength and tensile strength [START_REF] Pubo | Tensile Properties and Fracture Behavior of a Powder-Thixoformed 2024Al/SiCp Composite at Elevated Temperatures[END_REF][START_REF] Yao | Microstructures and tensile mechanical properties of an ultrafine grained AA6063-5vol%SiC metal matrix nanocomposite synthesized by powder metallurgy[END_REF] compared to their unreinforced counterpart. Moreover, they can be worked by a variety of conventional forming processes including extrusion [START_REF] Jin | Effect of Hot Extrusion on Interfacial Microstructure and Tensile Properties of SiC p/2009Al Composites Fabricated at Different Hot Pressing Temperatures[END_REF][START_REF] Pakdel | A Comparison between the Fracture Behavior of Al / SiC Composites in As-Cast and Extruded States. 9th Iran[END_REF], rolling and forging [START_REF] Özdemir | The effect of forging on the properties of particulate-SiCreinforced aluminium-alloy composites[END_REF][START_REF] Badini | Forging of 2124/SiC p composite: preliminary studies of the effects on microstructure and strength[END_REF][START_REF] Ceschini | Forging of the AA2618/20 vol.% Al2O3p composite: Effects on microstructure and tensile properties[END_REF][START_REF] Awadallah | Forging of Discontinuously Reinforced Aluminum Composites[END_REF]. These processes lead to modifications of the spatial distribution of reinforcing particles as well as the morphology of matrix grains. As a result, a certain anisotropy of mechanical properties can be found in these materials [START_REF] Chawla | Metal Matrix Composites[END_REF]. Many researchers have investigated the influence of particle size [START_REF] Williams | Effect of overaging and particle size on tensile deformation and fracture of particle-reinforced aluminum matrix composites[END_REF][START_REF] Shang | On the particle-size dependence of fatigue-crack propagation thresholds in SiC-particulate-reinforced aluminum-alloy composites: Role of crack closure and crack trapping[END_REF],

volume fraction [START_REF] Chawla | Effect of SiC volume fraction and particle size on the fatigue resistance of a 2080 Al/SiCp composite[END_REF][START_REF] Hall | Particle size, volume fraction and matrix strength effects on fatigue behavior and particle fracture in 2124 aluminum-SiCp composites[END_REF], spatial arrangement [START_REF] Lewandowski | Effects of matrix microstructure and particle distribution on fracture of an aluminum metal matrix composite[END_REF][START_REF] Yang | Simulation and quantitative assessment of homogeneous and inhomogeneous particle distributions in particulate metal matrix composites[END_REF] and orientation [START_REF] Chawla | Mechanical behavior and microstructure characterization of sinter-forged SiC particle reinforced aluminum matrix composites[END_REF] on the monotonous and cyclic mechanical behaviour of Al-SiC p . The effect of the matrix properties such as its microstructure [START_REF] Chawla | Microstructure-based modeling of the deformation behavior of particle reinforced metal matrix composites[END_REF][START_REF] Soppa | Influence of the microstructure on the deformation behaviour of metal-matrix composites[END_REF] and its interfacial resistance [START_REF] Knowles | Role of reinforcement/matrix interfacial strength in fatigue crack propagation in particulate SiC reinforced aluminium alloy 8090[END_REF][START_REF] Guo | Interfacial strength and deformation mechanism of SiC-Al composite micro-pillars[END_REF] has also been dealt with. However, very few studies investigate the performance of these new alloys regarding fretting cracking. And yet, fretting damage, when associated with fatigue loading, can dramatically reduce the service life of assemblies especially for light alloys that usually exhibit poor tribological characteristics.

Fretting occurs when two contacting bodies are submitted to a relative oscillatory movement of low amplitude [START_REF] Waterhouse | Fretting fatigue[END_REF][START_REF] Hills | Mechanics of fretting fatigue[END_REF]. Partial slip condition operates when the displacement is particularly low. In this case, only the external part of the contact, called slip zone, undergoes a relative slip. The central part of the contact stays stuck. This fretting condition dissipates low amount of energy, thus generating low wear rate while favouring cracking due to the cyclic loading imposed on the material. Stress gradients induced by the contact loading cause an early crack nucleation. Fatigue loading can then easily propagate the cracks, leading to the failure of the assembly. By investigating the crack extension induced by a plain fretting loading (i.e. without additional fatigue stress), a rather good description of the fretting crack nucleation processes of the studied alloy can be achieved.

The extrusion process can orientate the SiC particles along a preferential orientation which is parallel to the extrusion axis [START_REF] Ganesh | Effect of Reinforcement-Particle-Orientation Anisotropy on the Tensile and Fatigue Behavior of Metal-Matrix Composites[END_REF]. The objective of the present work is to determine the effect of the angle between the fretting loading direction and the preferred direction of the reinforcing particles on the fretting cracking response. The SiC p banding was characterised by an image analysis technique and the anisotropy of the fretting cracking resistance due to this banding was studied. The angle that the crack propagation direction makes with the extrusion axis seems to be of major influence for the fretting crack extension. The MMC crack arrest response was subsequently characterised by a reverse identification method of the threshold amplitude of the stress intensity factor (SIF) ΔK eff,th , using finite element simulations coupled with the post-processing tools offered by the Z-cracks code.

Materials

An aluminium alloy of the 2009 reinforced with 15%vol SiC particles is considered in this work.

The particles have an approximate 10 µm size. The chemical composition of the 2009 aluminium used as a matrix for this 15%vol SiC particle MMC is listed in The as-received material (i.e. 2009 matrix with 15%vol SiC particles) was extruded and subsequently forged to a plate. It was then submitted to a T4 heat treatment corresponding to a four-hour solutionising step at 498°C followed by water-quenching and an ageing step at ambient temperature for four days. The spatial arrangement of the SiC particles was analysed by scanning electron microscopy (SEM). Figure 1 shows the microstructure induced by the forming processes along three characteristic planes, one plane normal to the extrusion axis L and the other two parallel to L. An image analysis technique was used to quantify the preferential orientation of the SiC particles.

Nine micrographs were extracted from each of the L-ST (longitudinalshort transverse) and LT-ST (long transverseshort transverse) planes. The reinforcing particles were segmented using the ImageJ software. Each particle was fitted to an ellipse. In order to quantify the banding of the particles, the angle α formed between the major axis of the ellipse and the arbitrarily defined horizontal direction, L axis, (respectively LT axis) was measured for every particle, as shown in Figure 2. The mean aspect ratio of the SiC particles could be extracted for both L-ST and LT-ST planes. It is equal to 2.29±1.09 for the L-ST plane and 2.16±1.04 for the LT-ST plane. These values being close in both longitudinal and transverse planes indicate that the reinforcing particles exhibit a plate-like shape, rather than a needle-like shape. Furthermore, the SiC particles appear to be preferentially aligned along the L direction, whereas no preferred orientation could be identified in the transverse plane.

The matrix microstructure was characterised by means of electron backscattered diffraction (EBSD)

technique. The L-ST surface of a sample was extracted, ground and mechanically polished up to 0.03 µm colloidal silica. Figure 3 shows an inverse pole figure (IPF), coded along the ST direction. The EBSD scan was performed at 15 kV, using a step size of 0.5 µm. The SiC particles appear in grey on the map. Although they have been indexed, they were not colour-coded for clarity reasons, since only the matrix is of interest in this section. The matrix grain boundaries are delineated in black for a misorientation greater than 15°. EBSD grain indexation allowed to extract a relatively homogenous mean grain size of 3.75±1.85 µm and a mean aspect ratio of 2.13±0.92. Just like the SiC particles, the Al matrix grains seem to be slightly elongated along the extrusion direction. Besides this clear morphological texture, a crystallographic texture can be identified as well. However, texture quantification can be quite complex, especially in MMC materials [START_REF] Guo | Effect of the surface preparation techniques on the EBSD analysis of a friction stir welded AA1100-B4C metal matrix composite[END_REF], and exceeds the scope of this work.

Plain fretting experimental set-up

Plain fretting tests were carried out in order to quantify the maximum crack extension for a given fretting condition in the partial slip regime. The experimental set-up, described in Figure 4 A sphere-on-flat contact has been chosen in this work in order to limit the experimental scattering in crack length measurements as much as possible. The test conditions have been chosen to ensure a partial slip condition for the whole test duration and to maximise crack propagation in the MMC while staying in elastic conditions. The 52100 steel hemispherical punch displays a R sphere =200 mm radius with a surface roughness lower than R a =0.3 µm. The mechanical properties of the punch and the studied MMC are compiled in Table 3. The 52100 steel was chosen for its very high mechanical properties in order to systematically activate the cracking process solely in the MMC plane material. The normal force P was set at 3800 N, which corresponds to a maximum Hertzian pressure p max =470
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MPa and a Hertzian contact half-width a H =1.98 mm [START_REF] Johnson | Contact mechanics[END_REF]. The test frequency was set at 20 Hz.

Experimental results

Friction analysis

Variable displacement experiments [START_REF] Fouvry | Development of a Fretting-Fatigue Mapping concept: Impact of material properties and Surface treatments[END_REF] displacement test can be found in Figure 5. The friction coefficient at the partial slip / gross slip transition was estimated as µ t =0.85. Former studies [START_REF] Proudhon | A fretting crack initiation prediction taking into account the surface roughness and the crack nucleation process volume[END_REF] suggest that µ t is well representative of the coefficient of friction operating in the sliding zone of the partial slip contact. Therefore, this value will be considered in the following sections to complete partial slip simulations. 

Fretting crack length measurement

In order to maintain a partial slip condition, the reference tangential force amplitude applied to investigate the fretting cracking process will be fixed at Q ref *=0.52xQ t =1980 N. Considering fixed loading conditions, the fretting cracking behaviour of the studied composite will be quantified by measuring the maximum projected crack length to the normal of the surface. This parameter is measured by cross section observations along the median plane of the fretting scar. Since fretting cracks can be found in the slip zones on both sides of the fretting scar, the mean value b of the two maximum projected crack lengths measured on each side, noted as b 1 and b 2 , will be preferred. A picture of a typical sphere-on-flat fretting scar is shown in Figure 6 displaying a partial slip fretting scar morphology with a stick zone in the center of the contact and a sliding annulus [START_REF] Mindlin | Elastic sphere in contact under varying oblique forces[END_REF]. 

Determination of the number of cycles associated with the crack arrest condition

Due to the rapid decay of the stress fields below the surface, the fretting crack which is nucleated at the contact border first propagates until it stops, systematically reaching a crack arrest condition.

The objective is thus to characterize the crack extension at the crack arrest condition. Therefore, a reference number of cycles N ref must be determined such that fretting cracking does not evolve anymore. Figure 8 plots the evolution of b versus the applied fretting cycles. The crack length stabilizes after 5x10 5 cycles around b CA =60 µm for the studied conditions. Therefore, N ref =10 6 cycles is selected as the reference number of cycles guaranteeing the crack arrest condition. Moreover, the crack nucleation happens in the very early stage of fretting loading, as a 10 µm crack is already observed at 2x10 3 cycles.

Evolution of the crack extension with the amplitude of tangential loading

A plain fretting test campaign has been performed in order to plot the evolution of the arrested crack length b CA versus the tangential load amplitude Q*. The test conditions were set at P=3800 N, f=20 Hz, R sphere =200 mm and N ref =10 6 cycles. The MMC plane sample was loaded parallel to the extrusion direction L (i.e. the angle θ formed between the normal to the loaded surface n ⃗ and the extrusion axis L is equal to 90°). The results were completed by a few additional tests with P=5000 N.

Figure 9 illustrates the evolution of b CA with the amplitude of tangential loading Q* and with the fretting loading ratio Q*/P (Table 3). Two main regimes seem to be appearing: the first one exhibits relatively short crack lengths. The crack extension is a linear function of Q*/P. The other domain shows an abrupt increase of the arrested crack length. There is a factor of five on the slope characterising those two domains, for which the transition is defined by a critical value of tangential force amplitude equal to 3000 N. Besides, a crack nucleation threshold Q* CN =1200 N corresponding to the nucleation of a 10 µm crack can be retrieved from Figure 9.a. Various plain fretting loading conditions have been identified allowing the crack nucleation and the crack propagation until a crack arrest configuration. These crack lengths varied in a large interval (Figure 3)). This suggests that the cracks propagate through a numerous number of aluminium grains before being arrested. On the other hand, the first grain boundary cannot be considered as a microstructural barrier even for the very short crack arrest conditions. 

Effect of particles orientation on the fretting crack extension

Several MMC samples exhibiting a particular orientation with respect to the L direction were extracted from the same raw plate, in order to characterize the effect of the orientation of SiC particles banding on the fretting cracking behaviour. The sample extraction geometry is shown in Erreur ! Source du renvoi introuvable.0. The orientation of the sample is defined by the angle θ formed between the normal to the loaded surface n ⃗ (i.e. n ⃗ parallel to the normal force vector and perpendicular to the tangential force vector) and the extrusion axis L. Assuming that the majority of SiC particles are oriented along L, i.e. α=0°, an extraction angle θ=90° induces a maximum crack extension normal to the major axis of the particles. However, an extraction corresponding to θ=0° leads to a maximum contact tensile stress normal to the major axis of the particles. Each orientation has been tested three times using the reference test parameters defined earlier with θ ranging from 0° to 90° with a 15° step. Figure 111 illustrates the fretting scars and the subsurface extension of the cracks obtained for θ=0° and θ=90°. The crack path seems to be independent from θ. Indeed, for both θ=0° and θ=90°, the global crack direction tends to align parallel to the normal to the loaded surface. Erreur ! Source du renvoi introuvable. plots the evolution of the mean value of the maximum projected crack length b versus θ (Table 3). A sharp decrease from 250 µm when θ=0° to 100 µm when θ=45°, followed by a plateau evolution until θ=90° is observed. 3).

Those cracks seem to be rather short, therefore another test campaign was performed in order to enhance as much as possible the crack extension. The tangential force amplitude was increased to Q LC *=3000 N, which corresponds to a Q*/Q t =0.9 partial slip condition. The obtained fretting scars and the median plane cross-section of the cracks are shown in Figure 13. The trend regarding the crack path that was observed for short cracks seems to be confirmed for longer cracks when θ=0°. Indeed, the crack path direction matches the banding direction L. However, for θ=90°, the cracks don't propagate anymore in a perpendicular manner to the surface, but rather with a mean angle of 70° with respect to the surface. Figure 14 illustrates the projected crack length evolution as a function of θ for the enhanced tangential loading Q LC *. As expected, a higher fretting stressing promotes a much deeper crack arrest extension. 3).

As for the short crack response, the crack length which is maximum at 800 µm when θ=0° decreases sharply around 400 µm when θ=15°. Then, it slightly decreases during the 15° -75° range from 400 to 300 µm respectively before rising again up to 500 µm when θ=90°. This behaviour has been verified

by additional tests at θ=0° and θ=90°. Besides validating this trend, those extra tests confirm the rather low scattering of the measured crack lengths, which indirectly supports the choice of a sphere-on-flat contact geometry that prevents any misalignment error.

The effect of the extraction angle θ could be explained by the interaction between the crack tip and the reinforcing particles. Indeed, the analysis of SEM micrographs of the median plane cross-section of the fretting scar shows that the cracks not only follow a transgranular path, but they also interact with the SiC particles by going through their interface with the matrix. The matrix / reinforcing particle interface acts then as a weakness regarding the propagation of cracks nucleated by the contact. That makes the orientation of the particles of primary importance for the MMC resistance to fretting cracking. Figure 15 shows a comparison of the crack paths for θ=0° and θ=90°. In the case of θ=0°, the cracks follow a path which is globally parallel to the SiC particle banding, whereas this path is normal to the particle banding for θ=90°. For θ=0°, the crack tends to follow the weak points which are the SiC / matrix interfaces as illustrated in Figure 15.a. The cracks that are able to follow these interfaces are much more likely to propagate more easily, resulting in longer arrested cracks, and potentially lower ΔK th crack arrest threshold. By contrast, for θ=90°, when the crack tip meets a perpendicular SiC particle, the crack needs to fracture or bypass this latter to pursue its propagation. Those two SiC / matrix interaction mechanisms are very energy consuming which tends to limit the ability of the crack to propagate. This leads to shorter arrested cracks and consequently higher ΔK th .

The importance of the SiC particle orientation with respect to the fretting stressing direction tends to be demonstrated. Since b CA decreases with the extraction angle θ, it can be inferred that the fretting crack propagation resistance is an increasing function of θ. However, it would be interesting to consider a more intrinsic material parameter, such as the threshold stress intensity factor (SIF) range ΔK th .

ΔKth quantitative analysis

ΔK th identification principle

The approach developed by De Pannemaecker et al. [START_REF] Pannemaecker A De | Introduction of a reverse simulation approach to identify the fatigue stress intensity factor crack arrest threshold from fretting cracking experiments[END_REF][START_REF] De Pannemaecker | Reverse identification of short-long crack threshold fatigue stress intensity factors from plain fretting crack arrest analysis[END_REF] [START_REF] De Pannemaecker | Reverse identification of short-long crack threshold fatigue stress intensity factors from plain fretting crack arrest analysis[END_REF]. The principle of the method is summed up in Figure 16. 

Finite element modelling of a cracked specimen

In the present work, a 3D crack simulation is required since a sphere-on-flat contact was used. The approach developed by Said et al. [START_REF] Said | Shear driven crack arrest investigation under compressive state: Prediction of fretting fatigue failure of aluminium strands[END_REF] was deployed. The numerical scheme consists in coupling a finite element model built with the Abaqus commercial code with the integration of a 3D crack geometry by means of the Z-cracks code. Note that weight functions also exist for this kind of cracks.

However, this numerical strategy implies a decoupled stress field analysis so that the presence of the crack is not considered in the contact stress field computations. Using Z-crack code, the interactions between the crack and contact loadings are taken into account, allowing more representative stress intensity factor estimations.

Figure 17 illustrates the principle of the computation. A flat sample was chosen as the MMC material, using E MMC =104 GPa, while the hemispherical punch was given the properties of a 52100 chromium steel, E 52100 =200 GPa. A fully tetrahedral mesh, composed of linear C3D4 was considered to simulate the contact. The contact zone was made of refined elements of 100 µm in size. The contact in partial slip condition was formulated using a penalty algorithm and a slip zone friction coefficient equal to µ t =0.85. The Z-cracks code allows to mesh and introduce a 3D crack geometry into the Abaqus sane mesh, refining the element size down to 5 µm at the crack tip. The method is described in [START_REF] Said | Shear driven crack arrest investigation under compressive state: Prediction of fretting fatigue failure of aluminium strands[END_REF] in a more comprehensive manner. As a first approximation, a semi-elliptical crack, positioned at the trailing edge of the contact and propagating normal to the loaded surface, was considered. The half minor axis of the semi-ellipse, corresponding to the maximum depth of the crack, was set to the experimentally measured b CA value. Furthermore, the major axis 2e, corresponding to the surface width of the crack, was fixed to a constant value equal to 3.4 mm. This value corresponds to the average value established from the expertise of all cracked contacts. This length can evolve with the tangential load amplitude and the subsurface extension of the cracks. However, a parametric analysis suggests that this fluctuation does not affect significantly the values of the stress intensity factors computed along the median plane of the fretting scar where the crack analysis is done, at least for the studied crack arrest conditions.

The friction within the crack lips was also considered in the simulation assuming in a first approximation a µ CL crack lips coefficient of friction equivalent to the partial slip transition, i.e. µ CL =µ t =0.85. The estimation of the friction value operating between the crack lips is actually still an open question. However, it will be shown later in the discussion that a wide variation of µ CL induces only a very small fluctuation of the ΔK th estimation. The actual model is restricted to elastic and isotropic hypothesis. The current experimental investigation underlines that high tangential force amplitudes are required to activate the cracking process (Table 3). Figure 18 plots the evolution of the maximum Von Mises stresses systematically located on the top surface in the sliding annulus of the studied crack arrested partial slip contacts (Table 3). This analysis was performed without considering the presence of a crack to be consistent with the situation prevailing at the beginning of the test (i.e. before that a crack was generated in the contact). The Von Mises stress is systematically above the yield stress and obviously increases with the tangential loading. Note that these computations were performed assuming an elastic hypothesis, overestimating the Von Mises stresses compared to a more realistic cyclic plastic simulation which, unfortunately, cannot be undertaken in the frame of this investigation. SIF computations require a confined crack tip plastic deformation hypothesis. Hence, even if the stress analysis is limited to an elastic hypothesis, there is a key interest to establish the potential extension of the plastic zone along the crack path. Figure 19 illustrates this aspect by plotting Von Mises stress contours, assuming an elastic assumption, for a representative fretting loading condition (i.e. P=3800 N, Q*=1980 N). Two crack lengths have been investigated (b = 66 µm and b = 270 µm) to illustrate the short and long crack responses respectively. It is interesting to note that the domains where the Von Mises stress overpasses the monotonous Yield stress (σ y0.2 = 365 MPa) (grey areas) are restricted in the sliding zone and displayed a limited subsurface extension. The presence of a crack at the trailing contact edge tends to release stress fields. If the plastic zone (i.e. grey zones where σ VM > σ y0.2 ) is quite extended along the crack path for the short crack situation (b=66 µm) (Figure 20b), most of the long crack paths (b= 270µm) are surround by elastic domains. This suggests that a confined plastic deformation hypothesis can be assumed at least for the long crack arrested conditions. This is an important conclusion since the current investigation mainly focuses on the long crack arrest threshold analysis. This stress field analysis underlines a significant plastic deformation. Besides, the anisotropy of the material induced by the manufacturing process is not taken into account in addition to the closure effect which is not explicitly implemented in the SIF computation although it will be indirectly considered through the efficient SIF range estimation as detailed in the following section. Hence, considering all these limitations, the given SIF estimations need to be considered with caution.

Our main objective here is to provide a semi-quantitative (i.e. relative) analysis of the SiC particle orientation effect on the threshold crack arrest fluctuations. Despite its limitations, the given numerical model is expected to satisfy such objective taking into consideration the complexity to simulate the 3D crack propagation in a complex sphere-on-flat interface. The SIF evolution during a fretting cycle is therefore estimated applying the following computation sequence. After one fretting cycle has been simulated using an elastic hypothesis but considering the friction in the contact and along the crack lips, the output data is post-processed by means of the Z-cracks code and the SIF are retrieved along the discretised crack front. The SIF are calculated using the G-Theta method directly implemented in the Z-cracks code. The method has been extensively described by Géniaut et al. [START_REF] Geniaut | evaluation of stress intensity factors with G-Theta method and level sets in code ASTER[END_REF]. The SIF extracted at the extreme values of the fretting cycle are then K I,max and K II,max at +Q*, and K I,min and K II,min at -Q*. As an example, Figure 20 describes the evolution of K I,max calculated at +Q* along the crack front for the crack arrest condition identified for P=3800 N, Q*=1980 N and b CA =66 µm. The confirmation that K I,max is indeed found on the fretting median axis x, at the contact border has been made. The introduction of a crack in the model modifies the calculated stress field [START_REF] Pannemaecker A De | Introduction of a reverse simulation approach to identify the fatigue stress intensity factor crack arrest threshold from fretting cracking experiments[END_REF]. In particular, the geometrical discontinuity arising at the surface creates two distinct contact pressure peaks on both sides of the open crack, for Q=+Q*. This discontinuity implicitly influences the stress intensity factor calculation, even more for short cracks whose tip is located close to the surface. Figure 21 shows how the surface pressure field is influenced by the presence of the crack. However, it should be noted that the plasticity, which is not considered in this simulation, should mitigate such stress field discontinuity. In addition to those pressure peaks, the introduction of a crack in the model induces a decrease of the contact stiffness. This phenomenon is illustrated in Figure 21.b where an extension of the contact slip zone along the internal border of the crack can be observed. The influence of the crack on the pressure and shear fields has been extensively studied by De Pannemaecker et al. [START_REF] De Pannemaecker | Numerical methods for stress intensity factor ΔK calculations of fretting cracked interface[END_REF] for 2D contacts outlining the necessity to consider the presence of a crack for the stress field computations to achieve feasible SIF estimations. Thanks to the given coupled FEA investigation, this aspect is take account even for the studied 3D sphere-on-flat configuration.

Numerical analysis of the influence of the crack geometry on stress intensity factor calculations

The objective of this section is to evaluate the influence of the 3D crack geometry on the stress intensity factor computations at the crack tip. Thus, two distinct crack geometries are considered. The first one is a straight crack (S) positioned at the contact edge and propagating normal to the loaded surface, as already introduced in section 5.2. The other one is a kinked crack (K) characterised by a 45° nucleation step over 40 µm in depth followed by a 90° propagation step. This latter is supposed to be more representative of the propagation path really taken by the experimentally observed crack displayed in Figure 11. The initiation point nevertheless stays at the contact border and the crack front keeps its semi-elliptical shape. Both straight and kinked 3D geometries as well as their integration into the finite element model are shown in Figure 22. Simulations were carried out for both geometries, using fixed fretting conditions (P=3800 N, Q*=1980 N, R sphere =200 mm). The effect of crack length on SIF computed at the tip of the crack was investigated. It is worth noting that conversely to a 2D contact configuration allowing for analytical SIF computations, for instance by means of a weight function method [START_REF] Said | Shear driven crack arrest investigation under compressive state: Prediction of fretting fatigue failure of aluminium strands[END_REF][START_REF] Araújo | Analysis of pad size effects in fretting fatigue using short crack arrest methodologies[END_REF], a 3D contact configuration requires the introduction of a crack of given length in the model. Thus, the effect of the crack length on stress intensity factors can only be analysed by a discrete number of points, each corresponding to a finite element calculation.

Two stress intensity factor calculation hypotheses were studied. The first one is a very simple mode I approximation, where only the mode I components K I,max and K I,min are considered. This hypothesis has been widely used in the literature, generally for a straight crack analysis [START_REF] Pannemaecker A De | Introduction of a reverse simulation approach to identify the fatigue stress intensity factor crack arrest threshold from fretting cracking experiments[END_REF][START_REF] Delacroix | Influence of microstructure on the fretting resistance of Al-Cu-Li alloys[END_REF][START_REF] Araújo | Analysis of pad size effects in fretting fatigue using short crack arrest methodologies[END_REF]. Most of these investigations underline that the equivalent R=KI,min/KI,max loading ratio is significantly lower than zero suggesting that K I,min contribution can be neglected since the crack lips are in compression when Q= -Q* [START_REF] De Pannemaecker | Reverse identification of short-long crack threshold fatigue stress intensity factors from plain fretting crack arrest analysis[END_REF]. The mode I ΔK (I) related to each geometry is defined as follows: ΔK (S,I) =K (S,I),max for the straight crack geometry

ΔK (K,I) =K (K,I),max for the kinked crack geometry

The second ΔK calculation hypothesis takes into account the effect of mode II crack propagation. The mixed mode stress intensity factor range ΔK (M) is then defined for each crack geometry:

ΔK (S,M) = √K (S,I),max 2 + ΔK (S,II) 2 for the straight crack geometry

ΔK (K,M) = √K (K,I),max 2 + ΔK (K,II) 2 for the kinked crack geometry (4)

Figure 23 describes the influence of the crack geometry on the computation of ΔK, as a function of the projected crack length and for both mode I and mixed mode calculation hypotheses. The trend followed by the evolution of ΔK versus b is the same for both calculation hypotheses. ΔK (K) computed for the kinked crack geometry is slightly greater than ΔK (S) corresponding to the straight crack in the very short crack domain (b<100 µm). However, this trend is reversed for longer cracks.

The gap is even greater for very long cracks (b=500 µm). This could be explained by the fact that the crack tip is slightly shifted towards the centre of the contact in the kinked configuration. The effect of the compressive hydrostatic pressure field, induced by the normal load, on the crack opening is certainly more pronounced for the kinked geometry, leading to a reduction of the mode I propagation driving force characterised by ΔK (I) . The difference observed between both geometries stays of a 2D cylinder-on-flat contact configuration [START_REF] Pannemaecker A De | Introduction of a reverse simulation approach to identify the fatigue stress intensity factor crack arrest threshold from fretting cracking experiments[END_REF].

One could also be interested in assessing the pertinence of using a mixed mode analysis, compared to a simpler mode I analysis. The difference between a mode I hypothesis and a mixed mode hypothesis for ΔK calculation has thus been quantified for each crack geometry, as shown in Figure 24. The relative influence of mode II on mixed mode computed ΔK values is low, regardless of the crack length and geometry. However, one can notice a slight contribution of mode II in the long crack regime. The fact that the mode II is systematically negligible could be attributed to the high friction a coefficient of µ CL =0.85 imposed at the contact between the crack lips. Indeed, those interfaces could stay stuck during the majority of the simulated fretting cycle, which would de facto reduce the mode II propagation driving force at the tip of the crack.

Influence of the friction coefficient between the crack lips

The kinked crack geometry was used in order to study the effect of the crack lips friction coefficient µ CL on the computation of the mixed mode ΔK (K,M) . Apart from the value of 0.85 already studied in the previous section, two other values of µ CL respectively equal to 0.2 and 0.5 were implemented in the model. For the shortest cracks such that b<100 µm, the effect of µ CL can be considered negligible. A clear increase of ΔK (K,M) with b can nonetheless be extracted for longer cracks in the case where µ CL =0.2.

This phenomenon could be explained by the fact that a lower friction coefficient induces less dissipation of energy by friction of the crack lips one against the other. The mode II propagation driving force would then be higher at the crack tip. The ΔK (K,M) profiles corresponding to higher values of µ CL , namely µ CL =0.5 and µ CL =0.85, are no longer evolving for b>100 µm and are remarkably close to each other, as already observed by Said et al. [START_REF] Said | Shear driven crack arrest investigation under compressive state: Prediction of fretting fatigue failure of aluminium strands[END_REF] and De Pannemaecker et al. [START_REF] Pannemaecker A De | Introduction of a reverse simulation approach to identify the fatigue stress intensity factor crack arrest threshold from fretting cracking experiments[END_REF]. This indicates that there is a critical value of µ CL beyond which the crack lips are systematically stuck over the total duration of the fretting cycle. Crack lips slip is impeded, thus preventing any mode II crack opening. Figure 25.b shows the contact status of the crack lips for the three considered values of µ CL when the lips are working under compression at Q=-Q*. Said et al. [START_REF] De Pannemaecker | Numerical methods for stress intensity factor ΔK calculations of fretting cracked interface[END_REF] state that a friction coefficient lower than 0.5 operating between the crack lips is hardly conceivable, given the adhesive nature of the tribological behaviour of aluminium. Hence, choosing a value of µ CL greater than 0.5 would have a little influence on SIF calculations at the crack tip. Furthermore, even if the true crack lips friction coefficient is effectively lower than 0.5, the contribution of ΔK II to the mixed mode propagation driving force ΔK (K,M) would stay moderate.

Choice of a representative ΔK hypothesis

The results obtained from the simplest hypothesis, straight crack in mode I (S,I), are compared in Figure 26 to the results derived from calculations carried out with the kinked crack in the mixed mode hypothesis (K,M) which is the closest to the experimental reality. The relative error of the (K,M) hypothesis compared to the (S,I) hypothesis was assessed from the following relation: The simplified hypothesis (S,I) gives results that are very close to the ones that were obtained using the complete approach (K,M), with a maximal relative error of 7% corresponding to the shortest crack (b=60 µm). Even for the longest crack of 500 µm, the relative error stays as low as 4% which is potentially far below the relative error induced by the material assumptions (i.e. elastic, isotropic and homogeneous assumptions). To conclude, the straight crack in mode I hypothesis tends to minimize the estimations of the ΔK particularly for the crack extension shorter than 500 µm. The application of this approach will result in underestimating the crack arrest threshold value deduced from this postprocessing analysis of the given fretting crack arrested conditions. Using these underestimated values, conservative crack arrested predictions are expected which is an important aspect for a safe frettingfatigue cracking design strategy in industrial applications.

E%(∆K (K,M) ) = ∆K (S,I) -∆K (K,M) ∆K (K,M) . 100 (5) 

Crack arrest analysis for the reference configuration θ=90°

In the light of the former conclusions drawn from the analysis of the effect of the crack geometry, of the calculation hypothesis of ΔK at the crack tip and of the crack tip friction coefficient, the simplest hypothesis will be chosen in order to characterise the crack arrest behaviour of the MMC in the θ=90° configuration. Indeed, although taking into account the real crack path as a kinked crack propagating in mixed mode would be a more accurate representation, the hypothesis of a straight crack propagating solely in mode I, with a friction coefficient between its lips equal to 0.85 will be considered.

Each experimental point of the curve plotted in Figure 9, which represents the evolution of the crack length with the amplitude of tangential load, has been simulated by means of the Abaqus-Zcrack approach previously introduced. Since each crack has effectively reached a crack arrest condition, the 

The evolution of ΔK (PF),th as a function of b CA is plotted in Figure 27. As detailed by De Pannemaecker et al. [START_REF] De Pannemaecker | Reverse identification of short-long crack threshold fatigue stress intensity factors from plain fretting crack arrest analysis[END_REF], El-Haddad [START_REF] Haddad | Prediction of non-propagating cracks[END_REF] approach can be considered to describe the short crack arrest evolution.

However, the given experiments rather display a discontinuous evolution suggesting a better description using the Kitagawa-Takahashi's formalism [START_REF] Kitagawa | Applicability of fracture mechanics to very small cracks or the cracks in the early stage[END_REF]. For an arrested crack length lower than the short to long crack transition length b 0 , ΔK (PF),th stays lower than the SIF threshold range in the long crack domain ΔK (PF),0 . In the short crack domain, ΔK (PF),th increases with b CA according to the following relation:

∆K (PF),th = ∆K (PF),0 × √ b CA b 0 for b CA < b 0 (7) 
with b 0 being the transition crack length between the short and long crack regimes and ∆K (PF),0 being the long crack threshold identified from the post processing analysis of plain fretting crack arrest condition.

In the long crack domain, ΔK (PF),th does no longer depend on b CA : ΔK (PF),th = ΔK (PF),0 for b CA >b 0 configuration is therefore estimated around ΔK (PF),0 (θ=90°) =8.8 MPa.m 1/2 . By fitting the experimental data points with the Kitagawa-Takahashi formalism, the transition from short to long crack behaviour is estimated around b 0 = 175 µm. As a comparison, De Pannemaecker et al. [START_REF] De Pannemaecker | Identification of the fatigue stress intensity factor threshold for different load ratios R: from fretting fatigue to C(T) fatigue experiments[END_REF] showed that a T6 heat treated 7075 aluminium alloy presents a short to long crack transition crack length equal to 170 µm.

This good correlation suggests that despite the strong material hypotheses imposed by the given 3D fretting cracking simulation, the proposal provides quite reliable estimation of the crack arrest behaviour of the studied materials.

Influence of θ on ΔK (PF),0

The effect of the SiC particle banding angle θ on the crack arrest response of the MMC was successively examined for the tangential load amplitude of Q* LC =3000 N. The normal load is fixed at P=3800 N, the radius of the hemispherical punch at R sphere =200 mm and the crack lips friction coefficient at µ CL =0.85. The projected crack lengths which were experimentally measured for each θ angle are plotted in Figure 14. The retrieved values of b CA are such that:

b CA (θ)>b 0 for any θ, at Q* LC =3000 N (9)

The Q* LC condition corresponds exclusively to the long crack domain. The evolution of the crack propagation threshold with θ for this tangential force condition is displayed in Figure 28. The trend followed by ΔK (PF),0 in the long crack domain is in line with the experimental crack length measurements (see Figure 14). The lower crack arrest threshold is observed for θ=0° and estimated around ΔK (PF),0 (θ=0°)= 6.8 MPa.m 1/2 . A strong increase is then observed from θ=0° to θ=15°, followed by a plateau evolution until θ=90°. The mean value of the crack arrest threshold from θ=15° to θ=90° The effect of the load ratio can also be examined from these data. For a test configuration equivalent in terms of θ angle, L-ST (θ=90°) in plain fretting and L-LT (θ=90°) in CT fatigue, the crack arrest threshold decreases from ΔK (PF),0 (θ=90°)=8.9 MPa.m 1/2 at R=-1 in fretting to ΔK (CT),0 (θ=90°)=8.0

MPa.m 1/2 at R=0.1 in CT fatigue. This trend is even more marked for the configuration θ=0° which used for the 3D fretting cracking simulations. Indeed, the ΔK (PF),Ø fretting values are systematically higher than those identified from the reference ΔK (CT),Ø CT methodology. This is consistent with the fact that the given elastic contact simulation tends to overestimate the contact stressing and the related SIF values. It can be assumed that an elastoplastic simulation, by reducing the stress amplitude, will induce lower ΔK (PF),Ø values which will be therefore closer to those obtained by the CT reference test.

Hence, despite some limitations, the identification of ΔK (PF),Ø by a reverse analysis of plain fretting crack arrest condition appears as useful strategy to estimate the short but also the long crack arrest behaviour of metallic materials. It is particularly interesting when a small quantity of material is available since it only requires small parallelepipedic samples that could be extracted following a wide range of orientations to investigate the response of an anisotropic microstructure. However, comparing data taken from plain fretting tests and CT fatigue tests implies better integrating the effect of the load ratio but also the complexity of the contact stressing by simulating the cyclic plasticity but also by considering a non-isotropic and potentially a non-heterogeneous description of the studied Al-SiC p (15%vol SiC particles) alloy.

 Future numerical developments are now required to take into account the cyclic plasticity operating within the cracked fretting interface in order to provide more realistic stress fields thus to estimate more reliable ΔKth (PF) threshold values.

 Finally, optimising the forming processes of the MMC in order to avoid orienting the reinforcing particles at 0° from the normal to the loaded surface seems to be an interesting lead to improve the fretting cracking resistance of the material in service.

  ∆K (PF),0 (MPa.√m) : long crack threshold identified from the post processing analysis of plain fretting crack arrest condition, ∆K (CT),0 (MPa.√m) : long crack threshold identified from conventional Compact-Tension (CT) experiments, ΔK (S,I) (MPa.√m) : effective SIF range assuming straight crack geometry (S) and only mode I contribution (I), ΔK (K,I) (MPa.√m) : effective SIF range assuming kinked crack geometry (K) and only mode I contribution (I), ΔK (S,M) (MPa.√m) : effective SIF range assuming straight crack geometry (S) and mixed mode contribution (M), ΔK (K,M) (MPa.√m) : effective SIF range assuming kinked crack geometry (K) and mixed mode contribution (M), P (N) : normal force, p max (MPa) : maximum Hertzian contact pressure,

Figure 1 :

 1 Figure 1: SEM images showing the spatial distribution of SiC particles inside the Al matrix along three characteristic planes.

Figure 2 :

 2 Figure 2: Description of the image analysis technique for SiC banding quantification. (a) SEM micrograph in the L-ST plane. (b) Same zone after fitting of ellipses on SiC particles. α is defined as the angle between the major axis of an ellipse and the horizontal direction, in this case L. (c) Distribution histogram of the orientation of SiC particles in the longitudinal plane L-ST. (d) Distribution histogram of the orientation of SiC particles in the transverse plane LT-ST.

Figure 3 :

 3 Figure 3: IPF map in the L-ST plane coded along the ST direction.

STFigure 4 :

 4 Figure 4: Plain fretting experimental set-up description. (a) Schematic diagram. (b) Photograph of the experimental set-up.

Figure 5 :

 5 Figure 5: Variable displacement curve to determine the partial slip / gross slip transition friction coefficient µ t (52100 steel sphere having a radius R sphere =200 mm against MMC flat surface, P=3800 N, f=20 Hz).

Figure 6 :

 6 Figure 6: Description of the fretting scar. (a) Picture of a sphere-on-flat fretting scar (P=3800 N, Q ref *=1980 N, f=20 Hz, R sphere =200 mm, N=10 6 cycles). (b) Cross-section observation of the cracks located in the slip zone, at the top of the scar. (c) Cross-section observation of the cracks located in the slip zone, at the bottom of the scar.

Figure 7

 7 Figure7summarises the protocol used to measure the projected crack extension b[START_REF] Proudhon | Characterisation of fretting fatigue damage using synchrotron X-ray micro-tomography[END_REF]. The analysis consists in making a cross-section of the fretting scar, and to subsequently get as close as possible to the median plane by controlled polishing. The maximum projected crack length is then extracted from SEM micrograph observations.

Figure 7 :

 7 Figure 7: Measurement protocol of a fretting cracked specimen allowing for the determination of the maximum projected crack length b in both inferior and superior parts of the scar.

Figure 8 :

 8 Figure 8: Maximum projected crack length evolution as a function of the number of cycles for a MMC sample loaded parallel to L (P=3800 N, Q ref *=1980 N, f=20 Hz, R sphere =200 mm). The N=10 6 cycles test appearing in red was done three times.

Figure 9 :

 9 Figure 9: Plain fretting nucleation curves for two different normal loads P=3800 N and P=5000 N (θ =90°, f=20 Hz, R sphere =200 mm, N ref =10 6 cycles). (a) Evolution of b CA with the amplitude of tangential loading. (b) Q* Evolution of b CA with the fretting loading ratio Q*/P.

  600 µm. They are significantly longer than the transverse grain size (i.e. around 4 µm

Figure 100 :

 100 Figure 100: Description of the plain fretting sample extraction. (a) Extraction of the samples from the plate. (b) Orientation of the samples with respect to the particles' orientation. θ is defined as the angle between the normal to the loaded surface and the L direction.

Figure 11 :

 11 Figure 11: Evolution of the fretting scars and the median plane subsurface crack extensions with the extraction angle θ (P=3800 N, Q ref *=1980 N, f=20 Hz, R sphere =200 mm, N ref =10 6 cycles). (a) Fretting scar for θ=0°. (b) Fretting scar for θ=90°. (c) Cross-section view of the crack for θ=0°. (d) Cross-section view of the crack for θ=90°.

Figure 12 :

 12 Figure 12: Evolution of the mean value of the maximum projected crack length as a function of θ (P=3800 N, Q ref *=1980 N, f=20 Hz, R sphere =200 mm, N ref =10 6 cycles) (Table3).

Figure 13 :

 13 Figure 13: Evolution of the fretting scars and the median plane subsurface crack extensions with the extraction angle θ (P=3800 N, Q LC *=3000 N, f=20 Hz, R sphere =200 mm, N ref =10 6 cycles). (a) Fretting scar for θ=0°. (b) Fretting scar for θ=90°. (c) Cross-section view of the crack for θ=0°. (d) Cross-section view of the crack for θ=90°.

Figure 14 :

 14 Figure 14: Evolution of the mean value of the maximum projected crack length as a function of θ (P=3800 N, Q LC *=3000 N, f=20 Hz, R sphere =200 mm, N ref =10 6 cycles) (Table3).

Figure 15 :

 15 Figure 15: SEM micrographs illustrating the fretting crack interaction with SiC particles (P=3800 N, Q ref *=1980 N, f=20 Hz, R sphere =200 mm, N ref =10 6 cycles). (a) For θ=0°, the crack can easily propagate at the SiC / matrix interface. (b) For θ=90°, the crack must bypass the reinforcing particles (red arrow) or occasionally fracture them (white arrow).

Figure 16 :

 16 Figure 16: Description of the reverse analysis approach for the identification of ΔK th [34]: measurement of the maximum projected crack length b CA in crack arrest condition, then finite element simulation of this test in order to calculate ΔK th at the crack tip. This operation is reiterated for several b CA obtained for diverse Q*. The ΔK th -b CA curve is then plotted and the transition between short and long crack domains is identified. The plain fretting long crack threshold ΔK (PF),th identified by this reverse analysis of plain fretting tests could be compared to the fatigue long crack threshold ΔK (Fat),th usually extracted from conventional CT tests.

Figure 17 :

 17 Figure 17: Description of the 3D finite element model of a sphere-on-flat contact. Insertion of a crack into a sane mesh, positioned at the contact trailing edge and propagating normal to the loaded surface.

Figure 18 :

 18 Figure 18: Evolution of the maximum Von Mises stress on the top surface in the sliding zone of the test conditions compiled in Table 3 (without crack) (µ =0.85).

Figure 19 :

 19 Figure 19: Distribution of the maximum Von Mises stresses on the top surface and through the cross section along X axis at the maximum tangential force amplitude (P=3800 N, Q*=1980 N ) assuming an elastic hypothesis and considering µ =µ CL =0.85 by (a) including a 3D crack at the trailing edge with b= 66 µm and 2e= 3.4 mm (short crack configuration); (b) including a 3D crack at the trailing edge with b= 270 µm and 2e= 3.4 mm (long crack configuration).

Figure 20 :

 20 Figure 20: Description of the extraction of K I,max . (a) Profile of K I along y calculated at +Q* (P=3800 N, Q*=1980 N, R sphere =200 mm, b CA =66 µm). K I,max is taken at the position defined by x=-a H , y=0, z=b CA , corresponding to the edge of the contact, at the median axis position of the crack tip. (b) Scheme defining the 3D geometry of the crack.

Figure 21 :

 21 Figure 21: Effect of the presence of a crack on the surface pressure field (averaged loading condition related fretting fatigue crack extension when θ=0° (Table 3) : P=3800 N, Q*=1980 N, R sphere =200 mm, b CA =240 µm). (a) Surface pressure field at Q=+Q*. (b) Contact status at Q=+Q*. (c) Pressure profile along the fretting loading direction x at Q=+Q*. (d) Zoom on the red square in (c) showing two distinct pressure peaks on both sides of the open crack.

Figure 222 :

 222 Figure 222: Description of the two compared crack geometries. (a) Straight crack inserted into the sane mesh. (b) Scheme of a cross-section of the straight crack. (c) Kinked crack inserted into the sane mesh. (d) Scheme of a crosssection of the kinked crack.

Figure 23 :

 23 Figure 23: Influence of the crack geometry on ΔK evolution versus b. The fretting conditions are fixed (P=3800 N, Q*=1980 N, R sphere =200 mm, µ CL =0.85). (a) Mode I hypothesis. (b) Mixed mode hypothesis.

  for ΔK (I) and ΔK (M) , as already observed by De Pannemaecker et al. in the case

Figure 24 :

 24 Figure 24: Evolution of ΔK with b as a function of the crack geometry, for fixed fretting conditions (P=3800 N, Q*=1980 N, R sphere =200 mm, µ CL =0.85). (a) Comparison between mode I and mixed mode hypotheses for a straight crack. (b) Comparison between mode I and mixed mode hypotheses for a kinked crack.

Figure 25 .

 25 a shows the evolution of ΔK (K,M) as a function of the crack length b for fixed fretting conditions (P=3800 N, Q*=1980 N) with µ CL varying from 0.2 to 0.85. The contact status within the crack lips at -Q* is illustrated in Figure 25.b for the three investigated values of µ CL .

Figure 25 :

 25 Figure 25: (a) Influence of the crack lips friction coefficient on the evolution of ΔK (K,M) versus the crack length b (kinked crack, P=3800 N, Q*=1980 N, R sphere =200 mm). (b) Contact status between the crack lips at Q=-Q* for three different coefficients of friction (b=240 µm).

Figure 26 :

 26 Figure 26: Comparison of the evolution of ΔK between the simplified approach (S,I) and the complete one (K,M) as a function of the crack length b for fixed fretting conditions (P=3800 N, Q*=1980 N, R sphere =200 mm, µ CL =0.85).

  assessed by the reverse analysis of plain fretting tests ΔK (PF),th can be expressed as: ΔK (PF),th = ΔK (S,I) (b CA )

Figure 27 :

 27 Figure 27: Crack arrest curve obtained using the straight crack in mode I hypothesis: ΔK (PF),th = ΔK (S,I) (b CA ). (θ ref =90°, R sphere =200 mm, N=10 6 , f=20 Hz).

Figure 28 :

 28 Figure 28: Influence of θ on the plain fretting crack arrest threshold in the long crack domain (P=3800 N, Q* SC =3000 N, R sphere =200 mm, µ CL =0.85).

  The same trend was found for plain fretting tests, for which a gap can be observed between ΔK (PF),0 (θ=90°)=8.94 MPa.m 1/2 and ΔK (PF),0 (θ=0°)=6.80 MPa.m 1/2 .

  promotes crack extension, corresponding to the ST-L (θ=0°) loading direction in plain fretting and the LT-L (θ=0°) loading direction in CT fatigue. Indeed, the crack arrest threshold goes from ΔK (PF),Ø (θ=0°)=6,8 MPa.m 1/2 at R=-1 to ΔK (CT),Ø (θ=0°)=4,5 MPa.m 1/2 at R=0.1. Those discrepancies in the retrieved values of ΔK Ø for a given loading direction could be attributed to the difference of load ratio between fretting and CT configurations. The work carried out by Chawla et al.[START_REF] Chawla | Fatigue crack growth of SiC particle reinforced metal matrix composites[END_REF] on the fatigue crack propagation behaviour of a Al2080/20%SiC p showed that the crack arrest threshold diminishes with the fatigue load ratio as a result of crack closure phenomena. Moreover, even though the crack propagation direction is the same for plain fretting and CT fatigue test methods, the loading directions are different. Considering the θ=0° configuration for instance, the plain fretting sample was loaded along the ST direction while the CT fatigue sample was loaded along the LT direction. Cracks propagated along the L direction in both cases. It can be assumed that this difference in loading directions could have an influence on the crack arrest threshold values. Unfortunately, no crack arrest threshold values obtained with CT fatigue tests in L-ST (θ=90°) or ST-L (θ=0°) configurations could be found in the literature. The geometry of a laminated or extruded plate actually prevents the extraction of CT fatigue samples in these particular orientations. Finally, the small discrepancy observed between reverse Plain Fretting and CT values can be explained by the elastic assumption

Table

  

Table 1 :

 1 . Chemical composition of the 2009 aluminium used as matrix of the MMC (weight %).

	Al	Cu	Mg	O	Si	Fe	Zn	Ti	Ni	Cr	Mn
	Bal.	3,2-4,4	1,0-1,6 <0,6 <0,25 <0,20 <0,10 <0,05 <0,05 <0,05 <0,05

Table 2 : Mechanical properties of the studied materials.

 2 

		E (GPa)	ν	σ y0.2 (MPa)
	52100 steel (sphere)	200	0.3	1700
	Al-SiC MMC (plane)	104	0.3	365

  were carried out to investigate the partial slip / gross slip transition and to estimate the transition friction coefficient µ t . The reference tangential force amplitude Q ref * has to meet the condition Q ref *< µ t .P defining the partial slip condition. The result of a variable

Table 3 : Compilation of the experimental plain fretting crack arrest results measured along the X axis of the contact (L-ST plane) (f=20 Hz, R sphere =200 mm, N ref =10 6 cycles

 3 

	P(N)	Q*(N)	θ°	b CA (µm)
	3800	1200	90	11
	3800	1400	90	32
	3800	1600	90	56
	3800	1800	90	53
	3800	1980	90	66
	3800	2200	90	75
	3800	2400	90	120
	3800	3000	90	480
	5000	2500	90	90
	5000	3000	90	113
	5000	3500	90	560
	5000	3750	90	540
	3800	1980	0	230
	3800	1980	0	250
	3800	1980	0	244
	3800	1980	15	198
	3800	1980	15	137
	3800	1980	15	123
	3800	1980	30	133
	3800	1980	30	211
	3800	1980	30	183
	3800	1980	45	68
	3800	1980	45	77
	3800	1980	45	87
	3800	1980	60	110
	3800	1980	60	108
	3800	1980	60	98
	3800	1980	75	92
	3800	1980	75	106
	3800	1980	75	108
	3800	3000	0	607
	3800	3000	0	930
	3800	3000	15	390

). P: normal force; Q*: tangential force amplitude; θ: angle formed between the normal to the loaded surface 𝐧 ⃗ ⃗ and the extrusion axis L is equal to 90°.

  has been applied for the purpose of developing a quantitative analysis of the resistance to fretting cracking with respect to θ. It consists in implementing the experimental crack associated with the crack arrest condition in a finite element model representative of the studied contact. The stress intensity factors K I,max , K I,min and ΔK II can be extracted at the crack tip. Thus, a ΔK th corresponding to a crack arrest threshold is calculated for each arrested crack length b CA . The authors have applied this approach to a 2D cylinder-on-flat contact in order to investigate the evolution of ΔK th as a function of the crack length, or to characterise the crack arrest response of several materials. It is worth noting that, for the long crack domain, the ΔK th obtained from this reverse analysis are remarkably close to the ones identified by more conventional methods such as CT (Compact Tension) tests

is equal to ΔK (PF),0 = 9.1 MPa.m 1/2 . This reverse identification of crack arrest thresholds from plain fretting tests suggests that the best crack arrest response is obtained for a θ angle comprised between 15° and 90°. The θ=0° configuration promotes the most fretting crack propagation, presumably because of the favoured interaction between the crack and the matrix particle interface acting as a microstructural weak point.

Validation of the reverse identification approach with conventional

CT tests results

The values of ΔK (PF),0 that were identified on the basis of plain fretting tests were compared to the values obtained from conventional CT fatigue tests provided by LISI Aerospace and Airbus Helicopters. However, it should be noted that the test parameters such as the loading direction and the load ratio can be different between plain fretting tests and CT tests. In spite of this, some useful information can be drawn from the comparison of those results, which are summarised in Figure 29. Considering firstly the results obtained from CT fatigue tests performed at R=0.1, the impact of the banding orientation of SiC particles on the crack arrest threshold seems to be confirmed. Indeed, samples tested in the L-LT orientation, corresponding to an angle θ of 90°, exhibit a ΔK (CT),0 (θ=90°)=8.0 MPa.m 1/2 . This value is almost twice as high as the value of ΔK (CT),0 (θ=0°)=4.5

MPa.m 1/2 retrieved for samples loaded in the LT-L orientation which corresponds to an angle θ equal to 0°. Cracks that propagate parallel to the banding direction (LT-L configuration) show a favoured extension compared with the cracks propagating perpendicular to the banding direction (L-LT 

Summary and Conclusions

This work proposes to study the plain fretting cracking behaviour of an aluminium matrix reinforced by 15%vol SiC particles. In particular, the effect of the orientation of the reinforcing particles has been highlighted. The following elements can be enhanced:

 The forming processes applied to the MMC induced a preferential alignment of SiC particles along the extrusion direction, as well as an elongation of the grains of the aluminium matrix. A crystallographic texture could additionally be observed.

 Plain fretting tests were carried out on MMC samples exhibiting a range of extraction angles θ from 0° to 90°, for two amplitudes of tangential force. The other fretting test parameters are kept constant at P=3800 N, R sphere =200 mm, f=20 Hz, N=10 6 cycles. For the lower amplitude of tangential force Q SC *=1980 N, the crack length first decreases with θ, then reaches a plateau from θ=45°. For the higher one, Q LC *=3000 N, the crack length decreases until θ=15°, then follows a plateau evolution.

 SEM observations showed that the preferred crack path is the one following the SiC matrix interfaces, considered as weaknesses regarding fretting damage. The fretting cracks can follow those interfaces in an easier way for the microstructures exhibiting low θ. For high values of θ, particle shearing becomes a more common mechanism which limits the crack extension along with the more difficult bypass of SiC particles.

 The reverse analysis approach developed by De Pannemaecker et al. [START_REF] Pannemaecker A De | Introduction of a reverse simulation approach to identify the fatigue stress intensity factor crack arrest threshold from fretting cracking experiments[END_REF][START_REF] De Pannemaecker | Reverse identification of short-long crack threshold fatigue stress intensity factors from plain fretting crack arrest analysis[END_REF] was applied to the studied MMC using a 3D elastic, isotropic and homogeneous finite element model coupled to the Z-cracks code for crack insertion and crack tip SIF computations. A parametric study dealing with the influence of the crack geometry as well as the effect of crack lips friction coefficient was performed. A straight crack geometry was found to be preferable to study the crack arrest behaviour, while µ CL was chosen to be equal to 0.85.

Additionally, the mode II being found negligible and K I,min being always negative in the studied configuration, ΔK was taken equal to K I,max .

 The short to long crack arrest behaviour was analysed for a reference configuration θ=90°.

The typical Kitagawa-Takahashi trend of the evolution of ΔK th with b CA was plotted. A long crack propagation threshold was estimated around ΔK 0 =8.8 MPa.m 1/2 and a short to long crack transition length b 0 =175 µm was approximated.

 The long crack propagation threshold ΔK 0 was computed as a function of the θ angle. It evolves with θ accordingly to the crack length evolution with θ. Indeed, it increases strongly from θ=0° to θ=15°, then reaches a plateau up to θ=90. The retrieved values of the crack arrest threshold are coherent with data obtained from conventional CT fatigue tests despites the simplified elastic-isotropic assumptions used for the 3D fretting cracking simulation.