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It is well known that on the brake pad material, the triptych microstructure-propertiessolicitations is the key to better understand the phenomena caused by braking stress.

The challenging issues are the evolution of this triptych, i.e., the impact of thermal stress and mechanical stress on the microstructure which undoubtedly induces changes in properties. In order to solve the issues without tackling it in all its complexity, this study proposes an experimental approach where physics are decoupled but inspired by the braking sequence in terms of applied temperature gradient and braking loads. Two experimental tests were carried out. The first one is the thermal solicitation test where a temperature gradient from 400°C to 540°C was applied to the material. The second one is the thermomechanical test where a compressive load at 20 MPa was applied under the same thermal gradient. The experiment time is fixed for two minutes, equivalent to the time of one braking stroke.

The referred material is sintered metallic composite, which is widely used as brake pad material for high energy railway. As results, it shows that coupled thermomechanical stress has a greater impact on the material properties than decoupled one. This impact is related to the microstructure where graphite inclusions play an important role.

I. Introduction

Rail braking consists of dissipating an energy of a few megawatts, which is converted into a thermomechanical stress on the brake pads. One of the criteria sought by designers of friction materials is that the performance (coefficient of friction, wear rate, etc.) must remain almost identical for different states of the brake pad during its life cycle. This criterion is essential for safety, but is also a challenge, particularly in view of the energies involved, which have a strong impact on the microstructure. Indeed, the temperature level can reach nearly 1000°C during emergency braking [START_REF] Mann | Relation between mechanical behavior and microstructure of a sintered material for braking application[END_REF] with quite severe local mechanical stresses, thus generating an evolution of the microstructure.

This evolution has an impact on the thermal and mechanical properties which consequently have an impact on the tribological aspects. In addition, the evolution of the properties of friction materials thus changes the extent of the contact zone which reorganizes the tribological circuit [START_REF] Österle | Chemical and microstructural changes induced by friction and wear of brakes[END_REF][START_REF] Sellami | Study of the interaction between microstructure, mechanical and tribo-performance of a commercial brake lining material[END_REF][START_REF] Dufrenoy | Methodology Linking Formulation, Microstructure and Mechanical Properties of Friction Materials[END_REF]. For these reasons, and as it has already been shown in the literature [START_REF] Mann | Relation between mechanical behavior and microstructure of a sintered material for braking application[END_REF][START_REF] Sellami | Study of the interaction between microstructure, mechanical and tribo-performance of a commercial brake lining material[END_REF][START_REF] Fan | Microstructure and tribological properties of advanced carbon/silicon carbide aircraft brake materials[END_REF][START_REF] Baklouti | Relationships between the heterogeneous microstructure, the mechanical properties and the braking behaviour of an organic brake lining material[END_REF][START_REF] Libsch | Microstructural changes in semimetallic disc brake pads created by low temperature dynamometer testing[END_REF][START_REF] Serrano-Munoz | Evolution in microstructure and compression behaviour of a metallic sintered friction material after braking[END_REF] , the triptych "microstructure-properties-solicitations" is the key to better understand the phenomena resulting from braking. However, some important matters have not been elucidated such as the impacts of the thermal stress and mechanical stress on the evolution of the microstructure which induces undoubtedly changes in physical properties. Indeed, research with interrupted braking tests has shown that mechanical behaviors had evolved after a certain number of braking strokes [START_REF] Mann | Relation between mechanical behavior and microstructure of a sintered material for braking application[END_REF]. More precisely, the virgin material showed a higher elasticity than the used material with a Young's modulus ratio of around 4. Furthermore, the permanent deformations were important on the material having experienced a certain number of brake strokes. The predominance of the triptych "microstructure-properties-solicitations" was also considered in another point of view, some studies have shown that the formulation process has impact on the mechanical behavior evolution, which probably due to the change in microstructure [START_REF] Mann | Relation between mechanical behavior and microstructure of a sintered material for braking application[END_REF][START_REF] Sellami | Study of the interaction between microstructure, mechanical and tribo-performance of a commercial brake lining material[END_REF][START_REF] Dufrenoy | Methodology Linking Formulation, Microstructure and Mechanical Properties of Friction Materials[END_REF]. The evolution of the microstructure and its relationship with the overall mechanical behavior of the material at the end of the manufacturing process was later reported by Serrano-Munoz et al. [START_REF] Serrano-Munoz | Evolution in microstructure and compression behaviour of a metallic sintered friction material after braking[END_REF]. A first link was established between the microstructure and the local properties of the material. Different mechanisms have been identified such as an increase in the density of microcracks under increasing load, and a diffusion of carbon content in the material. Nevertheless, all these previous studies have been carried out post mortem following braking solicitations on scale 1:1 test bench without knowing the separate effects of decoupled solicitations. It is therefore necessary to control the thermomechanical stress in order to clarify the evolution criteria with the mechanical properties on the one hand and the microstructure on the other hand.

In the present study, simplified experimental approaches inspired by the braking sequence have been proposed. In these approaches, physics is decoupled to better understand the impact of different solicitations on the evolution of material. The considered braking material is a commercial complex composite with more than nine different components, which is mainly composed of a sintered metal matrix composite with graphite and ceramic inclusions, called as simplified semi-metallic brake-pad material. The evolution of material microstructure is characterized by scanning electron microscopy coupling with energy-dispersive X-ray spectroscopy and X-ray microtomography for the surface and 3D structure, respectively. Sequentially, the obtained results are discussed by associating with the evolution of mechanical properties with attempt to elucidate their relation and thereafter, the mechanism of friction material evolution during the real braking sequence. The mechanical properties were characterized by a compressive test combined with a digital Image correlation in order to reveal the strain field.

II. Materials

The friction material used in this study is derived from an industrial formulation for high energy railway brake which was provided by FLERTEX SINTER company. It has a simplified formulation composed of nine components as shown in the Table 1. It could be considered as a metallic matrix composite of Fe and Cu-based, which contains particles of graphite, ceramic and a small percentage of lubricant particles. Information details of some of the components cannot be disclosed due to a confidentiality agreement. The manufacturing process is composed of powder mixing, compression molding and sintering in furnace up to 1100°C under reduced atmosphere during almost eight hours before cooling down in nitrogen for nine hours at room temperature and cutting in piece. A metallographic specimen preparation procedure has been performed for the microstructure observation by Scanning Electron Microscope. The process consisted of rough and fine grinding from P320 down to P4000 grit paper, it was completed by a fine polishing process on cloth using diamond particle suspension of 3 μm. The whole process has been carried out without water to avoid the oxidation of metallic matrix.

Figure 1 shows the microstructure of the reference material, the observed surface is the cross-section which is in the plane of the applied load during the compression molding. the metallic matrix is presented as different contrast level, bright contrast for Cu phase and dark contrast for Fe phase. Two ceramics components have been also highlighted by different contrast levels with particle size less than 300 μm which were embedded together with graphite in the metallic matrix. The porosity of the reference material (RM) is noticeable due to some voids existing in graphite 2 and also in the interface between the matrix and particles. The complexity and heterogeneity of porosity distribution within material has been investigated in 3D by using X-ray microtomography. Its mesoscale porosity in volume has been also reported as 14% measured by the Archimedes method [START_REF] Dufrenoy | Methodology Linking Formulation, Microstructure and Mechanical Properties of Friction Materials[END_REF][START_REF] Serrano-Munoz | Evolution in microstructure and compression behaviour of a metallic sintered friction material after braking[END_REF].

In order to reveal the microstructure of metallic matrix Fe phase, the common chemical etching process for carbon steel has been applied. The sample has been soaked in the Nital solution of 4% (4% of HNO3 and 96% of ethanol) for five seconds. The microstructure of RM after chemical etching process has been illustrated in the Figure 2. In the high-resolution BSE image, pearlite structures located inside Fe grain and rich-C phase aggregated at the interface have been revealed which are results of the diffusion of carbon from graphite and carbide particles into the Fe matrix during the sintering. 

III. Material preparation and characterizations

III.1. Methodology

Without friction, simplified braking sequence could be considered as thermomechanical solicitation including thermal and mechanical solicitations. In order to highlight the effects of temperature gradient, compressive and thermomechanical solicitations on the material evolution, two experimental approaches including thermal gradient test and hot-compression test are carried out. Indeed, thermal solicitation represented as thermal gradient created at contact points between brake pad and disk, which varies from 300 to 500°C for normal braking sequence. The maximum temperature could raise to 1000°C for emergency braking situation but only temperature range in ordinary case is considered in this work. On the other hand, in the normal braking sequence, mechanical solicitation represented as compressive stress applied on the brake pad which has value around 3-5 MPa. In this work, a compressive stress of 20 MPa has been setting up in thermomechanical test due to the limitation of the compression machine which cannot set a compressive load lower than 30 kN. However, using an excessive load has advantage that could amplify the response of material under mechanical loading.

III.2. 1 st material preparation: thermal solicitation

Cubic sample 20x20x20 mm 3 (referenced as TS) with representative macroscopic behavior was extracted from the brake lining as shown in Figure 3 

III.3. 2 nd material preparation: thermomechanical solicitation

The second experimental approach i.e. thermomechanical solicitation test is a compressive test under temperature gradient. The sample (referenced as TMS)

experienced the same temperature gradient as TS while being uniaxially compressed.

The dimension of sample is 40x40x20 mm 3 as presented in Figure 5(a). As mentioned before, the minimum applied load of the machine is 30 kN, for that reason, the sample dimension including the contact surface was adjusted to ensure the compression stress of 20 MPa. Same protocol using in thermal solicitation experiments was applied for creating a temperature gradient and the temperature of the material and the support were monitored by thermocouples. The steel support was placed on bottom compressive plate after heating up to 900°C in furnace. Insulator films were used as lining layer for protection and also for limiting the thermal conduction towards the compressive plates. By contacting with the support, the temperature of sample increased as shown in Figure 6(a), after that, the compressor was setting up and the upper compressive plate was going down towards the sample in Z direction. When the upper plate touched the sample, the temperature of the top part decreased immediately due to the thermal conduction, meanwhile, the temperature of bottom part increased due to the tighter contact with the support. The compressive time was fixed at two minutes which is the same as experimental time in the thermal solicitation test.

Same as the previous test, the temperature of the material and the support were monitored by thermocouples. Slightly different from the previous experiment, the temperature during experiment slowly decreased due to the higher thermal loss.

However, the temperature within the sample still remained from 400 to 540°C.

Temperature gradients were calculated in Figure 6 Image Correlation (DIC) analyze are conducted after with YADICs software [START_REF] Bodelot | Experimental study of heterogeneities in strain and temperature fields at the microstructural level of polycrystalline metals through fully-coupled full-field measurements by Digital Image Correlation and Infrared Thermography[END_REF], which has been developed in our local platform. A Q4-DIC technique was chosen to determine the displacement fields. The optical flow method was used with a size mesh of 16 pixels, a median filter of (±)5 pixels, and a pyramidal filter sequence to find the optimal transformation [START_REF] Besnard | Finite-Element" Displacement Fields Analysis from Digital Images: Application to Portevin-Le Châtelier Bands[END_REF]. From the obtained displacement fields, the strain fields were determined. The elastic strain was obtained by a correlation between the loading state in the second cycle (image 3) and the unloading state (image 4), which are indicated in the test profile in Figure 8. The residual strain was determined by a correlation between the reference picture (image 0) and the picture captured after the last cycle unloading (image 6). The DIC results was extracted using a mask (Figure 8(a)) for avoiding the edge effect and also for the strain localization analyzing [START_REF] Réthoré | Experimental investigation of localized phenomena using digital image correlation[END_REF]. to investigate the separate effect of the compression solicitation on the RM. In the second test, the limit of compressive loads has been increased to 30 MPa in order to amplify the response of materials as well as their evolutions under the mechanical solicitation.

III.4.2. Microstructure analysis

For microstructure analysis, the X-ray microtomography characterization was performed in laboratory X-ray micro-tomography platform ISIS4D-In Situ Innovative

Set-Ups under X-ray microtomography [START_REF] Limodin | In Situ Innovative Set-Ups under X-ray microtomography[END_REF], using a computed tomography system Ultra Tom from RX Solutions. A micro focus tube was employed with a 200 kV acceleration voltage and a filament current of 90 μA. Specimens were placed on the rotating stage between the X-ray source and a flat panel detector of 1874x1496 pixels.

A set of 1440 radiographs were taken (6 average radiographs by angular position) while the sample was rotated through 360° along its vertical axis.

Characterizations were performed after the strain localization analyzing on samples with same dimension (20x20x20 mm). Due to this geometry, the scanning resolution was limited as 1 voxel = 22.25 μm, a resolution sufficient for graphite inclusions characterization (size > 100 μm). Characterization of graphite through 3D image analysis was performed using Avizo [START_REF]Zentrum für Informationstechnik Berlin) and VSG[END_REF] and ImageJ [START_REF] Schindelin | Fiji: an opensource platform for biological-image analysis[END_REF]. A median filter was applied to reduce image noise. Graphite segmentation was achieved with a simple threshold of grey levels by selecting the minimum and maximum values as shown in Figure 9(a).

From the segmentation analysis, the volume fraction of graphite is 28.6%. The 

IV. Results

IV.1. Evolution of the mechanical properties

Strain-stress curves in z-direction

The stress-strain curves obtained from first series of compression tests with load 20 MPa are presented in Figure 10. Note that the stress-strain curve of each sample has five loops corresponded to the five cycles of compressive test. RM and TS have similar mechanical behavior that exhibits five main stages:

-At B1, the curve is perfectly linear due to the elasticity, which is followed by yielding stage (B2) cause by the plasticity starts at 15 MPa stress level.

-B3 stage corresponds to the switching from loading to unloading -B4 is unloading stage, which is followed by loading stage (B5). The stiffness in unloading stage is smaller than in loading stage leading to a hysteresis loop.

The stress-strain curves were mainly characterized by three different quantities which were measured as shown in the inset: Δεplastic is the global plastic strain value measured on the first loop, Δεelastic is the global elastic strain measured on the fifth loop, and Δεh is the largest width of the hysteresis loop. These quantities for two series of compressive tests are gathered in Table 2. The stress-strain curve of TMS also has five main stages which are indicated as A1, A2, A3, A4 and A5. However, the form of its stress-strain curve is different to other which exhibits through two significant points:

-The yielding stage of TMS (A2) is insignificantly as compared to other, which exhibits through a smaller Δεplastic (Δεplastic of TMS = 0.075% as compared to 0.247% of RM) -Smaller hysteresis loop (Δεh of TMS = 0.063% as compared to 0.106% of RM)

In the second series of compression tests, an important evolution in global plastic strains is noticed on the stress-strain curves obtained at 20 MPa (Figure 11). While Δεplastic of TMS slightly reduced from 0.075% to 0.043%, significant reductions of TS and RM's Δεplastic are revealed (0.275% to 0.052%, and 0.247% to 0.06%, respectively). Despite the significant change in residual strain values, the hysteresis loop and global elastic strains were not affected much. 

Strain map in z direction obtained by DIC analysis

Figure 12 shows the elastic and residual strain fields in z-direction at 20 MPa in the first series of compressive tests. The DIC analysis were conducted on the outer side face of the three samples. At first glance, in both elastic and residual strain, the strain fields distributed heterogeneously with the presence of many horizontal strain lines,

where the strain values are more important. These distributions probably depend on the microstructure of material. The average strain values were also noted in the figure for each sample as 𝜀 𝑧𝑧 ̅̅̅̅. Note that, differs from the plastic strain value, the elastic strain has positive value since it was calculated from the unloading step. As results, 𝜀 𝑧𝑧 ̅̅̅̅ of RM and TS are close which are greater than that of TMS. It means that the mechanical behavior of TMS is different from the other two samples. This evolution highlights an increase in stiffness of the material. 

Superposition of strain field on the microstructure

The superposition of strain fields on the microstructure have been performed in order to clarify the particular contribution of these components in deformation. Figure 14 shows the face one (indicated in Figure 7), exposed side face during experiment, of TMS. The strain localizations are visually concentrated in the sample center and have almost the same position as the alignment of graphite particles. However, it is difficult to evaluate the effect of graphite on the strain distribution with only the surface observation. For that reason, the X-ray microtomography is considered in order to reveal the graphite distribution in the material structure. The characterization was conducted on the whole three samples, however, for the sake of simplicity, only results on TMS sample is presented. Graphite particles were highlighted in the 3D reconstructed model and superposed on the strain fields as illustrated in Figure 15(b) and (c), respectively. By this superposition, we can conclude that the strain lines were initially formed at locations with high graphite density such as graphite cluster in case of TMS. The propagation of these lines was favorized by the link between graphite inclusions in the structure. Same strain mechanism was observed in the three samples which is also the common behavior reported for sintered metallic with graphite inclusions and compacted graphite cast irons [START_REF] Mann | Relation between mechanical behavior and microstructure of a sintered material for braking application[END_REF][START_REF] Sjögren | Analysing the Deformation Behaviour of Compacted Graphite Cast Irons Using Digital Image Correlation Techniques[END_REF]. 

IV.2. Evolution in microstructure

Morphology

The evolution of morphology due to solicitations was characterized by observing the outer side face before and after experiments. Note that, the observation after the experiment have been conducted before series of compressive test and without any surface preparation. Figure 16 compares the BSE image of TS sample before and after experiment. There is no major change in morphology on sample surface was remarqued except the difference in contrast of metallic matrix and ceramics inclusions due to the surface oxidation. Indeed, the different oxidation state of different components at the surface along the depth of samples has been figured out, which strongly depends on the applied temperature gradient. The surface evolution due to thermal solicitation is very interesting for the abrasion of friction material, however, since the friction is not taken into account in this simplified model, thus surface oxidation behavior would not be discussed further in this article. Defaults and cracks in some graphite particles are indicated.

In case of TMS, beside the surface oxidation as observed on TS, some plastic deformation in graphite were discovered on the strain lines. Figure 17 compares the microstructure revealed on the outer face of TMS before and after experiment. First image demonstrates the appearance of cracks within the graphite inclusion after experiment. In the second image, a cleavage has been noticed in graphite inclusion.

These cracks propagated in horizontal direction which is perpendicular to the compressive direction.

Segregation of carbon in Fe phase

Besides the morphology, the redistribution of carbon in the Fe phase is also considered as a key factor in microstructure evolution of material which has important impact on the mechanical properties of steel in particular, and of metallic matrix in general. For that reason, this phenomenon is expected to occur at the locations of the deformation where the evolution of mechanical properties is the most important. The chemical elements analysis with EDS strongly depends on the condition of the material surface, thus the analysis is easily perturbed by experimental conditions like oxidation, contamination by other species, etc... For that reason, this analysis has been conducted on the inner side faces of samples, which were not exposed during experiment. In case of TS sample, the characterizations were conducted after removing the oxidized outer surface by polishing. In case of TMS, the characterizations were conducted on the face 2 of the extracted cube (indicated in Figure 7).

In order to reveal the strain field, a compression test at 20 MPa has been performed

with DIC regarding the characterized surface. Figure 18 describes the process has been conducted on TS and TMS samples. Based on the strain map obtained by DIC, an area situated on the strain lines was chosen and located in SEM by superposing the 2D strain field on the tomography slice. In this area, two Regions of Interest (ROI) in the metallic matrix connecting the graphite inclusions, ROI 1 and ROI 2, were selected for the characterization. Since carbon could not be characterized by EDS, an etching process for carbon steel with Nital 4% has been applied on the surface to reveal the distribution of C-rich phase. 

V. Discussions

From the compressive tests, RM and TS samples shows almost the same elastic and plastic deformation characteristics, which demonstrates the same mechanical behavior. Indeed, the applied temperature gradient of 145°C caused different oxidation state at the surface depending on the temperature. However, the maximum solicited temperature around 540°C is much lower than the minimum temperature required for any phase transformation in metallic matrix of Cu-based and Fe-based. Moreover, the short experimental duration is also an important factor that keeps the interior microstructure remained unchanged or the evolution is insignificant for causing any evolution in mechanical behavior. That explains why the strain profile still remains almost identical to that of RM, for both the distribution and the intensity. It means that the considered thermal gradient have no effect on the mechanical properties of material.

Besides, the separate effect of mechanical solicitation on the mechanical properties is also figured out by compare the mechanical behavior of RM in the second series of compressive tests and TMS in the first series. Obviously, in the second series, the elastic strain as well as the residual strain of RM decreased as compared to the first series due to the failure of material caused by high compression loads. However, it is obviously that the way materials evolve after separate compression solicitation is completely different to the evolution tendency of TMS. For that reason, it can be concluded that thermal and mechanical component in thermomechanical solicitation have complex and relevant effect on the deformation behavior of material.

Indeed, TMS exhibits an evolution in mechanical properties with a totally different behavior in both elastic and plastic deformation. Actually, in addition to the important influence on the friction coefficient [START_REF] Zhang | Effect of graphite type on the contact plateaus and friction properties of copper-based friction material for high-speed railway train[END_REF], graphite components also play a dominant role in the compressive behavior of compacted graphite cast iron especially the plastic one, due to their lamellar structure and their important size as compared to other species [START_REF] Mann | Relation between mechanical behavior and microstructure of a sintered material for braking application[END_REF][START_REF] Serrano-Munoz | Evolution in microstructure and compression behaviour of a metallic sintered friction material after braking[END_REF]. Strain and fatigue cracks propagation are consequently derived by the graphite inclusions shape and orientation, which are oriented in planar direction [START_REF] Dufrenoy | Methodology Linking Formulation, Microstructure and Mechanical Properties of Friction Materials[END_REF][START_REF] Hosdez | Fatigue crack growth in compacted and spheroidal graphite cast irons[END_REF]. In this work, it was confirmed by the microtomography analysis, furthermore, the link between graphite inclusions seems to be the guide line for deformation mechanism propagation. As observed in the normalized elastic strain profile illustrated in Figure 12, the strain values revealed outside of the deformation line are almost the same in three samples, which indicate strain values from 0 to 0.2%. However, the deformation on the strain lines varies from 0.8 to 1% for the RM, TS and from 0.3 to 0.5% for the TMS. Or said differently, the important difference of strain values which exhibits an evolution of deformation behavior, was revealed only on the strain lines. It means that the thermomechanical solicitation caused an evolution within the material structure situated on the deformation line including graphite inclusions and metallic matrix.

As reported in literature, the elastic modulus of Fe-Cu alloy matrix is around 100 GPa under compression charge of 20 MPa, which is one order of magnitude higher than the one of graphite inclusions (~10 GPa) [START_REF] Pierson | 5 -Molded Graphite: Processing, Properties, and Applications[END_REF]. Obviously, the deformation behavior of material probably is dominated by graphite behavior, especially the plastic deformation. For that reason, it is logic that the difference of residual strain values for compressive load higher than 20 MPa observed in Figure 13(b) is mostly due to an evolution of graphite microstructure, which was caused by thermomechanical stresses. It could be explained by the mechanical failure occurs by brittle fractures (Figure 17) or shear cracks on the basal planes of graphite. Note that under the effect of temperature, the dilatation and oxidation of material especially metallic matrix also has to be taken into account which caused a residual expansion of volume about 1% [START_REF] Omanda | Performances de garnitures frittées métalliques à basse teneur en cuivre pour les applications de freinage ferroviaire haute énergie[END_REF]. It means that beside of the external stress, graphite inclusions were also experienced internal stresses caused by Fe-Cu-based alloy. Moreover, since the thermomechanical test having principle similar to a sintering-like process, the densification of material is inevitable, which mostly increased the cohesion between components and reduced the porosity of material, especially in porous component like graphite. In fact, since the material is stored in atmospheric condition, there is always water present in the open and closed pores of the material which probably hinders the plastic deformation under compressive solicitation at room temperature. Thanks to the applied temperature, the water remained in pores of graphite was evaporated, which caused a reduction of 0.16 wt.% of sample after thermomechanical test. This phenomenon consequently facilitated the porosity reduction under compressive solicitation. As long as the porosity of graphite was reduced, the suction cup phenomenon was also reduced, which is considered as the cause of the nonlinear unloading response in the strain-stress curve [START_REF] Serrano-Munoz | Evolution in microstructure and compression behaviour of a metallic sintered friction material after braking[END_REF]. This conclusion explains the smaller Δεh of TMS as compared to other in the first series of compressive tests.

However, the evolution of graphite is not enough to explain the mechanical properties evolution expressed through the difference in the elastic behavior. While the plastic behavior was mainly contributed by the graphite component, the elastic behavior also exhibited the important contribution of Fe-Cu alloy matrix, especially the metallic parts connecting graphite particles in the deformation line. To explain the evolution of metallic matrix, the segregation of solute carbon in low-carbon steel is considered which certainly occurs under the effect of thermomechanical solicitation, even in short experimental duration [START_REF] Speich | Tempering of steel[END_REF]. As same mechanism as strain-aging of steel, carbon atoms in martensitic steel can redistribute themselves towards the phase interface or grain boundaries through the motion of dislocations. Certain interstitial lattice sites near these defects provide lower energy sites for carbon than the normal interstitial lattice positions. The more complex the steel structure is, the more important effect of temperature is, for increasing the atoms mobility. The segregation of carbon was followed by the precipitation of carbides presented at the interface as illustrated in Figure 20. Because of these precipitates, the motion of these interstitial atoms through dislocation produces a stabilizing effect, which required a stronger solicitation to cause subsequent deformation. In others words, the mobility of dislocation is inhibited by the precipitation or solute cluster formation of carbon [START_REF] Wilson | Effects of strain ageing on fatigue damage in lowcarbon steel[END_REF][START_REF] Wilson | The contribution of atmosphere locking to the strainageing of low carbon steels[END_REF]. As consequence, the stiffness of solicited areas had improved with decreasing of ductility and toughness. This explanation consistent with the higher elastic modulus of TMS expressed in Figure 13.

VI. Conclusions

An original experimental approach with decoupled physics was developed for investigating the evolution of material under thermomechanical stresses caused by braking sequence. In particularly, the evolution of mechanical properties and its relationship with microstructure were considered.

The experimental conditions were inspired by a real braking sequence. A temperature gradient from 400°C to 540°C was applied for thermal solicitation, and a compressive load at 20 MPa was considered as mechanical stress with an experiment time of two minutes, equivalent to the time of one braking stroke. Based on the deformation behavior characteristics, the considered thermal and mechanical solicitation have no separate effect on the mechanical properties of the material. The only evolution of mechanical behavior is due to the combined thermomechanical solicitation, which increases the hardness of friction material. From the strain field analysis, the evolution took place on the strain localizations, which strongly depend on the distribution of graphite inclusions in the microstructure. The change in mechanical behavior was induced by the local microstructure evolution. Indeed, thermomechanical stresses caused the densification of the graphite in normal direction, this structural change could induce some shear cracks in the basal plane if the compressive load is sufficient.

In terms of metallic matrix, the segregation of carbon in steel was investigated as reason for the increase in stiffness.

However, the segregation of carbon is just qualitative proved in this work, for a quantitative analysis, further characterization with technique suitable for carbon quantification like time-of-flight secondary ion mass spectroscopy or wavelengthdispersive X-ray spectroscopy is required. Furthermore, other plastic deformation probably occurs in metallic matrix under thermomechanical stresses which relates to the grain texture, especially crystallographic orientation, dislocations movement. To confirm that, the local microstructure characterization with Electron backscatter diffraction technique should be taken into account, which will be presented in our further work.

Figure 1 :

 1 Figure 1: Microstructure of RM from the cross-section view. a) Secondary electrons image at low resolution, b) Backscattered electrons at higher resolution. As observed in the Secondary Electrons (SE) image (Figure 1(a)), two type of graphite with different particle size are noticed, graphite 1 with small size: 100-600 μm, and graphite 2 with bigger size: 400-1100 μm. Graphite 2 are almost oriented in planar direction due to the compression molding applied along the height direction during the manufacturing process. In the Back-Scattered Electrons (BSE) image in Figure 1(b),

Figure 2 :

 2 Figure 2: (a) Microstructure of RM from the cross-section view after chemical etching process; (b) BSE image at low magnification; (c) pearlite structures have been revealed in Fe phase after the chemical etching process with Nital 4%.

  (a). In order to track the temperature distribution within the material during the experiments, three thermocouples were attached to the side faces of the sample as indicated in Figure3(b). These thermocouples (top, mid and bottom) are equally spaced 5 cm in vertical (z-axis) and their measuring points are 10 mm deep inside the material. To reproduce the thermal gradient observed during braking sequence, the sample is heated by contacting with a hot steel support considered as heat source, which was heated up before in furnace to 900°C. The temperature of the support was also monitored by a thermocouple. By this approach, a temperature gradient was generated by thermal conduction in z direction. The experimental duration was set for two minutes since the sample was completely in contact with support which corresponds to the duration of the real braking action. The temperature measured by the thermocouples are plotted as function of time in Figure4(a). Indeed, the temperature of support decreased gradually. Otherwise, the temperature of sample increased while contacting with the support and saturated at maximum after one minute (TTOP max = 523°C, TMID max = 473°C and TBOT max = 394°C). After 2 minutes, the sample was removed from the contact and cooling down naturally in air. The temperature measured at bottom thus decreased dramatically while the temperature at top increased, and the temperature became homogeneous within the material. Two temperature gradients were calculated and illustrated in Figure4(b), including ΔT1 = TBOT -TTOP, and ΔT2 = TBOT -TMID. A maximum temperature gradient of 160°C along depth of the sample was attained after 30 seconds.

Figure 3 :

 3 Figure 3: Schema of sampling from the brake lining: RS, TS and thermomechanical solicitated sample (TMS); (b) Schema and dimension of TS.

Figure 4 :

 4 Figure 4: Experimental conditions for TS: (a) Temperature measured by inserted thermocouples, three different signals correspond to different position on the sample (top, middle and bottom). (b) The temperature gradient calculated from (a).

  (b). The maximum temperature gradient of 145°C along the depth of sample was achieved rapidly after the sample was compressed. After two minutes, the sample was removed from the machine and cooling down naturally in air. A cube sample with dimension of 20x20x20 mm 3 was extracted for the characterization later (Figure7). Two different side faces are indicated, face 1 is the outer face which was exposed during the experiment, and face 2 is the inner face which was unexposed.

Figure 5 :

 5 Figure 5: Schema of (a) the sample with dimension of 40x40x20 mm 3 , and (b) experimental setup: the sample and the support were placed on the bottom compressive plate for a compressive test in Z direction.

Figure 6 :

 6 Figure 6: Experimental conditions for TMS: (a) Temperature measured by inserted thermocouples, three different signals correspond to different positions on the sample (top, middle and bottom). (b) The temperature gradient calculated from (a).

Figure 7 :

 7 Figure 7: Cubic sample with dimension of 20x20x20 mm 3 was extracted from the TMS sample for the characterization. Two different side faces are identified: face1-outer side face, face 2: inner side face.III.4. Characterization methodsIII.4.1. Mechanical properties characterizationIn order to characterize the mechanical properties of the different samples after the preparation, compressive tests were carried out in room temperature. The uniaxial compressive tests have been performed on cubic samples (20x20x20 mm 3 ) in z axis by using an INSTRON-5500 compressive machine equipped with load sensor of 100 kN. The machine consisted of two rigid plates allowed compressive load at a low strain rate of 0.01 mm/s. The parallelism of two compressive plates was calibrated before the test by adjusting the ball joint of upper plate in free-sample compressive test. The top and bottom surfaces of samples have been rectified to ensure a parallelism less than 15 μm. The compressive test was established with successive load levels applied to the same sample. Five cycles at the same load level were carried out in order to investigate loading accommodation of the material as presented in the Figure 8(b). A low preload (0.35 MPa) was applied before each load level to stabilize

Figure 8 :

 8 Figure 8: (a) Observation surface of the sample during the DIC test which is covered by speckle pattern and the analyzing mask. (b) The profile of the compressive test, preload before the test is 0.35 MPa. Two series of compressive tests have been carried out on three sample: RM, TS and TMS. The first series has been conducted from 5 to 20 MPa. Second compressive test series from 5 to 30 MPa has been performed consecutively after the first one in order

  equivalent diameters i.e. DEq = √(6 × 𝑉𝑜𝑙𝑢𝑚𝑒3𝐷) 𝜋 ⁄ are calculated in order to consider the particle size distribution. As shown in Figure 9(b), 95% of analyzed graphite inclusions have DEq less than 200 μm which correspond to the size of the graphite 1. The Feret angles, which indicates the orientation of Feret diameter of graphite particles, are revealed in Figure 9(c). As result, most of graphite has angle of 90°, or differently said, the most of graphite inclusions is oriented in xy plane.

Figure 9 :

 9 Figure 9: (a) Graphite segmentation in RM; (b) the equivalent diameter and (c) the Feret angle φ of graphite inclusions.

Figure 10 :

 10 Figure 10: Stress-strain curves in normal direction (z axis) obtained from DIC analyze for RM, TS and TMS at 20 MPa stress level.

Figure 11 :

 11 Figure 11: Stress-strain curves in normal direction obtained from second compressive test for RM, TS and TMS at 20 MPa stress level.

Figure 12 :

 12 Figure 12: DIC maps of the normal elastic strain and residual strain ( 𝜀 𝑧𝑧 ̅̅̅̅ expressed in %) for RM, TS and TMS. The elastic modulus calculated from the average elastic strain in both series of compressive tests are plotted as function of compressive stress in Figure 13(a). In the first series, the elastic modulus decreased significantly more than half of value when the compressive stress increased from 5 to 20 MPa. RM and TS have almost the same elastic modulus, except the point at 5 MPa. However, the elastic modulus of TMS is much higher (almost double). In the second series, the variation of elastic modulus as function of compressive load reduced but still kept the same tendency. Moreover, the elastic modulus of the three samples were also reduced as compared to the first one. It is probably due the plastic deformation of material caused by the first compressive tests series which have been noticed from the significant change of Δεplastic between two series. Considering the plastic deformation, Figure 13(b) shows the average residual strain values as function of compressive stress. Noticeably, in the first series, RM and TS have almost the same strain value, which are much higher than the one of TMS. In the second series, for the compressive load from 5 to 20 MPa, residual strain values of

Figure 13 :

 13 Figure 13: (a) Mean elastic modulus and (b) mean residual strain in vertical direction as function of compressive load for RM, TS and TMS during the two compressive tests.

Figure 14 :

 14 Figure 14: (a) Outer face view (face 1) of TMS; superposition of normal (b) elastic and (c) residual strain fields at 20 MPa on the microstructure.

Figure 15 :

 15 Figure 15: Graphite analysis by X-ray microtomography: (a) raw data; (b) graphite segmentation in 3D, graphite cluster is indicated; (c) superposition of strain field profile at 20 MPa on the thresholded graphite profile.

Figure 16 :

 16 Figure 16: Microstructures of TS on the outer surface at before and after experiment.

Figure 17 :

 17 Figure 17: Microstructures of TMS on the outer surface at before and after experiment.

Figure 18 :

 18 Figure 18: Characterization process conducted on (a)TS and (b)TMS sample. (i)The normal elastic strain map collected at compressive stress 20 MPa. An area of deformation was selected as region of interest; (ii) Corresponded microstructure reconstructed by X-ray tomography and (iii) Zoom out of the ROI: two areas of metallic matrix, which connect the graphite particles, were selected for the analysis.

Figure 19 and

 19 Figure19and Figure20show the microstructures taken in ROIs of TS and TMS, respectively, after the etching process, with the corresponded EDS cartographies. In the EDS images, the C-rich phase in Fe matrix represents as dark contrast parts which were not attacked by Nital. At the first glance, for both TS and TMS, the distribution of carbon in the Fe phase are quite similar to that observed in the RM (Figure2) with some local pearlite structure and rich-C phase aggregated at grain boundaries or interface. However, in case of TMS, the presence of rich-C phase at the interface with cooper (light contrast area) seems to be denser. It means that is possibly a segregation of C toward the interface due to the thermomechanical stress.

Figure 19 :

 19 Figure 19: Microstructure of TS focus on the metallic part of (a) ROI 1 and (b) ROI 2. (i) EDS images and (ii) corresponded EDS cartographies. Rich-C phase and pearlite structure in Fe matrix are indicated.

Figure 20 :

 20 Figure 20: Microstructure of TMS focus on the metallic part of (a) ROI 1 and (b) ROI 2. (i) EDS images and (ii) corresponded EDS cartographies. Rich-C phase in Fe matrix are indicated.

Table 1 :

 1 Compositions of reference material

	Main components	Mass (%)	Particles size
	Metallic matrix	70	Fe and Cu powders: < 100 μm Lubricant particles
	Graphite 1 Graphite 2	20	100-600 μm 400-1100 μm
	Ceramic 1 Ceramic 2	10	100-300 μm

Table 2 :

 2 

	Series N o	Sample	Δεplastic (%)	Δεelastic (%)	Δεh (%)
	First series	RM	0.247	1.217	0.106
		TS	0.275	1.183	0.095
		TMS	0.075	1.175	0.063
	Second series	RM	0.060	1.253	0.083
		TS	0.052	1.221	0.078
		TMS	0.043	1.219	0.059

The global plastic strain Δεplastic, the global elastic strain Δεelastic and the largest width of the hysteresis loop of RM, TS and TMS samples which were measured on the stress-strain curves obtained from the compressive tests at 20 MPa.
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