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Friction materials for braking applications are complex composites made of many 5 components to ensure the various performances required (friction coefficient level, low wear, mechanical strength, thermal resistance, etc.). The material is developed empirically by a trial and error approach. With the solicitation, the material evolves and probably also its properties. In the literature, the mechanical behavior of such materials is generally considered as linear elastic and independent of the 10 loading history.

This paper describes a methodology to characterize the mechanical behavior of such a heterogeneous material in order to investigate its nonlinear mechanical behavior. Results from mechanical tests are implemented into material laws for numerical simulations. Thanks to the instrumentation, some links with the mi15 crostructure can also be proposed.

The material is made of a metallic matrix embedding graphite and ceramic particles and is manufactured by sintering. It is used for dry friction applications such as high-energy brake for trains, cars and motorcycles. Compression tests are done with digital image correlation (DIC) to mesure full-filled displacement. It 20 allows to calculate strain fields with enough resolution to identify the material heterogeneity and the role of some of the components of the formulation. A behavior model of the material with plasticity and damage is proposed to simulate the nonlinear mechanical behavior and is implemented in an FEM code.

Results of mechanical test simulations are compared with two types of experi-

ments showing good agreement. This method thus makes it possible to determine mechanical properties at a virgin state but is extensible for characterizing a material having been submitted to braking solicitations.

I. Introduction

The tendency of reducing the number of components and expanding vehicle performances leads to an increase of the energy dissipation of dry friction brakes. In the railway sector, the temperatures reached by the friction pair, disc and pad, could be very high, i.e. up to 1000 o C locally at the friction surface. Pad friction materials are complex due, on the one hand to these high temperatures, and on the other hand to the various key performance parameters that have to be achieved: high and constant tribological performances whatever the conditions; good wear resistance; high mechanical strength; low propensity to acoustic emissions; etc. These multiple requirements lead to composite materials including a large number of components (generally more than 10) with a metallic matrix to withstand very high temperatures.

The mechanical behavior of the friction material is important regarding its influence on the contact distribution, the tribological performances, the thermomechanical behavior, the dynamical behavior and consequently the squeal propensity, etc.

The mechanical properties of a material are usually determined by static compressive or dynamic tests, with samples machined in the pads [1]. The mechanical behavior is considered as either elastic, linear or non-linear according to its formulation. Sintered friction materials are generally deemed to be as linear elastic that is not necessarily verified [2]. A significant drawback is that these characterizations are done in a virgin state [START_REF] Wegmann | Relation between compressibility and viscoelastic material properties of a brake pad[END_REF][START_REF] Wegmann | Mechanical behaviour of friction materials using compression creep tests[END_REF][START_REF] Vianello | An improved approach to complex eigenvalue analysis of brake squeal including thermal effects[END_REF][START_REF] Panier | An experimental investigation of hot spots in railway disc brakes[END_REF]. However, loading levels are very high and necessarily lead to material modification and the evolution of properties. There is thus a need to develop a general method allowing characterization of mechanical properties with nonlinear behavior and for a variety of material states. This is the first motivation of this work.

The development of friction material for brakes is based on a trial-and-error methodology for the definition of material formulations by dyno tests due to the misunderstanding of the relationship between formulation and properties. But in recent contexts, this way to proceed is long and expensive and becomes less and less acceptable especially with the environmental and safety norms becoming increasingly restrictive. Efforts must be made to understand the link between the development and performances of the friction materials. It is therefore important to be able to link formulation and properties, that is the second motivation of this work.

From these considerations,it is necessary to develop new strategies of material 65 properties characterization to identify non-linear behavior that could be used in braking simulations and to get relationships with the microstructure. This is the aim of the present paper.

In the literature, numerous studies on pad design highlight the important role of mechanical properties. Minimal models or models based on the real geometry 70 using the finite element method have been developed to study the macroscopic parameters of the material, like the coefficient of friction, as well as mechanical and thermal properties [START_REF] Massi | Brake squeal : Linear and nonlinear numerical approches[END_REF][START_REF] Mbodj | Modeling of carbon/carbon composites under tribological solicitations[END_REF][START_REF] Hoffmann | A minimal model for studying properties of the mode-coupling type instability in friction induced oscillations[END_REF][START_REF] Triches-Jr | Analysis of brake squeal noise using the finite element method: A parametric study[END_REF]. It is clear that mechanical properties have an important role on contact pressure uniformity and consequently on the thermal distribution and tribological performances, on the stiffness of components and 75 consequently on the dynamic behavior, etc. Various techniques are used to characterize the material mechanical properties:

• compressive tests, generally performed on cubic, rectangular or cylindrical samples extracted from pads,

• dynamic characterization also often carried out by compression, 80 • ultrasonic measurements based on the relationship between the elastic modulus and acoustic wave propagation.

Using these techniques, a global value of the elastic modulus or in the best case, a bulk nonlinear behavior, is obtained. It might be a strong assumption to take into account a bulk elastic modulus considering that the behavior could be nonlinear.

85 But above all, the material is modified with the thermal-mechanical loading and consequently also its properties, and that is rarely considered in the literature. Finally, these characterizations give modulus values at the macroscale without any explanations of these results from the microstructure or components behavior observed during the tests. Note that one difficulty is the necessity to extract speci-90 mens from the pad, as the manufacturing process is very difficult to reproduce on small samples. Recently, studies have been performed involving the introduction of heterogeneities in friction material by using a homogenization technique [START_REF] Alart | Numerical study of a stratified composite coupling homogenization and frictional contact[END_REF][START_REF] Temizer | A multiscale contact homogenization technique for the modeling of third bodies in the contact interface[END_REF]. These first attempts are very promising but require experimental data of the geometry 95 and properties of the component material that are difficult to obtain.

The nonlinear and loading dependent behaviour of friction materials is one of the main drawbacks in current simulations on braking issues. In this work we propose a methodology to characterize these complex materials in terms of nonlinear behavior and to identify links with the microstructure. This methodology is 100 adapted to constraints of sample machining from pads and can be applied to the material before and after testing to investigate the behavior evolution. The proposed methodology involves incorporating digital image correlation (DIC) techniques during a specific compressive test. This technique gives information of displacement and strain fields at the microscale allowing connections between the global mechanical behavior and the corresponding mechanisms of heterogeneous materials [START_REF] Barbe | Intergranular and intragranular behavior of polycrystalline aggregates. part 1: Fe model[END_REF][START_REF] Barbe | Intergranular and intragranular behavior of polycrystalline aggregates. part 2: Results[END_REF][START_REF] Besnard | Finite-element displacement fields analysis from digital images: application to portevin-le châtelier bands[END_REF][START_REF] Rethore | Experimental investigation of localized phenomena using digital image correlation[END_REF][START_REF] Avril | Overview of identification methods of mechanical parameters based on full-field measurements[END_REF][START_REF] Seghir | A thermomechanical analysis of the localization process at the microstructure scale of a 316l stainless steel[END_REF][START_REF] Li | The effects of variable stress amplitude on cyclic plasticity and microcrack initiation in austenitic steel 610 304l[END_REF]. From the DIC results, a mechanical behavior model is established and implemented into material laws for numerical simulations. The paper is divided into three parts. First, the material and the test protocol are described, with specific details for the DIC sample preparation. A first test was 110 performed to validate the technique by comparison with strain gauges measurements. Tests with increasing loads were then performed to identify the non-linear material behavior and the relationship with micro-scale mechanisms thanks to DIC. In the last part, a nonlinear material behavior model identification approach is proposed. It was implemented in a FEM code and validated to be implemented 115 in braking simulations.

II.

Description of the material and the experimental methods

II.1. Presentation of the sintered material

The material studied in this paper is an industrial formulation of a sintered material for railway applications and its global composition is given in Table1. This material is obtained by compacting powders of components, before being sintered at high temperature (below the melting temperature of the constituents). It is clear that it has a very complex microstructure as shown in Figure 1, with components of different types and sizes. Moreover, according to Figure 1, the presence of porosities was confirmed, localized mainly within the graphite particles that are porous materials. Due to its microstructure, the sintered material has a non-symmetric behavior in tractioncompression. Furthermore, during braking, the sintered material of the pads is submitted to compressive loading onto the disc. The usual technique to characterize its behavior is through compressive tests. Conventional compressive tests are carried out with cylindrical samples having standardized dimensions. Since a flat sample surface is required when using the DIC, and the samples are directly extracted from braking pads that have a reduced thickness, it has been necessary to develop a specific test involving compression on cubic sample to characterize the behavior of the sintered material.

II.2.1 Compressive test and instrumentation

During the compressive test, the sample is placed between two rigid plates and submitted to a compressive load at a slow strain rate (0.01 mm/s).

To control the parallelism of the two plates used with this test, a compressive test without sample is made at 10kN plate against plate with a free ball joint at the upper plate. The ball joint is tightened when the maximum load is applied to reduce the parallelism default. An illustration of the test is presented in Figure 2.

The instrumentation includes a force sensor, a fiber optic light , and a Ximea camera (4 million pixels) to acquire data during the test necessary to the digital image correlation. Pictures taken with the camera during the test enable the identification of displacement fields which make it possible to determine the evolution of mechanical properties by DIC. The DIC consists to find the transformation between a 150 reference picture and a distorted one by analyzing the pixel displacement of an applied surface speckle pattern observed by the camera during loading [START_REF] Hild | Digital image correlation: from displacement measurement to identification of elastic properties-a review[END_REF]. For the DIC-analysis presented in this paper, the software YADICS [START_REF] Seghir | Yadics -digital image correlation 2/3d 615 software[END_REF] has been used.

To obtain DIC results independent of microstructure, an artificial texture is created with black paint in the background on which a surface speckle pattern was applied 155 with an airbrush on the surface observed by the camera. The painted spot size was approximatively 20 to 30 µm. The dimensions of the sample and camera lens gave the relation: 1 pixel = 5 µm.

II.2.2 Tested samples

The samples tested in this paper were directly machined from the pad with a 160 diamond wire. Due to the limited pad thickness in the normal direction and the necessity of a flat surface for the DIC, cubic specimens of 20 mm were extracted. Compared to the brake pad component sizes, the dimensions of the samples were chosen to establish a representative macroscopic behavior model of the sintered material.

165

To ensure the quality of the results, the preparation of the sample was controlled by reducing the parallelism error between the upper and lower surfaces. It was obtained after the sample extractions by iterative phases of cubic surface grinding and metrology control until an acceptable default is obtained (< 20 µm).

Note that the full-filed measurement given by DIC also makes it possible to 170 analyze the uniformity of the compressive loading on the surface. Two strain measurement techniques are used during the test:

• Two strain gauges were glued on the lateral sides on the sample in the compressive direction (grid size of 5 mm),

• The DIC technique with a speckle pattern applied on the front face of the 175 sample observed by the camera during the test.

This two ways of strain measurement are used with the first idea to compare the values of the two strain gauges to control the default parallelism, and secondly to compare gauges results with the Digital Image Correlation (DIC) mean strain value to validate the volume-related representativeness of the observed surface.

180

II.2.3 Test procedure

In order to evaluate the loading history effect in a sintered material sample extracted after manufacturing, a test procedure was made with different load levels applied to the same sample. The compressive load levels were directly extracted 185 from the railway braking application. The test sequence is given in Table 2. Several cycles were applied at each load level, and a preload was applied before each load level to avoid rotation of the sample at low load levels (0.3 MPa). The results section has been divided into two parts. Firstly, the different ways of strain evaluation were compared during a pre-test at a load level of 20 MPa applied on a separate sample. This part allowed an understanding of the stages in DIC to obtain the strain field and the validation of DIC results by comparison 195 with the gauges.

Secondly, results of the test sequence of In order to explain the different steps from the experimental test to the DIC results, a preliminary test in compression was done on a cubic sample at a single load level of 20 MPa. This pre-test was used to validate the DIC results in order to identify the mechanical behavior of the sintered material.

III.1.1 Strain gauge results

Figure 3 shows the evolution of the two gauges. For the first loading cycle, the two gauges don't have the same magnitude probably due to the impact of the parallelism defect although it is less than 20 µm. However for the following loading cycles, strain amplitudes on the lateral sample surfaces had close magnitudes, corresponding to a global uniform compression of the sample. The cycles were linear under compression and nonlinear during unloading. Such a hysteresis could be due to the viscoelasticity, or to a dissipative effect, or again to friction in the contact with the plates. Successive cycles exhibited an increase of residual strain that could be due to damage or creep effects. This will be discussed in the following. The gauges gave a mean strain value near 0.35% at 20 MPa that will be compared with the results of the DIC measurements in the following.

III.1.2 Creep and relaxation

Creep and relaxation tests have been performed and the results are illustrated in Figures 4 and5.

230

For the creep experiments, a compressive test at constant load on a cubic sample of 20 mm was performed during two hours at 5 MPa with a 2000 -N/min load speed at ambient temperature. Two strain gauges were glued to the lateral sides of the sample as previously explained.

235

During this test, any strain evolution appeared after two hours, indicating that there was almost no creep in the material at ambient temperature.

For the relaxation experiment, a compressive test at constant strain on a cubic sample of 20 mm was performed for twenty minutes with an initial pressure of 5 MPa, a load speed of 2000 N/min, and at ambient temperature. Two strain 240 gauges were glued onto the lateral sides of the sample.

During this test, 30 N of the 2083 N initially applied on the sample were lost in twenty minutes (1.44%). There was almost no relaxation for this material at ambient temperature. According to previous tests that have demonstrated the absence of creep and relaxation with this material at ambient temperature, pictures have to be chosen at specific times to obtain elastic and residual strain fields to determine the mechanical behavior of the material.

250

The elastic strain can be extracted during the unloading by a correlation between images 1 and 2 (2-1), as illustrated in Figure 6, in order to determine the elastic modulus. These pictures correspond to the last cycle of a load level. The DIC results are presented in Figure 7. On the left-hand side, the displace-255 ment field during the unloading of the last cycle at 20 MPa (2-1) is illustrated. By derivation of the displacement field, vertical, horizontal and local shear local strain could be determined. To the right, the corresponding vertical strain field during unloading is presented. Because the results were given for the unloading of the compressive test (2-1), the displacement and vertical strain fields had positive 260 values. To validate the volume-related representativeness of the surface observed with DIC in terms of mechanical behavior, a comparison between the vertical strain value extracted from the strain gauges on the lateral sides and the mean value 265 of DIC vertical strain fields was carried out. Results are illustrated in Figure 8 and show a concordance of the two ways of strain evaluation at 20 MPa: during unloading, the mean value of the DIC strain was 0.36% and the gauge strain value was 0.49% -0.17% = 0.32%. The results at 20 MPa made it possible to present the methodology and the validation process to determine the mechanical behavior of the sintered material. Firstly, the comparison between gauge results confirmed the quality of the compressive test performed and the control of the sampling. Then, complementary 275 tests showed that there were negligible creep and relaxation in the sintered material to maintain a purely elastic domain during unloading. From the unloading, displacement and strain fields could be extracted. A comparison between the results from the two strain gauges and the vertical strain field from DIC was carried out. The mean strain value obtained by the two routes were closed and 280 confirmed the volume-related representativeness of the observed surface by DIC in terms of mechanical behavior. This methodology for one load level could then be extended with a new sample for different load levels in order to determine a load level history on the mechanical behavior.

285

The nonlinear behavior during unloading and a slightly increased deformation with the cycle are also shown, and are discussed in the following.

III.2. Application to increasing loading

With the validation of DIC results in the pre-test at 20 MPa, the compressive test 290 was extended to the test sequence previously described in Table 2. To illustrate the loading history in the sintered material, a new sample has been extracted and prepared. The different loading levels were applied to the same sample with increasing loading.

295

III.2.1 Strain gauges results

The mechanical response of this material for different load levels is illustrated in Figure 9.

For each first loading level, a non-linear behavior is observed for the first cycle when the pressure applied was higher than the previous load level. This modifica-300 tion of the behavior can be explained by plasticity, as this non-linearity appears only during the first cycle and above the threshold of the previously applied pressure.

Note that even if the loading level is limited, stress concentration occur inside the metallic matrix due to the presence of big size particles, as it is illustrated in the 305 following, and that could explained this plastic behavior.

Another main result is the modification of the slope of the loading curves with increasing loading. This is exhibited by the black lines in Figure 9. The slopes were obtained by linking the higher and lower pressure points during the last unloading. They show a decrease of the elastic modulus when increasing loading and a stabilization of the elastic modulus during each cyclic loading. The elastic modulus depends on the maximum pressure applied on the sample, and such an effect can be interpreted as damage to the material, as discussed in the following. 

III.2.2 DIC results for each loading level

The elastic strain can be determined during the unloading for each load level by a correlation between images 1 and 2 (illustrated in Figure 6). These pictures correspond to the last cycle of a load level. Figure 10 presents the results of the correlation for the vertical strain field with increasing load.

With the use of the DIC, local strain information could be obtained. One can see that, during the loading, local bands appear, grew and finally coalesce. These bands correspond to high stresses on the material in the concentrated zones. From these fields, the mean values of vertical strain were extracted to determine the evolution of the elastic modulus evolution with the load. This evolution is presented in Figure 11. The image confirms the decrease of elastic modulus when the load was raised. Using DIC, it is interesting to study the evolution of strain localizations in bands to understand their origin and impact on the material behavior, even more in terms of residual strain when loading increases.

The residual strain was determined by comparing a picture before and after load cycles (respectively pictures 3 and 2 in Figure 6) in the vertical direction. The results, obtained for the different loading levels, presented the same bands at the same position as that found for the elastic strain (Fig. 12). The elastic and plastic strains are localized in the same areas. Furthermore, at lower pressure, the residual strain was situated at the top and bottom edges of the sample, which was probably due to a surface effect on the loading areas of the sample. From these residual strain fields, mean values have been extracted and plotted at the bottom of the strain fields in Figure 12. At 10 MPa, the residual strain value was significant: the localizations of strain in bands start to appear and grow as the loading increases. It means that the elastic limit of the material was reached between 5 and 10 MPa. 

III.2.3 Link between mechanical behavior and microstructure

350 The mechanical behavior of the sintered material is very complex and exhibits loading history dependency. Moreover, the DIC results presented in Figure 10 and Figure 12 revealed strain localization in bands that grow as the load increases. To understand the phenomena taking place in the material during loading, the strain fields extracted from elastic and residual strain were superimposed with a picture 355 of the microstructure obtained before applying the surface speckle pattern (Figure 13). It shows that the highest strains coincide with the areas linking graphite particles on the elastic and residual strain fields. The graphites seem to lead the mechanical behavior of the sintered material. So, even if the material contained different components, this sintered material seemed to have a two-component 360 material behavior (graphite + other containing the metallic matrix). In the bibliography, similar mechanisms have been identified in compacted graphite cast irons with localizations of strains in bands corresponding to a cluster or an alignment of graphite particles [START_REF] Angus | Cast iron: physical and engineering properties[END_REF][START_REF] Voigt | [END_REF][START_REF] Sjögren | Digital image correlation techniques for analysing the deformation behaviour of compacted graphite cast irons on a microstructural level[END_REF][START_REF] Sjögren | Analysing the deformation behaviour of compacted graphite cast irons using digital image correlation techniques[END_REF]. The initiation of these 365 localizations have been explained by the presence of porosities in the graphite particles. As illustrated by Angus [START_REF] Angus | Cast iron: physical and engineering properties[END_REF], the permanent deformation is seen as a plastic strain of the matrix initiated in graphite areas by the presence of cavities. The permanent deformation is especially localized in the vicinity of the graphite particles perpendicular to the loading direction, but also in the matrix linking the 370 graphite particles by stress concentration. In the sintered material, two types of porosities were found: internal porosities in graphite particles (observed in Figure 1) and porosities at the interface between the metallic matrix and graphite particles. These voids and a lower elastic modulus of the graphite component can initiate the heterogeneities in the strain field and 375 damage the material by possible cracking of the matrix or loss of cohesion at the interfaces between matrix and graphite particles.

In order to interpret the decrease of the elastic modulus and the strain localization bands, a complementary study was carried out by testing the material to a higher compression level. When the material is tested at 60 MPa, several cracks can be observed with the naked eye occurring at the metallic matrix (see Figure 14). The location of these cracks corresponds to the deformation bands observed in the vertical strain fields. The exact mechanisms leading to the formation of these macro-cracks are still unknown. Nevertheless, it appears that they are formed by coalescence of slip bands and/or micro-cracks created at lower stresses. It has been observed, using synchrotron tomography (at the ESRF-Grenoble, voxel size = 3.5µm), that the cohesion between graphite and ceramic particles with the metallic matrix is weak, , in the virgin material, because interface voids are systematically observed at the particles interfaces (see Figure 15)). Therefore, it seems likely that the decreasing of elastic modulus phenomenon is mainly controlled by the formation of micro-cracks in the matrix. We consider therefore that micro-cracks with the particle interfaces play a secondary role during loading as they exist before. 

III.2.4 Validation of loading history effect on elastic mechanical properties

The decrease of the elastic modulus presented in Figure 11 has been interpreted as damage of the material. To confirm the loading history effect of the material for its elastic behavior, a complementary test has been realized according to a test procedure presented in Table 3. The difference with regard to the previous test 400 procedure was an initial load at 20 MPa with just one cycle. As in Figure 3 the two gauges don't give exactly the same magnitude probably to parallelism defects, but the succession of cycles after the first loading leads to the same conclusion. By focusing on the slopes of the curves and linking the 405 higher and lower pressure points during the last unloading, the behavior is the same for each cycle. These results can be confirmed using the DIC to determine an evolution of the elastic modulus with the same treatment as that described in the previous section.

410 Figure 17 confirms that there was no evolution, i.e. damage, of the elastic modulus after the first load at 20MPa. The values of the moduli are approximately the same as the modulus obtained previously at 20 MPa (Fig. 11). It means that the sintered material had a loading history effect based on the maximum initial applied loading. 

IV. Integration of the mechanical behavior in a finite element model

The previous section explained the methodology to determine the mechanical behavior of the sintered material when a history loading effect was identified in an elastic-plastic with damage context. 420 Indeed, for the elastic part, the results demonstrated a significant decrease (almost 40 %) of the elastic modulus by increasing the loading from 3 MPa to 20 MPa and thus, it was necessary to model this complex behavior. For the residual part, the results enabled an identification of the yield strength between 5 and 10 MPa. It is clear that this kind of constitutive law was un-trivial and that it was necessary to 425 develop a specific means of taking all of these phenomena into account. In order to consider these behavior extracted from the experimental tests in braking simulations, a user material (UMAT) subroutine was developed within the FE software ANSYS [START_REF]Ansys v16[END_REF]. The mechanical model of the sintered material was considered as elastic-plastic with damage to the elastic part from the maximum 430 stress. These behavior model is sufficient to represent the sintered material at the braking system scale. This user material subroutine was numerically based on the return mapping developed by SIMO and HUGHES [START_REF] Simo | General return mapping algorithms for rateindependent plasticity[END_REF], like most card material already available in ANSYS.

435 According to the maximum loading level reached, experimental tests demonstrated damage to the elastic modulus. This damage was considered by including a damage factor k on the mechanical properties, represented by a factor k decreasing the starting value of the i-directional elastic modulus (Eiinitial) identified for the first load step (3 MPa) in the previous part. For example in the i-direction:

Eidamage = (1 -ki).Eiinitial (1)
440 After validation of the development, the UMAT was used to simulate the experimental test presented previously in Table 2. It consists in illustrating that the UMAT made it possible to take into account the history effect from the maximum applied stress on the Young modulus and the plastic strain. Real dimensions of the sample were used and the applied boundary conditions 445 are: no vertical displacement for the lower surface area of the cube and uniform pressure applied to its upper surface. The sintered material properties were extracted directly from experimental compressive tests considering a virgin material (no compressive loading was applied on the material after manufacturing). The initial elastic modulus value was To compare the vertical total strain obtained during the loading of the first cycle between the numerical model using the UMAT and experimental data using DIC, some correlations were carried out. The strain was denoted "total strain" since elastic strain, plastic strain and damage all appear during the loading of the first cycle.

The total mean strain values have been determined with a correlation between images 3 and 4 (illustrated in Fig. 6) and are presented in Figure 19.

From these results and other presented in Figure 12, the yield strength has been evaluated to 10 MPa. A linear strain hardening modulus has been extracted using the equation 2 and its value is determined as 2838 MPa. 4 summarizes the experimentally and numerically obtained total strain at different loading levels. The comparison between values show similar results between numeric and experimental tests when the loading increases. The coinci-475 dence between numerical and experimental values seems logical given the fact that the numerical parameters of the behavior law were identified from experimental data. However, it validates the hypothesis that the sintered material could, in numerical simulations, be represented by an elasto-plastic behavior law with damage from pressure. The same procedure was used to simulate the second experimental test previously presented in Table 3 with the UMAT. It validates the loading history by comparing with previous results the total mean strain values when an initial load at 20 MPa was added. 485 Figure 21 presents the stress/strain curves obtained for each loading level in the numerical model using the UMAT. During the initial load of 20 MPa, the damage and plastic strain can be observed by evolutions of the slope during loading. After the first loading of 20 MPa, all loading levels were below the pressure 490 already applied. There was thus no change in damage or plastic strain, and therefore the stress/strain curves were superimposed with the unloading curve of the initial 20 MPa load.

The total mean strain values were determined with a correlation between images 3 and 4 (illustrated in Fig. 6) and presented in Figure 22. To obtain the total mean 495 strain, image 3 was the same for each loading level. This image was extracted for the first loading level (initial 20 MPa). Thus, plastic strains were determined compared to the initial state. Exp. total strain with a 20MPa pre-load (%) -0.52 -0.25 -0.28 -0.36 -0.45 -0.56

Num. total strain with a 20MPa pre-load (%) -0.55 -0.22 -0.26 -0.35 -0.45 -0.55

Num. total strain without a 20MPa pre-load (%) -0.03 -0.07 -0.14 -0.35 -0.55 The comparison between values validated once again the choice of the behavior 505 law, and led to the conclusion that one could successfully establish a mechanical behavior law, for a sintered material, integrating a history effect from the maximum loading level applied.

V. Conclusions

510 A methodology to characterize the mechanical behavior of a sintered material used for brake applications was developed. Digital image correlation techniques during compressive tests were used to enhance the non-uniformity of strains induced by the material heterogeneity. To validate the volume-related representativeness of the observed face, the results obtained from DIC were compared to 515 counterparts from strain gauge experiments leading to similar mean strain values in an established protocol. After validation, the DIC results were used to obtain the elastic and residual strain fields. From the former, the evolution of the elastic modulus showed a decrease with increasing load levels. This evolution was interpreted as a damage issue 520 from a load history effect, validated by a complementary test with a pre-load. By using digital image correlation techniques, it was possible to observe the local strain and to link strain mechanisms with the microstructure. With the superimposition of pictures of strain fields and microstructure, the local large strain could be associated with graphite areas giving a better understanding of how the 525 behavior of the individual components controlled the global strain behavior. The main role of the graphite particles was demonstrated and it was shown that the material had a "two-component" behavior at a meso scale despite the complexity of the composition. Elastic damage has been characterized that seem to be linked with cracking in the metallic matrix, thanks to microstructural observations. illustrated by damage, was used in numerical modeling to describe the experimental compressive test presented in the first part. A comparison between numerical and experimental data validated the characterization of the elastic 535 behavior of the sintered material.

Finally, the behaviour laws established for the sintered material from the experimental characterizations using nonlinear and loading dependent behaviour are directly usable in complex braking simulations. This methodology has been extended to improve the behavior models by testing 540 different samples to verify the reproducibility of the results, and by taking into account the effect of the temperature, which may provide another load history effect depending on two parameters: the load and the temperature history [START_REF] Mann | Relation between mechanical behavior and microstructure of a sintered material for braking application[END_REF]. Also anisotropic behavior has to be considered in the following in particular because of the shearing loading in braking situation. Even if additional compressive 545 tests in the other directions can be achieved, shear test is also important and has to be developed with the same DIC measurement technic. 
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Components Size of particles Ratio in mass (%)

  

	Fe-Cu matrix	100 -600µm	70
	Ceramics	100 -200µm 100 -250µm	10
	Graphites	100 -600µm 400 -1100µm	20

Table 1 :

 1 Composition of a metallic matrix sintered material

Table 2 :

 2 Test sequence

Table 2

 2 

are presented, illustrating the loading history of the sintered material. 200 III. Compression tests III.1. Preliminary test : compressive test at 20MPa

Table 3 :

 3 New test procedure to validate the loading history

Table 4 :

 4 Comparison between the experimental and numerical total strain obtained for each load level

	480					
	Load level (MPa)	3	5	10	15	20
	Experimental total strain (%)	-0.0365 -0.0639 -0.1607 -0.3337 -0.5421
	Numerical total strain (%)	-0.0346	-0.066	-0.144	-0.3470 -0.5469

Table 5 :

 5 Comparison between the experimental and numerical total strain obtained for each loading level

8682 MPa (obtained for the lower pressure 3 MPa) and the damage factors (k) for the different loading levels were calculated from Figure11and are illustrated in Figure18.

Experimental data were employed to develop a user material subroutine taking into account the evolution of the mechanical behavior with pressure. This history effect,
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