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This paper presents a multi-scale strategy for thermomechanical simulation of frictional systems, as brakes, taking into account the scale of the contact interface phenomena which is much lower than the macro scale of the system. At macro scale, a finite element model is considered to model the system compo-

nents. At micro scale, the thermal and mechanical contact problems are solved considering surface roughness and wear. At this scale, semi analytic methods, accelerated with the Fast Fourier Transform, and optimization techniques are used. As regards wear, Archard's law is used with a wear rate coefficient depending on temperature. From these models, contact parameters such as stiffness and heat partition coefficient are integrated into the macroscale model, and this for each surface element. Moreover, the solving scheme is transient allowing to update the surface topography under thermomechanical and wear effects.

As an example, this multi-scale strategy is used to study the thermomechanical behavior of a pin-on-disc system. Moreover, implications of the interface on friction induced vibrations are also investigated. With this model, the influence of the interface behavior and wear on the system response, are clearly shown.

Conversely this strategy gives results locally, close to the physical mechanisms involved in the contact. A comparison is performed with a classical model con-

Introduction

In frictional braking systems, the disc-pad contact interface plays a key role in the operation of the system. Indeed, the contact interface is the location where kinetic energy is converted into frictional heat energy. Knowing that real surfaces are rough, the real contact occurs only on some randomly distributed small spots. Thus, severe high temperatures, resulting from the frictional heat, are reached within the contact surface [START_REF] Archard | The temperature of rubbing surfaces[END_REF]. This leads to wear and material transformation beneath the surface that affect braking performances. Moreover, wear is responsible of a continuous modification of the contact area during loading, which affects the interactions between the system components. Thereby, the contact surface and temperature vary according to the combination of heating and thermal expansion but also to wear which is itself influenced by temperature.

The aim of this paper is to propose a numerical strategy enabling to perform thermomechanical simulations considering the contact interface phenomena (wear, roughness, etc.). The main idea is to highlight, through numerical simulation, the impact of the contact interface on the thermomechanical behavior of the system and conversely.

From a numerical viewpoint, the main challenge is to develop a framework which considers both the scale of the global system components, and the scale of the contact interface phenomena which is much lower than the system's scale.

Usually, only this scale is considered while the other is simplified or neglected.

For example, [START_REF] Newcomb | Temperatures reached in disc brakes[END_REF][START_REF] Day | The dissipation of frictional energy from interface of an annular disc brake[END_REF][START_REF] Kao | Brake disc hot spotting and thermal judder: an experimental and finite element study[END_REF][START_REF] Dufrénoy | A thermomechanical model for the analysis of disc brake fracture mechanisms[END_REF] have performed thermomechanical braking simulations considering a flat contact with a perfect interface, thus ignoring roughness and wear effects. Moreover, in these works, the frictional heat is distributed between the contacting solids using a heat partition coefficient which depends only on the thermal effusivity. However, the partition of heat depends on many other features such as speed, roughness and the contact area [START_REF] Waddad | Heat partition and surface temperature in sliding contact problems[END_REF]. Hence, it is necessary to build an efficient strategy allowing to consider all these aspects at the large scale of the system.

As regards the contact interface modeling, from a mechanical viewpoint, most of the models use the concept of surface asperities which has been introduced in the classical statistical theory of Greenwood & Williamson [START_REF] Greenwood | Contact of nominally flat surfaces. Proceedings of the Royal Society of London[END_REF]. Many improvements of this theory have been proposed, for instance by including interactions between asperities [START_REF] Ciavarella | A re-vitalized Greenwood and Williamson model of elastic contact between fractal surfaces[END_REF][START_REF] Waddad | A multiscale method for frictionless contact mechanics of rough surfaces[END_REF], and considering solid layers beneath the surface [START_REF] Waddad | A new contact model for multi-layered solids with rough surfaces[END_REF].

Other multi-scale approaches have been developed based on the surface spectral density [START_REF] Persson | On the nature of surface roughness with application to contact mechanics, sealing, rubber friction and adhesion[END_REF]. Numerical methods have been also used to solve the contact problem, using optimization techniques, either with the Finite Element Method (FEM) [START_REF] Pei | Finite element modeling of elasto-plastic contact between rough surfaces[END_REF] or the discretized half space theory [START_REF] Willner | Fully coupled frictional contact using elastic halfspace theory[END_REF]. The latter approach is based on discrete convolution and quadrature programming [START_REF] Gallego | A fast and efficient contact algorithm for fretting problems applied to fretting modes I, II and III[END_REF]. It presents the advantage of a reduced computational time, especially if the Fast Fourier Transform (FFT) is used to accelerate calculations [START_REF] Gallego | A fast and efficient contact algorithm for fretting problems applied to fretting modes I, II and III[END_REF].

The contact interface models provide information about the contact area, stiffness and the pressure distribution. These data are relevant to perform a thermal contact analysis. For a static contact, the theoretical framework was proposed in the pioneering works [START_REF] Cooper | Thermal contact conductance[END_REF][START_REF] Miki | Thermal contact conductance, theoretical considerations[END_REF]. For a sliding contact, most of the works are based on the heat source theory developed in the works of [START_REF] Blok | Theoretical Study of Temperature Rise at Surfaces of Actual Contact under Oiliness Conditions[END_REF][START_REF] Carslaw | Conduction of heat in solids[END_REF]. From this method, many solutions were proposed to study stationary and moving heat sources of different geometries [START_REF] Hou | General solutions for stationary/moving plane heat source problems in manufacturing and tribology[END_REF]. Based on this theory, a numerical approach, that takes into account frictional heat generation, has been proposed recently in [START_REF] Waddad | Heat partition and surface temperature in sliding contact problems[END_REF] using the FFT and optimization techniques. Thermal contact calculation gives information about surface temperature and the heat partition. The knowledge of these data is crucial for wear consideration.

A large variety of wear models has been proposed in [START_REF] Meng | Wear models and predictive equations: their form and content[END_REF] based on several theoretical and experimental works existing in the literature. From these models, the amount of wear volume can be expressed as a function of load, the sliding distance and a wear rate that depends on material properties and wear mech-anisms. However, the difficulty in wear modeling is that there is no universal model that can be applied to all situations [START_REF] Williams | Wear modelling: analytical, computational and mapping: a continuum mechanics approach[END_REF]. Thus, most of the existing models are empirical. Nevertheless, it appears that most of the wear mechanisms (e.g. abrasive and adhesive modes) can be described with Archard's law [START_REF] Archard | Contact and rubbing of flat surfaces[END_REF][START_REF] Kato | Classification of wear mechanisms/models[END_REF].

In this case, wear volume is proportional to the frictional energy through the wear rate. Yet, this coefficient depends on the wear mechanism and has to be identified using appropriate experiments. For instance, the wear rate corresponding to adhesive wear of metals has been quantified by [START_REF] Archard | Contact and rubbing of flat surfaces[END_REF], depending on the operating conditions and material properties.

In this paper, we propose a multiscale strategy which considers the macro scale of the system and the micro scale of the contact interface. At the macro scale, the FEM is used to develop a numerical model considering all the system components. As regards the interface of concern, a flat surface is considered as in the classical FEM models. Then, the model is embedded with homogenized interface parameters which are computed using numerical micro contact interface models. The original idea behind this strategy is to avoid the explicit meshing of surface roughness at the macro scale, as it is computationally expensive. Thus, the studied contact surface remains flat at the macro scale and the interface parameters are used to simulate the micro contact phenomena. This idea has been originally proposed in [START_REF] Zavarise | Real contact mechanisms and finite element formulation -a coupled thermomechanical approach[END_REF][START_REF] Wriggers | Finite element algorithms for contact problems[END_REF][START_REF] Bandeira | Numerical derivation of contact mechanics interface laws using a finite element approach for large 3D deformation[END_REF], and has been improved in [START_REF] Waddad | A multiscale method for frictionless contact mechanics of rough surfaces[END_REF]. It consists of defining a local contact stiffness for each surface using a micro contact mechanics model developed in [START_REF] Waddad | A multiscale method for frictionless contact mechanics of rough surfaces[END_REF] and inspired from [START_REF] Ciavarella | A re-vitalized Greenwood and Williamson model of elastic contact between fractal surfaces[END_REF]. This methodology has already been used to study the effect of the disc-pad interface on the vibrational behavior of a braking system [START_REF] Dufrénoy | A Multiscale Model of a Disc Brake Including Material and Surface Heterogeneities[END_REF], and has shown very interesting results.

In this work, this methodology is extended to consider thermal and wear issues.

Thus, in addition to contact stiffness, a heat partition coefficient will be integrated into the macro scale FEM model. This coefficient is calculated for each surface element using a thermal contact model developed in [START_REF] Waddad | Heat partition and surface temperature in sliding contact problems[END_REF]. This model as well as the contact mechanics model are based on semi analytic methods which make use of discrete convolution, FFT and quadratic programming. Furthermore, to consider wear, roughness will be varied according to Archard's model [START_REF] Archard | Contact and rubbing of flat surfaces[END_REF]. The wear rate used depends on local surface temperature. The effect of plastic deformations on wear has not been introduced here. It would be very time consuming for the solving scheme, due to non-linearity of both contact and plasticity phenomena, especially in the multiscale framework of this study.

As an approximmation, the estimation of wear is done under elastic assumption and the wear coefficient is based on braking experiments and depends on temperature. Indeed, elastic calculations gives a good estimation of the contact area distribution, which is important for wear analysis.

Thus, the numerical simulation incorporates three mains steps. First, the micro contact simulations are performed to identify contact parameters that are integrated into the macro scale FEM model of the system. Thereafter, numerical simulation is run using the embedded FEM model. In the third step, the results of the FEM simulation are exploited in a second micro contact analysis simulating wear. At the end of this step, a second sequence of calculation can be performed using the new worn surface, and so on. This means that the simulation can be performed sequentially, where in every sequence, the three modeling steps are run. Thus, the multiscale numerical strategy enables to simulate the transient evolution of the contact interface considering wear effect. Its originality lies in its ability to give information about micro contact interface data considering the macro scale boundary conditions prescribed by the system. This is hardly feasible with experiments and classical numerical approaches. Moreover, a considerable gain of computational time is guaranteed using the micro contact accelerated models.

The different steps of the strategy are thoroughly explained in the first section.

A special attention is devoted to the theoretical background of the micro contact models and to the transition between these models and the macro scale FEM model. As an application of the strategy, a thermomechanical analysis of a pin-on-disc system is performed. Results of simulation are discussed in the last section, and then compared to those of a classical numerical model considering a perfect contact interface. The goal of this comparison is to highlight the effect of the contact interface and its evolution on the system performances. Furthermore, a Complex Eigenvalue Analysis (CEA) is realized to study the dynamic behavior of the pin-on-disc system Indeed, recent works about frictioninduced vibration for braking applications have shown that the contact interface plays a key role in the determination of unstable frequencies leading to squeal [START_REF] Dufrénoy | A Multiscale Model of a Disc Brake Including Material and Surface Heterogeneities[END_REF][START_REF] Heussaff | A methodology for the modelling of the variability of brake lining surfaces[END_REF][START_REF] Magnier | Impact of contact stiffness heterogeneities on friction-induced vibration[END_REF]. In particular, experimental works [START_REF] Bergman | Influence of disc topography on generation of brake squeal[END_REF][START_REF] Renault | Experimental investigations for uncertainty quantification in brake squeal analysis[END_REF] have shown that the topography of the pad/disc interface has a major influence on brake squeal generation. Hence, the CEA is realized considering roughness and its evolution with wear, with the aim of showing the influence of these aspects on the dynamic behavior of the system.

Presentation of the multiscale modeling strategy

Global strategy

The aim of the multiscale strategy, proposed in this paper, is to integrate the micro contact interface phenomena in a macro scale FEM model without modeling them directly at this scale, which would be very time consuming. This is due to the large gap between the system's scale and the scale of micro contact phenomena. For this reason, the contact interface is flat in the FEM model, but instead will be embedded with contact interface parameters that traduce the real interface behavior (see Fig. 1).

In this work, our focus is on the thermomechanical modeling of frictional sliding systems such as braking systems. Comparing to the classical approaches, the architecture of our strategy incorporates additional steps taking into account the micro contact aspects, as shown in Fig. 2. Starting from a large scale FEM model and an initial time t, the studied surface is identified and its initial roughness is defined either from real surface measurements or numerical tools of random surface generation (for e.g. fractal techniques). During the time step ∆t and using the real surface roughness, a micro contact analysis is done to define interface parameters that are integrated into a large scale thermomechanical FEM model where the interface is flat (the embedded model). This analysis is transient and is run during the time step ∆t. Thereafter, the macro-scale contact stresses and temperatures issued from this calculation are integrated into the micro-scale wear analysis. The objective of this step is to evaluate the impact of the macro-scale behavior on the contact interface, by considering wear process. At the end of this step (i.e at t + ∆t), the time of simulation is updated and a new micro contact analysis is performed to evaluate the new interface parameters, and so forth until the end of simulation. The performances of the system can be analyzed at the end of simulation or at the end of each time step ∆t.

As we can see, this strategy is made from multiple sequential steps where there is a continuous exchange between the macroscale system analysis and the microscale contact simulations. Note that the micro contact analysis is performed separately for each contact surface element, so that each element has its own interface parameters. Nevertheless, the interactions between these zones are considered in a macroscopic way. Indeed, the contact pressure (resp. heat) applied in the other zones causes a general displacement (resp. temperature elevation) in the considered surface element. This is what we call "macroscale" interactions that are induced by the macroscale contact system. In the micro 165 contact analysis, these features are assumed not to affect the micro contact solving since the macroscale data are assumed to be homogeneous within the surface element. In order to give more details on the proposed strategy, Figs. 345highlight each of the main steps of the model. the contact interface parameters. Thus, each surface element gets its own parameters. Subsequently, the static contact problem under sliding conditions is solved without considering temperature. Then, the thermal transient problem is solved by converting the total power of contact shear stresses into frictional heat. Heat is distributed according to the heat coefficient partition computed in the micro contact analysis. Thereafter, the contact problem is solved by considering thermal expansion due to the rise of temperature. This operation is performed for a time step δt. At the end, the simulation time is updated and the two operations are repeated sequentially until the total time increment ∆t is reached. Furthermore, it is important to note that the two contacting solids are mechanically connected by contact stiffness but their thermal degrees of freedom are totally disconnected. Indeed, the distribution of heat is done directly using the heat partition coefficients issued from micro contact calculations. From this macroscale simulation, the distribution of contact pressure and the temperature are used in the micro contact wear analysis presented in Fig. 5. Indeed, for each surface element, using the macroscale pressure, the local pressure is obtained with the contact mechanics model. Then, the thermal model is used to calculate the microscale surface temperature. To this temperature, an initial temperature is added to take into account the macroscale interactions.

Thereafter, surface roughness is modified considering the wear process. Indeed, wear is modeled with Archard's law using a wear rate coefficient depending on surface temperature. Besides, wear analysis is conducted within the whole time interval (from t to t + ∆t) to consider a progressive evolution of the surface during this time interval.

Once the surface of each contact zone is updated, the time is incremented and a new simulation is performed with the new surface topography. Note that the temperature obtained with the macroscale simulation is integrated into both the subsequent macroscale and micro contact simulation as an initial temperature field.

Otherwise, it is important to note that several simplified assumptions have been considered : the friction coefficient is fixed, only one surface is worn, the thermal expansions are not considered at microscale and the micro contact mechanics model does not consider the effect of friction on the contact area. Nevertheless, the two last points are considered at the macroscale FEM simulation level. In the following, the micro contact models are presented.

As regards the computational time, since the micro analysis are done for each surface element, it is necessary that these calculations are parallelized to guarantee an efficient and realistic computational time.

Micro contact modeling

In order to solve the micro contact problem for each element of the contact surface, the surface element is discretized into a grid made from N xy = N x × N y small squares having the same size (see Fig. 6). The studied interval of time [0, t] is also discretized into N equal intervals. The surface height, the stresses and the frictional heat in each single square are assumed to be uniformly distributed on it. The solid material can be either homogeneous or having an in-depth gradient of material properties. This is the case of friction materials that are subject to material transformations leading to the appearance of a gradient of material properties normal to the contact surface [START_REF] Mann | Experiments and thermomechanical modelling of braking application and friction material characterization with loading history effect[END_REF][START_REF] Mann | Non-linear mechanical behavior of a sintered material for braking application using digital image correlation[END_REF]. Thus, the material can be considered as a multilayered system where each layer is homogeneous and perfect continuity is assumed at the interface layers [START_REF] Waddad | A new contact model for multi-layered solids with rough surfaces[END_REF].

Several approaches can be used to solve the contact mechanics problem. In this work, we use the approach developed in [START_REF] Gallego | A fast and efficient contact algorithm for fretting problems applied to fretting modes I, II and III[END_REF]. This model is based on the discrete convolution and the FFT technique. Indeed, the pressure p is a dis-235 crete convolution of surface displacements. The contact problem is solved by minimizing a functional depending on contact pressure and taking into account contact constraints.

By reporting the same concept to treat the thermal contact problem, the frictional heat generation problem has been studied in [START_REF] Waddad | Heat partition and surface temperature in sliding contact problems[END_REF]. In this problem, the 240 released energy is computed from the work of the frictional forces. Friction forces are computed from normal forces considering Coulomb's law and a fixed friction coefficient µ. Here, we assume that friction does not modify the contact area and that the contact is fully sliding. The interface is considered as a source of heat which is distributed over the upper face of each body. Moreover, 245 the solving scheme is performed by matching the temperatures at the interface.

Thus, within the real contact area, the temperature of the disc is equal to the temperature of the pin at the micro scale. 

Micro contact wear modeling

In the micro contact wear simulation, the macro scale pressure and temperature are used to calculate the micro scale distribution of pressure p and temperature T . As a first approach, wear is modeled with Archard's law using a wear rate coefficient k w [START_REF] Archard | Contact and rubbing of flat surfaces[END_REF]. At the scale of a micro contact grid point, the wear depth dh corresponding to a sliding distance dS is dh = k w µ p dS Since wear is modeled in a progressive way, the total wear depth h is

h = N j=1 dh j = N j=1 k w µ p j dS j
where the superscript j corresponds to each time step and N is the number of wear steps.

At the end of wear simulation, the height of each point is updated by subtracting the wear depth. The total volume of wear is obtained by summing the volumetric wear of each individual grid point. Moreover, wear rate depends on the local temperature of each micro contact point. Indeed, wear increases with the temperature T rise caused by the frictional sliding. Otherwise, the volume of wear is assumed to leave the interface entirely. Therefore, no wear particles circulation and compaction are considered.

Note that, in this work, the contact solving is done in the elastic domain and wear coefficient is given as function of local temperature based on the experiments conducted in [START_REF] Mann | Experiments and thermomechanical modelling of braking application and friction material characterization with loading history effect[END_REF].

In the following, the multiscale thermomechanical strategy is used to model a pin-on-disc system. First, the numerical model is presented. Then, results are discussed.

Description of the numerical model

Numerical model of a pin-on disc system

A 3D finite element model is proposed for a pin-on disc system which has been developed from a bench test designed at the LAMCube laboratory to investigate friction material performances machined in brake pad [START_REF] Duboc | Influence of contact conditions and pad geometry on disc brake squeal[END_REF][START_REF] Magnier | Influence of Heterogeneous Contact between Disc and Pad on the Brake Squeal Noise[END_REF]. The model is made of several components. Essentially, there is a pin-housing, a disc and a friction pin maintained by a thin plate (see Fig. 1 and7). At the remote extremities of the thin plate a normal load F = 200 N is applied which permits to enforce contact between the pin and the disc.

Additionally, lateral displacements are blocked at the plate extremities and the disc is rotating with a constant velocity ω = 200 rpm. The outer radius of the disc is 107.5mm and the inner one is 12.5mm. This corresponds to a dissipated power P = 3.75kW which is stationary. Contact is maintained during t = 30s, thus the total dissipated energy is 0.1 M J.

The pin-housing, the thin plate and the disc are made of steel while the pin is made of a sintered friction material used for braking applications. For more information on the friction material properties, the reader can refer to [START_REF] Mann | Non-linear mechanical behavior of a sintered material for braking application using digital image correlation[END_REF].

Material properties are reported in Tab.2. The whole model is made of 22100 hexahedron elements and 29800 nodes. For the pin, the mesh element size is

fixed to 1 × 1 mm 2 .
As regards thermal boundary conditions, the initial temperature is

T 0 = 20 • C.
Moreover, the convection is not considered, as its influence is limited during the heating sequence. Thus, thermal diffusion simulation is conducted under adiabatic conditions. Note that all the parameters are reported in Tab.1.

As the model contains several components, the connection between a component and an other has to be defined appropriately. Thus, tie elements are introduced between the pin and the thin plate, and between the pin-housing and the plate, to ensure the perfect continuity between them. The contact between the disc and the pin whose the dimensions are 20 × 20mm 2 , is the main issue of this work. In order to highlight the effect of this interface, two kinds of models are proposed :

• In the first one, the contact is assumed to be perfect and the contact resolution is done with the penalty method using a fixed large stiffness.

The contact is frictional and the friction coefficient is fixed to 0.4. Thus, the interface behavior is not considered in this model. Here, the classical thermomechanical modeling approach is adopted and no attention will be accorded to the interface effect (see Fig. 4). Moreover, heat is distributed between the contacting solids using a constant and uniform heat partition coefficient and wear is not considered.

• In the second one, the interface behavior is considered. In this case, the contact surface is assumed to be rough. To simplify the study, only the roughness of the friction pin is considered and the disc surface is flat. Basing on the multi-scale strategy presented in the first section (see Figs. 12345), the interface behavior is integrated into the model. Moreover, a frictional behavior is also considered with the same friction coefficient used for the first model. For micro contact calculations, each surface element is discretized into 50 × 50 elements. Thus, the size of each square element is

20 × 20 µm 2 .
Furthermore, the roughness of the pin surface has been generated numerically using fractal techniques [START_REF] Persson | On the nature of surface roughness with application to contact mechanics, sealing, rubber friction and adhesion[END_REF]. This means that roughness has been generated using a power-law spectral density P SD ∼ |k| -2(4-D f ) , where D f is the fractal dimension and k is the wave vector. This law is considered between two cut-off wave numbers k m and k M . The discrete interval [k m , k M ] defines the breadth of the roughness spectrum which means that the PSD vanishes elsewhere. Using the PSD, the rough surface is generated numerically using the discrete Fourier Transform. In particular, the height profile z is generated by the equation z(x) = z 0 k P SD Also it is important to note that the corresponding wavelength to the microscale grid size k = 10 3 is far larger than the roughness maximal cut-off wavelength considered here (k M = 50). Thus, all roughness details are captured by the defined grid size. On the other side, as regards the finite element size influence on the results, it has been shown in [START_REF] Waddad | A multiscale method for frictionless contact mechanics of rough surfaces[END_REF] that the element size has a very limited influence on the global results obtained with the embedding strategy. In fact, the element size affects only the local distribution of pressure in the FE model while the global response is preserved.

As regards wear, the wear rate coefficient has a strong dependence on temperature. The evolution of this parameter is shown in Fig. 9. The estimation of this parameter has been obtained from the experiments described in [START_REF] Mann | Experiments and thermomechanical modelling of braking application and friction material characterization with loading history effect[END_REF] on the material used for the pin. Indeed, the weight loss of a sample has been measured

during braking tests at different temperatures. From the loss of material, the In what follows, results of simulation are discussed and compared to those of the numerical model considering a perfect contact interface. 

Results of the thermomechanical simulation 345

The thermomechanical simulation results are presented for the two considered models (perfect contact and embedded contact). For both cases, the contact pressure is shown for t = 0.6s and t = 30s in Fig. 10. With regard to the case of perfect contact, the obtained distribution of pressure is classical, corresponding to the case of a static frictional contact, for which the maximal 350 pressure is reached at the inner side of the leading edge of the surface. The introduction of the interface behavior modifies the pressure distribution. As we can see, the contact pressure is concentrated within few zones that are linked to roughness distribution. Furthermore, the consideration of wear reduces the maximum pressure and the contact load is better distributed with wear. Indeed, in the embedded model, the maximal pressure decreases with time from 6 M P a to 2.73 M P a after 30 s of contact, while in the perfect contact model, the pressure is quasi-steady since wear is not considered, but only thermal dilation.

Also, one can see that the contact with initial roughness is slightly moving to the leading edge of the pin as in the perfect surface case.

In Fig. 11 are shown the corresponding surface temperatures for the two simulations. The high temperatures are reached in the zones where the contact pressure is locally high. For both simulations, considering the pressure distribution, the heated zones do not cover all the contact area. Temperature continues to increase with heat accumulation for both the perfect and rough cases. The difference between these two cases lies in the way heat is diffused. Indeed, the shape of the thermal gradient depends on contact distribution. For the perfect contact case, the gradient is smooth while in the rough case it is conditioned by the heterogeneous contact distribution. At (t = 30 s), the maximal temperature is 50 • C for the embedded model whereas for the perfect contact case its value is 64 reached earlier in the embedded model compared to the perfect contact model.

This evolution can be explained by the fact that in the embedded model, the pressure was high initially. With wear, the decrease of pressure in the initially loaded zones and the increase of pressure in the new contact zones, both have 375 led to a reduced elevation of the maximal temperature comparing to the perfect contact model, where the pressure, subsequently the released heat, are both locally stabilized.

The temperature level depends mainly on the heat partition coefficients. As regards this parameter, the percentage of heat going to the friction pin depends 380 on the radial position of the surface element and pressure. This parameter ranges from 10 to 21 % and the mean coefficient is 14%. For the perfect contact model, the heat partition coefficient has been fixed to 14% corresponding thus to the mean coefficient of heat partition obtained from micro-contact calculations. The reason of this choice is to avoid a considerable gap of temperatures between the two models. However, if we had chosen a less coefficient as the one calculated from the thermal effusivity, this coefficient would be fixed to 4%

which in turn would have led to lower levels of temperature. In this case, the maximal temperature in the perfect contact model would be 31

• C instead of 64 • C.
The difference between the two methods is due to the fact that microcontact calculations are performed by matching the temperature at the interface considering the velocity and the real contact area. In contrast, the coefficient computed with effusivity does not consider these aspects.

Other interesting information is the micro maximal pressure and temperature.

These variables are obtained from micro calculations and concern only the embedded model. Fig. 12 (resp. Fig. 13) shows the evolution of the maximal pressure (resp. the maximal temperature) with time. In the same graphs, the evolution of the corresponding macroscopic values is also shown. On one side, as we can see from these curves, the micro-contact variables decrease rapidly with time until they reach a stabilized evolution, while the macroscopic ones vary slightly. The sharp decrease of the micro data is essentially due to wear.

Indeed, wear leads to the creation of flat zones in place of the initial asperities, leading thus to well distributed mechanical and thermal loads. Note that the values of the micro-contact pressure are much larger than the yield limit of the friction pin. Thus, even if plastic deformation is not considered, most of the micro contact zones are worn which is in qualitative accordance with the physical process of wear. Of course, it would be interesting to have stresses estimation based on elastic-plastic analysis to get more precise results from a quantitative viewpoint. On the other side, one can remark that the maximal micro temperature approximates the macro scale one, as time continues forward. The slight increase of the macro-scale temperature is due to the diffusion process and the It illustrates roughness of zone A at the beginning and at the end of simulation.

As illustrated, wear causes a flattening of surface asperities.

Otherwise, one could expect a different evolution if, for instance, the studied interval time or the rotating speed or the load were greater than the ones considered in this study. Indeed, as shown in the different figures, and especially the ones that show the distribution of pressure and temperature fields, the variation of these fields is a bit soft and there is no sharp changes in the macro distribution of the contact. Thus, the rough surface has been subjected to mild wear during 30 s of contact. Hence, it will be interesting to go beyond the loading parameters chosen for this simulation.

Finally, concerning the computational time, this simulation has been performed within almost 6 days using a machine containing 5 multi-core processors of processors are used, the micro contact analysis, which is done for 400 surface elements, will last less than 15 min at each increment. Moreover, the macro-scale FEM analysis can be accelerated by performing the contact analysis only in the first increments, since the contact stress becomes constant rapidly. This will reduce the time of the FEM analysis from 2 h to only 15 min. This means that the overall simulation can be performed in almost 1 day if these adjustments are done. Also, it must be noted that the simulation was focused especially on the pin surface, the disc data analysis needs a more refined mesh to capture precisely the thermal gradient on its surface, which in turn will increase the computational time. 

Results of the Complex Eigenvalue Analysis

From the thermomechanical analysis, we have obtained the evolution of the rough surface. The aim of this paragraph is to highlight the impact of the interface and its evolution on the dynamic behavior of the system. Thus, a Complex Eigenvalue Analysis (CEA) of the pin-on-disc system has been realized considering the different wear states of the pin surface. The objective is to extract the complex eigenvalues and the complex mode shapes of the entire system. A special attention is devoted to the study of the unstable modes. Indeed, due to friction contribution, two neighboring modes, which are close to each other in frequency range, can merge together and one of them becomes unstable, and the system components "are said to be locking in to each other" [START_REF] Tuchinda | Mode lock-in characteristics and instability study of the pin-on-disc system[END_REF]. It is commonly accepted that some of these unstable modes could correspond to squealing patterns.

Fig. 17(a) shows the evolution of the system frequencies with wear. Here, the 50 sequences of wear corresponds to the 30 s of contact. The frequency of the unstable modes correspond to the red points. As can be seen, an unstable mode in the range of 4kHz appears for the initial surfaces. As wear increases, this mode becomes stable. Another unstable mode with a frequency neighboring 10kHz appears after 10 wear sequences (i.e 6 s of contact). The evolution of the real part of complex frequencies versus wear is illustrated in Fig. 17 

Conclusions

A multi-scale thermomechanical strategy has been presented in this work to model complex systems including frictional contact. This strategy considers The interface modeling is devoted to thermal, mechanical and wear issues.

At the macro-scale, a classical FEM approach considering a flat contact between the mating solids, thermal expansion and boundary conditions, is adopted. In order to integrate the micro-contact features, the studied interface is embedded with several parameters issued from micro-contact calculations like heat partition coefficients and contact stiffness and conductance.

Micro-contact modeling has been extended from previous works. Some aspects and assumptions of the models that we have used in this study have been briefly

presented. Basically, these models consist of discretizing the surface and using the discrete convolution with the FFT technique. The thermal and mechanical problems are both solved with constrained optimization algorithms. As regards wear modeling, the classical Archard's model was used with a wear rate coefficient depending on temperature that has been measured during braking tests.

As an example of the strategy, we have presented a pin-on-disc system that is used to characterize materials for braking application. A sliding contact sequence has been studied considering the interface evolution. The obtained results show a smooth and slight variation of macro-contact data. By contrast, the micro-contact analysis shows a considerable decrease of micro-contact data (local pressure and temperature) with time due to wear, which is stabilized within few seconds. Moreover, the consideration of micro-contact analysis gives additional informations on thermal and stress localizations, wear volume spatial distribution and time evolution.

Additionally, a Complex Eigenvalue Analysis has been performed considering the different worn surfaces. A special attention has been accorded to the study of the unstable modes. This analysis has shown the impact of the rough interface and its evolution on the dynamic behavior of the system. Indeed, by changing the contact interface, unstable modes become stable, and eigenvectors can emerge.

The multi-scale strategy proposed in this work exhibits the strong interactions presents between the interface scale and the system's one during time. It constitutes an efficient basis toward more realistic modeling approaches of contact applications. Indeed, several improvements can be done, in particular by considering micro-scale thermal expansions that could modify the contact area.

Moreover, beyond the empirical wear parameters used here, wear modeling can be improved by considering an appropriate wear model/wear rate for the studied contact system. In particular, considering plastic deformation is of valuable effect as it allows to calculate precisely the contact stresses and area [START_REF] Weber | Molecular probes reveal deviations from Amontons law in multi-asperity frictional contacts[END_REF] and considering that critical length-scales of actual contact area can be related to wear particle as shown in [START_REF] Frrot | A mechanistic understanding of the wear coefficient: From single to multiple asperities contact[END_REF]. Furthermore, the wear volume is assumed to leave entirely the contact zone, while it is well known that a considerable part of wear particles integrate what is commonly known as the tribologic circuit.

Finally, the evolution of material properties has not been considered in this work. For instance, it will be interesting to investigate, in future works, the case where a gradient of properties already exist using a micro-contact model adequate to this situation as the one developed in [START_REF] Waddad | A new contact model for multi-layered solids with rough surfaces[END_REF].

Figure 1 :

 1 Figure 1: Schematic of a sliding contact application with the multiscale strategy. The real contact area is affected by roughness and its evolution with sliding. At the macro-scale, the surface is flat but embedded by the interface behavior considering roughness.

Figure 2 :

 2 Figure 2: Architecture of the multiscale numerical strategy of a large frictional system considering the contact interface issues (wear and roughness)

Fig. 3

 3 Fig.3shows how the micro contact analysis is organized. Given surface rough-170

Figure 3 :

 3 Figure 3: Steps of the micro contact analysis which defines contact parameters

Fig. 4

 4 Fig.4 presents the large scale FEM analysis structure. It consists of a sequentially decoupled thermomechanical analysis. First, the model is embedded with

Figure 4 :

 4 Figure 4: Structure of the macroscale thermomechanical analysis

Figure 5 :

 5 Figure 5: Structure of the micro contact wear analysis which updates the surface geometry

Figure 6 :

 6 Figure 6: (a) The contact surface mesh in the large scale FEM model mesh and (b) Schematic of the grid used for each surface element. The surface dimensions are Lx × Ly and contain Nx × Ny square elements

1 2

 1 (k) e i.( 2π L k.x+φ(k)) where z 0 is an amplitude parameter, L is the root square of the surface area and φ (k) are independent random variables which are uniformly distributed in the interval [0, 2π]. In this work, the amplitude parameter z 0 is chosen so that the root mean square (RM S) is 10.35 µm. The cutoff wave vectors are k m = 1 and k M = 50 and the fractal dimension is D f = 0.6. The rough surface sample used in this paper is illustrated in Fig.8.

340

  wear rate has been deduced. As we can see from this figure, wear increases with temperature especially above 200 • C.

Figure 7 :

 7 Figure 7: Schematic of the pin-on-disc model. The dimensions of the contact interface are 20 × 20 mm 2 .

Table 1 :Table 2 :Figure 8 :

 128 Figure 8: Schematic of the rough surface considered in this study. The surface height is comprised between -53 and 45 µm and the root mean square is 13µm.

Figure 9 :

 9 Figure9: Evolution of the wear rate coefficient with the temperature level deduced from[START_REF] Mann | Experiments and thermomechanical modelling of braking application and friction material characterization with loading history effect[END_REF].

Figure 10 :

 10 Figure 10: Evolution of the contact pressure on the frictional pin surface for the perfect contact case and the rough contact case, at the beginning, on the left, and at the end, on the right, of the thermomechanical simulation.

Figure 11 :Figure 12 :

 1112 Figure 11: Evolution of the surface temperature on the frictional pin surface for the perfect contact case and the rough contact case, at the beginning, on the left, and at the end, on the right, of the thermomechanical simulation.

Figure 13 :

 13 Figure 13: Evolution of the maximal temperature at both scales for the embedded model.The micro-scale temperature is the same for the disc and the pin.

Figure 14 :

 14 Figure 14: Maximum height of roughness evolution through the simulation of the embedded model.
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Figure 15 :

 15 Figure 15: Wear rate and wear volume evolution through the simulation of the embedded model. The total cumulated wear volume at 30s of braking is 38.10 6 µm 3

Figure 16 :

 16 Figure 16: (a) Wear map at the end of simulation with a special focus on zone A (b) Evolution of surface roughness in zone A. Wear leads to surface asperities flattening.

  (b). The unstable modes are characterized by a strictly positive eigenfrequency real part. For the unstable mode (f 4kHz), the real part decreases until it vanishes with wear. While in the other mode (f 10kHz), the real part is very small and cannot be seen on this figure. The shapes of the two unstable modes are illustrated in Fig.18. The first one corresponds to bending vibrations of the pin which are coupled to a nodal diameter based mode of the disk. The other mode is a plane mode of the disk.Furthermore, the CEA performed on the perfect contact case does not reveal any instability. Thus, results show how the contact evolution induced by the thermomechanics and especially by wear can lead to an evolution of the vibration and instabilities pattern.

Figure 17 :

 17 Figure 17: (a) Evolution of the system frequencies with wear. The red points indicate the unstable modes. (b) Evolution of the real part of the complex frequencies. The red points correspond to the unstable mode (f 4kHz).

Figure 18 :

 18 Figure 18: Shape of the unstable modes
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