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Relationships between third body flows, load-bearing mechanisms and particle emissions in automotive braking
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During automotive braking, the third body generated by friction forms a tribological circuit that feeds the contact between the disc and the pad and provides the energy dissipation capacities of the disc brakes. This results in emissions of airborne matter particles, composed of fine and ultrafine particles, are mostly carcinogenic metal oxides. In order to reduce these particle emissions, it is important to investigate the factors involved in their formation, and in particular the link between the particle emissions dynamics, the tribological circuit and the thermomechanical load in the contact.

This study focuses on a martensite stainless steel as an alternative to a lamellar graphite cast iron usually used for automotive brake discs. Thus, 2 disc -lining friction pairs are studied in the objective to evaluate the effect of disc material and braking conditions on the production and the emission of particulate matter during braking by friction. This paper presents the results obtained with a sintered metal matrix composite lining, the steel disc -sintered metal lining couple being used for motorcycle ap-plications. Tests were carried out on a laboratory tribometer dedicated to braking simulation. Two situations of automotive braking, typical of urban and suburban traffic, were modeled and studied. Using a visible high-speed camera, the evolution of the disc friction track in terms of morphology was observed. In addition, an infrared thermal camera was used to visualise the thermal dissipation localization. Particle emissions were studied in operando thanks to a sampling chamber under controlled air flow and two particle matter analyzers providing a particle rate by size in the range [6nm; 10µm]. Furthermore, an impactor was used to collect emitted particles for post-mortem chemical composition analyses. Pad and disc friction surfaces were analyzed using scanning electron microscopy and energy dispersive spectroscopy.

During these tests, an evolution of the size and density profile of the particles collected by the analyzers was observed, and was correlated to a thermomechanical localization in the form of hot bands or hot spots according to the cases studied. The analyses of rubbed surfaces, crossed with these localizations, allowed us to develop scenarios favoring the feeding of the rate of coarse, fine or ultrafine particles.

Introduction

Tribo-oxidation is a major process of brake disc wear which is the main contributor of particles emitted during friction braking. In the case of electric or hybrid vehicles that mainly use electric braking, this process is paradoxically amplified by the reduced use of friction. Brake discs are exposed to air and humidity for longer periods, thus increasing the physicochemical evolution of their surface between braking operations when compared to situations where they are more regularly used. Currently due to the 1 1 INTRODUCTION composition of brake linings and especially brake discs which are mostly made of grey cast iron, iron oxides are omnipresent within a nanostructured third body (Österle et al. [START_REF] Österle | A comprehensive microscopic study of third body formation at the interface between a brake pad and brake disc during the final stage of a pin-on-disc test[END_REF]). Wear particles are ejected from the tribological circuit, some of which, among the finest, are emitted into the surrounding air (Fig ( 1)).

Figure 1: Origin and nature of the particles emitted (Gonet, [START_REF] Gonet | Source apportionment of magnetite particles in roadside airborne particulate matter[END_REF])

Long overshadowed by combustion particles emitted from exhaust, friction brake wear has become a major source of air pollution from ground transportation with the rise of electric vehicles. Wear particles emitted by braking systems are a public health issue. The use of metallic materials coupled with the high wear of brake discs promotes the production of particles that are harmful to the human body. This idea was highlighted by Walhstrom et al. (presented in the review of Grigoratos and Martini [START_REF] Grigoratos | Brake wear particle emissions: a review[END_REF]). When inhaled by the human body, iron nanoparticles may cause oxidative stress in human skin cells (Murray et al. [START_REF] Murray | Oxidative Stress and Dermal Toxicity of Iron Oxide Nanoparticles In Vitro[END_REF]) or breast cells (Alarifi et al. [START_REF] Alarifi | Iron Oxide Nanoparticles Induce Oxidative Stress, DNA Damage, and Caspase Activation in the Human Breast Cancer Cell Line[END_REF]), pro-inflammatory reaction (Barosova et al. [START_REF] Barosova | Biological response of an in vitro human 3D lung cell model exposed to brake wear debris varies based on brake pad formulation[END_REF]), or even agglomerates in the frontal cortex according to Gonet [START_REF] Gonet | Source apportionment of magnetite particles in roadside airborne particulate matter[END_REF] (Fig ( 2)).

Figure 2: Magnetite particles in the brain (E), cardiovascular system (F) and red blood cells (G,H) (adapted from Gonet, [START_REF] Gonet | Source apportionment of magnetite particles in roadside airborne particulate matter[END_REF]) Beyond friction materials, several studies are interested to uncover links between the brake system and the dynamics of particle emissions. For example, Niemann [START_REF] Niemann | Influence of Pad Retraction and Air Gap Width between Brake Disc and Pad on PM10 Wear Emissions During Cruising Conditions[END_REF] presents the influence of brake lining shrinkage and the clearance between the friction surfaces of the disc and the brake lining on PM10 (particles smaller than 10 micrometers) wear emissions. Niemann introduces the concept of "reservoirs" on the lining surface in which particles would accumulate before being released. This study points out that particle emissions can be 30 % greater during contact opening than during braking. Hagino [START_REF] Hagino | Investigation of Brake Wear Particle Emissions from Different Disc Brake Friction Components and Urban Driving Cycles Using a JASO C 470 Methodology[END_REF] questions the test conditions and in particular the influence of the air flow rate on the dispersion of the number of particles collected, concluding that the dispersion increases with the flow rate. All these studies demonstrate that large quantities of nanoscale braking particles are indeed emitted, representing a definite health risk. Moreover, they highlight that the experimental protocol is essential in the scientific approach to measure and analyse the results.

The peaks of the ultrafine particles increase with the rise in temperature: the higher temperatures of the brake pads and the disc promote the tribo-oxidation mechanism which produces ultrafine particles. This thermal degradation of the brake pad occurs at critical temperatures estimated between 160 and 300°C according to the materials used (Chasapidis [9],Kukutschova [START_REF] Kukutschová | On airborne nano/micro-sized wear particles released from low-metallic automotive brakes[END_REF],Perricone [START_REF] Perricone | A concept for reducing PM10 emissions for car brakes by 50%[END_REF], Nosko [START_REF] Nosko | Effective density of airborne wear particles from car brake materials[END_REF] and [START_REF] Nosko | Quantification of ultrafine airborne particulate matter generated by the wear of car brake materials[END_REF] in Fig. (3)).

Figure 3: Evolution of the fraction of ultrafine particles as a function of temperature for different friction materials, [START_REF] Nosko | Quantification of ultrafine airborne particulate matter generated by the wear of car brake materials[END_REF] -M1 à M5 European low metal materials ; M6 American organic matrix composite material Other researchers, on the other hand, have studied the influence of other parameters on particle emissions, including tribometer driving parameters. This is the case for Alemani [START_REF] Alemani | On the influence of car brake system parameters on particulate matter emissions[END_REF], who noticed that coarse and fine particles seem to be more sensitive to the speed, while ultrafine particles are more sensitive to the pressure. He specifies however that this influence of the braking parameters is of a second order compared to the evolution of the temperature of the disc. Finally, Beji [START_REF] Beji | Caractérisation physico-chimique des particules émises hors échappement par le trafic routier[END_REF] is interested in stop braking, corresponding to a variation of kinetic energy much higher than in the case of a slowing down. In this case, the particle emissions are much higher (see Table [START_REF] Österle | A comprehensive microscopic study of third body formation at the interface between a brake pad and brake disc during the final stage of a pin-on-disc test[END_REF]). The particulate emissions are also larger in the case of highway braking than in suburban traffic, which is in agreement with the work of Kukutschová [START_REF] Kukutschová | On airborne nano/micro-sized wear particles released from low-metallic automotive brakes[END_REF]. It is essential to place oneself in a framework allowing to apprehend the exchanges of energies, matter and the mechanisms set up within the interface. It is considered that the contact between the first bodies, consisting of the disc and the lining, is accommodated by the intermediary of a third body. The third body is made of materials supplied by the disc, the lining and the environment. In this three-body approach introduced by Maurice Godet [START_REF] Godet | The third-body approach: A mechanical view of wear[END_REF], the third body evolves within the tribological circuit (Berthier [17]). This tribological circuit is described by Davin [START_REF] Davin | Amorce du crissement : analyse expérimentale des liens avec le circuit tribologique[END_REF] (Fig ( 4)) in the case of braking, which specifies the roles of the source flows Q s , the internal flows Q i within the contact, the recirculation flows Q r and the wear flow Q w . This circuit is essential for the supply of the third body in the contact. Furthermore, these wear flow particles contain significant information about the tribological circuit from which they originate, and by extension about the tribological mechanisms and processes that act at the interface. The third body, which separates the first bodies, is responsible for the dissipation of energy. Its action is twofold: to provide at each moment load-bearing area that transmits the load between the first two bodies, and to accommodate sliding. The role of the third body has been studied in particular in braking situations, in the case of contact between a cast iron disc and an organic matrix composite pad (Desplanques [START_REF] Degallaix | Interactions between Third-Body Flows and Localisation Phenomena during Railway High-Energy Stop Braking[END_REF], Fig ( 5)). Contact plateaus, a few micrometers thick, are formed on the lining as well as on the disc, by accumulation and compaction of a third body powder which circulates in the interface. These third body plateaus constitute the load-bearing area between the disc and the lining, concentrating the accommodation of sliding in a superficial layer a few hundred nanometers thick (Eriksson [20]). This nanostructured layer is composed of nanometric particles mainly made of iron oxides among which are mixed elements brought by the lining. Several authors have studied the shear of this layer which is mainly responsible for the dissipation of energy and whose rheology determines the friction (Dmitriev et al. [START_REF] Kuznetsov | Nanostructuring burnishing and subsurface shear instability[END_REF], Mollon et al. [START_REF] Casas | DEM Analyses of Cemented Granular Fault Gouges at the Onset of Seismic Sliding: Peak Strength, Development of Shear Zones and Kinematics[END_REF]).

Figure 5: Formation process of third body plateaus on the surface of an organic composite lining (adapted from Desplanques, [START_REF] Degallaix | Interactions between Third-Body Flows and Localisation Phenomena during Railway High-Energy Stop Braking[END_REF]) Furthermore, at the scale of the apparent contact area, the location of load-bearing areas is highly dependent on thermomechanical processes induced by frictional energy dissipation. The resulting phenomena of hot bands and hot spots (Barber [START_REF] Lee | An Experimental Investigation of Frictionally-Excited Thermoelastic Instability in Automotive Disk Brakes Under a Drag Brake Application[END_REF], Panier [START_REF] Panier | PROGRESSIVE WAVINESS DISTORTION: A NEW APPROACH OF HOT SPOTTING IN DISC BRAKES[END_REF]...), interact with the tribological processes. On the one hand, the severity of the thermal and mechanical stresses induced locally at the interface contributes to the activation of third body source flows, notably by oxidation. On the other hand, the openings of the apparent contact area outside the thermomechanical locations favor the circulation of the third body while migrations of the locations contribute to the processes of formation of the contact plateaus. This results in tribology-thermomechanics couplings, as illustrated in Figure [START_REF] Barosova | Biological response of an in vitro human 3D lung cell model exposed to brake wear debris varies based on brake pad formulation[END_REF] in the case of hot bands. In the present study, stainless steel discs are used as an alternative to more traditional grey cast iron discs in an attempt to reduce wear particle emissions. Martensitic stainless steels are currently used for two-wheel brake discs in combination with sintered metal composite linings (Tsuge et al. [START_REF] Tsuge | A novel stainless steel for a disc brake rotor[END_REF], Hirasawa et al. [START_REF] Hirasawa | Martensitic stainless steel for disc brake[END_REF], Yamauchi et al. [START_REF] Katsuhisa | Martensitic Stainless Steel "JFE410DB-ER" with Excellent Heat Resistance for Motorcycle Brake Disk[END_REF] Yoshioka et al. [START_REF] Yoshioka | Brake discs of low-carbon martensitic stainless steel[END_REF], Takahashi et al. [START_REF] Takahashi | Brake disc produced from martensitic stainless steel and process[END_REF]). Compared to cast iron, which is very sensitive to oxidation, the advantage of stainless steels is the resistance to corrosion by passivation of their surface, through the spontaneous formation of a chemically inactive surface a few nanometers thick when exposed to an oxidizing environment. From this point of view, stainless steel can be a more durable and material and emission friendly alternative to grey cast iron for brake discs. Conversely, from a thermal point of view, the properties of these steels are less interesting than those of cast iron, which allows better heat diffusion and offers better thermal capacity and effusiveness. Thus, as shown in [START_REF] Frantisek Klimenda | Heat distribution in disc brake[END_REF], from a thermal point of view, given the same design and loading, the propensity of the surface of a stainless steel disk to heat up is greater than that of a gray cast iron disk. The heat storage capacity of the dissipated energy is also lower for a stainless steel brake disc than for cast iron. The same applies to the absorption of the dissipated flux. Beyond heat exchange, one consequence is a greater sensitivity to thermal localization phenomena, such as hot bands and hot spots, due to higher thermal gradients and thus a greater propensity to thermomechanical distortion. However, the performance of a disc brake is a result of the whole tribological system it constitutes, in particular the third body layer and the tribological circuit that develop at the disclining interface. Majcherczak et al ( [START_REF] Majcherczak | Tribological, thermal and mechanical coupling aspects of the dry sliding contact[END_REF], [START_REF] Majcherczak | Third Body Influence on Thermal Friction Contact Problems: Application to Braking[END_REF]) have shown the importance of this third body layer on the dissipation of energy, the rise in surface temperature and the sharing of heat between the two bodies. This paper focuses on the relationship between particle emissions, tribological circuit and thermomechanical stress.

Experimental methods

Materials and specimens

The braking tests were carried out in a pad-on-disc setting. The brake lining material under consideration is a sintered metalmatrix composite material based on an iron-copper metallic matrix. It contains 10 to 15 % iron, in the form of iron powder and fibers, 40 to 50 % copper and copper alloy, 20 to 25 % graphite particles, 20 to 25 % low abrasion ceramic particles. The pad has an arc width and medium length of 16 mm and 41.5 mm respectively, corresponding to a contact angle of 54°and apparent contact area of 660 mm2 . Thermal properties of this sintered metallic material are presented as a function of temperature in Figure [START_REF] Niemann | Influence of Pad Retraction and Air Gap Width between Brake Disc and Pad on PM10 Wear Emissions During Cruising Conditions[END_REF]. Mechanical properties are dispensed in Table [START_REF] Gonet | Source apportionment of magnetite particles in roadside airborne particulate matter[END_REF]. Concerning the composition of the discs, two metallic materials were considered, a stainless steel and a cast iron. Martensitic stainless steels AISI 403, 410 or 420, containing 13% Cr, are historically used for the realization of motorcycle brake discs. In the automotive industry, the most common discs are made of grey cast iron. Martensitic stainless steels are not commonly used for this type of application. The choice of the martensitic stainless steel grade used in this study is motivated by numerous patents. The thermal properties are presented in Figure [START_REF] Hagino | Investigation of Brake Wear Particle Emissions from Different Disc Brake Friction Components and Urban Driving Cycles Using a JASO C 470 Methodology[END_REF] compared to that of a lamellar graphite cast iron EN-GJL250 taken as reference in this study and the mechanical properties in Table [START_REF] Grigoratos | Brake wear particle emissions: a review[END_REF]. The disc has a thickness of 4.5 mm and an outer radius of 60 mm. The friction track has an average radius of 44 mm, a width of 16 mm, and an area of 4420 mm 2 . This setup has been specifically designed to simulate thermal localizations of hot bands as they occur in disc brake systems.

These thermal localizations are subject to numerous studies in the field of railway braking. Dinwiddlie and Lee [START_REF] Dinwiddie | IR-camera methods for automotive brake system studies[END_REF] have characterized them in the case of an automotive disc brake. The formation and the radial migration of these bands is explained by thermal expansion and wear mechanisms, mainly of the linings, while the relative loading symmetry on 2 faces limits the effect of thermomechanical distortions of the disc. The set-up used in this work is based on a single contact in a way to make the interpretation and the tribological understanding more accessible. Besides the small size of the pad width relative to a brake lining, the deformation of the disc is meaningful in the process of radial localization of the contact. Thus, if no care is taken, the thermal expansion of the friction track leads to a cone-like deformation of the disc, which determines the migration of hot band that quickly localizes on the disc track inner perimeter. The proposed assembly avoids this drawback thanks to the thinness of the disk and the clamping conditions that lock out-of-plane displacements at the inner and outer perimeters of the track and leave free the in-plane expansion at the outer perimeter. This results in a relatively smooth out-of-plane thermomechanical deformation, which favors the formation of hot band in the middle part of the track, similar to those observed in a disc brake.

The design of this assembly is based on a finite element simulations using a transient thermomechanical model developed in the laboratory (Dufrénoy [34]). The simulations consider a linear elastic behavior of the disc and the pad with the temperature dependent properties indicated previously. The behavior of the disc-pad interface considers, for the structural analysis, a frictionless sliding contact allowing opening and closing of the interface, and, for the thermal analysis, a power dissipation following the Coulomb friction law (with a friction coefficient µ = 0.45) and a contact thermal resistance of 3 kW/m 2 K. The heat exchanges by conduction, convection and radiation with the outside are neglected, considering the short duration of the simulated braking. The axisymmetric modeling is able to understand the contact locations induced by the out-of-plane deformations of the disc and the pad during braking.

Two situations of slowed down braking were defined (noted LEB -Low Energy Braking / MEB -Medium Energy Braking), representative of a moderate use of a disc brake at low speed (urban traffic) and at medium speed (suburban traffic). These two uses lead to different stresses at the contact interface, thus to varied conditions of generation of particles and in particular from the point of view of oxidation. Figure [START_REF] Kukutschová | On airborne nano/micro-sized wear particles released from low-metallic automotive brakes[END_REF] illustrates the expected temperature fields for the two considered braking with the parameters mentioned in Table [START_REF] Murray | Oxidative Stress and Dermal Toxicity of Iron Oxide Nanoparticles In Vitro[END_REF]. Surface temperatures estimated by the EF model are also compared with temperatures obtained from Newcomb model, which assumes a unidirectional heat flow with a perfect contact surface between two infinite bodies and a neglected heat loss by convection and/or radiation. A theoretical evolution of the surface temperature was obtained as followed (Fig ( 11)): 

Experimental protocol

The effective test parameters that allowed these changes are presented in Table (4 LEB and MEB tests are carried out successively using the same pair of pads and discs. The surfaces were previously run-in by a succession of slowing-down braking operations at low speed according to the parameters of the LEB test. One hundred braking operations have led to stationary friction conditions from one braking operation to the next (morphology of the friction track and of the pad surface, temperature, friction). These tests consist in a series of 50 slowdowns. A waiting time necessary for the cooling of the disc at 80°C was observed between each braking, in order to avoid heat accumulation during the tests.

Experimental set-up

The tests were carried out on an inertial bench specific to braking experiments in the laboratory (Desplanques, [START_REF] Desplanques | Analysis of tribological behaviour of paddisc contact in railway braking: Part 1. Laboratory test development, compromises between actual and simulated tribological triplets[END_REF]), capable of performance in terms of rotation speed, braking force and inertia in adequacy with the braking conditions of a vehicle in traffic. Figure [START_REF] Nosko | Effective density of airborne wear particles from car brake materials[END_REF] is a schematic diagram of the bench. The spindle equipped with a flywheel provides the kinetic energy to be dissipated, while a backlash-free elastic system provides the normal load applied to the contact. Figure [START_REF] Nosko | Quantification of ultrafine airborne particulate matter generated by the wear of car brake materials[END_REF] presents the instrumented bench for the tests, in particular the sampling chamber and analyzers intended for the collection and the counting of the particles in line. In addition to the instrumentation of the bench in speed and in force, the evolution of the temperature in the disc is measured by six type K thermocouples placed at 1 mm depth under the friction track. Eleven type K thermocouples (9 at 2 mm depth, 1 at 5 mm and 1 at 8 mm) are used in the pad. Figure [START_REF] Alemani | On the influence of car brake system parameters on particulate matter emissions[END_REF] represents the spatial distribution of the thermocouples relative to the friction surfaces of the pad and the disc. Finally, two capacitive sensors provide information on the displacements of the disc and the pad in the normal direction to slip. The measurement is made on the average radius of friction of the disc. The latter is minimized by in situ machining of the friction track before run-in. Given the small number of braking operations performed for these tests, the wear in terms of thickness loss remained too small to be discriminated from the dimensional variations induced by the thermomechanical deformations of the pad-disc system. Similarly, it was not possible to discern accurately a mass loss of the samples. In order to collect the particles, a specific closed box has been developed, which contains the couple disc -pad (Fig ( 16)). The box is fed by a clean air flow, filtered (HEPA filter...). The air flow rate was chosen at 12.5 m 3 /h as it represents a compromise between the fast renewal of the air contained in the enclosure (volume 13 dm 3 ) and a sufficient concentration of particles for their detection. This helps to access the dynamics of the emissions during braking. Moreover, the air flow tangent to the external perimeter of the disc is introduced into the enclosure orthogonal to the contact outlet. The sampling of the particles is carried out by probes placed in the outlet pipe without disturbing the turbulent flow, the diameter and the orientation of the probes guaranteeing the isokinetism of the sampling. This isokinetic condition depends on the air flow rate required for the operation of the particle analyzers. It is essential to capture a particle profile representative of the emission. Fig [START_REF] Beji | Caractérisation physico-chimique des particules émises hors échappement par le trafic routier[END_REF] shows a background distribution of concentration versus size of particles, characteristic of measurements made on the experimental setup during unloaded free rotation. The straight line indicates the limit below which the EEPS cannot discern a concentration. The background concentration of ultrafine particles varied from 800 to 1200 particles per cm 3 depending on the history of use of the setup. 

Surface temperature estimation

The surface temperatures reached during the tests, inaccessible directly by the measurement, were estimated by two complementary methods, by inverse approach from temperature measurements in depth for the pad and from the measurements carried out in infrared thermography for the disc.

• Pad surface temperature

The estimation of the surface temperature of the pad is based on the inverse method proposed by Quéméner [START_REF] Quéméner | Résolution d'un problème inverse par utilisation d'un modèle réduit modal. Ap-plication au frottement d'un pion sur un disque en rotation[END_REF], which consists in identifying the heat flux absorbed on the surface by minimizing the difference between the measured temperatures and the temperatures calculated with a finite element model in transient thermics.

We have adapted the method to a 1D model of the pad including the thermal capacity of its support. The identification of the flow is based on the temperature measured at 2 mm depth while the temperature measurement at 5 mm depth has been used for the calibration of the model. Figure [START_REF] Degallaix | Interactions between Third-Body Flows and Localisation Phenomena during Railway High-Energy Stop Braking[END_REF] shows the results obtained for the first 10 brake applications in the case of low energy LEB tests with a cast iron disc and a steel disc. The difference between the measured and calculated temperatures at 5 mm during the cooling phases between 2 brake applications is explained by the convection with the ambient air, not considered in the numerical simulation, which is negligible compared to the flux dissipated by friction during the braking phases. The estimation of the surface temperature of the disc is based on measurements of the infrared radiation of the friction track. The measured radiation depends on the temperature and emissivity of the surface. To determine the surface temperature of the disc, a calibration in thermal flux is necessary. It was carried out by reflection using a black body. Considering the short wavelength of the camera used (3.5x10 -6 m), it is possible to approximate Planck's law by Wien's law to evaluate directly the temperatures from the thermal fluxes (Berté [37]).

As the disc is isolated in the closed chamber for particle detection, the IR measurement is performed through a fluorine window, semi-transparent to infrared. Moreover, a dichroic mirror was used to couple the infrared imaging with a fast Photron camera, in order to visualize the same area of the disc with the 2 imagers. A transmittance was evaluated with an average value of 85.5%, with a standard deviation of 0.7%. The measurement of emissivity considers the rubbed surface of the disc after testing, by an indirect non-intrusive method. The third body layer that forms on the rubbing track during the test, as well as oxidation, make the emissivity of the disc vary during the tests (Gaussorgues [START_REF] Gaussorgues | La thermographie infrarouge[END_REF]). The method is shown in Figure [START_REF] Eriksson | Tribological surfaces of organic brake pads[END_REF] and the results in Figure [START_REF] Kuznetsov | Nanostructuring burnishing and subsurface shear instability[END_REF]. The emissivity of our two discs is measured between 0.75 and 0.95. Local variations of emissivity are observed because of the nature of the surface and the third body layer and of topographic variations such as grooves or striations. As the measurements are performed after the tribological tests, the observed surface has gone through further oxidation. As a consequence, the post-mortem emissivity overestimates the in-operando emissivity, leading to an underestimation of the surface temperatures (Table (6 

Friction behavior

As the repeatability of friction is a criterion to end the running-in period, the friction behavior is relatively stable from one braking operation to the next during both LEB and MEB tests. Figure [START_REF] Casas | DEM Analyses of Cemented Granular Fault Gouges at the Onset of Seismic Sliding: Peak Strength, Development of Shear Zones and Kinematics[END_REF] shows typical friction evolutions observed during the slowdowns. The friction factor ( Ft Fn ) evolves between 0.4 and 0.55 in the case of LEB braking for cast iron and steel discs. The increase that is observed at low speed is related to vibrations. Concerning the MEB braking, friction remains lower, between 0.4 and 0.5 for both cast iron and steel discs. This evolution of friction as well as the slowdown friction behavior are closely related to the hot band phenomenon. Figure [START_REF] Panier | PROGRESSIVE WAVINESS DISTORTION: A NEW APPROACH OF HOT SPOTTING IN DISC BRAKES[END_REF] presents the correlation between friction and the change and the migration of the hot band in the case of the 5th braking of the MEB cast iron test. In particular, the rise in the friction at the beginning of the slowdown occurs while the hot band expands on the outside of the friction track. During the band migration, friction tends to decrease, until it stabilizes around a value o the friction coefficient of 0.4. The thermocouples embedded in the pad and the disc also support these observations of a contact starting towards the outside of the track, migrating as a hot band towards the center and then the inside of the track. From the point of view of pad friction area loading, the trailing edge is strongly stressed, the interior less so. In the case of the stainless steel disc, the slowdown thermal evolution in LEB test has been observed in the form of a hot band migration, in the same way as for the cast iron disc. The case of MEB test differs since the thermal phenomena taken the form of circumferential thermal localizations as shown in Figure [START_REF] Davin | Amorce du crissement : analyse expérimentale des liens avec le circuit tribologique[END_REF]. The slowdown friction behavior has therefore evolved more over the braking series, the friction coefficient remaining in low values. which alternate with a powdery third body (in medium grey) and the apparent graphite particles of the composite material (in dark grey and black) on which the third body adheres little. The light gray shades of the third body trays are indicative of their high copper and iron content, iron being predominant, probably under an oxidized state as will be shown below. Figure [START_REF] Hirasawa | Martensitic stainless steel for disc brake[END_REF]e (SEM BSE image) is characteristic of the sliding traces left in the median region, where the load-bearing area was concentrated during the slowdowns. They are particularly marked here near the trailing edge, where the stress was the most severe. The third body plates appear stretched in the direction of sliding, as well as the powdery third body areas.

Surface analysis

The internal region (Fig ( 26)f andg) is marked by the dominance of third body powder beds, which are not very compact, indicating a lower bearing capacity. The bearing surfaces appear fragmented, a sign of their weak cohesion. We note the greater density of the powder beds at the leading edge of the surface and along the dividing line with the median region. Figure [START_REF] Hirasawa | Martensitic stainless steel for disc brake[END_REF]h presents a spectroscopic analysis of a powder bed. The composition is dominated by iron oxides (60 wt%) in which are mixed copper oxides (10 wt%) and in lesser proportion of other elements that come from the pad. As the copper content of the pad is far greater than its iron content, the greater proportion of iron in the third body on the surface of the pad must results mainly from the source flows coming from the cast iron disc. A secondary source flow coming from the pad is nonetheless active.

The observations made on the friction track of the disc (Fig ( 26)i) are fully consistent with the regions defined on the surface of the pad: a fairly homogeneous outer region, a median region marked by slip, and an inner region that appears dark. Electron microscopy images (Fig ( 26)j-m) were performed by tilting the surface relative to the electron source in order to better perceive the texture and the topography in secondary electrons. The morphology of the third body observed on the outer perimeter of the runway (Fig ( 26)j -SEM SE image) is also representative of the observations made in the outer and middle regions. The plateaus appear in abundance, compact and stretched in the direction of sliding. We note a quasi absence of third body in powder form in this part of the disc track. Figure [START_REF] Hirasawa | Martensitic stainless steel for disc brake[END_REF]k corresponds to the same area of the outer perimeter taken this time in backscattered electrons. Its contrast is significant of the large proportion of copper in the composition of the third body which develops on the disc. Some iron oxide rich plateaus seem to develop on top of the copper layer, as shown by the relief perceptible on the image in secondary electrons. Figures [START_REF] Hirasawa | Martensitic stainless steel for disc brake[END_REF]l-m (SEM SE & BSE images) are indicative of the third body present in the inner region of the friction track. The iron oxide-rich plateaus appear weakly compacted, present in greater numbers than in the outer and middle regions.

They alternate with an abundant, powdery third body, which gives the surface its dark aspect (Fig ( 26)i). Figure [START_REF] Katsuhisa | Martensitic Stainless Steel "JFE410DB-ER" with Excellent Heat Resistance for Motorcycle Brake Disk[END_REF] summarizes the analyses of the surfaces after the stainless steel disc tests. As observed with the cast iron disc, the rubbed surfaces of the disc and pad correspond at the macroscopic scale (Fig ( 27)a andi). In the outer region of the pad surface (Fig ( 27)b-d), the third body is present in the form of load-bearing plateaus and powders, the latter being less numerous than in the case of the cast iron disc. On the other hand, the density and the extent of the plateaus vary, more numerous and more extended on the external perimeter and the trailing edge of the pad, more sparse and of small extent at the contact entry, whereas the powder beds are more numerous there. In the internal region, the surface is strongly marked by sliding and conversely to the cast iron disc test, the powders are less numerous there (Fig ( 27)e-g). Composition analysis of a third body powder bed by spectroscopy (Fig ( 27)h) shows the predominance of the proportion of iron (43 Wt%), as with the cast iron disc. The other dominant elements are copper (23 Wt%) and chromium (6 Wt%). These results show that, in this case too, the third body is the result of a mixture of elements produced by the disc and the pad. Regarding the surface of the disc (Fig ( 27)i), the external region appears shaded on a macroscopic scale relative to the direction of sliding, due to the circumferential thermal localizations that have developed. The inner region, which bears the highest stress at the end of the slowdown, is marked by sliding striations, in accordance with the surface of the pad. It is likely that the greater thermomechanical stress, due to the severe contact location, has resulted in more severe plastic deformation of the friction track of the disc than in the case of the cast iron disc. Scanning electron microscopy analyses reveal a smoother surface than in the case of the cast iron disc. The third body accumulates preferentially in the sliding grooves which act as a reservoir (Fig ( 27)j andk). In the inner region, the light bands correspond to a layer of compacted third body, rich in copper, which appears very smooth (Fig ( 27)l andm). The dark bands correspond to an alternation of poorly compacted third body and powder beds, rich in iron and copper, similar to what was observed in the case of the cast iron disc. This is true for fine and ultrafine particles (less than 1 µm in size) and for coarse particles of a few micrometers. In the case of the cast iron disc, the slowdowns at low energy appear more pe-nalizing, in particular in the field of the fine particles, whereas the slowdowns at medium energy are source of emission of ultrafine particles. In the case of the stainless steel disc, the most important emissions in mass concern the particles of the 1 to 5 µm range.

Particle emissions

The recovered particles are then analyzed by SEM/EDS to extract their chemical composition. For both cast iron and stainless steel, the quantification of the elements by EDS shows oxygen as the main element, along with iron and copper. Although oxygen percentages have to be taken cautiously, the maps show an excellent correlation between oxygen, iron and copper. This supports the idea that the third body mainly contains iron oxide, along with other metal oxides. Furthermore, chromium, a marker for stainless steel disc wear, is detected in fine and ultrafine particles. Finally, fragments of third-body plateaus and ceramic particles of the pad composite materials were also collected. Concerning the ultrafine particles presented below (Fig ( 29)), these are strongly oxidized, reinforcing the idea that oxidation processes have an essential role in the third body source mechanisms. 

Discussions

As previously shown in the case of high-energy braking (Cristol [START_REF] Bulthé | Caractérisation expérimentale du contact frottant disque garniture sous sollicitations sévères de freinage. Prise en compte des interactions tribologie, thermique et physico-chimie[END_REF]), the results presented attest to the strong coupling that exists between tribology and thermomechanics in the case of power dissipation, low and moderate energy that represent the vast majority of brake usage. This coupling dominates the way the tribological circuit and its associated flow rates are determined. The radial migrations of hot bands induce the flow of particles in the contact. The large particles of the third body are at the origin of the formation of the plateaus of bearing capacity. The localization of the contact in the hot band induces large circumferential openings of contact available to the recirculation of particles present on the disc and driven by rotation. The flow of these material could be observed during the LEB and MEB tests thanks to the fast video instrumentation for both the cast iron and stainless steel discs. On the other hand, the radial migration of the hot band has a double action on the flow of material inside the contact. In the trail of the band, the opening of the contact releases the third body which provides lift. A fraction of it detaches from the surfaces of the disc and the pad, feeding the recirculating flow. Conversely, due to the radial migration of the band, the contact closes and is fed with the third body recirculated by the disc. This allows a dynamic reconstitution of the load-bearing capacity. This process is essential to maintain the brake in a soft wear regime. The third body guarantees the separation of the first bodies, the disc and the lining, thus protecting them from severe wear processes. The wear of the tribological system, also called the wear flow is due to the third body ejected from the tribological circuit. Airborne particles represent a fraction of this wear flow. Figure [START_REF] Frantisek Klimenda | Heat distribution in disc brake[END_REF] shows the emissions during the first 5 slowdowns of the MEB medium energy tests for both the cast iron and the stainless steel discs. These measurements made by optical detection using the OPS instrument, are for the coarsest particle emissions (size range 320nm to 10µm). The peaks represent the emissions during braking: the growth occurs during the first seconds of braking due to the hot band migration, while the decrease corresponds to the expansion period of the hot band (Fig 24). In the case of cast iron, at the beginning of the test, a clear decrease in the peaks from one braking to another was reported, which was not the case for stainless steel. The emissions observed between 2 braking operations correspond to the emissions induced during the acceleration of the disc and to the maintained maximum rotational velocity phase until the next braking operation. The rise of the emission corresponds to the acceleration phase of the disc. In both cases, a progressive decrease of this emission was noted. This is an indication of the time necessary for the construction of the tribological circuit and the lift, after a prolonged stop which provoked the cooling of the brake. The loss of conformity of the surfaces as well as their probable oxidation during this period of stop, requires an adaptation period of the contact prejudicial to the wear and the emission. Figure [START_REF] Majcherczak | Tribological, thermal and mechanical coupling aspects of the dry sliding contact[END_REF] shows the emissions during the first 20 decelerations of the MEB medium energy tests, the emission profile being then stationary until the 50th deceleration of these tests. It should be noted that the contact adaptation phase is much longer for the cast iron disc followed by a higher emission intensity. Ten minutes were necessary for the stabilization of the emission between slowdowns, while in the case of cast iron, half an hour was needed. This emission continued at low intensity until the end of the tests in coherence with the quantity of the powdery third body observed on the cast iron and steel discs at the end of the 50th braking of the MEB tests (Fig ( 26) and ( 27)).

Regarding the emission peaks specific to each braking operation, they are more regular in intensity from one braking operation to the next in the case of cast iron. It should be remembered that in the case of the steel disc, a phenomenon of circumferential thermal localization appeared after the 4th deceleration. This explains the lower repeatability of the emission of the brake applications, especially as the history in amplitude and position of the thermal localizations on the friction track was very variable from one deceleration to another. For the LEB -low-energy tests with cast iron and stainless steel discs, the emission profiles were correlated with hot band migration, similar to the case of the medium-energy tests for cast iron. The differences lie in a faster contact adaptation in that the lower speed of the disc rotation favors particle recirculation. In the case of cast iron disc, one consequence was the significant accumulation of particles in the tribological circuit until saturating the contact interface in the third body. This resulted in the occurrence of important particles release at a fairly regular frequency of slowdowns, which explains the greater quantity of particles emit-ted (Fig ( 28)). Indeed, the same phenomenon of accumulation and release of particles also occurred in the case of stainless steel but in a more spaced manner and in lower quantities. This result is indicative of lower source flow rates and lower storage capacity of the tribological circuit for stainless steel disc as compared to the tribological circuit for the cast iron disc.

While the emissions of coarse particles are significant for the processes of load-bearing evolution in the contact, the emissions of fine and ultrafine particles are to be related to the sliding velocity accommodation. The velocity accommodation between the disc and the lining takes place in thin films that form on the surface of the load-bearing plateaus and concentrate these particles (Fig ( 5)). Figure [START_REF] Majcherczak | Third Body Influence on Thermal Friction Contact Problems: Application to Braking[END_REF] shows the emissions measured during the medium energy tests using the EEPS by electrical deflection (particle size range from 5.6 to 560 nm). The emissions during the low energy tests were too low to be discernible here. The results show that the first brake applications of each test generate a significant emission, which also corresponds to a necessary adaptation of the contact after a prolonged stop of the brake use. In the case of cast iron, the emissions of fine and ultrafine particles then remain below the detection threshold. The case of stainless steel is different because of the circumferential thermal localization. Emissions occur beyond the initial phase, in an episodic manner. These emissions have been correlated to the evolution of the circumferential locations, in particular according to the severity of the local stress. As shown in the figure [START_REF] Dinwiddie | IR-camera methods for automotive brake system studies[END_REF], the size of the particles involved changes: at the beginning of the test, the emission mobilizes the finest particles accessible by the EEPS analyzer, while in the case of emissions related to circumferential locations, the size of the predominant particles is larger. This suggests that severe thermomechanical loading of the contact mobilizes larger third body particles in the sliding accommodation process. 

Conclusion

A specific experiment has been developed to investigate the relationship between the dynamics of the particle emissions, thermal localizations and tribological mechanisms occurring during braking by friction. Two disc materials were studied with the aim of evaluating the potential for reducing particulate emissions of a martensitic stainless steel compared to a grey cast iron commonly used for automotive brake discs.

Whatever the particles size is, more particles were emitted when testing cast iron disc as compared to the stainless steel disc. Beyond this result, the experiment showed that the braking system requires a setting period to reach a low-emission regime. This period is longer and more detrimental to emissions when the tribological circuit involves a large amount of third body, as it is the case for the cast iron disc which is more prone to oxidation than the stainless steel disc.

Beyond the propensity of the materials to wear, the experimentation showed the sensitivity of particle emissions to the braking device which is responsible for the local stress of the surfaces. In this way, under equivalent braking operations, the thermomechanical behavior of both discs (cast iron or stainless steel) and the nature of the induced contact localizations affect the load-bearing and sliding accommodation mechanisms and consequently particle emissions. Hot band migrations that require dynamic load-bearing accommodation, lead to coarse particle emissions, whereas circumferential contact locations involve fine and ultrafine particle emissions.
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 4 Figure 4: Schematic of the tribological circuit: (a) at the scale of the brake system, (b) at the scale of the interface (Davin, [18])

Figure 6 :

 6 Figure 6: Coupling between tribological mechanisms and hot band radial migration during high energy stopping braking. (Desplanques, [19])

  Density (kg/m 3 ) 3518 Coefficient of expansion (K -1 ) 1.2 x10 -5

Figure 7 :

 7 Figure 7: Thermal properties of sintered metal composite material: (Diff) diffusivity, (Cond) conductivity and (Eff) thermal effusivity

Figure 8 :

 8 Figure 8: Thermal properties of stainless steel and cast iron studied: (Diff) diffusivity, (Cond) conductivity and (Eff) thermal effusivity

Figure ( 9 )

 9 Figure[START_REF] Chasapidis | Study of Brake Wear Particle Emissions of a Minivan on a Chassis Dynamometer[END_REF] presents the assembly developed for this experimental study. The disc is mounted on a backing disc, with an insulating plate (not visible on the figure) interposed to promote heating of the disc. The disc is clamped by an internal flange, while the external flange allows for radial thermal expansion of the disc.
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 9 Figure 9: Design of the disc -pad assembly
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 10 Figure 10: LEB and MEB simulations

Figure 11 :

 11 Figure 11: Evolution of the surface temperature of cast iron and steel discs with the Newcomb model -LEB and MEB tests
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 12 Figure 12: Diagram of the Tribometer
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 13 Figure 13: Brake Tribometer
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 14 Figure 14: Simplified representation of the pad and the disc

Figure 15 :

 15 Figure 15: Background concentration distribution as a function of particle size, measured on the experimental set-up during free rotation without loading
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 16 Figure 16: Particle enclosure
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 17 Figure 17: Fields of observation of IR and visible cameras

Figure 18 :

 18 Figure 18: Thermal localization evolution at successive times of the MEB steel test (4th braking)

Figure 19 : 5 :

 195 Figure 19: Evolution of pad temperatures obtained for the Cast iron (a) and Stainless steel (b) LEB tests, compared to the experimental results
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 20 Figure 20: Emissivity measurement: experimental configuration
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 21 Figure 21: Disc-track emissivity measured by indirect method

Figure 22 :

 22 Figure 22: Typical evolution of friction during slowdowns for low and medium energy tests according to the disc material

Figure ( 23 )

 23 presents as an example the case study of the cast iron disc during the beginning of the MEB tests. Five braking operations were taken to obtain a stabilization of the friction behavior.

Figure 23 :

 23 Figure 23: Evolution of friction during the first 8 brake applications -cast iron disc, MEB test

Figure 24 :

 24 Figure 24: Slowdown friction evolution in relation to hot band expand and migration -cast iron disc, 5th braking of MEB test

Figure ( 25 )

 25 Figure (25) shows the surface of the cast iron disc observed in fast video at different stages of the tests, as well as an optical image made after the MEB test. The grooves on the surface at the beginning of the LEB test are inherited from the running-in phase during which abrasive wear was particularly active. The surface grooves then changed little during the LEB test, due to the protective effect of the third body layer that developed on the disc surface. The more pronounced changes in the inner part of the track after the MEB test correspond to an abundant accumulation of third body which tends to mask the grooving. The first bodies (disc and pad) were analyzed by optical microscopy and scanning electron microscopy (SEM). (Fig 26).

Figure 25 :

 25 Figure 25: Optical visualization of cast iron disc. (a) Beginning of the LEB test. (b) End of the LEB test. (c) End of the MEB test. (d) Optical visualization after MEB test.

Figure ( 26 )

 26 Figure[START_REF] Hirasawa | Martensitic stainless steel for disc brake[END_REF] shows the surface analyses carried out on the cast iron disc. It is particularly representative of the last moments of the MEB test. At the scale of the apparent friction area of the pad (Fig (26)a -MO image), three regions are discernible according to the radius of friction: an external region that extends from the outer perimeter to the average radius of the surface, fairly homogeneous from the leading edge to the trailing edge depending on the direction of sliding, a median region that shows circular traces of sliding, and an internal region that appears darker and extends

Figure 26 :

 26 Figure 26: Optical and SEM visualization of the pad and the disc friction surfaces after tests -cast iron disc configuration. (a) Macroscopic optical image of the entire pad rubbed surface. (b -g) Electron microscopy details -BSE. (h) Spectrometric analysis of the powders. (i) Macroscopic optical image of a sector of the disc track. (j-m) Electron microscopy details -SE and BSE images.

Figure 27 :

 27 Figure 27: Optical and SEM visualization of the pad and the disc friction surfaces after tests -stainless steel configuration. (a) Macroscopic optical image of the entire pad rubbed surface. (b -g) Electron microscopy details -BSE. (h) Spectrometric analysis of the powders. (i) Macroscopic optical image of a sector of the disc track. (j-m) Electron microscopy details -SE and BSE images.

Figure ( 28 )

 28 Figure[START_REF] Yoshioka | Brake discs of low-carbon martensitic stainless steel[END_REF] summarizes the mass measurements performed on the particles emitted during the tests and collected by the impactor. The diagram allows the comparison of the mass of matter emitted according to 11 intervals of particle size. Overall, used with a sintered metallic pad, the emissions in the case of the stainless steel disc are lower than with the cast iron disc.
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 28 Figure 28: Evolution of recovered particle mass by detection size range

Figure 29 :

 29 Figure 29: Composition of particles collected as BSE mapping, size [320 ; 560] nm

Figure 30 :

 30 Figure 30: Coarse particles emissions during the first 5 brake applications with the OPS -cast iron (MEB) : (a) -stainless steel (MEB) : (b)

Figure 31 :

 31 Figure 31: Coarse particle emissions during the first 20 brake applications of MEB test: (a) cast iron disc, (b) stainless steel disc

Figure 32 :Figure 33 :

 3233 Figure 32: Ultrafine and fine particle emissions during the 50 brake applications of MEB test: (a) cast iron disc, (b) stainless steel disc

Table 1 :

 1 Evolution of the particle size distribution of particles emitted from automotive braking as a function of driving style (translated from[START_REF] Beji | Caractérisation physico-chimique des particules émises hors échappement par le trafic routier[END_REF])

	Profile	Nb of particles	% part :	% part :	% part :
		analyzed	d< 1 µm	1 µm < d	3 µm < d
				< 3 µm	< 10 µm
	Urban	1000	22.3	65.0	12.7
	Suburban 1020	54.7	39.8	5.5
	Highway 1054	76.3	21.8	1.9

Table 2 :

 2 Mechanical properties -pad

Table 3 :

 3 

Mechanical properties -disc

2.2 Experimental set-up 2.2.1 Backing disc design

Table 4 :

 4 Test parameters

Table 6 :

 6 )). Maximum evaluated surface temperature -disc

	Disc	Braking test LEB	MEB
		Cast iron	190	280
		Stainless steel	200 550 (hot spot)
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