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This paper relates to changes in the third body arrangement of a squealing paddisc interface, triggered by altering the tribobological circuit of particles. A sealed chamber placed around a friction experiment, allows to run-in the parts with dry air atmosphere, and then to switch from air to argon. Observations of surfaces worn in dry air match the literature. The major part of the surfaces is covered by a third-body layer containing oxidized metal, in the form of powder or compacted plateaus, the rest of the surfaces being native, non-oxidized material from the first bodies. The squealing sound is steady and has a well-defined spectral content. Two stages of sliding of 400 s each are then performed with changed atmosphere. The squealing sound becomes sporadic and its spectral content changes. On the pad's surface, the coverage of compacted third-body plateaus reduces, while more non-oxidized metal appears. A specific pattern of plateaus appears on top of graphite particles. The evolution of the vibrational behavior and of the third-body layer are both gradual and have not reached a steady state when the experiment is stopped. We propose a scenario involving a change in the balance between the source flows and the wear flow as an explanation of the observed tribological changes.

Introduction

This work is a part of a larger study aimed at understanding the early stages of friction induced vibration in brake discs. The role of the interface on the squealing behavior has been shown, in particular the importance of the amount and the arrangement of the third-body layer [START_REF] Rhee | The role of friction film in friction, wear and noise of automotive brakes[END_REF] [2] [START_REF] Graf | Instabilities in the sliding of continua with surface inertias: An initiation mechanism for brake noise[END_REF] [4] [START_REF] Lee | Effect of plateau distribution on friction instability of brake friction materials[END_REF]. It has also been shown that squeal arises from stick-slip or stick-slip-separation waves that are generated locally and travel along the interface [START_REF] Linck | Dry friction: influence of local dynamic aspect on contact pressure, kinematics and friction[END_REF]. As a consequence, the ability to act on the layer of third body is crucial to understand its influence on the vibrational behavior. In this paper we use a modification of the oxidative capacity of the atmosphere as a tool to alter the tribological mechanisms at the interface, as well as the amount of third body. In a brake system, particles detached from the first bodies travel and create a tribological circuit [START_REF] Berthier | Third-Body Reality Consequences and Use of the Third-Body Concept to Solve Friction and Wear Problems[END_REF]. These particles can get trapped in the contact interface and compact into third-body plateaus, that cover the original surfaces and fill their asperities. Plateaus of compacted third body have two main functions.

They bear the loads at the interface, and they accommodate speed differences by shearing [START_REF] Berthier | Velocity Accommodation in Friction[END_REF]. Plateaus are continuously created, shaped, worn away or rebuilt by the flows of particles and the tribological mechanisms activated at the interface.

Moreover, simplified approaches of the tribological circuit show that the mass of third body results of a competition between source flows of detached particles and flows of particles ejected from the contact, namely the wear flow [START_REF] Fillot | Wear modeling and the third body concept[END_REF]. Studies have also shown that tribo-oxidation is a main source of particles in brakes [START_REF] Drfel | 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], as well as in many sliding contacts between metallic first bodies in the presence of oxygen [START_REF] Paulmier | Wear mode of a copper wire during a sliding contact with copper/chrome steel: influence of oxygen[END_REF]. We thus chose in this paper to change the oxygen content of the atmosphere surrounding the sliding interface, so as to witness how it affects the squeal and the tribological mechanisms. A running-in phase with dry air atmosphere will be conducted prior to this modification, in order to create a third body containing metal oxides. A possible outcome of the atmosphere modification is the inhibition of the oxidative source flows of third body. This could lead to a decrease in the amount of detached particles, or a modification of their chemical content, and eventually to a change in the organization of the third-body layer at the interface. Other modifications could occur as well, as consequences of a different reactivities of the surfaces. The response time of these phenomena is also a question, as the available literature seems to provide no clear results relating to the rates at which plateaus of third body are shaped or wiped away.

Material and methods

Figure 1 shows the setup used in this work. It is an evolution of the paddisc tribometer described by Duboc [START_REF] Duboc | Influence of contact conditions and pad geometry on disc brake squeal noise[END_REF], that allows to study the role of the interface behavior on squeal generation. It is run inside a sealed chamber that was designed specifically to control the chemical content of the atmosphere around the sliding interface. The disc is made of 15CrMoV6 steel. It possesses a sliding track with an average diameter of 190 mm, prepared by machine grinding. The pad is made of a sintered composite material with a metal matrix (mainly iron and copper) and graphite particles. Its sliding face is a 20 mm × 20 mm square surface, and it is prepared by machine grinding perpendicular to the direction that will be used for sliding. An SEM micrograph of pad surface after grinding (figure 2) shows constituents of the pad material. The darkest areas correspond to graphite particles, and the heterogeneity of the metal matrix is shown by various lighter levels of gray. The medium gray levels indicate a higher content of iron, while the lightest levels indicate a higher content of copper. Furthermore, by thresholding and quantifying photographs of a whole pad, the surface fraction of matrix is evaluated to 63%, and that of graphite to 37%.
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Future sliding direction Grinding direction The sliding is conducted with a normal contact force of 200 N at a constant speed of 8 m/s. A timeline of the experimental protocol is shown on figure 3.

Tests are made of successive sliding sequences of 20 s each. Between each 20 s sequence, the contact is opened to limit the temperature raise. After each group of 20 sequences (that is 400 s cumulated) the rotation of the disc is stopped, and pictures of the sliding surfaces are taken. A running-in with an atmosphere of dry air establishes nominal tribological and vibrational behavior. The dry air is a synthetic compound of 21% dioxygen and 79% dinitrogen. This stage ends when the following criteria are met:

• the initial grinding grooves can no longer be seen on the sliding surfaces,

• the tribological and vibrational behavior is steady and repeatable over at least 20 sequences. The steadiness of the behavior is evaluated with the following values:

the average friction coefficient,

the temperature levels measured in the bulk of both pad and disc,

the spectral content of the squealing sound. After this running-in, we alter the tribological mechanisms by replacing dry air in the chamber by argon. A first modification stage consisting of 20 sequences (400 s) of sliding is carried with an atmosphere of argon with an oxygen content between 3% and 5%, and it is followed by a second stage of another 20 sequences with argon atmosphere and oxygen below 0.2%. The atmosphere change is carried out by a gravity filling of the chamber, helped by the lesser density of air relative to argon. The filling is stopped and the tubes are closed when the oxygen sensor and the relative humidity sensor placed in the chamber read the wanted values. Relative humidity is kept between 10% and 20% during all the tests.

Running-in

Results

Sound behavior. An analysis of the sound shows that squealing is emitted nearly at all time during the running-in. The spectral content rapidly stabilizes with one major basis frequency of 7 kHz and two harmonics at 14 kHz and 21 kHz, as shown on a spectrogram of a representative sequence on figure 4. A slight variation of the frequencies is observed at the beginning of the sequence (before 5 s) which is understandable, because the load is applied gradually. Isolated events also happen for short durations, such as a sudden and short fainting of the sound at about 8 s, but the same set of harmonics comes back rapidly. This general behavior is steady and repeatable over several dozens of sequences. During the first stage with modified mechanisms, the squealing behavior gradually changes. It becomes less constant, and often interrupted for several seconds. Some frequencies that were previously minor (3.5 kHz, 10.5 kHz and 17.6 kHz) gradually raise to nearly the same intensity as the initial frequencies.

A representative example of this behavior is shown on Figure 5 a). This effect continues during the second stage, when oxygen fraction is lower than 0.2%, as shown on Figure 5 b). Squealing becomes really sporadic, or event silent most of the time. The new frequencies (3.5 kHz, 10.5 kHz and 17.6 kHz) keep a medium intensity, and a third type of frequencies (12.9 kHz and 16.7 kHz) arise when the squealing stops. We believe that this sound might stem from the amplification of a mode of the assembly, or a mode of the rotating shaft, as these frequency are detected even when the contact is open and the shaft rotating. Tribological analysis. The analysis will be presented in chronological order, starting with observation of disc and pad surfaces after running-in (with dry air), then after the first stage with modified conditions (with 3% to 5% O 2 ), and after the last stage (with less than 0.2% O 2 ). Investigation of the disc with SEM and EDS will be performed only after the last stage, as it implies unmounting the disc and cutting a sample of it. For the two first stages, the disc surface can be studied with photographs. Figure 6 a) shows the full width of the disc track after running-in. Fine grooves are visible in the sliding direction. At a larger scale, the track looks heterogeneous in the radial direction, and millimetric stripes of various width and visual aspect are seen. Three radial areas can be distinguished, close to the inner, the middle, and the outer radius.

A closer view of these areas is shown on figure 6 b). Although the middle of the track looks rather smooth, on the areas close to the inner and the outer radius, the stripes are made of a dark material of granular aspect, which constitutes third-body powder involved in the tribological circuit, according to observations made on previous experiments. Existing work [START_REF] Cristol-Bulth | Coupling between friction physical mechanisms and transient thermal phenomena involved in paddisc contact during railway braking[END_REF] shows that such third-body powder can spread on disc track areas where a sufficient clearance exists be-tween the rubbing surfaces, mainly due to thermal distortions of both pad and disc. The center of the track, where powder is mostly swept away, thus seems to bear most of the contact. Non-oxidized matter is made mostly of metallic elements, such as iron found in large amount, copper, and alloying elements from the disc. In the following, these four phases will be referred to as graphite particles, powder beds, compacted plateaus and non-oxidized metal. The visible surface of graphite seems smaller than it was on the brand new material. Observations show that the face of graphite particles is set back of a few micrometers from the surface of the metal, creating voids which are partly filled by powder beds. These observations match previous work for metal matrix braking materials [START_REF] Desplanques | Genesis of the Third-Body at the Pad-Disc Interface: Case Study Of Sintered Metal Matrix Composite Lining Material[END_REF], and explain that a fraction of the graphite cannot be seen. Powder beds also developed in holes created by other phenomena (i.e. porosity in the matrix, removed particles, cracks, or boundaries between particles), usually of a smaller size than observed on graphite particles. The knowledge gathered from this local analysis allows to separate the phases on a photography of the whole pad. This makes it possible to evaluate which fraction of the apparent contact area corresponds to each phase, and to understand how phases are arranged on the surface. Due to lights defects near the edges of the surface (shades or strong light gradients), some areas of the image not usable for processing, are cut-off (invalid data). The surface looks rather uniform along the sliding direction, but seems to be radially uneven, so the quantification is done separately for the three regions of the inner, middle, and the outer radius, labeled Ri, Rm and Ro, as well as on the whole surface. Compacted plateaus cover 64% of the surface, with very little variation between the regions. Graphite particles are also rather uniformly distributed, and account for 13% of the surface. The powder beds cover 20%, with some radial variations, as they account for 20% and 23% of the surface in the inner and outer area, and only 16% near the middle of the track.

This observation matches the analysis made on the disc surface, which confirms that there are interactions between third body found on the disc and on the pad. The surface fraction attributed to graphite was 37% before sliding, and has become 13%. Furthermore, the sum of powder beds and graphite particles account for 33% of the surface at this point, which confirms that most powder beds are indeed established on top of graphite particles, covering a part of their surface. Finally, non-oxidized metal corresponds to about 3% of the surface, uniformly distributed, although a maximum is found on the middle area. The analysis of the phase distribution and its evolution at the scale of the whole surfaces shows a clear tendency. The fraction of pad surface covered by compacted plateaus reduced in the same time as more non-oxidized metal areas appeared. On the other hand, the amount of powder on the disc apparently reduced during the first modified stage, as it increased on the surface on the pad. Generally, the middle area of the track is found to be more affected by changes than the sides, which confirms the assumption that this region bears most of the contact distribution. SEM observation and EDS analysis of the pad and disc surfaces after the last stage will help understand how these changes on the surfaces translate to tribological mechanisms at the millimetric scale. SEM observation also permits to analyze the surface of the pad. As fig-

ure 12 shows, the phases seen on the surface remain similar to the ones before modification and their composition is confirmed by EDS analysis. The storage of powder in voids also remains, especially over graphite particles. Compacted plateaus can still be seen but they are less numerous and cover less surface than previously. It also seems that many of these plateaus are located immediately downstream the powder beds, although their distribution seemed more random before modification of the atmosphere. 

Discussion

When the content of O 2 in the atmosphere is reduced, the squeal sound is modified. Its spectral content is changed, and the sound, which was steady in nominal conditions becomes intermittent. This effect increases with time and with a lower O 2 content. This change in the vibrational behavior is correlated to a decrease in the amount of the third-body matter and a change in its organization. The schematics of figure 13 describe a scenario of this tribological evolution that can be deduced from the analysis conducted previously. The particular role of graphite particles is illustrated. As shown on figure 13 a) and d), the initial surfaces feature little to no third-body particles, and graphite is seen on a large fraction on the pad surface. After running-in with dry air atmosphere, a significant amount of matter was removed from both first bodies, as described on figure 13 b) and e). A large amount of third body was thus pro-duced, mainly by tribo-oxidation of the disc surface. These particles are carried by the disc, and some get trapped in the contact, either sheltered in voids at the surface or compacted into plateaus. In particular, graphite particles on the pad are worn more than metal, creating void areas that span over several hundred micrometers. These voids store most of the powder beds.

When the atmosphere is modified, the balance between source flows and wear flow is modified, leading to less third body available in the contact. As a result, the compacted plateaus that are worn away cannot rebuild as they did with the nominal conditions. Gradually their fraction decreases and more non-oxidized metal appear. Plateaus built on top of graphite particles remain longer, sheltered in voids where powder beds continue to feed them. This state is described on figure 13 c) and f). 

Disc

Conclusions

This study used a modification of the atmosphere surrounding the sliding interface of a squealing brake to alter the third-body flows, the tribological mechanisms and the vibrational behavior. A running-in was conducted with dry air, and permitted to obtain a steady, well-defined squeal, and sliding surfaces that matched literature, with a large coverage by a third-body layer mainly composed of oxidized metal. Two stages of sliding were then conducted with reduced oxygen contents, and several phenomena were witnessed:

• the squealing sound, previously steady, became intermittent and it spectral content changed. This effect increased with sliding time and with a lower oxygen content.

• The fraction of the apparent surface of the pad covered by third-body compacted plateaus decreased significantly, and as a result, more nonoxidized metal area appeared. This effect increased with sliding time and with a lower oxygen content.

• Slightly more powder was found trapped in the contact, and less powder was found circulating on the disc surface.

• The chemical content of third-body layers was not affected by the atmosphere modification.

• Many remaining compacted plateaus are located downstream powder beds, in particular when sheltered in voids formed over graphite particles.

• The changes were gradual, as third-body plateaus were still seen after sliding for 800 s with modified atmosphere.

A scenario was drawn, proposing that a change in the balance between source flows and wear flow of third body could explain that wiped plateaus are not rebuilt, leading to a decrease in their coverage of the surface. The particular arrangement of compacted plateaus found mainly on top of graphite particles after atmosphere change, was attributed to the ability of surface voids to shelter compacted plateaus, and to the presence of large nearby powder beds feeding them. A remaining issue concerns the contribution of large non-oxidized areas to the contact. In particular, the emergence of an alternative third body, produced by a source flow of non-oxidized matter, and able to bear the load and to accommodate the sliding velocity is a hypothesis of interest. The changes in the tribological mechanisms and in the vibrational behavior seem to be correlated in time, but more work is needed to understand how they might be linked. In particular, more knowledge on the ability of instability waves to travel through different configurations of plateaus could lead to a better understanding.
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 1 Figure 1: Schematic of the disc tribometer placed inside the sealed chamber.
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 2 Figure 2: SEM backscattered electron micrograph of brand new pad surface, after machine grinding and before sliding.
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 3 Figure 3: Timeline of the testing protocol.

Figure 4 :

 4 Figure 4: Typical spectrogram of the sound for one 20 s sequence, recorded at the end of the running-in.
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 5 Figure 5: Typical spectrograms of the sound. a) Data recorded at the end of modified stage 1. b) Data recorded at the end of modified stage 2.

Figure 6 :

 6 Figure 6: Photograph of the disc sliding track after running-in. a) Full width of the track. b) Enlargement of three areas (inner radius, middle radius and outer radius).

Figure 7 :

 7 Figure 7: Pad surface after running-in with dry air, with the main phases and their typical composition in mass fraction (SEM backscattered electron micrograph).

Figure 8 a

 8 ) shows a photograph of the sliding face after running-in. The processed image is presented on figure 8 b), along with a quantification of the fraction areas covered by each phase.
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 8 Figure 8: Pad surface after running-in: a) photograph of the surface, b) map of the surface phase distribution.
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 9910 Figure9 a) presents an image of the disc track after the modified stage 1 and a close-up on three regions near the inner, middle, and the outer radius. Even though millimetric stripes are still visible, the track seems much more uniform than previously in the radial direction and no clear difference can be made between the three regions. The amount of powder seems to be highly reduced.Powder can still be seen in some grooves, as well as in the form of a few small dark patches. The phase distribution on the pad surface at the same stage is shown on figure9 b). The surface is still heterogeneous and the four phases that existed after sliding in nominal conditions are still present. However the amount and the distribution of each phase changed significantly. Compacted plateaus remain the majority, but their fraction decreased by 10 percentage points. Their fraction is higher near the inner radius and decreases on the outer part of the track. Inversely, the fraction of non-oxidized metal increased by 6 points. It increased the most on the middle and near the inner radius of the track, but remained steady on the outer part. The fraction of graphite particles reduced slightly, but the change is more visible in the middle of the track. Finally, the

Figure 11 Figure 11 :

 1111 Figure11shows an SEM image of the disc surface made with backscattered electrons. As was seen on the photographs, fine grooves are present in the sliding direction. Their width varies from 10 µm to 50 µm. This surface is very heterogeneous, and different phases are seen. A phase that looks like compacted third-body matter is seen in deep grooves. This matter shows cracks, mostly perpendicular to the sliding direction. Another phase has a veined appearance

Figure 12 :

 12 Figure 12: Pad surface after modified stage 2, with the main phases and their typical composition in mass fraction (SEM backscattered electron micrograph).

Figure 13 :

 13 Figure 13: Scenario of the tribological evolution of the pad-disc interface. a), b) and c) schematics show top views of the evolution of a sliding area on the pad surface. d), e), and f) show side view sections of both first bodies and third body. a) and d) represent parts before sliding, b) and e) show the nominal state after running-in, and c) and f) show the modified state after sliding with modified atmosphere.