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ABSTRACT
[bookmark: OLE_LINK1]The capability of Mn-Cu damping alloy in suppressing stick-slip oscillation when used as the friction pair material is investigated through the experimental method and the forged steel, cast iron, Al alloy and Mn-Cu alloy are chosen for the comparative study. The results show that the Mn-Cu damping alloy and Al alloy have a great potential in suppressing stick-slip oscillation as compared with others. The results also reveal the varying wear behaviours and the relationship between the wear state and the stick-slip oscillation. They indicate that the wear debris on the contact interface make a noticeable contribution to reduce stick-slip oscillation. In addition, the high damping capacity of the Mn-Cu damping alloy may also help to suppress the stick-slip oscillation.
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1. INTRDUCTION
As a typical kind of friction-induced vibration, stick-slip oscillation is very common in engineering and life. There are two distinct motion regimes: in the stick regime one part of the friction pair moves or stays together with the other part and the friction force balances the external force, while in the slip regime the two parts of the pair move relatively to each other and the friction force is ‘controlled’ by the friction law [1-4]. Normally stick-slip oscillation is unwanted, and in most cases, it can cause serious problems, including noisy brakes, tire squeal, squeaky hinges, earthquakes and so on. Therefore, suppression of stick-slip oscillation is very useful [5-7].
[bookmark: OLE_LINK29][bookmark: OLE_LINK30][bookmark: OLE_LINK60][bookmark: OLE_LINK61][bookmark: OLE_LINK64][bookmark: OLE_LINK59][bookmark: OLE_LINK58][bookmark: OLE_LINK71][bookmark: OLE_LINK70]As a kind of non-smooth vibration, stick-slip oscillation is a complex nonlinear problem, and it has attracted many scholars to study its mechanism and discover the possible methods to suppress stick-slip oscillation using both numerical and/or experimental methods [5, 8-18]. Li et al. [5] studied the in-plane stick-slip oscillation of a damped oscillator dragged around an annular elastic plate and found that ignoring separation of the slider from the plate often led to very different dynamic behaviour and possibly misleading results. Popp et al. [8, 9] studied the bifurcation and chaotic behaviour caused by stick-slip oscillation through experimental and numerical methods. Fulleringer and Bloch [10] proposed a method for characterizing the stick-slip oscillation and removing its adverse effect on the friction force measurement. Gao and Cao [11] studied the periodic motion, bifurcation and chatter of a two-degree-freedom vibro-impact system and found that it possessed rich dynamics characterized by periodic motion, stick-slip-impact motion, quasi-periodic motion and chaotic attractors. Thomsen and Fidlin [12] investigated the critical speed for stick-slip, pure-stick, and pure-slip oscillations. Denny [13] reviewed the main characteristics of stick-slip vibration and also found that there was a critical speed which depends on some system parameters. Dankowicz and Nordmark [14] proposed a macroscopic dynamic friction model and investigated the bifurcation associated with stick-slip oscillation using a numerical method. Lee et al. [15, 18] and Dong et al. [16, 17] all reported that the friction materials had a significant effect on the stick-slip behaviour from an experimental study. 
[bookmark: OLE_LINK8][bookmark: OLE_LINK9]In recent years, a new kind of material, damping alloys has shown a good ability to reduce common friction-induced vibration and noise in industry [19-23]. Huang et al. [22] studied capability of a Cu-Al-Mn SMA (shape memory alloy) in reducing excessive vibration and found that the SMA could reduce the vibration response significantly. Baik et al. [23] developed a high-damping Fe-Mn alloy and investigated its characterization. They found that the Fe-Mn alloy was able to reduce noise and vibration. 
[bookmark: OLE_LINK14]Among the various kinds of damping alloys, it has been reported that Mn-Cu damping alloy shows great capability in suppressing vibration as a damping material in various structures [24-26]. Whether it is effective in suppressing stick-slip oscillation when working as part of a friction pair material remains to be investigated. The aim of this study is to explore this potential under low speeds, heavy loads and dry friction conditions through the experimental method. A comparative study of the stick-slip oscillation is conducted with disc specimens made in five kinds of materials, i.e., Mn-Cu damping alloy (Mn-20Cu-5Ni-2Fe), Mn-Cu alloy (Mn-20Cu-5Ni-2Fe without heat treatment), Al alloy (7075), forged steel and cast iron. The reason why these four kinds of materials are selected is that the forged steel, cast iron and Al alloy are common friction pair materials used in engineering. Additionally, they are prone to sustained vibration when excited due to their low damping. For a fair comparison, both Mn-Cu damping alloy and conventional Mn-Cu alloy (Right heat treatment can improve damping capacity of Mn-Cu alloy and may in turn affect the stick-slip vibration of the pad and wear of both the pad and the disc.) are selected in the comparison so that the role of damping would be clear. The vibration acceleration signals, friction forces and wear states for five kinds of discs are performed to determine whether the Mn-Cu damping alloy can reduce stick-slip oscillation.
2. EXPERIMENTAL PROCEDURE
2.1 Experimental setup
Friction characteristics of stick-slip phenomena are studied in this investigation by performing tribological tests on a self-designed setup in a pad-on-disc configuration. Its schematic can be seen in Figure 1. This setup has the advantage of a well-defined contact area and a simple friction pair, which creates a rather simple structure and thus helps understanding of the characteristic of stick-slip phenomena. The fixture system was used to hold the specimens: the pad was held in the upper holder which was connected with the connection part by the screw thread. A strong glue was used to fix the disc onto the metal base which will rotate with the rotational motion device. During the tests, the moving stage which was controlled by the computer would move downwards and push the pad into contact with the disc under a given normal load. Then the disc would rotate with the rotational motion device which was also controlled by the computer. To protect the force sensor, the spring suspension was fixed between the connection part and the force sensor.
In the test, the 2-D force sensor (sensitivity: 0.025 N; measuring range: 5-500 N) was installed to record the normal and friction forces during the whole tests. To protect the force sensor, the suspension was fixed between the connection part and the force sensor. The signals of the forces were recorded by the computer. In order to record the vibration features, the uniaxial accelerometer (sensitivity: 106.3 mV/g; measuring range: 50 g; frequency range: 0.5–10 kHz) was fixed on the upper holder to get the signal of tangential vibration acceleration and the data acquisition and analysis system was used to the record and process the signals.
2.2 Details of specimen samples
In this work, five kinds of discs, which were made from the materials of: Mn-Cu damping alloy (Mn-20Cu-5Ni-2Fe), Mn-Cu alloy (Mn-20Cu-5Ni-2Fe without heat treatment), Al alloy (7075), forged steel and cast iron, respectively, were chosen. Among the five discs, the forged steel disc was cut from a real train brake disc, the other four discs were ordered from a commercial manufacturer. The main material properties are shown in Table 1, in which the density and the Young modulus are provided by the supplier company while the hardness is measured by a hardness tester (MVK-21) in the main authors’ laboratory. The diameter of the disc specimen is 25 mm and the thickness is 3 mm. The disc specimens of five kinds of materials were first polished with silicon carbide abrasive paper, then polished with cloth until they achieved the initial average roughness (Ra) (measured by a profilometer) of the surfaces approximately at 0.06 m. The pad was made from a composite material of train brake friction lining, whose density is 1±0.5 g/cm3; Young’s modulus is E≤1×103 MPa; hardness is HR 50-90. And the thickness of the pad is 15 mm and its cross section is 10×10 mm, thus the contact area is a square with length of 10 mm. The interface roughness (Ra) of pad is approximately 0.4 m, which was measured by a profilometer before the tests. And the pad surface was examined to show its typical morphology before the experiments and the EDX patterns were also shown in Figure 2. In this work, the friction radius is 6.5 mm.
Before the stick-slip vibration experiments, the dynamic mechanical analysis (DMA) was conducted to measure the loss factor of each kind of disc material, which is used to characterize damping in materials [27]. In this work, the DMAQ800 dynamometer was used to conduct the DMA tests. The compression mode was chosen and the frequency of vibration of the drive cylinder was set to be 40 Hz. The temperature during the test was controlled at 35 °C. The range of the strain amplitude was 0-80 μm. The DMA test results are illustrated in Figure 3 and it can be found that the loss factor shows similar trends and increases with the increasing amplitude, and the loss factor value of Mn-Cu damping alloy is the highest (reaching 0.031) among the five kinds of materials. The forged steel and cast iron show similar values, and their highest loss factor value is about 0.021. In addition, the highest loss factor values are about 0.012 and 0.017 for Al alloy and Mn-Cu alloy, respectively.
2.3 The parameters of experiment
Before conducting the experiments of stick-slip oscillation, a series of preliminary tests were carried out with different values of normal loads and disc speeds. Selected experiments at normal force of 80 N, 100 N and 120 N (with the disc velocity of 1 rpm) and at disc speed of 1 rpm, 2 rpm and 3 rpm (with the normal force of 120 N) were conducted. Therefore, the stick-slip vibration tests were conducted under this condition to explore the potential of the Mn-Cu damping alloy to suppress the stick-slip vibration, compared with the other four kinds of disc materials. And the test time was set to be 1 hour for each disc material. 
Considering the randomness of the friction-induced vibration, every kind of disc specimen was tested three times in this study to ensure the repeatability of experiment results. In order to characterize interface contact and wear behaviours of the contact interface, an optical microscopy (OM) and a white light interferometer were used to examine the topographies of the disc surfaces; and a scanning electron microscope (SEM) was used to examine the topographies of the pad surfaces; energy dispersive X-ray spectroscopy (EDX) analysis of the wear debris on the pads of the friction pairs were conducted after the stick-slip oscillation tests. All experiments were conducted in a controlled ambient environment (the temperature of 27–30 °C and the relative humidity of 60±10%).
3. EXPERIMENTAL RESULTS AND DISCUSSION
Firstly, as presented in Figure 4, the stick-slip behaviours of five kinds of materials are examined under the selected working conditions in this investigation. For the forged steel and cast iron, stick-slip oscillation can be observed in all of the working conditions. In contrast, both the Al alloy and Mn-Cu damping alloy show pure sliding within these disc velocity and normal force ranges. The Mn-Cu alloy exhibits different vibration phenomenon: the stick-slip oscillation can be found when the normal force is 120 N, and the stick-slip oscillation vanishes and pure sliding occurs as the normal force is reduced (i.e. 80 N and 100 N); the Mn-Cu alloy shows stick-slip oscillation when disc velocity is 1 rpm and produces pure sliding when disc velocity is 2 rpm and 3 rpm.
To briefly investigate the different stick-slip behaviours among the five kinds of materials, the friction characteristics of each kind of material are analysed in detail at only one kind of working condition (normal force of 120 N and disc velocity of 1 rpm) and then compared with those of the other materials in the following sections.
[bookmark: OLE_LINK47][bookmark: OLE_LINK48]3.1 Friction forces corresponding to various discs
To study the friction property of the friction system with each kind of disc material, the friction force against time is shown in Figure 5. The frictional force curves for five kinds of disc materials in steady-state are presented. 
From Figure 5, it can be observed that the forged steel and cast iron present visible stick-slip oscillation. The friction force is found to increase slowly before reaching the break-away force during the stick episode, and then suddenly drop from break-away force to the dynamic friction force when the relative motion switches from stick to slip, and the stick time (as shown in Figure 5, the time of stick episode for one stick-slip event [28]) of each stick-slip event varies slightly for them. It can also be noticed that the stick-slip amplitude (as shown in Figure 5, the difference between the break–away force and the dynamic friction force [29]) of the forged steel is higher than that of the cast iron. For the Mn-Cu alloy, the friction force exhibits stick-slip vibration, but the stick time durations look irregular. Moreover, the stick-slip amplitude is lower than those of the forged steel and the cast iron. In contrast, no stick-slip oscillation can be found from the Al alloy and Mn-Cu damping alloy. The friction forces of the Al alloy and Mn-Cu damping alloy are rather uniform without stick-slip vibration during the steady-state. Another visible phenomenon is that the Al alloy shows the highest friction force among the five materials. The Mn-Cu damping alloy exhibits the similar value of friction force to the break-away force of the Mn-Cu alloy. The break-away forces of the forged steel and cast iron are the lowest. The above phenomenon indicate that Al alloy and Mn-Cu damping alloy produce relative higher friction force and they are able to suppress the stick-slip oscillation effectively as compared with the forged steel and cast iron.
Stick-slip amplitude and stick time are two very important evaluation indicators for the intensity of stick-slip oscillation [18, 28-30] — the higher intensity of stick-slip oscillation always accompanies with higher stick-slip amplitude and longer stick time. To compare the difference in the stick-slip oscillations more precisely, the stick-slip amplitude and stick time for the forged steel, cast iron and Mn-Cu alloy are presented in Figure 6. From Figure 6 (a), it can be found that the forged steel shows the highest stick-slip amplitude of 3.95 N, which is followed by the cast iron with the stick-slip amplitude of 3.54 N. And the stick-slip amplitude of Mn-Cu alloy is the lowest, whose value is 2.20 N. In Figure 6 (b), it can be observed that the forged steel and cast iron share the same stick time of 1.7 s. Obviously, the stick-slip time of the Mn-Cu alloy (0.64 s) is shorter than that of the other two kinds of materials. The results indicate that, among these three kinds of materials which exhibit stick-slip oscillation, the intensity of the oscillation for the forged steel is the strongest with the highest stick-slip amplitude. And the Mn-Cu alloy shows the weakest stick-slip intensity with the lowest stick-slip amplitude and shortest stick time. It is suggested that the Mn-Cu alloy can reduce the stick-slip vibration to a certain degree compared with the forged steel and cast iron.
Figure 5 suggests that the both Al alloy and Mn-Cu damping alloy can suppress the stick-slip vibration, but is there any difference in the manner of this suppression for them? [16] suggested that the stick-slip vibration was commonly generated at the starting stage of the friction test. And to answer this question, the friction forces of these two kinds of materials at the starting stage are presented in Figure 7. It can be found that in this period, the Al alloy exhibits obvious stick-slip vibration; on the contrary, no stick-slip vibration can be observed for the Mn-Cu damping alloy. The results in Figures 5 and 7 indicate that Al alloy cannot supress the stick-slip vibration at the starting stage, but it can do so as the tests proceed. But the Mn-Cu damping alloy displays a great capability in supressing the stick-slip vibration in the whole process (as shown in Figures 5 and 7). It can be deduced that although the Al alloy and the Mn-Cu damping alloy can supress the stick-slip in the steady-state stage, the suppression mechanisms are different, which will be explored in the following.
3.2 Stick-slip vibration associated with different discs
To further investigate the intensity of the stick-slip oscillation for the different disc materials, the vibration accelerations measured by the accelerometer (as shown in Figure 1) in the tangential direction during the whole experimental process are shown in Figure 8. Firstly, to briefly describe the differences of tangential vibration acceleration, the sudden jumps and the non-stick-slip oscillation are marked as shown in Figure 8.
[bookmark: OLE_LINK2]It can be found that for the forged steel and cast iron, the tangential vibration accelerations experience sudden jumps due to the sudden switching from stick episode to slip episode. Moreover, such jumps happen periodically because the episodes vary from stick to slip periodically. And there is no significant difference in the sudden jumps for the forged steel and cast iron. However, the non-stick-slip oscillation for the forged steel is not as uniform as that of the cast iron. For the Mn-Cu alloy, the tangential vibration acceleration also shows the sudden jumps periodically owing to the stick-slip oscillation. And compared with the forged steel cast iron, the non-stick-slip oscillation is reduced for the Mn-Cu alloy. Finally, for the Al alloy and Mn-Cu damping alloy, the acceleration experiences a uniform non-stick-slip oscillation without any sudden jumps. This is consistent with the fact that there is no stick-slip oscillation in this friction system with Al alloy or Mn-Cu damping alloy disc.
In order to comprehensively evaluate the influence of the disc materials on the stick-slip oscillation, the values of root-mean-square (RMS) of the tangential vibration accelerations for five disc materials are calculated, and the results are presented in Figure 9. It can be found that the RMS of the tangential vibration acceleration for the forged steel, cast iron and Mn-Cu alloy are higher, which are 0.673, 0.597 and 0.522 m/s2, respectively. For the Al alloy and Mn-Cu damping alloy, the RMS of tangential vibration acceleration are reduced to different degrees. They are 0.193 and 0.279 m/s2 for the Al alloy and Mn-Cu damping alloy, respectively. The results further indicate that the Al alloy and the Mn-Cu damping alloy can reduce stick-slip vibration significantly.
After the analysis in the time domain, the characteristics of the stick-slip oscillation in the frequency domain are investigated. Fast Fourier Transform (FFT) is used to convert the signals of the vibration acceleration from the original time domain to the frequency domain. The results of power spectral density (PSD) in the frequency domain are obtained and presented in Figure 10. Obviously, the spectra of the five kinds of disc materials have a similar pattern. Furthermore, they all display a typical frequency doubling phenomenon and even share the similar base frequency at 40 Hz, and the energy levels are the highest at the frequency of 160 (4×40) Hz for them.
Another visible phenomenon is that the energy levels of the forged steel and cast iron are higher than those of the energy levels of the Mn-Cu alloy, Mn-Cu damping alloy and Al alloy in descending order. Special attention is paid at the energy levels at the main frequency of 160 Hz, as shown in the enlarged figure within the dotted rectangle, which are 104.8 and 102.9 dB for the forged steel and cast iron, respectively. The energy levels for the Mn-Cu alloy, Mn-Cu damping alloy and Al alloy are reduced to 99.9, 97.9 and 96.6 dB. The PSD results in Figure 10 further confirm that the friction system with the Mn-Cu alloy, Mn-Cu damping alloy or Al alloy disc can reduce the vibration to a certain degree compared with forged steel or cast iron disc [31, 32]. Furthermore, the Mn-Cu damping alloy and Al alloy show a greater ability to reduce vibration compared with the Mn-Cu alloy in this investigation.
3.3 Wear properties of friction pairs
A search of the rich relevant literature suggested that the interface of the friction pair had a significant influence on friction-induced vibration, and wear at the interface had a close relationship with stick-slip oscillation [17, 26, 33, 34]. For the sake of establishing the relationship between the wear behaviour and the stick-slip oscillation for the five kinds of discs, the OM images of the disc surfaces are analysed and shown in Figure 11. There are visible wear marks on the surfaces of these five kinds of discs and they are parallel to the disc velocity. 
From Figure 11 (a)-(b), it can be found that there is no evident wear debris accumulation for the forged steel and cast iron. Only mild wear with shallow scratches can be observed, and surface damage is very slight, especially for the forged steel. For the cast iron, detachment can be found on the surface. 
For the Mn-Cu alloy in Figure 11 (d), wear debris accumulation can be found, and the wear is severer and the scratches are also deeper compared with those of the forged steel and cast iron. Ploughings can be found on the surface too. 
[bookmark: OLE_LINK3]Moreover, there is obvious wear debris accumulation on the surfaces of Al alloy and Mn-Cu damping alloy discs from the Figure 11 (c) and (e) and the OM images show that the scratches are quite deep on the disc surfaces. These phenomena indicate that apparent ploughing behaviour happens between the contact interfaces in the sliding process. Moreover, visible wear debris can be found in the wear tracks. Especially, the Al alloy has the most severe scratches, furthermore, the wear tracks are covered with visible wear debris.
To further study the wear state of these disc surfaces, the 3-D profiles of the wear tracks are measured using the white light interferometer and presented in Figure 12. 5 places of the transversal profile of worn tracks on the surface of each disc are used to evaluate the amount of wear of the five kinds of discs and the average profiles of the wear scars are presented in Figure 12 (f). It can be seen that the surface morphologies of these disc surfaces are significantly different from each other. 
[bookmark: OLE_LINK6]Firstly, only some detachments can be observed on the surfaces of the forged steel and cast iron discs, and the wear depth is about 1.43 μm for these two kinds of discs (as shown in Figure 12 (f)). The smooth 2-D profiles for the forged steel and cast iron discs also show that the wear tracks are shallow and the wear is slight. Furthermore, the average surface roughness (Ra) of the forged steel and cast iron discs is 0.517 and 0.934 m after the tests (see Table 2), respectively.
For the Mn-Cu alloy disc, some wear debris and visible ploughing can be found on the disc surface, and the wear depth is about 5.33 μm, and Ra is 1.114 m after the test. These further indicate that the wear of the Mn-Cu alloy discs is more severe than that of the forged steel and cast iron.
For the Mn-Cu damping alloy and Al alloy discs, there is obvious ploughing on the disc surfaces and the 2-D profiles also indicate that there are deep pits on the disc surfaces. The wear depths for Mn-Cu damping alloy and Al alloy discs are around 7.66 and 16.99 μm, respectively. Ra values of 2.836 and 5.508 m for Mn-Cu damping alloy and Al alloy discs further indicate much more severe wear than that of the forged steel and cast iron discs.
To compare the wear evolution of the five kinds of discs more clearly, their wear volumes were measured by a white light interferometer and the results are presented in Table 3. It can be found that wear magnitudes of the forged steel and cast iron are obviously lower than others, whose wear volumes are 2.03410-4 and 4.03310-4 mm3, respectively. On the other hand, the Al alloy suffers the highest wear volume of 1.4310-1 mm3, and the wear volumes of the Mn-Cu alloy and Mn-Cu damping alloy are 6.63210-3 and 2.8710-2 mm3, respectively.
Moreover, the wear of each pad mating with each disc is observed by SEM, and the results are shown in Figure 13. Obviously, the pads corresponding to forged steel and cast iron discs show a significant difference from those corresponding to Al alloy, Mn-Cu alloy and Mn-Cu damping alloy discs: the contact surfaces of the former look rather “clean” (almost no wear debris); in contrast, the surfaces of pads for the latter are covered with a large amount of visible and loose wear debris, which are not highly compressed. 
EDX analysis of the wear debris on the pads of the friction pairs is conducted. For the friction pair with the Al alloy disc, point A reveals a very high content of Al-element and Mg-element which are main elements of the Al alloy disc, which indicates material transfer from the disc specimen to the pad specimen during the test. And for the friction pair with the Mn-Cu alloy and Mn-Cu damping alloy discs, points B and C show a high content of Mn-element which is the main element of the Mn-Cu alloy and Mn-Cu damping alloy discs, which also indicates the disc materials transfers to pad specimens. As a consequences, adhesive wear and oxidative wear happen for these three kinds of friction pairs.
Moreover, considering the friction forces in Figure 5, the rougher surfaces of the Al alloy and Mn-Cu damping alloy produce the higher friction forces and the lower non-stick-slip oscillation of tangential vibration acceleration (Figure 8) compared with the other three kinds of materials [35-38]. The lower surface roughness may lead to the lower friction force for the forged steel and cast iron. What is more, based on the results in Figures 5-10 and the wear analysis, it can be concluded that the milder wear and smoother disc (the forged steel and cast iron) will produce stronger stick-slip oscillation in this work, and the finding is consistent with the results in [15]. To clearly show the effect of the wear and surface roughness on the stick-slip oscillation, the schematic diagram of the inherent relation of wear with stick-slip oscillation will be presented in Figure 14.
[bookmark: OLE_LINK13][bookmark: OLE_LINK12][bookmark: OLE_LINK7]Next, analyses of the worn surface morphology and stick-slip oscillation are combined to give a reasonable explanation on how the Al alloy and Mn-Cu damping alloy discs suppress the stick-slip oscillation, as presented in Figure 14. As presented in [39-41], two contacting rigid bodies can be visualized to make contact at the interfaces through a large number of elastic bristles, and the bristles can deflect like springs, which will give rise to a friction force when a tangential force is applied.
As shown in Figure 14 (a), for the smooth contact interfaces, the bristles contact with each other in stage I , and there is no relative motion because the tangential force is not sufficient (corresponding to the stick 1). As the tangential force increases, the bristles deflect so much in stage II that the pad slides on the disc surface (corresponding to the slip). This slip motion releases the large elastic forces in the bristles and they recover so that new contact is established and the pad sticks to the disc surface again (corresponding the stick 2). For the smooth disc and the pad, the relative motion will switch from stick to slip periodically. In contrast, when the contact interface is worn, and especially when the interface is covered with wear debris, as shown in Figure 14 (b), fewer bristles are in contact with each other directly, the interface between the pad and the disc is affected by the “third body flow” of wear debris which cause pure sliding for these two bodies [42]. 
Based on the results in Figures 11-13, the worn disc surfaces of the forged steel and cast iron are relatively smooth and the amounts of wear debris are smaller compared with the others. Thus it can be speculated that the real contact areas and the number of direct contact bristles at the pad and disc interface will be larger for the forged steel and cast iron, and they will show a higher tendency to produce the stronger stick-slip oscillation (as shown in Figure 5) under the low velocity [30]. In contrast, the Mn-Cu alloy, Al alloy and Mn-Cu damping alloy undergo more severe wear and produce more complex and rough contact surfaces with the large amount of wear debris and the real contact areas will be reduced [37]. Moreover, it is difficult for wear debris under the low velocity, and the “third body” of loose wear debris will impede direct contact of the bristles for the Mn-Cu alloy, Al alloy and Mn-Cu damping alloy. All of these factors make contributions to reducing the stick-slip oscillation for them [16, 30]. The larger amount of wear debris on the Al alloy may help to suppress the stick-slip vibration in steady-state stage; but wear debris were limited in the starting stage, so the Al alloy still exhibits the stick-slip vibration in this stage (as shown in Figure 7). However, for the Mn-Cu damping alloy, no stick-slip vibration can be found in either the starting stage or steady-state stage. This may be owing to the relatively high damping capacity (as shown in Figure 3) of this material and wear debris [43, 44].
To prove the role of the wear debris, the wear debris were removed from the Al Alloy disc (called “cleaned worn disc” for short) and stick-slip oscillation test is conducted on this cleaned worn disc. Its friction force is presented in Figure 15 and it can be found that the friction force shows visible stick-slip oscillation. A comparison of the friction force of the Al alloy disc covered with the wear debris (called “uncleaned worn disc” for short) further proves that the wear debris act as the third body “lubricant” between the interface of pad and disc and reduces the stick-slip oscillation.
4. CONCLUSIONS
In this work, vibration experiments are performed to study the ability of Mn-Cu damping alloy (Mn-20Cu-5Ni-2Fe) to suppress stick-slip oscillation working as the friction pair material (disc) with the selected normal force of 80 N, 100 N and 120 N (with the disc velocity of 1 rpm), and disc speed of 1 rpm, 2 rpm and 3 rpm (with the normal force of 120 N). Moreover, four other discs respectively made from forged steel, cast iron, Al alloy (7075) and Mn-Cu alloy (Mn-20Cu-5Ni-2Fe without heat treatment) are also tested for comparison. The main conclusions can be summarized as follows:
(1) The forged steel and cast iron show visible stick-slip oscillation at all selected working conditions. In contrast, the Al alloy and Mn-Cu damping alloy exhibit pure sliding no matter how the normal force or disc speed vary. The Mn-Cu alloy only shows stick-slip oscillation when the normal force is 120 N and the disc speed is 1 rpm, but pure sliding under other working conditions.
(2) [bookmark: OLE_LINK4]The vibration results show that the forged steel and cast iron exhibit obvious stick-slip oscillation. The stick-slip oscillation is reduced at a certain level for the Mn-Cu alloy compared with the forged steel and cast iron. For the Al alloy, no stick-slip oscillation is found in the steady-state stage, however, the ability to suppress the stick-slip oscillation at the starting stage is limited. In contrast, the Mn-Cu damping alloy can suppress the stick-slip oscillation in the whole stage.
(3) The wear test results show that forged steel and cast iron discs undergo slight wear and its wear volume is much lower than the other three materials. The Mn-Cu damping alloy and Al alloy suffer much more severe wear than the others — obvious deep ploughing and a large amount of wear debris can be observed and their wear volumes are also very high.
(4) In this work, it is confirmed that the wear debris on the surface of Mn-Cu alloy, Mn-Cu damping alloy and Al alloy discs act as a third body “lubricant” and contribute to reduction of the stick-slip oscillation. Moreover, the high damping capacity of the Mn-Cu damping alloy may be another important factor to suppress the stick-slip oscillation in the whole experimental stage.
This work is a fundamental study of stick-slip oscillation. It is expected to be useful to reduce stick-slip oscillation from a material point of view when selecting the friction pair material in engineering. Further work is planned to produce damping alloy with higher damping capacity and wear resistance to suppress stick-slip oscillation in the future. It should be noted that the findings of this work are valid for the pad specimen made from a particular composite material as the counterpart friction pair of the disc. Stick-slip behaviour of other pad materials will be investigated in future.
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