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Copper–graphite sandwich composites are new functional composites with excellent tribological and mechanical properties. More and more researchers prepare the sandwich composites by accumulative roll-bonding processes due to severe plasticity deformation. The microstructure and properties of copper–graphite sandwich composites prepared by continual annealing and accumulative roll-bonding processes for eight rolling cycles were investigated. The results showed that with the increase of rolling cycles, the dispersion of graphite particles between two copper layers along a rolling direction became more uniform, the pores at the interface between graphite particles and the Cu matrix gradually disappeared, and the hardness of copper–graphite composites gradually increased. After eight rolling cycles, the Vickers hardness of the composites increased by 140.8% as compared with that of annealed pure copper. During friction, the steel balls can meet some graphite particles in the composites rolled by four cycles. The friction coefficient and wear loss of copper–graphite composites gradually decreased with the increase of rolling cycles. Compared with the composites rolled by one cycle, the friction coefficient and wear loss of the composites rolled by eight cycles were reduced by 32.5 and 49.0%, respectively. The main wear mechanism gradually evolved from fatigue wear and abrasive wear to adhesive wear, and then to fatigue wear.
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INTRODUCTION
Copper–graphite composites (CGCs) have attracted much attention in recent years. Due to their excellent thermal and electrical conductivity and significant friction and wear properties, CGCs have been widely used as electrical brush and bearing materials in many fields (Wang et al., 2017a; Zhang et al., 2019a; Xu et al., 2019). The wettability between graphite and copper is poor, and the bonding between the two phases is rather weak, which reduces the mechanical and electrical properties of CGCs (Zhou et al., 2019; Cui et al., 2020; Zhu et al., 2020). Accordingly, many researchers have been committed to improving the interfacial bonding between graphite particles and the copper matrix (Jiang et al., 2018; Sun et al., 2021; Wang et al., 2021). Nowadays, a popular method is to coat a certain metal on the surface of graphite particles, such as Cu, Ni, or Cu and Ni (Liu et al., 2014; Wang et al., 2017b; Chen et al., 2017; Yuan et al., 2020). The metal coating can effectively improve the bonding interface between graphite particles and the copper matrix, but it is difficult to control the uniformity and amount of coating on the surface of graphite particles (Wang and Liang, 2011; Shanaghi et al., 2013). Moreover, the metal coating is a kind of complex process that always includes plating pretreatment (activation, sensitization, etc.), plating, and post-cleaning. Therefore, in order to simplify the process and achieve similar effects, some researchers have also tried to dope some metal elements during ball milling, such as Ti (Zhang et al., 2017), Cr (Ren et al., 2018), and Zr (Zhang et al., 2019b), whereas the doping process is not economical because the milling time is long. At the same time, in order to form a close combination between graphite particles and the copper matrix, some researchers have tried to apply some pressure or heat to them. In recent years, several new processes have also been derived, such as HPS (hot pressured sintering), HIP (hot isostatic pressing), and SPS (spark plasma sintering). Ren et al. (2016) found that a high sintering temperature can reduce these pores at the interface between graphite flakes and the copper matrix during vacuum hot-pressing sintering. Wang et al. (2020) studied the effects of pressure and holding time on the interfacial bonding for diamond–copper composites through SPS and found that high pressure was conducive to strengthening the interface bonding. Generally, the pressure value in an HIP process is higher than that in other processes. For example, Kovacik et al. (2015) prepared CGCs by the HIP process under an argon pressure of 150 MPa. Some other researchers formed CGCs by using HPS or SPS at about 40 Mpa (Zhu et al., 2016; Nie et al., 2020). Although these processes can improve the bonding interface to some extent, the pressure exerted on these sintered samples is very limited to prevent the deformation of mold at high temperature. Therefore, in these processes, the deformation degree of copper particles is not enough to make them completely welded together. However, as a severe plastic deformation process, accumulative roll bonding (ARB) has been widely used to prepare some composites reinforced by second-phase particles, such as Cu/Al2O3 (Jamaati and Toroghinejad, 2010a), Al/Al2O3 (Jamaati and Toroghinejad, 2010b; Alizadeh and Salahinejad, 2015), Al/SiC (Alizadeh and Paydar, 2009; Jamaati et al., 2011; Hosseini et al., 2013), and Al/B4C (Yazdani et al., 2011; Alizadeh and Paydar, 2012; Yaghtin et al., 2012). Some reports showed that during the ARB process, the bonding interface can be improved between second-phase particles and metal matrix, and these particles did not agglomerate together; instead, they distributed uniformly in the matrix (Liu et al., 2012; Khoramkhorshid et al., 2016). Jamaati and Toroghinejad (2010b) found that after seven rolling cycles, the interface bonding between Al2O3 particles and the Cu matrix was still weak, and there were a lot of pores in the second-phase particle clusters. When the number of rolling cycles increased to nine, these pores decreased gradually or even disappeared and the bonding became stronger. Therefore, the interfacial bonding between second-phase particles and matrix can be improved through the ARB process. However, for the CGC prepared by ARB process, there are few reports about the bonding interface between graphite particles and the Cu matrix at different rolling cycles.
Excellent friction and wear performance is one of the important characteristics of metal matrix composites. So far, many researchers have studied the friction and wear properties of some composites prepared by ARB. For example, Darmiani et al. (2013) found that for Al/SiC composites prepared by ARB, their friction coefficient and wear loss were lower than those of pure aluminum and could be reduced by increasing the number of rolling cycles. Liu et al. (2013) also obtained a similar result for Al/WC composites prepared by using the ARB process, that is, as the number of rolling cycles increased, the wear loss was reduced. However, there has not been any report on the friction and wear properties for these copper–graphite sandwich composites prepared by ARB.
In this work, the purpose was to investigate the dispersion of graphite particles between two copper layers during the ARB process and the bonding interface between graphite particles and the copper matrix under different rolling cycles and then to introduce the friction and wear performance of copper–graphite sandwich composites for the first time.
MATERIALS AND METHODS
Materials and ARB Process
The raw materials in this work contain pure copper plates (purity 99.95%, Jiangxi Copper Industry Co., Ltd., Nanchang, China), with a thickness of 1.0 mm, and natural graphite flakes (purity 99.9%, average particle size 25 μm; Nanjing Xianfeng Nano Material Technology Co., Ltd., Nanjing, China). The plates were cut into strips of 60 mm length and 30 mm width, and then annealed at 600°C for 2 h in argon atmosphere.
ARB includes the following steps: 1) cleaning the annealed copper strips. The grease on their surfaces was eliminated by ultrasonic wave in acetone for 10 min; 2) removing the oxide scale on their surfaces by using hydrochloric acid; 3) polishing these surfaces to a fresh Cu matrix with a steel wire brush; 4) smearing a certain amount of graphite particles to the surfaces (about 0.3 vol.%); 5) rolling more than 50% reduction by a two-roller mill (roller diameter, 200 mm) at a rolling speed of 0.5 m/min (the relationship between rolling cycles, plate thickness, layer number, and layer thickness is shown in Table 1); 6) annealing these rolled samples at 550°C for 1 h in argon atmosphere, and then cutting off at the middle of them, and repeating these above steps. The schematic route of the ARB process is shown in Figure 1. Graphite particles were added only in the first rolling cycle. In order to avoid the oxidization of those fresh copper surfaces after polishing, the whole process from surface treatment to rolling was completed within 100 s. A total of eight cycles was performed, and the number of cycles was recorded as N.
TABLE 1 | The relationship between rolling cycle and layer number, plate thickness, and layer thickness.
[image: Table 1][image: Figure 1]FIGURE 1 | Schematic illustration of ARB process.
Microstructural and Mechanical Evaluations
The rolling direction–transverse direction (RD-TD) surface and rolling direction–normal direction (RD-ND) surface of composites were polished with different mesh sandpapers, and then the RD-ND surface was etched by using the solution [FeCl3 (5 g) + HCl (10 g) + H2O (100 ml)]. The distribution of graphite particles in the Cu matrix on the RD-TD surface was obtained by a metallographic microscope (AXIO SCOPE A1). The bonding states between different Cu layers, graphite particles, and the Cu matrix were observed by a field-emission scanning electron microscope (SEM) (FEI MLA650F). The energy-dispersive spectrometer attached with the SEM was used to analyze the distribution of Cu and C elements at the interface between graphite particles and the Cu matrix. The high magnification morphology and selected area electronic diffraction (SAED) of the composites after eight rolling cycles were observed by a transmission electron microscope (FEI TALOS F200X). The specimens for TEM observation were sliced from bulk materials, ground into thin foils about 200 μm thickness, and punched into circular foils with a diameter of 3 mm. These foils were electropolished in a twin-jet electro-polisher and then ion-thinned in an ion-milling machine. The electrolytic polishing solution consisted of 35 vol.% HNO3 and 65 vol.% C2H5OH. The working voltage and temperature were 40 V and −35°C, respectively.
A high-speed reciprocating friction and wear tester (MFT-R4000) was used to measure the friction coefficient (load 20 N, frequency 5 HZ, wear scar length 5 mm, test time 20 min). The GCr15 steel balls with a diameter of 5 mm were used as friction pairs. Before a wear test, the surfaces of these samples needed mechanical polishing with sandpapers. The depth of wear scars was obtained by a three-dimensional profiler (NanoMap 500LS), and the morphologies of these worn surfaces were observed by an SEM (FEI MLA650F). Wear loss was calculated by the bulk density formula (the density of composites was taken as 8.9 g/cm3). A Vickers hardness tester (HVS-5) was used to measure the hardness of composites (testing load 0.2 kg, holding time 10 s, measuring seven times, and averaging), and these samples tested in this research were not annealed after rolling.
RESULTS AND DISCUSSION
Microstructural Observation
Figure 2 expresses the distribution of graphite particles on the RD-TD surface between two copper layers of copper–graphite sandwich composites for different rolling cycles. After the fourth rolling cycle, most graphite particles did not distribute uniformly; instead, they agglomerated together (red arrows in Figure 2A). The reason may be that these graphite particles could not be uniformly smeared on the surface of copper strips before rolling, and some particles moved forward along the rolling direction due to their good lubrication performance during rolling, resulting in their agglomeration. After seven rolling cycles, the distribution of graphite particles was very uniform (Figure 2B). Some similar results were also obtained when Ghaderi et al. (2013) and Jamaati and Toroghinejad (2010b) prepared a kind of particle-reinforced composites by the ARB method. These second-phase particles could be uniformly distributed after six rolling cycles. There are two reasons for this phenomenon. Firstly, with the increase of rolling cycles, the number of copper layers increases, which reduces the thickness of these graphite flakes and improves their distribution (Yao et al., 2016). Secondly, these graphite clusters would decompose under shear stress during rolling, and the injection of metal matrix into these graphite clusters would promote their dispersion under the normal direction pressure of rollers [26] (Alizadeh and Salahinejad, 2015). Some tiny Cu grains (white arrows in Figure 2A) can be found in graphite clusters. During the next rolling cycles, the Cu grains will deform and separate these graphite particles in the clusters.
[image: Figure 2]FIGURE 2 | Distribution of graphite particles on RD-TD surface: (A) four cycles and (B) seven cycles.
The morphologies of the RD-ND surface of copper–graphite sandwich composite samples rolled by different cycles are given in Figure 3. In order to observe the bonding interface, these samples were etched by the solution [FeCl3 (5 g) + HCl (10 g) + H2O (100 ml)]. After one rolling cycle, the interface bonding between two copper strips was very weak, and only a few positions were welded together (arrows in Figure 3). With the increase of rolling cycle number, the cumulative deformation of composites became more and more severe. After four rolling cycles, the bonding quality between two adjacent copper layers was obviously improved. The thickness of copper layers reached a very small value after seven cycles, about 3.0 μm (Table 1). It can also be found that the bonding quality was further improved. Some graphite particles were intermittently distributed, and a part of the copper layers showed a kind of wave shape (arrows in Figures 3B,E) due to uneven plastic deformation. Besides, some graphite particles were broken up and became thinner (arrows in Figure 3E). According to the film theory, some thin brittle oxides on the surface of two metal layers would crack under rolling pressure and some fresh metals would be exposed and combined with each other under high strain energy (Vaidyanath et al., 1959; Mohamed and Washburn, 1975). In this experiment, graphite particles would hinder the contact of these fresh copper points from two adjacent layers and reduce the bonding quality at the first rolling cycle. With the increase of rolling cycles, the bonding quality is improved because the pores at the interface gradually disappear under large plastic deformation (Jamaati and Toroghinejad, 2010a). In addition, the continual annealing could enhance the deformation capacity of metal matrix, making some fresh metals easily exposed and welded together (Ghaderi et al., 2013).
[image: Figure 3]FIGURE 3 | SEM images of samples rolled by different cycles: (A) one cycle, (B) local amplification of sample rolled by one cycle, (C) four cycles, (D) seven cycles, and (E) local amplification of sample rolled by seven cycles.
Figure 4 further shows the three different states of these interfaces between graphite particles and the copper matrix on the RD-TD surface, revealing a change of the bonding interface during the ARB process. After two rolling cycles, the bonding quality was poor. There were some continuous pores at the interface (arrows in Figure 4A), which separated these graphite particles from the matrix. After four rolling cycles, these pores at the interface were significantly reduced and the bonding interface was improved (arrows in Figure 4B). As the number of rolling cycles increased to six, the graphite particles were tightly combined with the matrix and these pores almost disappeared. At the initial rolling cycles, it is difficult to completely embed these soft graphite particles into the copper matrix due to a small deformation degree, resulting in some pores at the interface between graphite particles and the copper matrix. The annealing after each rolling would soften the copper matrix and enhance its mobility. During the next rolling cycles, the soft copper matrix would move and fill these pores, thereby improving the bonding interface (Jamaati and Toroghinejad, 2010a). During the subsequent repeated rolling process, these pores gradually decreased or even disappeared, and a good bonding interface was finally achieved, as shown in Figure 4C. From the distribution of C and Cu elements in Figures 4D,E, it can be seen that there was a transition zone of Cu and C at the interface, which indicates that the interface bonding was very tight. After eight rolling cycles, these graphite particles were closely connected with the copper matrix. Additionally, some tiny graphite particles can also be found (arrow in Figure 4F).
[image: Figure 4]FIGURE 4 | The bonding interface between graphite particles and Cu matrix after different rolling cycles and the distribution of C and Cu elements: (A) two cycles, (B) four cycles, and (C) six cycles. (D) (E) The distribution of Cu and C elements in samples by six cycles and (F) eight cycles.
The high-magnification morphologies of graphite particles on the RD-TD surface of samples rolled by eight rolling cycles are presented in Figure 5. It can be found that these graphite particles were uniformly distributed in the copper matrix in granular shape and their average size was about 10 nm (Figure 5A). Figure 5B displays the typical SAED patterns of Cu and C phases, which proves the existence of graphite particles. However, due to the relatively low graphite content, the brightness of graphite diffraction spots was not very prominent.
[image: Figure 5]FIGURE 5 | TEM image of RD-TD surface and SEAD pattern at eight cycles: (A) high-magnification morphologies of graphite particles and (B) SEAD pattern.
Microhardness
Figure 6 shows the relationship between the Vickers hardness, rolling strain, and rolling cycles of CGCs. After one rolling cycle, the hardness value of CGCs significantly increased due to strain hardening, which was 2.1 times that of annealed pure copper. Then, the hardness value showed a relatively slow increase during these subsequent rolling cycles. After eight rolling cycles, the hardness value of the composites increases by 140.8% as compared with that of annealed pure copper. The reasons for these results can be listed as follows. First of all, some graphite particles in the copper matrix can inhibit the growth of these recrystallized grains during annealing after each rolling, and thus some fine recrystallized grains will occur. Their grain boundaries will hinder the movement of dislocations, which may lead to an increasing value of hardness. Secondly, the more the rolling cycles, the more uniform the distribution of graphite particles. The dispersion strengthening effect from the pining of dislocations and the hindering of their movement will be improved with the increase of the number of rolling cycles (Toroghinegad et al., 2014). Then, these pores between graphite particles and the Cu matrix almost disappear after several rolling cycles, which will be beneficial in increasing hardness. In addition, there is a little higher increase of hardness at the fifth rolling cycle due to a larger rolling strain. Some literatures (Jang et al., 2008; Shaarbaf and Toroghinegad, 2008) reported that the hardness of these composites did not always increase with the increase of the ARB cycles but would reach a stable state after a certain number of cycles due to the equilibrium between the hardening from strain and fine grain and the softening from dynamic recovery and recrystallization. In addition, the interface between layers hinders the propagation of dislocations and thus enhances hardness.
[image: Figure 6]FIGURE 6 | Vickers hardness and rolling strain of CGCs rolled by different rolling cycles.
Friction and Wear Behavior
Figure 7 presents the wear scar depth of composites under different rolling cycles and the surface state of the specimens rolled by four cycles. The sliding distance of steel ball was 5 mm during friction. It can be seen that the wear depth decreased with the increase of rolling cycles. After one rolling cycle (the first step was finished in Figure 1), the depth was about 60 um, far less than the copper layer thickness (450 μm, in Table 1). Therefore, the steel ball could not contact these graphite particles in the composites, which also means that the friction occurred on pure copper. For these composites rolled by four cycles, the scar depth was reduced to about 50 μm, approximate to the layer thickness (40 μm). Therefore, the steel ball may have met some graphite particles during the friction process, such as point 1 in Figure 7B. After seven and eight rolling cycles, these depths were both above 40 μm and much higher than the thickness of copper layers (Table 1). The steel ball would touch many small graphite particles, and these composites showed a better wear resistance after seven rolling cycles (Figure 7C). Moreover, the wear scar of the composites after eight rolling cycles became shallow due to high hardness (Figure 6). Therefore, graphite particles and high hardness are helpful to improve the friction properties of the composites (Rajkumar and Aravindan, 2013; Larionova et al., 2014).
[image: Figure 7]FIGURE 7 | Wear depth, wear surface image, and friction schematic diagram: (A) wear depth, (B) wear surface morphology for the sample rolled by four cycles, and (C) friction schematic diagram for the samples rolled by different cycles.
The friction coefficient of these copper graphite composites rolled by different cycles is depicted in Figure 8. The friction coefficient decreased with the increase of rolling cycles, indicating that their friction performance improved gradually. For the copper–graphite sandwich composites rolled by one cycle, the friction coefficient was about 0.4. Due to the thick copper layer, the steel balls cannot contact these graphite particles during the friction process (Figure 7A), thus bringing about a relatively high friction coefficient. After four rolling cycles, the friction coefficient of composites decreased from 0.40 to 0.36. The steel balls would meet a few graphite particles with good lubricating property, which was beneficial to reduce the friction coefficient. After seven rolling cycles, the friction coefficient of composites was about 0.30. The steel balls would penetrate at least 10 layers of the copper matrix (Table 1 and Figure 7A) and contact many fine graphite particles. Moreover, the composites with high hardness have a high deformation resistance, which can improve their friction performance. The friction of composites rolled by eight cycles was further reduced to about 0.27, which was 32.5% lower than that of the first cycle, showing a better friction property. After several rolling cycles, there is a good combination between graphite particles and the copper matrix. When the bonding is poor, some graphite particles will be separated from the friction surface and cannot produce a lubricating effect. With the increase of rolling cycles, the interfacial bonding becomes stronger and stronger, and these graphite particles become smaller and smaller, which is conducive to the formation of a lubricating film and the decrease of friction coefficient during the friction process.
[image: Figure 8]FIGURE 8 | Friction coefficient of the composites rolled by different cycles.
Figure 9 shows the wear loss of composites during the friction process under a 20 N load. The wear loss showed the same tendency as the wear depth, decreasing with the increase of rolling cycles. The wear loss was 17.77 * 10−4g for the composites rolled by one cycle. After four rolling cycles, the loss decreased by 24.5% and was about 13.41 * 10−4g. The composites rolled by four cycles had a higher hardness and a lower friction coefficient than those composites rolled by one cycle, which could reduce the wear loss. Moreover, with the increase of rolling cycles, the bonding quality between the Cu layer and the Cu layer, graphite particles, and Cu layer was improved, which enhanced the deformation resistance of composites and reduced their wear loss. Compared with the composites rolled by one cycle, the wear loss of these composites rolled by eight cycles were reduced by 49.0%.
[image: Figure 9]FIGURE 9 | Wear loss of the composites prepared by ARB for different cycles.
Worn Surface Morphologies
The worn surface morphologies for these composites rolled by different rolling cycles are shown in Figure 10. It can be seen that the worn surface of the composites rolled by one cycle mainly contained some cracks, grooves, wear debris, and small spalling pits. When the pressure from steel balls was higher than the stress limit of copper, these cracks would occur and propagate in the copper layers. After a period of friction, some metal chips would fall off from these cracks and became wear debris due to fatigue wear. Additionally, the reciprocal motion of these balls adhered by a few debris would produce some grooves. Therefore, the wear mechanism was fatigue wear and abrasive wear. For the composites after four rolling cycles, their surface presented different topography. The grooves disappeared, and there were some obvious delaminated layers on the worn surface of the composites. The moving steel ball was close to the interface between two copper layers (Table 1 and Figure 7A), resulting in these delaminated layers under the action of friction heat and pressure. Further, their edges were flipped up due to the adhesion of steel balls (see Figure 10B), indicating that the main wear mechanism was adhesive wear. At the same time, some graphite particles, about 30 μm, could be found on the worn surface. The amount of the graphite particles was small, about 0.3%, and even some particles stuck on the surface of the steel ball would drop off after a short period of friction. For these composites rolled by seven and eight cycles, there were some obvious spalling pits and cracks on their wear surfaces, but their wear loss was less than that of the first rolling cycle (Figure 9). The interface bonding of the composites rolled by several cycles became strong, preventing these spalled particles from falling off. After a certain time of friction, the cracks would become longer and the spalling pits turned larger. The wear mechanism was fatigue wear. Therefore, it can be seen that with the increase of rolling cycles, the wear mechanism evolves from fatigue wear and abrasive wear to adhesive wear, and then to fatigue wear.
[image: Figure 10]FIGURE 10 | Worn surface morphologies of the composites rolled by different cycles: (A) one cycle, (B) four cycles, (C) seven cycles, and (D)) eight cycles.
CONCLUSION

1) Cu–graphite sandwich composites with a uniform dispersion of graphite particles between two copper layers can be prepared by the ARB process. With the increase of rolling cycles, the dispersion of graphite particles between two copper layers was improved, and the bonding interface with the copper matrix was improved.
2) The distribution of graphite particles and the rolling strain affect the Vickers hardness of CGCs. After eight rolling cycles, the hardness of the composite was 140.8% higher than that of annealed pure copper.
3) During friction, the steel balls can meet some graphite particles in the composite rolled by four cycles. Due to the lubrication of the graphite particles, the friction coefficient of the composites gradually decrease with the increase of rolling cycles.
4) With the increase of rolling cycles, the wear loss of the sandwich composites gradually decreases, and the wear mechanism evolves from fatigue wear and abrasive wear to adhesive wear and then to fatigue wear. The sandwich composites rolled by eight cycles show good wear resistance.
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