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Abstract

:

Graphite-based composites are well recognized as ideal functional materials in mechanical seals, bearings of canned pumps, and electrical contact systems because of their outstanding self-lubricating ability, thermostability, and chemical stability. Working in harsh conditions is a huge challenge for the graphite materials, and their tribological properties and wear mechanisms are not well studied. In this study, the tribological performance of metal-impregnated graphite, resin-impregnated graphite, and non-metal-impregnated graphite under high temperature and high load are studied using a ball-on-disc tribometer. The results show that the metal-impregnated graphite (Metal-IG) has a stable friction regime and exhibits better anti-friction and anti-wear properties than that of resin-impregnated graphite (Resin-IG) and non-impregnated graphite (Non-IG) under extreme pressure (200~350 MPa) and high temperature (100–350 ℃). The Metal-IG and Resin-IG can reduce the wear depth by 60% and 80%, respectively, when compared with Non-IG substrate. The impregnated materials (metal or resin) can enhance the strength of the graphite matrix and improve the formation of graphite tribofilm on the counterpart surfaces. Friction-induced structural ordering of graphite and slight oxidation of metal in the formed mechanically mixed layer is also beneficial for friction and wear reduction. This study demonstrates the tribological characteristics of impregnated graphite under harsh conditions and provides the experimental basis for the advanced usage of high-reliability and self-lubrication graphite composites.
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1. Introduction


With the development of industry, much advanced mechanical equipment is required to effectively operate under harsh environments such as high temperature, high load, and high speed in the fields of aerospace engineering, ocean engineering, and equipment manufacturing. It is obvious that the significant energy wastage and material losses result from friction and wear [1,2,3,4]. Graphite-based materials are often used in this field due to their outstanding abilities of self-lubrication, heat transfer, and corrosion resistance [5,6,7]. In general, there are some structural defects in the graphite matrixes coming from manufacturing processes [8], which seriously affect their mechanical strengths and tribological performance. Vacuum impregnation of metals and resins in graphite is one efficient way to improve its mechanical and tribological performances [9,10,11,12,13,14,15,16].



There are two main kinds of impregnated composites, including metal-impregnated graphite and resin-impregnated graphite. Lafon-Placette et al. [11] studied the tribological performances of the graphite composites impregnated by polyester and antimony. They showed that both polyester and antimony could improve the tribological properties of graphite materials. Copper impregnating to graphite could be used for the enhancement of graphite [17,18,19,20,21,22,23]. The copper-impregnated graphite shows good anti-friction and anti-wear performance when rubbing against stainless steel [9]. Inspired by the ability of soft metals to enhance the tribological properties of graphite, many researchers used resin materials with enhanced fluidity to reinforce the graphite matrix [10,12,15]. The phenolic resin was widely used to impregnate the graphite matrix, and the progressive relationship between the coefficient of friction (COF) and the resin component was also revealed [15]. Resin-impregnated graphite and non-impregnated graphite were compared under different friction conditions by Zhang et al. [13]. It was found that the resin impregnation enhanced the mechanical properties of graphite, which led to a lower fraction of open pores, then reduced the friction between the friction pairs. Zhu et al. [14] found the furan resin-impregnated graphite composite had much better mechanical and tribological properties compared with the non-impregnated graphite. Vespel polyimide impregnated graphite was utilized for the application of mechanical seals [17], which could improve wear resistance and reduce torque loss.



Apart from the physical and chemical characteristics of graphite composites, the friction conditions have a huge influence on their tribological properties. Under dry friction, the graphite tends to be transferred to the rubbing surface and reduces the direct contact between the friction pairs [24,25,26,27]. The COF of the graphite is lower under water or oil lubrication than that under dry conditions [28,29,30,31]. Because the liquid constrained between friction interfaces sustains a high pressure and generates hydrodynamic lubrication, however, lubricants hindered the formation of a graphite transfer film on the counterpart [13]. Guo et al. [29] studied cemented carbide sliding against graphite under water conditions, and an ultralow COF was achieved. Cui et. al. [30] studied the tribological properties of graphite/cemented carbide under seawater. Although seawater can also improve interfacial lubrication, it would result in electrochemical corrosion of rubbing surfaces. In addition, the sliding velocity, load, and temperature have prominent effects on the tribological properties of impregnated graphite. With an increase in the velocity, the COF gradually decreases [13,26]. Conversely, the COF has a positive correlation with the normal load [7,14]. Our previous work found that high temperature can improve the tribofilm formation of the resin-impregnated graphite materials, thus they have good tribological properties at a higher temperature [32]. Working in harsh conditions is a huge challenge for graphite materials. Graphite composites are mainly studied under normal load and temperature [10,18,19], which are difficult to meet the requirement of actual application. For example, the harsh contact load of mechanical seals is as high as 100~250 MPa [33]. However, few studies focused on their tribological properties under harsh friction conditions (200~350 MPa and 100–500 °C), and their tribological properties and wear mechanisms are not well investigated.



This study intends to investigate the tribological characteristics of typical impregnated graphite composites under harsh friction conditions (high temperature and high load). The purpose of this study is to understand the performance difference between metal-impregnated graphite and resin-impregnated graphite. The friction mechanisms of the graphite composites will be revealed by a scanning electron microscope (SEM), a Raman spectrometer, and an X-ray photoelectron spectroscope (XPS).




2. Experimental Process


2.1. Materials


In this study, the antimony metal-impregnated graphite (Metal-IG), furan resin-impregnated graphite (Resin-IG), and non-impregnated graphite (Non-IG) were provided by Shanghai Morgan Advanced Materials Co., Ltd. (Shanghai, China). The diameter of the disk is 24 mm and the thickness is 8 mm, as shown in Figure 1c. Before the tests, the graphite surfaces are polished by a brass lapping machine. The surface roughness of the graphite materials is shown in Table 1. The microhardness is measured by a microhardness tester, the test load is 50 g, and time of the process is 5 s. The microhardness of metal-impregnated graphite is 340.38 HV, whereas those of resin-impregnated graphite and non-impregnated graphite are 123.44 HV and 93.68 HV, respectively. The counterparts are steel balls purchased from Shanghai Steel Ball Plant Co., Ltd. (Shanghai, China). The diameter of the balls is 10 mm, as shown in Figure 1b. The main physical parameters of these materials are listed in Table 1. The steel balls and graphite samples are cleaned by alcohol in an ultrasonic cleaner for 30 min, followed by drying process.




2.2. Tribological Tests


The tribological tests were carried out on a ball-on-disc test rig under reciprocating motion (SRV-4, München, Germany). Each test was repeated three times. Different disks of graphite composites (approximately 25 wt.% of resin and metal) [15] were kept statically in place by the fixture of the tester. The schematic diagram of the test is illustrated in Figure 1a. The friction ball slid on the surface of the graphite disk. The reciprocating stroke was 2 mm, and the sliding frequency was 10 Hz. In particular, this study mainly focused on the friction characteristics of graphite under the harsh conditions of high temperature and high load for dry conditions, so the temperature varied from 25 °C to 350 °C and the load was in the range of 20 N to 140 N. The instantaneous Hertzian stress was 20 N (190.7 MPa), 60 N (275 MPa), 100 N (325.9 MPa), and 140 N (364.6 MPa). The experimental parameters used in this study are shown in Table 2.




2.3. Characterization


The morphologies of initial surfaces and wear tracks were observed by an optical microscope (OM, Schneider Electric, Rueil, France). The microstructural characterization of worn surfaces was performed with scanning electron microscopy (SEM, JSM-5600 LV) with a secondary electron condition, and an accelerating voltage of 5 kV. A Raman spectrometer with 532 nm laser excitation was used to measure the Raman spectra of the graphite materials. In addition, the wear scar and the transfer film were characterized by Energy Dispersive Spectroscopy (EDS) with an accelerating voltage of 5 kV and an X-ray photoelectron spectroscope (XPS, Thermo Fisher Scientific, Waltham, USA) operating with Al-K radiation.





3. Tribological Results


3.1. Anti-Friction Properties


The friction properties of Metal-IG, Resin-IG, and Non-IG are shown in Figure 2. At 25 °C (Figure 2a), the COF of Metal-IG is much lower than that of Resin-IG and Non-IG, which means that Metal -IG has better anti-friction properties. The average COF values of the Metal-IG and the Resin-IG are approximately 0.165 and 0.183, respectively. For comparison, the anti-friction property of Non-IG is unstable and its COF increases obviously with the increase in friction time [14]. At high temperature (350 °C) (Figure 2b), the COF of Metal-IG and Resin-IG is decreased to 0.100 and 0.150, respectively, at the beginning of the slide, and then increases obviously. For the Resin-IG, the anti-friction property deteriorates after a sliding time of 900 s, and then the COF of the Resin-IG is as high as that of the Non-IG, which means Resin-IG has anti-friction properties under high temperature. In Figure 2c, the COF of Metal-IG is much more stable than other graphite samples at various temperatures, and the COF value is the lowest among the three materials. The average COF values of Resin-IG and Non-IG increase obviously with the increase in friction temperature. Hence, Metal-IG has better anti-friction property than Resin-IG and Non-IG.



As shown in Figure 2d, compared with Non-IG, Metal-IG and Resin-IG show much better anti-friction properties under each applied load. Non-IG and Resin-IG with poor mechanical performance would be crushed at a higher load of 100 N (average contact pressure is 325.9 MPa), and the friction sliding has to be terminated. Figure 2e shows the COF value of Resin-IG under a load of 100 N. After a transient friction process, the value increases rapidly, meaning the anti-friction property is lost. High load of 100 N also crushes down resin-impregnated graphite. For comparison, the Metal-IG has excellent anti-friction properties even under high applied loads, as shown in Figure 2f. It can be seen that there are two friction processes of run-in stage and working stage for Metal-IG. The COF fluctuates inevitably at the run-in stage, and then becomes smooth at the working stage.




3.2. Anti-Wear Properties


The wear tracks of Metal-IG, Resin-IG, and Non-IG are subsequently measured by an optical microscope and a white-light interferometer. As shown in Figure 3a,b, the wear depth and wear width of the impregnated graphite composites (Metal-IG and Resin-IG) are much lower than that of Non-IG at both 20 N (190.7 MPa) and 60 N (275 MPa). The worn wear surfaces of the Resin-IG result from the adhesive and abrasive wear behaviors, and there is a large wear depth because of abrasive debris worn out from the rubbing surface. The wear mechanism of the Metal-IG is adhesive wear without much abrasive process. Some worn-out debris from adhesive wear have good ductility and may accumulate at the boundary of the wear track and lead to a little higher width of the Metal-IG compared with the Resin-IG. Although the Metal-IG has better anti-friction properties than those of Resin-IG and Non-IG under high loads, the wear of Metal-IG becomes severe when the load increases to 140 N, as shown in Figure 3c. The wear depth and wear width of Metal-IG increase when the applied load increases from 20 N to 140 N. The wear depth and wear width of the all graphite materials are higher at the temperature of 150 °C than those at 25 °C. In contrast with Resin-IG and Non-IG, the anti-wear property of Metal-IG is much better at higher temperatures (250 °C and 350 °C).



According to the optical micrographs and cross sections of wear tracks displayed in Figure 4, the rubbing surfaces of both metal- and resin-impregnated graphite are very narrow and smooth, whereas those of Non-IG display shallow grooves and wide furrows. This implies that the impregnation of resin and metal enhances the anti-wear properties of graphite. At low friction temperatures, the Resin-IG has good anti-wear properties. The above discussion agrees with the results of the wear width and wear depth in Figure 3. There exists obvious material rupture and wear ripples owing to the high pressures shown in Figure 5. In addition, the corresponding diameter of the Hertzian contact is approximately 266 μm at the load of 60 N. As shown in Figure 3, the diameter of the wear scar is far more than the value calculated, because under such high contact pressure (190.7 MPa, 275 MPa at a load of 20 N, 60 N), the graphite suffers severe wear.




3.3. Wear Mechanism


As shown in Figure 5a, the material delamination will happen on the surface of Non-IG. At higher temperatures, there is not only material delamination, but there are many micro ploughs (Figure 5d) For Resin-IG in Figure 5b, delamination and micro ploughs are obviously obtained at room temperature, and the severe delamination further occurs when the temperature is higher (Figure 5e) [34,35]. At high friction temperature, the physically adsorbed water vapor from graphite surfaces is prone to being desorbed and cannot improve lubrication for graphite [14,32]. The Metal-IG has much better anti-wear properties at both room temperature (Figure 5c) and high temperature (Figure 5f). The worn surface is smooth without many scratches. For the steel ball sliding against the Non-IG, Resin-IG, and Metal-IG in Figure 6, there is a transferred film on the steel ball that slides against the impregnated graphite for friction and wear reduction.



The Raman spectra of the initial graphite materials and corresponding wear areas are shown in Figure 7. The spectrum of the Non-IG has two typical characteristic peaks. They are, respectively, D peak at 1350 cm−1 and G peak at 1580 cm−1. The G peak corresponds to the bond stretching of in plane vibration of sp2 atoms and reflects the order structure of graphite. The D peak is attributed to disorders in graphite, and the intensity ratio of ID/IG can represent the disorder degree in graphite materials shown in Figure 7. As shown in Figure 7a–c, the structure of the Non-IG displays a high degree of disorder because there is higher intensity of the D peak than that of the G peak and the value of ID/IG is 1.12. There is little change for the structure of Non-IG after friction (ID/IG ~1.10 at 20 N, ~1.07 at 60 N). In contrast, the value of ID/IG for Resin-IG changes from 1.13 at the start to a much lower value (~1.04 at 20 N and ~1.05 at 60 N) shown in Figure 7d–f, meaning that the graphite structure changes to be in order during friction. For Metal-IG, the value of ID/IG is a little higher (1.62) because of the process of impregnating antinomy [36]. With the increase in load, the value for Metal-IG decreases gradually, shown in Figure 7g–k. Specifically, the value of ID/IG is much lower (0.98) under the friction load of 140 N as well as at high temperature (350 °C) (Figure 7l). Furthermore, there is much wear debris on the ball surface sliding against the Non-IG shown in Figure 8, whereas the steel ball against the Resin-IG shows uniform shallow grooves with a little material spalling and crushing at high temperature. The ball scar for Metal-IG shows little debris and a smooth surface. The C, Si, and Sb components from Metal-IG are also detected in the wear scar, which confirms that components of metal-impregnated graphite transferred to the steel ball. In addition, the O content of the friction pair of Non-IG is higher than those of Metal-IG and Resin-IG, which indicates that the oxidation resistance of the Non-IG is worst, because more open pores in the matrix provide a large number of oxygen channels. The impregnated components could interact with graphite during the friction process, including physical and chemical interactions, and these interactions are beneficial to the formation of a steady and complete transfer film [14], which provides efficient lubrication for the resin/graphite composite. It is also found the additives in the graphite could interact with the graphite to make the films stable [32,37,38]. In high-temperature environments, oxygen molecules penetrate from the surface into the matrix through these channels [39]. The EDS results show that there are obvious carbon and oxide components on the steel balls, because a transferred film of graphite and surface oxidation are generated during friction. Finally, a mechanically mixed layer of iron oxide compound and graphite transfer film is formed. According to the XPS results shown in Figure 9, the Sb and C components are from the tribopart of Metal-IG (Figure 9a–c), and the characteristic peak is from the steel substrate (Figure 9d). Furthermore, there is obvious Sb2O3 (at 530 eV) and Sb2O5 (at 531 eV) because of friction-induced oxidation shown in Figure 9c, which also means the oxidation of metal on the transfer film during the friction. Sb2O3 is easy to form a transfer film between the friction pairs to reduce wear and avoid direct contact; it starts to form at approximately 250 °C, and it has a great self-lubricating property [40]. Many previous studies use the Sb2O3 as the lubricant components for its outstanding properties [41]. The slight oxidation is beneficial for reduction of the friction and wear due to the self-lubrication oxide layer [39,42].





4. Conclusions


The tribological properties of impregnated graphite are investigated at high temperature and high load in comparison with non-impregnated graphite. The Metal-IG composite displays the best properties, and the COF can be reduced by approximately 20% compared with those of Non-IG at high temperature (350 °C). Specifically, Metal-IG has the highest carrying capacity of over 100 N (325.9 MPa). The tribological properties of Resin-IG are better than those of Non-IG, but both gradually become unstable and worse under harsh conditions. Compared with Non-IG, the Metal-IG and Resin-IG can reduce the wear depth by 60% and 80%, respectively. The impregnated materials (metal or resin) can enhance the hardness of the graphite matrix and improve the formation of graphite tribofilm on the counterpart surfaces. Friction-induced structural ordering of graphite and slight oxidation of metal in the formed mechanically mixed layer is also beneficial for the friction and wear reduction.
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Figure 1. Schematic illustration of sliding friction test (a), optical topographies of steel ball (b), and impregnated graphite material disk (c). 
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Figure 2. COFs of Metal-IG, Resin-IG, Non-IG under a load of 60 N at 25 °C (a) and 350 °C (b). COFs as a function of temperature under a load of 60 N (c), COFs under a load of 20 N and 60 N at 25 °C (d). COFs of Resin-IG under a load of 100 N (e). COF of Metal-IG under a load of 100 N and 140 N (f). 
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Figure 3. Wear width and depth of Non-IG, Resin-IG, and Metal-IG under a load of 20 N (a) and 60 N (b) at 25 °C. Wear width and depth of Metal-IG under a load of 100 N and 140 N at 25 °C (c). Wear width and depth of Non-IG, Resin-IG, and Metal-IG at a load of 60 N, at 150 °C (d), 250 °C (e), and 350 °C (f). 
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Figure 4. Optical micrographs of wear tracks of Non-IG (a), Resin-IG (b), and Metal-IG (c) under a load of 60 N at 25 °C. The wear tracks of Non-IG (d), Resin-IG (e), and Metal-IG (f) under a load of 60 N at 350 °C. 
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Figure 5. SEM micrographs of wear tracks of Non-IG (a), Resin-IG (b), and Metal-IG (c) under a load of 60 N at 25 °C. The wear tracks of Non-IG (d), Resin-IG (e), and Metal-IG (f) under a load of 60 N at 350 °C. 
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Figure 6. Optical micrographs of the ball scars sliding against Non-IG (a), Resin-IG (b), and Metal-IG (c) under a load of 60 N at 25 °C. The ball scars sliding against Non-IG (d), Resin-IG (e), and Metal-IG (f) under a load of 60 N at 350 °C. 
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Figure 7. Raman spectra of Non-IG surface (a) and corresponding rubbing surfaces under a load of 20 N (b) and 60 N (c) at 25 °C; Raman spectra of Resin-IG surface (d) and corresponding rubbing surfaces under a load of 20 N (e) and 60 N (f) at 25 °C; Raman spectra of Metal-IG surface (g) and corresponding rubbing surfaces under a load of 20 N (h), 60 N (i), 100 N (j), 140 N (k) at 25 °C, and 60 N (l) at 350 °C. 
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Figure 8. SEM micrographs and EDS maps of the wear scars of steel balls sliding against Metal-IG (a,b), Resin-IG (c,d), and Non-IG (e,f) under a load of 60 N at 350 °C. 
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Figure 9. The XPS of the valence band energy region on the ball scars against Metal-IG at 350 °C (a); high-resolution XPS spectra of Sb 3d (b), C 1s (c), and Fe 2p (d). 
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Table 1. Mechanical and physical parameters of test materials.
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	Materials
	Roughness (nm)
	Microhardness
	Density (g/cm3)
	Open Porosity (vol.%)





	Metal-IG
	52
	340.38 HV
	5.58
	-



	Resin-IG
	50
	123.44 HV
	1.83
	-



	Non-IG
	55
	93.68 HV
	1.77
	15



	Steel
	12
	800 HV
	7.90
	-
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Table 2. Experimental conditions and parameters used in this study.






Table 2. Experimental conditions and parameters used in this study.





	Experimental Conditions
	Parameter





	Temperature
	25–350 °C



	Sliding Frequency
	10 Hz



	Sliding Stroke
	2 mm



	Friction Load

Friction Time
	20–140 N

30 min
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