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Abstract

:

A rough substrate usually induces severe detriments limiting the performance of anti-friction materials that would lead to an increase in both the friction coefficient and wear rate. In this work, we found that a laser-induced graphene (LIG) film had a good friction adaptability on both mirror-polished and rough Si substrates. The friction coefficient of the LIG increased from 0.11 to 0.24 and the substrate roughness increased from 1.4 nm to 54.8 nm, while the wear life of the LIG was more than 20,000 cycles for both the mirror-polished and rough Si substrates. Optical microscope, Raman spectroscopy and scanning electron microscope analyses revealed a friction mechanism evolution of the LIG films on Si substrates with a different roughness. For the mirror-polished Si substrate, thick and dense graphene nanocrystallite transfer films could form on the counterpart balls, which guaranteed a long and stable wear. For the rough Si substrate, although the asperities on the rough surface would plough the counterpart balls and destabilize the transfer film formation, grooves could effectively store a compressed LIG, benefiting a stable anti-wear performance and reducing the abrasive wear at the friction interface. This work showed that a LIG film had outstanding friction adaptability on Si substrates with a different roughness and that it can be fabricated in a single-step economic process, indicating bright practical prospects in the solid lubrication fields.
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1. Introduction


Laser-induced graphene (LIG) [1], a kind of three-dimensional (3D) porous graphene, has drawn significant attention owing to its excellent prospects for flexible sensors [2], super-capacitors [3] and electro-catalysts [4]. As for the conventional graphene fabrication methods, such as exfoliation [5,6], chemical synthesis [7], epitaxial growth [8] and chemical vapor deposition [9], extra conditions are usually required including a vacuum chamber, high temperatures. They are also time-consuming processes. For LIG, the one-step fabrication method can overcome the sophisticated processes and equipment requirements of the conventional methods [10], making it a low-cost fabrication method and leading to great potentials in various application fields. As for the tribology, graphene has been proved to possess ultra-low friction and high wear-resistance properties at the nano-/micro-scale under a proper contact state and atomic-smooth substrate [11,12,13]. At the macro-scale, the friction performance of graphene would be influenced by the entire sophisticated tribo-system, including the contact pressure [14], atmosphere [15], humidity [16] and substrate condition [17]. Even if maintaining the long-term superlubricity of graphene at the macro-scale is still a challenge [18], graphene has still exhibited some impressive anti-wear properties [19], leading to the continuous focus and research on it. LIG, as a low-cost and easily producible new graphene-based material, is also a potential lubricant at a macro-scale application, but its macro-scale lubrication performance has still remained to be explored.



Substrate roughness usually plays an important role in deciding the friction and wear performances of lubrication materials [20]. In most cases, a large surface roughness usually induces an increase in both the friction [21] and wear [22]. With an increase in the substrate roughness, the friction coefficient would increase owing to a limited plastic deformation [23] and a high roughness would induce a higher maximum contact pressure [24] and higher flash temperature [25] at the friction interfaces. With the generation of wear debris particles under high contact pressure [26], the wear mechanisms will change from adhesive wear to abrasive wear and induce a higher wear rate [27]. Faced with the bad influence of a large roughness on the performance of lubricants, researchers have tried various methods to reduce the roughness, including etching [28], doping [29] and increasing a film’s thickness [30], but too large a substrate roughness will limit the effects of these methods.



As for graphene, the influence of the substrate roughness on the friction performance is different for the nano-/micro-scale and the macro-scale. At the nano-/micro-scale, the low surface energy of graphene would induce a low adhesion on various substrates [31]. Thus, an atomic-smooth substrate is needed to achieve a good contact and avoid the “puckering effect”, which can severely increase the friction coefficient of graphene [32]. At the macro-scale, the difficult point is that the chemical inertness makes graphene difficult to form a solid tribolayer on many tribopairs [33]. Because the transferred graphene plays an important role in friction, some works have tried to use a laser to fabricate microgrooves to store the graphene and enhance the anti-wear performance [34,35]. In industrial production, realizing an atomic-smooth surface or using a laser to process the surface usually requires extra time and costs. Realizing a good adaptability of a lubricant in a poor substrate situation is of high importance in then prompting its industrial application.



In this work, we systematically studied the friction and wear performances of LIG films fabricated on Si substrates with a different surface roughness. The influence of the substrate roughness on the friction coefficient and wear life of LIG films was investigated. The evolution of the friction mechanisms under a different substrate roughness was revealed with an analysis of the friction interfaces.




2. Materials and Methods


Silicon substrates (p-type <100>) were firstly cut into small squares with a size of 20 mm × 20 mm. To apply different abrasive conditions for different Si substrates, emery papers with different grit grade of 400, 1000, 1500 and 2000 were used to grind the Si substrates. After the Si substrates were ground by the emery papers, the surface roughness’ of the Si substrates were measured by a profilometer (Bruker, DEKTAK-XT, Billerica, MA, USA). The surface roughness of the different samples are presented in Table 1. The LIG film fabricated on a mirror-polished Si substrate was named as R-1 and the other samples were named as R-15, R-21, R-36 and R-55, depending on the values of their surface roughness. Then, the original and ground Si substrates were cleaned by an ultrasonic cleaner in an acetone bath for 20 min. After the cleaning process, a polyimide solution (Hongfu Industrial Co., Ltd., Dongguan, China) was coated on those Si substrates using a spin coater (KW-4A) with a rotation rate of 5000 rpm for 12 s to obtain uniform polyimide (PI) films. After that, the PI coated substrates were transferred to a heater at 150 °C for 1 min to evaporate the solvent quickly. Next, a curing process was conducted by setting those films on a heater at 260 °C for 5 min to obtain PI films with thicknesses around 2.38 μm. Finally, the solid PI films were processed by being directly written using a continuous focusing laser (Shanghai Diaotu Tech. Co., Ltd., L3 Pro, Shanghai, China; wavelength, 450 nm; power, 7 W; scanning speed, 20 mm/s) to fabricate the LIG films.



The plane and cross-sectional images of a LIG film on the original Si substrate were characterized by a scanning electron microscope (SEM; Thermo Fisher Scientific, Scios, Waltham, MA, USA) operated at an acceleration voltage of 5 kV. The nanostructures of the LIG films were analyzed with Raman spectroscopy (Horiba, HR-Resolution; wavelength of 532 nm, Kyoto, Japan) and a transmission electron microscope (TEM; Thermo Fisher Scientific, Titan3 Themis G2, Waltham, MA, USA). A plane view TEM specimen was prepared by scratching the LIG film surface with a diamond pen, and then transferring the flakes onto a copper micro grid.



Frictional tests of the LIG films sliding against brass balls (with a radius of 3.17 mm) were performed with a pin-on-disk tribometer. The normal load was 2 N. The sliding velocity was 26.4 mm/s, corresponding to a constant disk rotation rate of 180 rpm with a friction radius of 1.4 mm. The frictional tests would stop when operated for 30,000 cycles if the samples did not fail for the saving time, which meant that the maximum test time for a sample was about 3 h. The tests were operated in a clean room at the temperature of 24 °C and a relative humidity of 60–65% in the atmosphere. Each film was tested for more than five times. The structures of the transfer films on the brass ball surfaces were analyzed with the SEM, energy dispersive spectrometer (EDS), optical microscope and Raman spectroscopy. The structures of the wear tracks were analyzed with an optical microscope and Raman mapping. The cross-sectional lines of the Si substrates and wear tracks were measured for 5 times by a profilometer for each sample and the cross-sectional SEM images of the wear tracks of the R-1 and R55 samples were fabricated by cutting from the worn substrates using a focused ion beam (FIB; Thermo Fisher Scientific, Scios, Waltham, MA, USA). Pt layers were subsequently deposited on the specimens to increase the conductivity and prevent possible damage during the fabrication process.




3. Results


3.1. Structure Characterization of LIG Film


Figure 1a,b presents the plane view and cross-sectional SEM images of the R-1 sample. It can be observed that the LIG film was formed by small carbon flakes. According to the plane and cross-sectional SEM images, the surface structure of the LIG film consisted of carbon plates with random orientations, which was attributed to the instant releasing of the pyrolysis gases formed during the carbonization process of PI film [3,36,37]. During the carbonization process, the instant releasing pyrolysis gases resulted in a “bombing” effect and the formation of protruded loose and exploded features (Figure 1b). The plane view TEM image of the R-1 is presented in Figure 1c, where it is clear that some layer structure with an interplanar spacing of ~0.34 nm was observed, which confirmed the existence of a nanocrystalline graphene structure. The inset image in Figure 1b presents the SEM image of the R-1 taken at a tilted angle of 90° between the sample and the camera to exhibit the thickness of the LIG film. The thicknesses were measured around 5 to 9 μm in spite of the different substrate roughness of the different samples. The thickness of the LIG films increased by a factor of 2 to 4 compared with that of the original PI films, which was consistent with some other reports [38].



Figure 1d shows the Raman spectra of the LIG films fabricated on different Si substrates. It can be confirmed that the abrasive conditions of the Si substrate did not induce any notable structural change in the LIG films. All the Raman spectra of the LIG films had a similar structure with an isolated D band around 1350 cm−1, a G band around 1590 cm−1 and a prominent 2D band around 2690 cm−1, indicating the existence of graphene sheets in the LIG film [39].




3.2. Frictional Behaviors


The friction coefficient curves of the LIG films on different Si substrates are presented in Figure 2a. As for the R-1, the friction coefficient first decreased to 0.11 in the first 5000 cycles and then remained at a relatively stable value. The wear life of this film was more than 30,000 cycles and the friction coefficient curve during the test was relatively stable so that no sudden jump could be observed; however, for those LIG films fabricated on Si substrates ground by different emery papers, the friction behaviors changed significantly. For the R-15 and R-21 samples, the friction coefficient curves exhibited a sudden jump less than 10,000 cycles, indicating a friction failure of the films, while for the R-36 and R-55 samples, the friction coefficient curves were sustained for more than 20,000 cycles before a sudden jump happened. These results suggest a counter-intuitive outcome, namely, that for the LIG films fabricated on substrates with a relatively large roughness, a rougher substrate would favor a relatively long wear life of the LIG film.



Figure 2b summarizes the friction coefficients and wear life of the different samples. The R-1 had the lowest friction coefficient of ~0.10 and the longest wear life. For the R-15 and R-21, a slight increase in the Si substrate roughness would lead to a mild increase of the friction coefficient of around 0.15 while the wear life was shortened severely, but with a further increase in the substrate roughness, the friction coefficient would keep increasing to a relatively stable value of around 0.24, while the wear life of these samples increased to about 25,000 cycles; thus, indicating that a LIG film can maintain a good anti-wear performance when fabricated on a substrate with a large roughness.




3.3. Run-In Process Characterization


Understanding the run-in process is important for elucidating the performance of different friction processes. Figure 3 presents the SEM images and EDS analyses of the same areas of the counterpart balls as well as optical photos of the wear tracks of the R-1 at the first 200, 2000 and 4000 cycles, respectively. Based on Figure 3a, it can be observed that during the first 200 cycles, only a small amount of the transfer film was formed on the counterpart ball and the EDS analysis indicated that the transfer film was formed by C. The optical photo of the wear track indicates that the LIG film was compressed from the original loose structure. With the increase of the friction cycles to 2000 and 4000 cycles, it could be found that a dense transfer film was formed on the counterpart balls according to the SEM images and EDS analyses of the contact positions, as shown in Figure 3b,c. It can be observed that before 2000 cycles, the as-fabricated LIG film had transferred to the counterpart ball and that no apparent LIG could be found in the wear tracks after 2000 cycles. Combined with the friction coefficient curves of R-1 presented in Figure 2a, it can be inferred that once the dense transfer film formed on the counterpart ball, a steady low-friction coefficient could be obtained. The EDS analyses indicated that the contents of O and N were relatively small in the transfer films. The signal of Si remained almost unchanged, which meant that the substrate did not endure any notable wear. Only the signal of Cu changed after wear, owing to some areas that were covered with a transfer film; thus, it can be inferred that the friction and wear process was dominated by the restructured transfer film of the LIG.



Figure 4 presents the SEM images and EDS analyses of the same areas of the counterpart balls as well as optical photos of the wear tracks of R-55 at the first 200, 2000 and 4000 cycles, respectively. Based on the SEM and EDS analyses presented in Figure 4a–c, it can be seen that only a small amount of transfer films were formed around the contact points of the counterpart balls, which can be confirmed by the C signals in the EDS mappings. The optical photos of the wear tracks presented in Figure 4a–c show a different evolution of the LIG in the wear tracks. Different from the condition of the R-1 at 2000 cycles, LIG could still be observed in the wear tracks at 2000 cycles for the R-55, but the distribution of the LIG was relatively random, which may be the reason causing the fluctuation of the friction coefficient during the run-in period of the R-55 as presented in Figure 2a. When it came to 4000 cycles, many black carbon materials could still be observed in the wear track of the R-55, which was totally different from that of the R-1. During the first 4000 cycles, the distributions of O, N, Si and Cu remained almost unchanged, which indicates the influence of the environment was low and that the Si substrate did not endure any notable wear.




3.4. Wear Area Characterization


In order to understand the reason that influences the frictional behaviors of LIG fabricated on silicon substrates with a different roughness, the counterpart balls and wear tracks after sliding for 5000 cycles were characterized by an optical microscope, Raman spectroscopy, profilometer and SEM, as presented in Figure 5. The colored bars presented in the optical photos of the wear tracks indicate the relative intensity of the G band of the Raman spectra. The black transverse section lines were obtained from the Si substrate before being coated with the LIG films and the transverse section lines in other colors were obtained in the wear tracks after the frictional tests. In Figure 5a, for the R-1, it can be observed that a thick transfer film was formed on the surface of the counterpart ball, while no film remained in the wear track. The formation of a thick and dense transfer film was attributed to the restructure of loose, exploded graphene nanocrystallites into the compact nanocrystalline transfer film under a normal and shear force during friction [40]. The wear track was further characterized by Raman mapping of the G band signal around 1570 cm−1 and no identifiable carbon signal could be found. By comparing the transverse section lines of the wear track and the original Si substrate, it was found that no observable wear occurred to the Si substrate. For the R-15 sample, the transfer film on the counterpart ball was distributed around the contact area according to the optical image. In the wear track of the R-15, clear scratches induced by the emery paper sanding could be observed. The Raman mapping result indicated that a weak signal of the G band could be found at the middle part of the wear track. The transverse section lines showed little difference between the ground substrate and the wear track. For the samples R-21, R-36 and R-55, a tendency could be found that with a substrate roughness increase, the area of the transfer film that formed on the counterpart ball decreased, while the width of the carbon materials that remained in the wear tracks became wider, and both can be observed in the optical photos and the Raman mapping results. The reason that induced the transfer film to adhere less to the counterpart ball can be ascribed to the asperities on the rough surface, which ploughed the counterpart balls and destabilized the transfer film formation on the counterpart balls [41]. For the R-55, the transverse section lines showed a clear difference between the ground substrate and the wear track, and that the fluctuation of the wear track became milder when comparing it with that of the original ground substrate, which may indicate that the roughness valleys were filled by the LIG.



It should be noted that the widths of the different wear tracks also provided some interesting information. For the wear track of the R-1, it had the narrowest wear track compared with that of the other samples, which was likely induced by the compact, graphene nanocrystallite transfer film on the counterpart ball [40]. The porous flake structure of graphene can facilitate the formation of a graphene nanocrystallite transfer film at the contact area [42], which can effectively reduce the friction and provide the benefit of a long wear life [43]. The friction process of the R-1 likely occurred between the graphene nanocrystallite transfer film and the Si substrate, which would have reduced the wear of the soft brass ball and contributed to the narrow wear track. For the wear tracks of the R-15 and R-21 samples, considering only a small amount of transfer film was formed at the contact position of the counterpart ball and that a small area of wear track was covered by carbon material, the friction process should mainly have occurred between the brass ball and the Si after a LIG film was worn out, which resulted in the wide wear tracks. For the wear tracks of the R-36 and R-55 samples, because larger areas of the wear tracks were covered with carbon materials, the friction process should mainly have occurred between the brass balls and carbon materials. The remaining carbon material would have been formed by a graphene nanocrystallite, which can easily slide between the layers and can limit the wear. As a result, relatively narrower wear tracks were formed for the R-36 and R-55 samples.



Figure 5b, c present the Raman spectra of the points marked in both the counterpart balls and the wear tracks of different samples. As for the transfer film formed on the counterpart ball worn against the R-1 sample, the shape of the D band was sharp and narrow, indicating a relatively regular nanocrystalline structure [44] and it was found that a clear 2D band around 2700 cm−1 could be observed in this condition. For the other transfer films, the signal intensity of the carbon material decreased notably and the width of the D band became wider, which indicates a more disordered carbon structure [44]. In this condition, no identifiable 2D band could be observed, which can be deduced as a degradation of the graphene structure. When it came to the Raman spectra of the wear tracks, it could be found that no carbon signal was found in the wear track of the R-1 sample, which was in good accordance with the optical photo. For the other wear tracks, similar structures of the Raman spectra could be found, and a clear D band and G band could be observed, which implies that some carbon materials remained in the wear track.



Figure 5d presents the cross-sectional SEM images of the wear tracks of the R-1 and R-55 samples after sliding for 5000 cycles. As for the R-1, the Si substrate could be confirmed to be very flat and no apparent damage or carbon material could be found on the Si substrate, which was in accordance with the optical photo and Raman spectra results. When it came to the R-55, the LIG was stored in grooves, which was confirmed by the contrast in color according to the cross-sectional SEM image, as marked by the yellow dot lines. Combined with the cross-sectional SEM images and Raman analyses on the wear tracks, it could be verified that the LIG was compressed during the friction process and stored in the grooves of the wear tracks when the surface roughness of the Si substrates was large.





4. Discussion


According to the recent studies on the macro-friction of graphene, the fast consumption of a weakly adhered graphene at the friction interface has been the major drawback that has limited the anti-wear performance of graphene film. Faced with this problem, researchers have tried to fabricate a regular texture [34] and enhance the interfacial bonding strength [45] to maintain a relatively long wear life. The effect of texture is to store lubricant and grinding debris [46,47,48] and to reduce the effective contact area of a friction pair surface [49], but not all texture can improve the friction performance, and a faulty design of texture would deteriorate both the friction and wear [50]. The effect of enhancing the interfacial bonding strength is to increase adhesion and form a stable transfer film. In a word, the key purpose is to ensure the graphene remains in the friction interface and, thus, realize a stable wear process.



In this work, the above tests and characterizations present interesting results in that a LIG film can possess a good anti-wear performance on both mirror-polished and rough Si substrates. The analyses on the counterpart balls and wear tracks have revealed an evolution of the friction mechanisms with an increase in the substrate roughness. According to the optical photos and Raman spectra results presented in Figure 3 and Figure 5, only for a mirror-polished Si condition, could a graphene nanocrystallite transfer film be clearly observed at the contact position of the counterpart ball. Once the substrate became rough, the amount of the transfer films decreased significantly at the contact position of the counterpart balls, and only a Raman spectrum could confirm the existence of some carbon material, indicating that rough substrates would severely impede the formation of a graphene nanocrystallite transfer film on a counterpart ball. As for the wear track, a narrow and no-carbon signal observed wear track was obtained for the mirror-polished Si substrate condition. With an increase in the substrate roughness, the spread areas of carbon material in the grooves of the wear tracks increased, and the width of the wear tracks firstly became larger and then slightly decreased, which means that the contact area of the counterpart ball decreased, indicating a wear decrease in the counterpart ball.



Thus, a schematic diagram is presented in Figure 6 to help understand the evolution of the friction mechanisms. For the mirror-polished Si substrate condition, the loose structure LIG film firstly formed a thick and dense transfer film on the counterpart ball. Because the substrate was mirror-polished smooth, the transferred graphene film was slightly consumed with a slow process of amorphization of the graphene structure under a normal and shear force [51]. As a result, a long stable friction was obtained, as in the schematic diagram presented in Figure 6a. For the large roughness Si substrate condition, no apparent transfer film could be found at the contact positions of the counterpart balls. The asperities on the rough surface ploughed the counterpart balls and destabilized the transfer film formation on the counterpart balls [41]. Although the Raman results indicated that carbon materials could still be detected at the counterpart balls, the transfer films were hardly observed at the contact points according to the optical images. At the same time, the Raman signal of the carbon material was strong in the wear track, compared with that of the mirror-polished and low-roughness conditions; thus, it could be concluded that the LIG was compressed and trapped in the grooves of the Si substrate, which worked as the regular texture [34]. Therefore, in this situation, the friction mainly happened between the counterpart ball and the compressed LIG trapped in the grooves. A very small amount of transfer film may have existed at the friction interface, but it may have only played a less dominant role in this condition. The existence of LIG at the interface could reduce the contact stress [52] and ss a result, a relatively long stable friction could be obtained in this condition, as in the schematic diagram presented in Figure 6b. The long stable friction of LIG on the rough Si substrates suggests that as long as enough deep grooves exist, the lubricant store effect can benefit with a long and stable wear life.




5. Conclusions


In this work, laser-induced graphene (LIG) films were fabricated on Si substrates with a different surface roughness using the direct laser writing method. With an increase of the substrate roughness from 1.4 nm to 54.8 nm, the friction coefficient of the LIG kept increasing from 0.11 to 0.24, while the wear life firstly decreased severely from more than 30,000 cycles to less than 10,000 cycles when the substrate roughness increased to 21.2 nm. It then increased to more than 20,000 cycles when the substrate roughness was higher than 35.6 nm. The friction mechanism evolution was revealed as: (1) for the mirror-polished Si substrate, a thick and stable graphene nanocrystallite transfer film could form and remain on the counterpart ball, making friction occur between the graphene nanocrystallite transfer film and the Si substrate; (2) for Si substrate with a relatively small surface roughness, LIG could not be preserved on either the counterpart balls or the Si substrates for a significant time, causing severe friction to occur mainly between the counterpart balls and the Si substrates; (3) for the Si substrates with a large surface roughness, LIG was compressed and stored in the grooves of the Si substrates, causing the friction to mostly occur between the counterpart balls and the compressed LIG. This work revealed the good friction adaptability of a LIG film and clarified the friction mechanism evolution of LIG films fabricated on Si substrates with a different surface roughness. Combined with the merits of being low-cost and large-scale producible, LIG film shows a bright potential in industry applications as a solid lubricant.
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Figure 1. Characterization of LIG. (a) Plane view SEM image, (b) cross-sectional view SEM image, the inset image is the SEM image taken at a tilted angle of 90° between the sample and the camera to exhibit the thickness of the LIG film and (c) plane view high resolution TEM image of R-1. (d) Raman spectra of LIG films fabricated on Si substrates with a different roughness. 
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Figure 2. Frictional behaviors of LIG films on Si substrates with a different roughness. (a) Friction coefficient curves of LIG films on Si substrates with a different roughness. (b) Summary of friction coefficient and wear life of different samples. 
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Figure 3. Run-in process characterization of R-1. SEM images and EDS analyses of the same areas of counterpart balls as well as optical photos of the wear tracks of R-1 at the first (a) 200, (b) 2000 and (c) 4000 cycles, respectively. 
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Figure 4. Run-in process characterization of R-55. SEM images and EDS analyses of the same areas of counterpart balls as well as optical photos of the wear tracks of R-55 at the first (a) 200, (b) 2000 and (c) 4000 cycles, respectively. 
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Figure 5. Characterization of wear tracks and counterpart balls after sliding for 5000 cycles. (a) Optical, Raman mapping and transverse section line characterization of counterpart balls and wear tracks. The color bars presented in the optical photos of the wear tracks indicate the relative intensity of the G band of the Raman spectra. The black transverse section lines were obtained from the Si substrate before being coated with LIG films and the transverse section lines in other colors were obtained in the wear tracks after the frictional tests. (b) Raman spectra of transfer films on counterpart balls. R-1 presents a clearer 2D band, indicating the existence of LIG. (c) Raman spectra of wear tracks. (d) Cross-sectional SEM images of wear tracks of R1 and R-55. Some compressed LIG could be found in the wear tracks of R-55. 
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Figure 6. Schematic diagram of the friction mechanisms with a different substrate roughness (a) Thick and dense graphene nanocrystallite transfer layer formed on the counterpart ball, leading to a friction between the graphene nanocrystallite transfer layer and mirror-polished Si substrate. (b) Compressed LIG trapped in grooves on the large roughness Si substrate, causing the friction to mainly happen between the counterpart ball and compressed LIG. 
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Table 1. Substrate roughness of different samples.
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	Sample Name
	R-1
	R-15
	R-21
	R-36
	R-55





	Roughness (nm)
	1.4 ± 0.1
	15.4 ± 1.4
	21.2 ± 2.4
	35.6 ± 4.3
	54.8 ± 8.2
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