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Photoinduced superlubricity on TiO2 surfaces is a newfound phenomenon which draws researchers’ attention. This study provides a new method to achieve superlubricity (COF<0.01) with an external light field. However, photoinduced superlubricity can only be realized under specific conditions. Improper running-in conditions, such as speed, load, and pH value, will lead to superlubricity failure even after ultraviolet illumination on the TiO2 surface. In this paper, different running-in loads, speeds, or pH values were used in the experiment of photoinduced superlubricity, and the worn surfaces after running-in and testing in 70% v/v glycerol aqueous solution were investigated thoroughly. Results reveal that the morphology of worn scars differs under different running-in conditions. While the running-in speeds and loads are too low (<0.03 m/s and <2 N) or too large (>0.1 m/s and >9 N), the photoinduced superlubricity will fail because of wrong lubrication state. When the pH value of running-in solution is less than 4.5, photoinduced superlubricity is easier to achieve. In discuss, mixed lubrication is believed to be the key to success of photoinduced superlubricity, because the elastohydrodynamic effect, doublelayer effect and adsorption of glycerol molecules works at the same time. In addition, due to the formation of the SiO2 layer on the Si3N4 ball and better attraction to lubricant molecules with hydroxyl radicals on the TiO2 surface, running-in in solutions with low pH values contributes to the success of photoinduced superlubricity. In any event, the ultraviolet illumination can reduce the friction coefficient of the TiO2/Si3N4 tribological system and can realize photoinduced superlubricity under appropriate running-in conditions.
Keywords: running-in, superlubricity, photoinduced superlubricity, glycerol, TiO2
INTRODUCTION
Frictional force was predicted to vanish between two sliding clean solid surfaces theoretically in 1990s (Hirano and Shinjo, 1990). In practice, superlubricity or super-low friction refers to the situation in which the coefficient of friction is less than .01 (Erdemir et al., 2007). In recent years, solid and liquid superlubricity systems have been rapidly developed. Lubrication materials including graphite (Dienwiebel et al., 2005; Vu et al., 2016; Li et al., 2018; Sha et al., 2020), diamond-like carbon (DLC) films (Erdemir et al., 2000; Chen et al., 2014; Liu and Zhang, 2022; Tian et al., 2022), and two-dimensional (2D) materials (such as molybdenum disulfide, graphene, and boron nitride) (Liu et al., 2018a; Yin et al., 2021; Tian et al., 2022; Wu et al., 2022) are verified to achieve solid superlubricity, due to their weak interlayer interaction under specific experimental conditions (Han et al., 2022). Different liquid superlubricity systems have been developed as well, such as biomaterial superlubricity systems (Li et al., 2012; Duan et al., 2019), acid mixed solution-based superlubricity systems (Li et al., 2011; Li et al., 2013a; Li et al., 2013b; Ge et al., 2018a), oil-based superlubricity systems (Li et al., 2015a; Li et al., 2015b; Liu et al., 2019), and solid additive superlubricity systems (Ge et al., 2018b; Wang et al., 2018; Ge et al., 2019a; Wang and Liu, 2020). Many chemical and physical reactions on the surfaces of contact areas contribute to the superlubricity in these systems, such as the hydration effect, electric double-layer effect, and hydrodynamic effect (Luo et al., 2021; Han et al., 2022).
In most macro-scale tribological experiments between ceramic friction pairs, such as Si3N4, glass, and sapphire, a running-in process is often required, which goes through high-friction and friction-decreasing regions to achieve stable liquid superlubricity (Li et al., 2011; Li et al., 2013a; Li et al., 2013b; Li et al., 2015a; Li et al., 2015b; Deng et al., 2016). The high-friction region during the running-in process contributes to most of the wear and significantly reduces the contact pressure (Jia et al., 2019). In addition, the polishing effect during the running-in process helps reduce the roughness of contacting surfaces and the collision among asperities, which can provide favorable conditions for elastohydrodynamic lubrication (Deng et al., 2016). The formation of a tribochemical layer on silicon nitride sliding in water or acid aqueous solution is believed to be another key to achieving superlubricity in systems with silicon nitride friction pairs (Xu and Kato, 2000; Li et al., 2015b; Deng et al., 2016; Ge et al., 2019b; Han et al., 2019). The adsorption of hydrogen ions or hydrated ions on this tribo-induced silica layer generated repulsive double-layer forces or hydration repulsive forces that ensure large load-carrying capacity and finally contribute to achieving superlubricity (Deng et al., 2016; Han et al., 2019). The necessity of the running-in process in superlubricity is undoubted. However, inappropriate conditions during the running-in process still lead to the negative results of achieving superlubricity in most water-based systems. Large load, too low or too high speed, or suboptimal pH value of the solution during the running-in process can all result in superlubricity failure (Li et al., 2014; Xiao et al., 2017; Jiang et al., 2021).
However, liquid superlubricity still needs to be further expanded for research studies and engineering applications. Using an external field to control friction has been studied for years, such as electric field (Goto, 1995; Jiang et al., 2014; de Wijn et al., 2016; Liu et al., 2018b), magnetic field (Zaidi and Senouci, 1999; Hase and Mishina, 2010), light field (Wang et al., 2009; Liu and Broer, 2014; Sasaki et al., 2017; Tang et al., 2020; Perotti et al., 2021; Ma et al., 2022; Tang et al., 2022), and temperature changes (Evoy et al., 2000; Schirmeisen et al., 2006). Controlling friction using the light field is believed to be environmentally friendly, and research studies have been carried out on this. Photosensitive organic materials such as diarylethene (Tang et al., 2020) and azobenzene (Tang et al., 2022) are widely used because their molecular configuration will be changed by an external field, which further influences the lubrication of the tribo-system. TiO2 is a photosensitive ceramic material that is widely used in photocatalysis because of the emergence of oxygen vacuums and hydroxyl radicals after ultraviolet treatment (Linsebigler et al., 1995; Wang et al., 1999; Nakata and Fujishima, 2012). In addition, tribological researchers have found that photoinduced changes bring about friction variations, due to the interaction between two friction pairs or the water orientations on TiO2 surfaces (Wang et al., 2009; Perotti et al., 2021; Ma et al., 2022). Our group has found that photoinduced superlubricity can be achieved in the Si3N4/TiO2 tribosystem, and the mechanism is the enhancement of adsorption of lubricant molecules after ultraviolet illumination.
The mixture of acid and glycerol solutions is demonstrated to achieve superlubricity after the ultraviolet treatment under specific running-in conditions. However, the mechanism of photoinduced superlubricity failure on the TiO2 surface in this system is not clear. In this paper, the influence of the running-in process on the liquid photoinduced superlubricity system is studied. Different topographies and reactions on the worn scar, which arose from the variation of the conditions during the running-in process, are revealed to explain the mechanism of both the success and failure of photoinduced superlubricity.
MATERIALS AND METHODS
Materials
Glycerol used in this experiment had a purity of 99.5%, and sulfuric acid (H2SO4) and sodium hydroxide (NaOH) had purity levels over 99.7%. All chemicals were used without further treatment. Pure sulfuric acid and sodium hydroxide samples were diluted with different amounts of deionized water to adjust to special pH values (pH = 1–5 for acid and pH = 9 for hydroxide), and glycerol samples were diluted to 70% volume fractions (with a viscosity of 28 mPa s).
Methods
The friction tests were carried out on a universal micro-tribotester (UMT-5, Bruker) in a rotational mode with a ball-on-disk configuration. The normal and frictional forces were characterized using a two-dimensional force sensor, and the measurement accuracy of the friction coefficient was ±0.001. The ambient temperature was ∼25°C and the relative humidity was 20%–40% during the whole experiment. The friction pairs were the Si3N4 ball with a diameter of 12 mm and a TiO2 plate with a surface roughness of 20 nm. Before the test, Si3N4 balls and TiO2 plates were cleaned in acetone and then ethanol via sonication for 15 min in each step, followed by washing in pure water and drying at 120°C for 1 h. First, 10–30 μl (according to the rotation radiuses to ensure the same lubricant volume per unit length) sulfuric acid (pH = 1.5) was added dropwise on the TiO2 surface. During the running-in process, different speeds (0.019–0.283 m/s), rotation radiuses (3 mm, 6 mm, and 9 mm), and loads (1–12 N, corresponding to the average contact pressure of 293 MPa and 670 MPa according to the Hertz contact theory) were set to explore the influence of running-in conditions. After the friction coefficient became stable at the end of the running-in process, the residual sulfuric acid solution was cleaned with deionized water and dried using a rubber suction bulb. As for the UV-treated group, after the running-in process, the surface of TiO2 was cleaned and treated with UV illumination for 2 h, while no UV treatment was applied on the experiment group (dark). Then, 5 μl 70% v/v glycerol aqueous solution was added dropwise on the worn scar of TiO2. The speed dependence experiment was carried out by applying high speed to low speed (0.283 m/s to 0.019 m/s) and low speed to high speed.
The topography and curvature radius or contact radius of the friction surface were investigated using the non-contact optical three-dimensional interference profilometer (Nexview, ZYGO Lamda). The chemical elements on the worn surfaces after lubrication were detected using an X-ray photoelectron spectroscope (XPS, PHI Quantera II).
RESULTS
As shown in Figure 1A, after the running-in period in sulfuric acid solution for 300 s, the friction coefficient of the Si3N4/TiO2 tribological system reached stability at 0.05. The speed was 0.056 m/s (corresponding to 3 mm radius and 180 revolutions per minute), and the load was 3 N. The 70% glycerol solution showed an outstanding lubrication character, and the friction coefficient reduced to 0.012 after washing out H2SO4 solution and adding 5 μl glycerol solution dropwise. In contrast, the UV-treated group had a lower friction coefficient of 0.0062 and entered a superlubricity regime. This phenomenon was called photoinduced superlubricity, as described in our previous work. However, the difference in running-in conditions affected the success of photoinduced superlubricity. Figure 1B demonstrates that when the running-in load was set at 3 N, with the increase in running-in speeds, the friction coefficient of the system decreased and entered a superlubricity regime once the running-in speed was greater than 0.105 m/s. However, ultraviolet illumination reduced the friction coefficient notably, and if the running-in speed was greater than 0.035 m/s, superlubricity would be achieved. Therefore, photoinduced superlubricity was realized when the running-in speeds were set between 0.035 m/s and 0.105 m/s. While the running-in speed was less than 0.035 m/s, both experiment conditions cannot satisfy the requirement of superlubricity, but a decrease in the friction coefficient caused by ultraviolet treatment was still observed. On the other hand, when the running-in speed was greater than 0.105 m/s, superlubricity always existed in the system with or without ultraviolet illumination. As shown in Figure 1C, a similar phenomenon was revealed and the running-in speed section for photoinduced superlubricity shrank to 0.045 m/s from 0.100 m/s when the load increased to 8 N. In Figure 1D, when the running-in speed remained at 0.056 m/s, the friction coefficient decreased with the increase in the running-in load from 1 N to 3 N. However, the friction coefficient reached stability at about 0.013 when the running-in loads were 2–8 N without ultraviolet illumination, and the system entered the superlubricity region when the running-in loads were 3–8 N with ultraviolet illumination. Photoinduced superlubricity failure was achieved when the load was greater than 8 N and with the increase in the running-in load, the difference in the friction coefficient was less obvious before and after ultraviolet illumination.
[image: Figure 1]FIGURE 1 | (A) Superlubricity was achieved (COF = 0.0062) in 70% glycerol aqueous solution after running-in in H2SO4 solution (pH = 1, black square) with ultraviolet illumination (red triangle), while ordinary lubrication was achieved without ultraviolet illumination (blue circle). (B) When the load was 3 N, the friction coefficients changed with the increase in the running-in speeds. Photoinduced superlubricity was achieved at a speed from 0.035 m/s to 0.105 m/s. (C) When the load was 8 N, photoinduced superlubricity was achieved at a speed from 0.045 m/s to 0.100 m/s. (D) When the speed was 0.056 m/s, the friction coefficients changed with the increase in the running-in loads. Photoinduced superlubricity was achieved under a load from 2 N to 8 N.
In addition to the influence caused by different running-in loads and speeds, diverse pH values of sulfuric acid solution affected the photoinduced superlubricity as well. As shown in Figure 2, the friction coefficient showed a rising trend with the increase in pH values in both dark and UV-treated groups in glycerol aqueous solutions after running-in. When the load was 3 N, as shown in Figure 2A, the system was in an ordinary lubrication state without ultraviolet treatment, and when the pH value was 1, the friction coefficient reached the smallest value of 0.0125. UV treatment reduced the friction coefficient significantly, and when the hydrogen ion concentration was higher than 10−5∼10−4.5 mol/L (pH = 4.5–5), the friction coefficients were less than 0.01 (superlubricity). This result indicated that when the pH values of running-in solutions were less than 4.5–5, photoinduced superlubricity could be achieved in glycerol solution. Similarly, when the load was 8 N, as shown in Figure 2B, the smallest friction coefficient value was 0.00954 in acid solution after running-in with a pH value of 3, which was on the boundary line of ordinary lubricity and superlubricity. However, after ultraviolet illumination, the system entered incontestable superlubricity. In addition, Figure 2B shows that the boundary pH value of photoinduced superlubricity was also 4.5–5. Nevertheless, when the pH value of the running-in solution was greater than 5, even turned to be alkaline (pH > 7), the ultraviolet treatment cannot change the ordinary lubrication state to superlubricity, even if the friction coefficient still reduced.
[image: Figure 2]FIGURE 2 | Coefficient of friction in 70% glycerol solution changed with the increase in the pH value of sulfuric acid solution after the running-in process under loads of (A) 3 N and (B) 8 N. After ultraviolet illumination, the red circles were always lower than black squares which were not ultraviolet treated.
DISCUSSION
The running-in process is believed to create suitable conditions for superlubricity (Li et al., 2014; Deng et al., 2016; Xiao et al., 2017; Han et al., 2019), but what are the suitable conditions for achieving photoinduced superlubricity still remains to be revealed. Figure 3A shows that when the running-in distance was 16.96 m, the friction coefficients at the end of running-in in H2SO4 solution differed at different running-in speeds. However, they showed the same trend under the load of 3 N or 8 N. A lower running-in speed, such as 0.018 m/s, would result in a larger friction coefficient (about 0.35 at 0.018 m/s), and when the running-in speed was greater than 0.090 m/s, the coefficient remained stable at about 0.1. Figure 3B shows that when the load was 8 N, with the increase in the running-in distance, the final friction coefficient in H2SO4 decreased. When the running-in speed was 0.0188 m/s, the friction coefficient remained stable once the running-in distance was larger than 50 m. When the running-in speed was 0.0565 m/s and 0.1319 m/s, the friction coefficient remained stable when the running-in distance was greater than 16.96 m. The friction coefficient in H2SO4 was notably reduced from 0.35 to 0.05 by increasing the running-in speed and time. The trend of the friction coefficient at the end of the running-in process matched with the trend in glycerol solution; therefore, the conditions of the two friction pairs after running-in determined the lubrication state in glycerol and the success of achieving photoinduced superlubricity.
[image: Figure 3]FIGURE 3 | (A) In the running-in process, the coefficient of friction (COF) at the end of running-in in H2SO4 under loads of 3 N and 8 N decreased with the increase in the running-in speed. The running-in distance was 16.96 m; (B) coefficient of friction at the end of running-in under a load of 8 N decreased with the increase in the running-in distance. The running-in speeds were 0.0188 m/s, 0.0565 m/s, and 0.1319 m/s.
To reveal the secret of the photoinduced superlubricity, the morphology of two surfaces after running-in under different conditions must be studied. Running-in was believed to be a mechanical polishing process for friction pairs, and the wear on the two surfaces created a larger contact area than that calculated by the Hertz contact theory based on point-area contact and dramatically reduced the contact pressure of two friction pairs (Deng et al., 2016). As shown in Figure 4A, after the running-in process, the diameters of the contact area were much larger than the calculated diameters at the beginning of the experiment. Under the load of 3 N and 8 N, the final diameters of wear scars on Si3N4 balls were 400–500 μm and 500–700 μm, respectively, which increased with the increase in the running-in speed. As a result, the contact pressure notably decreased, and when the running-in speed was greater than 0.094 m/s, the contact pressure was about 15 MPa. Figure 4C shows that the depths and widths of wear scars on TiO2 surfaces increased with the increase in running-in speeds. Interestingly, the differences in the depths of wear scars with loads of 3 N and 8 N were more obvious than those in widths of wear scars. This indicated that larger loads during running-in had more influence on plowing the TiO2 surface. In addition, as shown in Figures 4B, D, the roughness of contact areas on Si3N4 balls and TiO2 plates was measured. With the increase in the running-in speed, the roughness of the wear scar decreased on both surfaces. However, this decrease was more obvious on the TiO2 surface (from 90 nm to 20 nm) than that on the Si3N4 surface (from 5.8 nm to 4.9 nm). Figure 4E shows the cross sections of the wear scar on the TiO2 plate under different running-in conditions. When the running-in speeds were low (0.018 m/s), sharp peaks or pits appeared on the wear scars, and the width of the scar was narrow. Therefore, the friction coefficients in glycerol solutions after running-in at these low speeds were larger than 0.01 with or without ultraviolet illumination. Superlubricity failure occurred because on such rough surfaces and under high contact pressure, the ratio of dry friction or boundary lubrication was high, so the friction of the system was high. When the running-in speeds were higher (0.056 m/s), sharp peaks and pits were reduced, and the wear scar was broadened. However, peaks and pits still existed and made the system fail in achieving superlubricity. Nevertheless, these asperities provided spots that the glycerol molecules could be adsorbed on. Hence, the direct contact of two solid surfaces was separated by the existence of glycerol molecules after ultraviolet treatment, which resulted in photoinduced superlubricity. When the running-in speeds were high (0.132 m/s), peaks and pits became less, and the wear scars became wider. Lower contact pressure and abrasion of the asperities reduced the direct contact of two friction pairs’ surfaces, which meant the ratio of dry friction and boundary lubrication decreased and elastohydrodynamic effect played a more important role. The adsorption of glycerol molecules contributed little to achieving superlubricity in these situations. Therefore, superlubricity was achieved when the running-in speed was high enough with or without ultraviolet treatment.
[image: Figure 4]FIGURE 4 | (A) Diameters of the wear scar and (B) roughness on Si3N4 balls under running-in loads of 3 N and 8 N and running-in speed from 0.0188 m/s to 0.1319 m/s (the histogram) and the corresponding calculated contact pressure (the point plot). The running-in distance was 16.96 m. (C) Wear scar width and depth and (D) roughness of TiO2 plates after running-in at different running-in speeds and loads. (E) Optical image of the wear scar on TiO2 was on the left top, and the white line represents the cross section of the wear scar. Different cross sections under diverse running-in conditions are shown underneath.
Figure 5 reveals how the morphology changed when the running-in load changed. As shown in Figure 5A, the wear scar diameters on Si3N4 balls and the corresponding contact pressure increased with the increase in running-in loads. However, the wear scar width on TiO2 plates changed erratically, and the reason might be that the plowing effect was more significant when the load became larger. Similarly, in Figure 5B, the roughness on TiO2 plates decreased to 55 nm and then rose to 99 nm with the increase in the running-in load. However, the roughness on Si3N4 showed no apparent difference when the loads changed and remained stable at about 5 nm. The reason for the existence of different morphologies of wear scars on TiO2 and Si3N4 for the same running-in distance might be that different running-in speeds and loads provided different polishing power. Therefore, the total work the outside had contributed to the system differed. The higher the running-in speed was, the more polishing work was performed on the contact area, and the contact area became smoother, leading to a lower friction coefficient, which was similar to the increase in the running-in distance. However, the roughness of the wear scar on Si3N4 balls (∼5 nm) was much less than that on original Si3N4 balls (10 nm), but the roughness of the wear scar on TiO2 surfaces (20–90 nm) was larger than that on original TiO2 surfaces (∼20 nm). This difference indicated that the polishing mechanism was appropriate for Si3N4 surfaces for running-in but not for TiO2 surfaces, and the mechanism will be discussed later in this chapter.
[image: Figure 5]FIGURE 5 | When the running-in speed was 0.056 m/s and running-in distance was 16.96 m, (A) change in wear scar diameters on Si3N4 balls and wear scar width on TiO2 plates and the corresponding contact pressure with the increase in running-in load; (B) roughness change on Si3N4 balls and TiO2 plates with the increase in the running-in load.
To further understand the influence of wear scar morphology on the photoinduced superlubricity in the TiO2/Si3N4 tribo-system, the film thickness in glycerol solutions was calculated by the Hamrock–Dowson (H-D) theory as follows:
[image: image]
where [image: image], [image: image], [image: image], and [image: image], where [image: image] is the film thickness, α is the pressure–viscosity coefficient of the glycerol solution (α = 6 × 10−9 Pa−1), u is the average linear speed of a TiO2 plate and Si3N4 ball, W is the load, k is a coefficient, E′ is the reduced Young’s modulus of the two contacting solids, and R is the equivalent radius of the ball that could be described by the Hertz contact theory; in this theory, [image: image], where D is the diameter of the worn region of the ball. The calculated results are shown in Figure 6. The lubrication state could be distinguished by using the ratio of the theoretical film thickness to the equivalent surface roughness, and the ratio λ could be calculated by the following formula:
[image: image]
where σ1 and σ2 are the surface roughness of the worn regions of the Si3N4 balls and TiO2 plates, respectively. The system was in the elastohydrodynamic lubrication state if the ratio λ exceeded 3, in the mixed lubrication state if the ratio λ was between 1 and 3, and in the boundary lubrication state if the ratio λ was less than 1. According to a previous analysis, the photoinduced superlubricity emerged when there was a proper ratio of the direct contact provided by asperities on the two surfaces. In other words, the lubrication state must be in the mixed lubrication state, and the ratio λ should be between 1 and 3. Combining the theoretical results of the film thickness and the calculated surface roughness, the possible film thickness section for photoinduced superlubricity was marked in Figure 6 with a purple belt. This belt did not represent that every film thickness within the range could make achieving photoinduced superlubricity possible; however, photoinduced superlubricity still depends on the specific running-in loads and speeds, which determined the morphologies of the wear scars.
[image: Figure 6]FIGURE 6 | Film thickness calculated by the H-D formula in 70% glycerol solution under different running-in conditions. The purple section is possible because of the film thickness section for photoinduced superlubricity because of the lubrication states.
The running-in process would not only change the mechanical properties of the surfaces but also provide conditions for chemical reactions on the wear scars. As shown in Figure 7, the wear scar diameters on Si3N4 balls and the wear scar widths on TiO2 plates changed with the increase in pH values of sulfuric acid solution after the running-in process under the load of 3 N and speed of 0.056 m/s. However, this change, as well as the corresponding contact pressure, was not as severe as the friction coefficient change in glycerol solutions. The morphology change cannot explain the rise of the friction coefficient when the pH value became larger. According to previous studies, a tribochemical reaction occurred in these friction systems during the running-in period. An SiO2 layer formed through the hydrolysis of silicon nitride in the acid solution on the surface of the Si3N4 ball.
[image: image]
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[image: Figure 7]FIGURE 7 | (A) Wear scar diameters on Si3N4 balls and the wear scar widths on TiO2 plates and (B) roughness on the two friction pairs changed with the increase in the pH value of sulfuric acid solution after the running-in process under a load of 3 N and a speed of 0.056 m/s.
This reaction results in a reduction in the contact pressure and surface roughness, thereby providing conditions conducive to elastohydrodynamic lubrication. In addition, the appropriate SiO2 surface on the ball and TiO2 surface on the plate in the friction test adsorbed hydrogen ions on the surface in the protonation reaction. Hence, the surface became positively charged, and dissolved counter ions, such as SO42-, were adsorbed on the surface to balance the surface charge, resulting in the formation of a Stern layer and diffuse double layer. The double layer repulsive force could be produced between two surfaces, and the friction could be reduced. These are the mechanism of a low friction coefficient and even superlubricity in glycerol solution after running-in in acid solution.
Figure 8 displays the XPS spectrums of Si2p of wear scars on Si3N4 balls. In the last Si2p spectrum, the original Si3N4 balls’ signal consisted of two components whose binding energies were at 102.0 eV and 103.5 eV. The main component at 102.0 eV resulted from silicon in the Si3N4 ceramic, while the shoulder at 103.5 eV was associated with silicon in the SiO2 bond state (Peuckert and Greil, 1987). The relative concentration of SiO2 on the surface of the original Si3N4 ball was 0.04. However, after the running-in process, the relative concentration increased. In deionized water, the concentration was 0.11, and this number increased with the increase in the concentration of hydrogen ions. While the pH values were at 1, 3, and 5, the relative concentrations were 0.46, 0.42, and 0.29, respectively. The concentration increased significantly (from 0.04 to 0.46), however, depending on the pH value of the solution. These results indicated that a silica layer is more easily generated by the running-in process with the acid than by mechanical polishing in water. The existence of the hydrogen ions can accelerate the tribochemical reaction speed. Therefore, pH values of the running-in solution can affect the formation of silica layers on the Si3N4 balls. As a result, the friction coefficient was lower when the pH value was lower during running-in. However, this result cannot explain the pH value limits in photoinduced superlubricity because no transformation was observed on Si3N4, when the ultraviolet was applied on the surfaces of TiO2 plates.
[image: Figure 8]FIGURE 8 | XPS results of Si2p of wear scars on Si3N4 balls (left four images) after running-in in different pH values and the original Si3N4 ball (last).
As shown in Figure 9, the XPS results of Ti2p of wear scars on TiO2 plates showed different spectrums. Without ultraviolet treatment, the peaks of the Ti2p spectrum can be decomposed into two components. For Ti2p3/2, the fitting peak that occurred at 457.1 eV–458.1 eV resulted from Ti3+ (Ti2O3), and the fitting peak that occurred at 459.3 eV–459.8 eV was associated with Ti4+ (TiO2). For Ti2p1/2, the fitting peak that occurred at 461.6 eV–463 eV resulted from Ti3+ (Ti2O3), and the fitting peak that occurred at 464.4 eV–465.9 eV was associated with Ti4+ (TiO2). Polishing in deionized water (pH = 7), the final XPS spectrum revealed that almost no Ti3+ from Ti2O3 was detected on the wear scars and the surface was covered by Ti4+ from TiO2. However, when the running-in in acid solution (pH = 1, 3), the signal of Ti3+ from Ti2O3 was captured; however, the fitting peak of Ti4+ from TiO2 was still major. This result indicated that the existence of hydrogen ions in running-in could help the transformation from Ti4+ to Ti3+. In Figure 10, the XPS results of O1s of wear scars on TiO2 plates showed that the signal from C–O (532.0 eV) took more of the O1s spectrum when pH values decreased without ultraviolet illumination. This indicated that after running-in in acid solution, the glycerol molecules were more likely to adsorb on the surface of TiO2. Compared with spectrums of Ti2p, this enhancement of adsorption was more from Ti3+ (Ti2O3) by running-in in a solution with more hydrogen ions. In addition, O1s spectrums after ultraviolet illumination further verified this conjecture because the signals from C–O (532.0 eV) enhanced and signals from the combination of Ti and O shifted to higher binding energy, which indicated that the large amount of Ti4+ changed to Ti3+.
[image: Figure 9]FIGURE 9 | XPS results of Ti2p of wear scars on TiO2 surfaces after running-in in different pH values (Hirano and Shinjo, 1990; Dienwiebel et al., 2005; Tian et al., 2022) with and without ultraviolet illumination.
[image: Figure 10]FIGURE 10 | XPS results of O1s of wear scars on TiO2 surfaces after running-in in different pH values (Hirano and Shinjo, 1990; Dienwiebel et al., 2005; Tian et al., 2022) with and without ultraviolet illumination.
To verify the aforementioned conclusion, the experiments that replaced the upper friction pairs (Si3N4 balls) after running-in in acid or water were carried out. The running-in speed was 0.056 m/s, and the load was 3 N. Figure 11A illustrates the three experiments with different friction pairs. In Figure 11B, the Si3N4 ball that experienced running-in in deionized water and the TiO2 plate that experienced running-in in H2SO4 (pH = 1) were taken as the friction pairs. However, this system did not show lubricity as good as that had been both running-in in the acid solution or in the deionized water. This phenomenon might attribute to the unmatched morphology on two surfaces and that the rare silica layer was formed on the Si3N4 ball. However, after ultraviolet illumination, friction reduction in this system could still be observed, especially when the test speeds were between 0.02 m/s and 0.06 m/s. This reduction in the friction coefficient resulted from the enhancement of glycerol molecule adsorption, but a lack of a proper condition made the system far away from achieving superlubricity. However, in Figure 11C, photoinduced superlubricity could be achieved with the Si3N4 ball after running-in in H2SO4 solution and the TiO2 plate after running-in in deionized water taken as friction pairs. The test speed range of photoinduced superlubricity lay in the range of 0.02–0.06 m/s which was the same as that in the experiment in Figure 11B. In addition, when the test speed was less than 0.02 m/s, photoinduced superlubricity failed, but a larger friction reduction still existed; when the test speed was higher than 0.06 m/s, superlubricity was achieved without ultraviolet illumination, which even had no obvious effect on the friction coefficient. This result indicated that enhancement of glycerol molecule adsorption caused by ultraviolet illumination worked in the friction system after running-in in both acid solution and water (also shown in Figure 10) and led to friction reduction in boundary lubrication and mixed lubrication. Interestingly, in Figure 11C, the Si3N4 ball that experienced running-in in deionized water and untreated TiO2 plate (with a roughness of 20 nm) were taken as the friction pairs, and the friction coefficients were much higher (0.07–0.12). Ultraviolet treatment did not work in this experiment. These results showed that the roughness of the wear scars on TiO2 plates was not as important as the electrical property change of Ti atoms. In addition, the running-in provided surfaces that matched with each other so that better lubrication can be achieved. Nevertheless, photoinduced superlubricity relied on not only the enhancement of glycerol molecule adsorption but also other conditions, such as the formation of a silica layer, appropriate test loads and speeds, and well-matched surfaces.
[image: Figure 11]FIGURE 11 | (A) Illustrations for the friction test with and without ultraviolet treatment at different test speeds in 70% glycerol solution (B) with Si3N4 balls after running-in in deionized water and TiO2 after running-in in H2SO4 (pH = 1); (C) with Si3N4 balls after running-in in H2SO4 (pH = 1) and TiO2 after running-in in deionized water; and (D) with Si3N4 balls after running-in H2SO4 (pH = 1) and TiO2 without running-in.
The aforementioned experimental results revealed that the speeds, loads, and pH values of the solution were important for photoinduced superlubricity during running-in. As shown in Figure 12A, appropriate speeds and loads can polish the contact surfaces of Si3N4 balls, reduce the contact pressure, and make two friction pairs’ surfaces matched to each other, which results in mixed lubrication in 70% glycerol solution. In Figure 12B, high speed or low load smooths the wear scar and further reduces the contact pressure; therefore, when tested in glycerol solution, the major lubrication mechanism was from the elastohydrodynamic effect. Despite the adsorption of glycerol molecules on asperities, the effect on the friction of the whole system was unapparent. In Figure 12C, a low speed or large load makes the wear scar rougher, and when tested in glycerol solution, boundary lubrication and even dry friction between asperities dominate, which increases the friction of the system and breaks the superlubricity. After ultraviolet illumination, adsorption of glycerol molecules can help reduce the shear force between asperities; however, a lack of elastohydrodynamic effect still leads to superlubricity failure. On the other hand, enough hydrogen ions accelerate the hydrolysis on Si3N4, and more silica layers are formed in solutions with lower pH values. The silica layer provides lower pressure under the same loads and has low shearing strength, which can help reduce the friction. In addition, the formation of the silica layer smooths the surface of the Si3N4 ball and provides a surface for a diffused double layer, which further reduces the friction of the system (Deng et al., 2016). TiO2 is more likely to adsorb the glycerol molecules after running-in in acid solution with more hydrogen ions because of the reaction between TiO2 and water molecules. After ultraviolet illumination, adsorption becomes much stronger since a large amount of Ti4+ transforms to Ti3+ on the TiO2 surface, and this provides adequate spots for adsorption. The adsorption of glycerol molecules prevents the direct contact of two asperities, leading to the reduction in the shearing force between two surfaces. As shown in Figure 12D, if the system experienced the running-in process in solution without enough hydrogen ions, almost no silica layer could be formed on the Si3N4 ball surface. Moreover, fewer hydrogen ions were adsorbed on the surface, and the double-layer effect was weakened. On the TiO2 surface, the lack of hydrogen ions left the surface with less Ti-OH and adsorption of glycerol molecules.
[image: Figure 12]FIGURE 12 | (A) Mechanism of photoinduced superlubricity. The failure mechanism of photoinduced superlubricity: (B) film thickness was large enough to separate two friction surfaces and the elastohydrodynamic effect dominated; (C) film thickness was low and the boundary lubrication dominated; (D) silica layer had not been formed and adsorption of hydrogen ions and glycerol molecules was not enough to separate the two friction surfaces.
CONCLUSION
The influence of the running-in process on photoinduced superlubricity is investigated in this study. The results reveal that when the running-in loads are between 3 N and 8 N, speeds are between 0.04 m/s and 0.100 m/s, and pH values are lower than 4.5, photoinduced superlubricity can be achieved in 70% v/v glycerol aqueous solution in the Si3N4/TiO2 tribo-system. Ultraviolet illumination is believed to change Ti4+ to Ti3+ on the TiO2 surface and enhance the adsorption of glycerol molecules during lubrication, and this adsorption can prevent direct contact of two asperities and reduce the shearing force. When the system is in a mixed lubrication state, contribution from this adsorption will help the system achieve superlubricity along with an elastohydrodynamic effect. During running-in, the surface of Si3N4 experiences mechanical polishing which makes the surface smoother and the contact pressure lower. In addition, the formation of the silica layer helps further reduce contact pressure and provides an electrical double layer on asperities. Different running-in loads and speeds have similar results, while higher pH values can slow down the formation of the silica layer, which weakens the lubricity of the silica layer. As for TiO2 plates, during running-in, the plowing effect takes place and the wear scar becomes rougher, but on the other hand, better matched to the wear scar of Si3N4. This leads to the mixed lubrication state when replaced by glycerol solution as the lubricant with higher viscosity. In addition, running-in in acid turns Ti4+ to Ti3+, which makes the surface more likely to adsorb glycerol molecules on asperities and reduces direct contact of two surfaces after running-in. However, low running-in speeds and loads or too high loads can make the surface too rough to form a liquid film, while high running-in speeds can make the surface smooth again, and the liquid film separates two surfaces too far to show the effect of glycerol molecules.
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