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Abstract

:

Improving tribological behaviors for dry contacts has always been a hot study topic, since liquid lubricants are not applicable for certain vital scenarios, including space travel equipment. This study describes the synergetic effects of micro groove texture and WSe2 flakes as solid lubricants on friction reduction in dry sliding contact. The reciprocating sliding tests were performed under the dry and WSe2 flake-filled conditions while varying the texture geometric feathers and WSe2 flake sizes. According to the experimental results, the coefficient of friction (CoF) could be reduced by 80% due to the combination of micro grooves and WSe2 flakes compared to the non-textured cases. The optimal width (b = 130 µm) of the groove was identified under both dry and WSe2 flake-filled conditions. The SEM observation suggested that the WSe2 flakes have different sizes. The influence of the WSe2 granularity on reducing friction was discussed based on the results. This study provides a novel solution for reducing friction, which suggests that there is a synergetic effect and optimal parameters for friction reduction with micro grooves and WSe2 flakes.
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1. Introduction


Friction and wear are vital concerns in any mechanical system [1]. Improving the lubrication condition of the mechanical system would make a significant contribution to the sustainable development goals [2,3,4,5], as nearly one-fifth of the world’s energy consumption is due to friction and wear [6,7,8]. Using lubricants is the easiest solution to reduce friction and wear, [9]. Liquid lubricants are unsuitable in some special situations because of chemical decomposition or oxidation, harmful constituents, and other limitations [2,10,11,12,13,14]. In addition, the surface texture filled with solid lubricants could further reduce friction under dry friction conditions, and there are multiple approaches that can be used to deposit solid lubricants on the sample surface [9,15,16].



Several decades ago, many studies were performed to investigate the surface texture performance and its mechanism. Suh et al. [17] determined that the textured surface obtained outstanding tribological properties to reduce friction and wear compared with the smooth surface. The study also proposed that the geometry of undulations could be optimized to avoid negative effects on the tribological properties of samples. The results of Yan et al. [18] showed that the dimple pattern with a diameter of 100–200 μm, depth of 5–10 μm, and area ratio of 5% is optimal for lower friction in the research, and the study also indicated that the dimple area ratio is the most critical parameter to reduce the coefficient of friction (CoF). Xing et al. [19] researched the tribological properties of textured and smooth samples through a sliding wear test under dry friction condition. Compared with the smooth surface, the textured surface showed excellent tribological properties. Sun et al. [20] examined the tribological properties of textured and untextured surfaces by a dry sliding wear test. The results indicated that the wear volume of the textured surface could reduce by half compared with the untextured surface, and the small diameter and high density of micro-dimples in samples could improve the wear resistance properties. Kumar et al. [21] studied the effect of a textured surface on the tribological properties of bearing steel under dry friction conditions. The results showed that the CoF of a sample is decreased compared with an untextured sample. A widely accepted mechanism indicates that the surface texture could reduce the real contact area and entrap the wear debris [19,20,21,22,23,24,25,26,27,28].



The excellent tribological properties of layered materials arise from their unique structure [2,9,29,30]. Layered materials are composed of single or few atomic or molecular layers, which are connected by strong covalent bonds or ionic bonds, while the interlayers are combined by weak van der Waals forces [2,31]. Voevodin et al. [32] filled grooves with MoS2 on a TiC/DLC disk. The results suggested that the three-dimensional coating could reduce friction and improve wear resistance. Rapoport et al. [33] researched the effect of the density of dimples and the height of bulges around the textures on the life of the solid lubricant films. The study also revealed the effect of the depth of the textures on the wear life of MoS2 film on textured surfaces. Deng et al. [34] compared the tribological properties of conventional tools and self-lubricated tools, which have micro-holes filled with MoS2, by cutting tests under dry friction conditions. The results showed that the self-lubricated tools demonstrated better tribological properties. Hu et al. [35] proposed that the wear life of a MoS2 solid lubricant coating could be improved by combining texturing and hot pressing. The study also demonstrated that the wear life of the textured surface is prolonged with the increase in the density of textures with hot pressed coating; the recommended optimum dimple density is 15–25%. Reinert et al. [36] used a ball-on-disk tribometer in linear reciprocating sliding mode to compare the effect of the combination of surface texture and carbon nanotubes (CNTs), and one of them on the tribological performance under dry friction conditions. The combined method could prolong lubrication life and reduce surface texture degeneration. Meng et al. [37] researched the tribological performance improvement of cemented carbides by combining laser surface texturing and WSC solid lubricant coating. The results suggested that the samples with the WSC solid lubricant coating and textured surfaces have more excellent tribological properties than others. In terms of the mechanism of the surface texture filled with layered materials, it is reported that the texture acts as a reservoir of wear debris and solid lubricants, and decreases the contact area of the friction pair, which make sliding easy [9,38,39,40,41]. However, the current studies on the synergetic effects of surface texturing and solid lubricants solely focus on layered sulfide-based materials and graphene [9]. The interactions between texture features and solid lubricants are still in need of further study. The mechanical characteristics of the combination of several ingredients mainly depend on the component which has high corresponding performance, the increase in the modulus of elasticity, and the Young’s modulus of the composite material, due to the fact that the modulus of elasticity and the Young’s modulus of the fillers are higher than the matrix [42,43]. It is necessary to understand the factors that may affect the synergetic effects of surface texturing and solid lubricants.



In this study, reciprocating sliding tests were performed under the dry and WSe2 flake-filled conditions separately to investigate the texture geometrical features’ influence on the synergetic effects of the micro groove texture and solid lubricant. The influence of varying micro groove widths, densities, and solid lubricant sizes on the synergetic effects of tribological properties was investigated. The results suggest that the combination of micro grooves and WSe2 flakes could further enhance the friction reduction. The optimal width of the micro groove could be identified. The effect of the WSe2 granularity on friction reduction was discussed based on results.




2. Samples Preparation


In the experiment, a low-carbon steel block (30 mm × 15 mm × 5 mm) was prepared as the sample. Figure 1 shows the sample preparation process, including the texturing and lubricant filling. A nanosecond laser was used to fabricate the micro grooves on the sample surface with the laser output set at 8 W, laser wavelength = 1064 nm, laser spot diameter = 50 μm, laser pulse width <20 ns, and spot moving speed = 2000 mm/s. After the texturing, the sample was polished again to remove the asperities that were generated in the texturing process (Figure 1). Then, the samples were rinsed with acetone (20 min) in an ultrasonic cleaner. Micro grooves with different widths and densities on the samples were prepared separately for comparison. This is shown in Figure 2a,b, where b indicates the width of the micro groove and D indicates the inter-groove distance. The textured surfaces were observed using a white light interferometer to obtain the surface profile (NanoMap-1000WLI, AEP), which is shown in Figure 2b, and the line profile of the groove is shown in Figure 2c (red line on the surface profile). The surface roughness of the untextured surface Sa was 0.11 µm.



Tungsten diselenide (WSe2) is selected as the lubricant for filling the micro grooves, which is one of the typical layered materials. Compared to the widely used layered solid lubricating materials, such as MoS2 and WS2, WSe2 also has a relatively low exfoliation energy [44]. The bulk WSe2 that was obtained using chemical vapor deposition was dispersed in the solution of deionized water/isopropyl alcohol (55 vol.%/45 vol.%) and sonicated at 540 W using a tip sonicator for 4 h at a constant temperature of 15 ℃. Furthermore, the dispersion was centrifuged for 30 min to collect the supernatant and to remove unexfoliated WSe2. Different sizes of WSe2 flakes could be obtained from the precipitates collected at different rotational speeds of the centrifuge. Figure 3a shows the WSe2 solution obtained after the centrifugation process. Then, the WSe2 solution was freeze-dried using liquid nitrogen. The Raman test was performed to verify that the solution’s main ingredient is WSe2. The Raman spectrum (as shown in Figure 3a) has two characteristic peaks near 249 cm−1 and 261 cm−1, which are the in-plane vibrational modes (   E  2 g  1   ) of the two Se atoms and the middle W atom, and these are perpendicular to the plane vibrational mode (   A  1 g    ) of the corresponding Se atom [45].



Then, the dried WSe2 was mixed with a small amount of acetone to create a thick paste. For filling the grooves with the solid lubricant, the WSe2 flake paste was smeared on the textured surface and scratched with a thin aluminum card (Figure 1). Finally, the sample was dried in the air for 30 min at room temperature. Once the acetone was totally volatilized, the surface was scratched again to remove the residual WSe2. The sizes of WSe2 flakes were observed using SEM, which could provide clearer geometrical information than the optical microscope. The influence of different sizes of WSe2 flakes on friction reduction was investigated in the later section.




3. Experimental Setup


Reciprocating sliding tests were performed using a homemade sliding tribological tester as shown in Figure 3b that comprises a linear motion slider (PDV, PP110-50), a 3 axis high precision piezoelectric sensor (SINOCERA, CL-YD-3302), quasi-static charge amplifier (KISTLER 5015), data acquisition system (SINOCERA, YE6231), and a computer. The force measurement had been calibrated in advance. The friction force and normal force were recorded and analyzed to output the real-time CoF.



A 6 mm half-ball zircon is selected as the other friction pair material used in the sliding tests to form a “ball-on-disk” contact. The sliding speed for each test was 10 mm/s, the sliding distance was 15 mm, and the sliding direction was perpendicular to the micro grooves. The normal load was 3.5 N. Reciprocating sliding tests were performed separately under dry and WSe2 flake-filled conditions. Tests on non-textured samples were also performed for reference.




4. Results and Discussion


4.1. Results of Dry Sliding


The micro grooves’ effect under the dry condition has been investigated for comparison. The average CoF for the non-textured case (NT), and groove width b = 90 μm, 130 μm, 160 μm, 200 μm are plotted, respectively, as shown in Figure 4a, which shows the CoF regarding different groove widths. With the increase in groove width, the CoF reaches the lowest value on the groove width b = 130 μm, then rises gradually with b = 160 and 200 μm. However, the CoF is lower in textured cases than in the non-textured case (NT). Figure 4b shows the CoF regarding the different densities of grooves, and the average CoF are plotted, respectively, for the non-textured case (NT) and textured cases with inter-groove distance D = 500 μm, 750 μm, and 1000 μm. The CoF declines continuously with the decrease in the inter-groove space (the increase in micro groove density).



Compared with the non-textured case (NT), the CoF can be reduced by a maximum of about 20 % with the groove width b = 130 μm. Further, the CoF decreases gradually with higher groove densities on the premise that the width of the groove is constant.




4.2. Results of Solid Lubrication Friction


Reciprocating sliding tests were conducted on the textured samples with WSe2 flake-filled micro grooves in order to investigate the synergetic effects of micro-texture and layered lubricating material. For comparison, the non-textured sample (NT) was processed in the same procedures as the textured samples. A small amount of the WSe2 flakes were left on the non-textured surface. Figure 5a,b show a textured surface (b = 130 μm) with the lubricant filling before the sliding test. The groove was fully filled using the flakes of WSe2, and a few WSe2 flakes remained on the non-textured surface.



Figure 5c compares the CoF regarding different groove widths filled with WSe2 flakes, and all textured samples vary in groove width b with a constant inter-groove distance d = 750 μm. For the non-textured case (NT), the CoF is around 0.45~0.5 after 300 s, which is reduced slightly compared to the non-textured case in dry sliding. For the textured samples filled with WSe2 flakes, the CoF drops dramatically to lower than 0.2 when the groove width b = 90 μm and 130 μm. Then, with the increase in groove width, the CoF rises back to 0.45 sharply (b = 200 μm). Figure 5d shows the CoF regarding the different densities of micro grooves filled with WSe2 flakes. For the textured cases, with the groove width b = 130 μm, the CoF can be lower than 0.2. However, it is still noticeable that the denser grooves bring more reduction in CoF, as the lowest CoF is around 0.1 at D = 500 μm.



In addition, the influence of the size of WSe2 flakes on synergetic effects was investigated. The texture remains constant for the cases concerning the effects of WSe2 flake size, the groove width b = 130 μm, and inter-groove space D = 500 μm. Three different sizes of WSe2 flakes were used in the sliding tests, as shown in Figure 6b–d. In Figure 6b, the size of the WSe2 flakes is around 40 μm on average, and a few WSe2 flakes with a larger dimension (>80 μm) can be observed. Figure 6c and 6d shows the flakes with an average size of around 30 μm and 20 μm, respectively. For those two cases, the size is more even for the WSe2 flakes. As shown in Figure 6a, the small size (20 μm) of the WSe2 flakes shows the largest reduction in friction compared to the medium size (30 μm) and large size (40 μm). Figure 6e shows an image of a textured surface with large size WSe2 flakes, and it is apparent that the wear mark is clear and clean. The WSe2 flakes were pushed to the end side of the wear mark, which implies that there very few WSe2 flakes are involved in the sliding contact. It should be stated that all the sliding tests regarding groove widths and densities that were shown in previous sections used the WSe2 flakes with the small flake size.



In summary, when the grooves were filled with the WSe2 flakes, the CoF was reduced dramatically compared to the cases with micro grooves only. Multiple mechanisms are associated with the significant CoF reduction. A surface with micro grooves filled with WSe2 flakes makes use of both texturing and layered materials’ advantages, as the surface texture reduces the contact area and traps debris while the layered materials lubricate the sliding contact [9,46]. The micro groove stores the WSe2 flakes and continuously brings them to the sliding contact area to form the lubricant film. In terms of the influences of texture geometrical features, the width of the micro groove shows a noticeable impact on friction reduction, such that the optimal groove width b = 130 μm was identified in this study experimentally for both dry and WSe2 flake-filled conditions. The change trends for CoF regarding groove widths are similar for both dry and WSe2 flake-filled conditions, as shown in Figure 4a and Figure 5c, which implies the mechanism associated with optimal groove width highly relates to the contact condition and friction behaviour of dry sliding. Furthermore, the case with denser micro grooves brings a greater reduction in CoF for both dry and WSe2 flake-filled conditions. A possible explanation for this is that, with more grooves on the surface, the WSe2 flakes have more chances to be transferred to the non-textured area to form a lubricant film. Moreover, we also found that the CoF reduction greatly depends on the size of the flakes in the grooves.





5. Conclusions


In this study, the texture geometrical features’ influence on the synergetic effects of the surface texture and solid lubricant was investigated. Micro grooves with different widths and numbers were fabricated on the metal sample surface, and the grooves were filled with micro WSe2 flakes. Reciprocating sliding tests were performed for both dry and WSe2 flake-filled grooves under a ball-on-disk contact condition. The following conclusions can be drawn:




	
In the dry sliding, the experimental results confirm the CoF reduction due to micro grooves on the surface, and that the CoF could be reduced by 20% at maximum compared to the non-textured case;



	
The combination of micro grooves and WSe2 micro flakes could further reduce the CoF significantly, and the CoF could be reduced by 80% compared to non-textured cases;



	
The optimal groove width (b = 130 µm) for both dry and WSe2 flake-filled conditions was determined from the experimental results. The density of the micro grooves has a positive relationship with the CoF reduction for both dry and WSe2 flake-filled conditions;



	
According to the SEM observation, WSe2 flakes with different sizes were applied in the test. The size of WSe2 flakes is important for the synergetic effects of micro grooves and WSe2 flakes. An average size of the WSe2 flake of 20 µm leads to the lowest CoF in the sliding tests.
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Figure 1. Procedures of samples preparation. 
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Figure 2. (a) Samples with different groove widths b and inter-groove distances D; (b) Surface profile of sample; (c) line profile of sample with b = 130 μm and D = 750 μm. 
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Figure 3. (a) Solution of WSe2 and Raman test result of the WSe2; (b) schematic of sliding tribological tester. 






Figure 3. (a) Solution of WSe2 and Raman test result of the WSe2; (b) schematic of sliding tribological tester.



[image: Lubricants 10 00208 g003]







[image: Lubricants 10 00208 g004 550] 





Figure 4. (a) CoF for different groove widths and (b) CoF for different inter-groove distances. 
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Figure 5. (a) Enlarged and (b) SEM of the micro groove with width b = 130 μm; (c) CoF for different groove widths filled with WSe2 flakes, and (d) CoF for different inter-groove distances filled with WSe2 flakes. 
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Figure 6. (a) CoF for different WSe2 flake sizes; (b) large size, (c) medium size and (d) small size of WSe2 flakes filled in the micro groove; (e) image of a textured surface with large size (40 μm) of WSe2 flakes. 
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