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Abstract:

 We report on the effect of femtosecond-laser-induced periodic surface structures (LIPSS) on the tribological properties of stainless steel. Uniform periodic nanostructures were produced on AISI 304L (American Iron and Steel Institute steel grade) steel surfaces using an 800-nm femtosecond laser. The spatial periods of LIPSS measured by field emission scanning electron microscopy ranged from 530 to 570 nm. The tribological properties of smooth and textured surfaces with periodic nanostructures were investigated using reciprocating ball-on-flat tests against AISI 440C balls under both dry and starved oil lubricated conditions. The friction coefficient of LIPSS covered surfaces has shown a lower value than that of the smooth surface. The induced periodic nanostructures demonstrated marked potential for reducing the friction coefficient compared with the smooth surface.
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1. Introduction

It is well known that surface texturing is an effective way of improving tribological properties under both dry and lubricated conditions [1,2,3]. Its main effect mechanisms are to trap wear particles, store lubricants, and increase load carrying capacity [4,5,6]. Various surface texturing technologies, such as mechanical machining, lithography, ion beam texturing, and laser texturing [7,8,9,10] have been developed for preparing the micrometer-sized features on the surface of materials. Among these techniques, femtosecond laser surface texturing seems to be the most advanced method of surface texturing for tribological applications. Its effectiveness can be attributed to its ultrashort pulse width and ultrahigh peak power that can safely process almost all material with minimal heat effects [11,12,13].

Recently, laser-induced periodic surface structures (LIPSS) have gained remarkable interest because they enable tuning of a wide range of properties, including wettability [14], colorization [15], and tribological properties [16,17,18]. LIPSS or so-called ripples have been observed on numerous solid material surfaces. As early as 1965, LIPSS were first observed by M. Birnbaum on semiconductor surfaces using a ruby laser [19]. With the development of laser technology, ripples can now be induced by different lasers with varied wavelengths and pulse widths. In general, LIPSS with periods close to the laser wavelength are called low spatial frequency LIPSS (LSFL), while LIPSS with periods much smaller than the laser wavelength are referred to as high spatial frequency LIPSS (HSFL) [20,21,22,23,24,25,26,27,28,29,30]. Several mechanisms have been proposed to explain the formation mechanisms of LIPSS, such as interference mechanisms [31], excitation of surface plasmon polaritons [32], self-organization [33], second harmonic generation [34], and Coulomb explosion [35]. However, some issues still need to be clarified.

As mentioned above, LIPSS exhibit several amazing properties such as the capability of tuning wettability, reflectivity, and tribological properties. The modification of tribological properties has specifically attracted attention because of its potential application in industrial fields. Yasumaru et al. [12] reported that the frictional properties of diamond-like carbon (DLC) films are greatly improved by the coating of a MoS2 (molybdenum disulfide) layer on the LIPSS. However, Eichstӓdt et al. [17] reported an increased friction coefficient of LIPSS-covered silicon for normal loads in the mN range. Recently, Bonse et al. [18] studied the effects of the LIPSS of steels on the friction coefficient under lubricated conditions. The results indicated that the LIPSS of the steel did not significantly reduce the friction coefficient compared with smooth surface (no LIPSS) under lubricated condition. Consequently, we consider it necessary to further investigate the effects of the LIPSS of steels on tribological properties under both dry and lubricated conditions. Moreover, the mechanisms for the effect of LIPSS on tribological properties are still not clear and require further investigation.

In this study, textured surfaces with uniform LIPSS were fabricated using a femtosecond laser on AISI 304L (American Iron and Steel Institute steel grade) steel surfaces. The effects of LIPSS on the tribological properties were investigated by performing reciprocating ball-on-flat tests against AISI 440C (American Iron and Steel Institute steel grade) steel balls under both dry and lubricated conditions. The friction coefficient of AISI 304L steel with LIPSS was observed to be remarkably reduced for both the dry and lubricated conditions. Our findings may suggest applications in fields including magnetic storage and microelectromechanical systems (MEMS).



2. Experimental Procedures

AISI 304L stainless steel prepared by Taiyuan Stainless Steel Co., Ltd. (Tiayuan, China) was used as the experimental material. The density, Young’s modulus, Poisson’s ratio, and hardness of this material were 7.93 g·cm−3, 203 GPa, 0.28 and 198 HV, respectively. Those same measurements for the friction test material, an AISI 440C steel ball, were 8.65 g·cm−3, 200 GPa, 0.3 and 720HV, respectively. Plane AISI 304L steel samples with dimensions of 25 mm × 15 mm × 6 mm were cut from the as-received stainless steel plates. Before surface texturing, the plane steel samples were ground and polished to a mirror finish using a 0.5-μm diamond polishing agent produced by Shanghai Metallurgical Equipment Co., Ltd. (Shanghai, China). The final surface roughness Ra before texturing was 0.05 ± 0.005 μm (smooth surface). However, polished surfaces with different roughness value were inevitable in the process of polishing. In order to avoid experimental error, we selected the samples with almost the same surface roughness. Surface roughness was measured using a scanning probe microscope (SPM, Bruker, Multimode 8, Camarillo, CA, USA). The AISI 440C steel balls provided by USA CETR Company (Campbell, CA, USA) had a diameter of 3.969 mm, and their surface roughness was less than Ra = 0.02 μm.

The plane steel samples were mounted on a xyz mobile stage (Prior, Proscan II, Rockland, MA, USA) with a resolution of 1 μm, which was precisely computer controlled by the Visual Basic 6.0 software (Microsoft, Redmond, WA, USA) for laser micromachining in Figure 1. A regeneratively amplified 800-nm Ti: sapphire laser emitting a train of 130-fs, 1-kHz mode-locked pulses was used for the laser surface texturing. A rotary λ/2 wave plate was placed in the optical path to produce horizontally polarized laser pulses. In front of the λ/2 wave plate, a continuously variable reflective neutral density filter was used to modify the power of the laser pulses. Some reflective mirrors placed in the optical path were used to guide the laser beam toward the sample surfaces. In order to produce uniform LIPSS, we optimized the laser parameters and selected a pulse energy of 0.4 μJ, which was focused via a microscope objective (10×, NA = 0.3) to give a spot size of about 10 μm on the plane steel surfaces. The laser fluence on the target was estimated to be 0.36 J/cm2. The stainless steel sample was translated at a constant speed of 200 μm/s, where the parallel scan of the focal spot with a period of 5 μm (50% overlap) was made to produce a uniformly nanostructured surface over an area of 6 mm × 6 mm [12].

Figure 1. The schematic diagram of the femtosecond laser processing procedure.
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The surface topographies of the femtosecond laser surface textured surfaces were measured using a scanning probe microscope (SPM, Bruker, Multimode 8). The surface morphologies were imaged using a field emission scanning electron microscope (SEM, JEOL, JSM-7600F, Tokyo, Japan).



Reciprocating ball-on-flat tests were executed using a tribometer (CETR, UMT-2, Campbell, CA, USA) according to the ASTM (American Society for Testing and Materials) G133 standard to investigate the friction and wear behavior of the textured and smooth AISI 304L surfaces sliding against AISI 440C balls. The AISI 304L stainless steel surfaces were mounted on the flat surfaces, and the AISI 440C balls fixed on a fixture reciprocated the surfaces at a speed of 5 mm/s. The smooth surface (polished surface) is named SS in this study. For LIPSS-90 and LIPSS-0, the orientations of the ripple structures were perpendicular and parallel to the sliding direction of the ball sample, respectively. For each test, the stroke length was 5 mm, and the normal load was 2 N. The tests were performed at room temperature, 25 ± 1 °C, with 30% ± 1% relative humidity. Before each test, the balls and surfaces were cleaned in acetone and ethanol and blown dry with nitrogen to remove residual dust, grease, and other solid contaminants to keep the surface conditions as constant as possible. The worn areas of the surfaces were examined using an SEM.

The lubricant used in the tests was PriolubeTM 3959 (Croda, Yorkshire, UK), and its dynamic viscosity was 7.7 Pa·S at 40 °C. Before each test, the lubricant was daubed on the contact surface, and only a thin layer of lubricant remained on the surface [36].

The friction coefficient as a function of time was directly determined using the software on the UMT-2 tribometer. Then, the average friction coefficients were calculated based on the average values in the stage of the stable curve in order to evaluate the friction property of the tested samples. The final test result was the mean value of six tests, including one standard error of mean.



3. Results and Discussion


3.1. Laser Induced Periodic Surface Structures (LIPSS) of AISI 304 Steel

SEM micrographs of the femtosecond-laser-induced periodic surface structures are presented in Figure 2. From Figure 2a,b, it can be seen that uniform ripple structures are produced on the textured surface. Figure 2c illustrates that the ripple structures are oriented in the direction perpendicular to the laser polarization direction. The mean spacing in the ripple structures was measured to be 550 ± 3.3 nm along the polarization direction, which is less than the wavelength of the femtosecond laser pulses. The ripple structure studied in this paper is thus known as low spatial frequency laser-induced periodic surface structure (LSFL) [37]. As mentioned above, the formation mechanism of LIPSS is still in debate and some issues need to be further investigated [30,31,32,33,34,35,37]. Figure 3 shows the surface topography and the cross-sectional surface line profile of the ripple structures on the AISI 304L steel surfaces. The horizontally arranged ripple structures are shown in Figure 3a. Figure 3b shows that the surface undulation of ripple structures is 235 ± 3.6 nm. The measurements of spacing and undulation of ripple structures were repeated 10 times to obtain a reliable data set.

Figure 2. SEM (scanning electron microscope) micrographs of the LIPSS (laser-induced periodic surface structures) on the AISI (American Iron and Steel Institute) 304L steel surfaces. Note the different magnifications used in (a–c). The black double-headed arrow indicates the polarization direction of the femtosecond laser pulses.
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Figure 3. Surface morphology and cross-sectional surface line profile of the LIPSS on the AISI 304L steel surface. (a) 3-D surface morphology; (b) Cross-sectional surface profile.
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3.2. Effect of LIPSS on Tribological Properties Under Dry Conditions

Figure 4a presents the friction coefficient curves of the smooth surface (Ra = 0.05 ± 0.005 μm) and textured surfaces with LIPSS under dry conditions. For LIPSS-90 and LIPSS-0, the orientations of the ripple structures are perpendicular and parallel to the sliding direction of the ball sample, respectively. For the textured surfaces (LIPSS-90 and LIPSS-0), the friction coefficient first increases and then tends to become stable with increasing time, which can be explained by the rapid increase in contact area due to higher contact stress on the textured surface. Moreover, the running time of the textured surfaces with LIPSS is approximately 120 s. Whereas the friction coefficient curve of SS is relatively stable in the early stage, which may be attributed to the lower contact stress. It also can be observed that the friction coefficient curve of SS and LIPSS-0 is almost stabilized in the range from 0.32 to 0.36 with the passage of time. In tests involving the textured surface with LIPSS-90, the friction coefficient finally stabilizes in the range of 0.28–0.32.

Figure 4. The results of friction test under the dry condition. (a) Variation of the friction coefficient with time; (b) Average friction coefficient.
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The average friction coefficients were calculated based on average values in the stable stage of the friction coefficient curve in Figure 4b. The results indicate that the average friction coefficient of the SS is 0.343 ± 0.010. The average friction coefficient of LIPSS-0 is slightly lower than that of the SS. However, the average friction coefficient of LIPSS-90 is 0.292 ± 0.009, which represents a reduction of 14.9% compared with the SS. This phenomenon can be explained by the combined effects of adhesion, trapped wear particles, and asperity deformation. Some researchers have reported that the friction force is generated by adhesion, plowing by wear particles, and asperity deformation under dry condition for metal sliding on metal [38]. Consequently, the friction coefficient is composed of three components and can be formulated by Equation (1).





μ = μa + μp + μd



(1)




where μa is the friction coefficient due to the adhesion, μp is the friction coefficient due to plowing by wear particles, and μd is the friction coefficient due to asperity deformation. The adhesion component μa is mainly affected by the contact area of friction pairs and the plowing component μp strongly depends on the wear particles. During the friction process, the contact area between LIPSS-90 and LIPSS-0 and the ball sample is reduced due to the ripples compared with SS, which is in line with [41]. Meanwhile, the nanoscale wear particles can be effectively trapped by the textured surfaces with LIPSS [39,40,41]. The decrease in contact area and trapped effect are beneficial to reducing friction coefficient. From Figure 5, it also can be seen that the plastic deformation of LIPSS-90 and LIPSS-0 is constrained compared with that of SS. The result can also be proved by the relatively smooth wear track of LIPSS-90 and LIPSS-0 compared with that of SS in Figure 5. Consequently, the friction coefficient of LIPSS covered surfaces has shown a lower value than that of the smooth surface.


Figure 4 shows that the friction coefficient of LIPSS-90 is lower than that of LIPSS-0. The main three components of the friction coefficient have to be taken into consideration when discussing these friction results. There is no obvious difference in contact area of LIPSS-90 and LIPSS-0 because the dimension of ripple structure is much smaller than that of the wear track. With regard to the plowing component, when the sliding direction of the ball sample is perpendicular to the orientation of LIPSS, the wear particles can be effectively trapped by the textured surfaces with LIPSS [41]. However, the wear debris may slide continuously with the movement of the ball sample when the sliding direction of the ball sample is parallel to the orientation of the LIPSS. Consequently, the average friction coefficient of LIPSS-90 is substantially lower than that of the LIPSS-0. The research of Yu et al. [43] also supports the theory demonstrating a lower friction coefficient for LIPSS-90. In this study, the ripple structure can be regarded as a nano-scale grooved-shape texture, and the b/R ratio (groove width/radius of ball sample) is about 1 × 10−4, which can be correlated with the range of thin grooves. Compared with discontinuous contact between the LIPSS-90 and ball sample, a longer stiction length (the contact length prior to macroslip initiation) exists between the LIPSS-0 and ball sample. Based on the theory of Yu et al., the shorter stiction length to adhesion results in a lower friction coefficient in the case of LIPSS-90 [42,43].



Figure 5a,b present SEM micrographs of the wear track of the smooth surface under dry conditions. For the smooth surface, the width of the wear track is approximately 350 μm. Adhesive craters and ploughing scratches are observed, indicating that the wear mechanism is mainly adhesive wear and abrasive wear. In addition, obvious plastic deformation and some large wear particles can be observed on the rough wear track surface, which may represent the accumulation of small wear particles and repeated extrusion deformation between the ball and plane sample in the frictional process.

Figure 5c–f present SEM micrographs of the wear track of LIPSS-90 and LIPSS-0 under dry conditions, respectively. The widths of the wear track of the textured surfaces with LIPSS are the same as those for the smooth surface. The large wear particles cannot be observed on the wear track of LIPSS-90 and LIPSS-0, and the wear track surface is relatively smooth in Figure 5d,f because of the decrease in contact area and the fact that the small wear particles are trapped by the textured surface with the LIPSS. Therefore, it is difficult for large wear particles to form in the friction process. The plastic deformation of LIPSS-90 and LIPSS-0 is not obvious compared with that of SS.



Figure 5. SEM micrographs of the wear tracks under the dry condition. (a,b) Wear tracks of smooth surface (SS); (c,d) Wear tracks of LIPSS-90; (e,f) Wear tracks of LIPSS-0.
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3.3. Effect of LIPSS on Friction Properties Under Starved Oil Lubricated Conditions

We also investigated the effect of LIPSS on tribological properties under starved lubricated conditions. Figure 6 shows the friction coefficient of the smooth surface (SS) and textured surfaces with LIPSS under starved oil lubricated conditions. LIPSS-90 and LIPSS-0 still represent the orientation of the ripple structures perpendicular and parallel to the sliding direction of the ball sample, respectively. In Figure 6a, the friction coefficient curves of the smooth surface and textured surfaces with LIPSS first fluctuate and then tend to stabilize with time. The friction coefficient of the SS remains stable from 0.12 to 0.16. In tests involving the textured surfaces with LIPSS (LIPSS-90 and LIPSS-0), the friction coefficient stabilizes at a value between 0.06 and 0.10. Both LIPSS-90 and LIPSS-0 are observed to play a role in decreasing the friction coefficient under the lubricated condition.

Figure 6. The results of friction test under the starved lubricated condition. (a) Variation of the friction coefficient with time; (b) Average friction coefficients.
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The average friction coefficients were calculated based on the average values in the stable stage of the curve in Figure 6b. The results indicate that the average friction coefficient of the SS was 0.131 ± 0.009. The coefficients for LIPSS-90 and LIPSS-0 were 0.081 ± 0.008 and 0.088 ± 0.008, respectively, under the starved oil lubricated condition. These results indicate that the average friction coefficients of the textured surfaces with LIPSS are significantly reduced compared with that of the smooth surface (by 38% and 33%, respectively). The results also suggest that LIPSS are beneficial to improving the tribological properties compared with the smooth surface under the starved oil lubrication condition. Some researchers believe that the change in the average friction coefficients depends on the combined effects of adhesion, lubricant reservoirs, and deformation under starved oil lubrication conditions [44,45]. In this study, the average friction coefficient of the textured surfaces with LIPSS was lower than that of the smooth surface. The improvement of tribological properties probably benefits from the so-called lubricant reservoirs effect. The lubricant stored in the ripples acts as a secondary source of lubricant and can be drawn into the rubbing surface. Meanwhile, the ripple structures decrease the metallic adhesion between metal friction pairs, which can be attributed to the reduction in contact area between the nano-textured surface and the ball sample. Therefore, the adhesion effect becomes weaker and the friction coefficient is reduced [44,45]. These effects lead to the reduction of the average friction coefficient of the textured surfaces with LIPSS compared with the smooth surface. Figure 7 also shows that the plastic deformation of LIPSS-90 and LIPSS-0 is not obvious compared with that of SS. Consequently, the textured surfaces with LIPSS have marked potential for reducing the friction coefficient under starved lubricated conditions. For both LIPSS-90 and LIPSS-0, the dense textures with LIPSS are within the friction contact area, and the friction contact area frequently passes over the texture with LIPSS, which leads to no obvious difference in friction coefficient between LIPSS-90 and LIPSS-0. In this study, the friction coefficient of LIPSS is lower than that of SS, which is different from the result of Bonse et al. [18]. The difference in ripple structure between this study and Bonse et al. may be the main cause of the different conclusions. The different LIPSS parameters such as ripple spatial periods and undulation result in different friction test results to some extent. Moreover, the different friction test conditions also probably lead to different experimental results between this study and Bonse et al. [18].

Figure 7. SEM micrographs of the wear tracks under starved oil lubricated conditions. (a,b) Wear tracks of SS; (c,d) Wear tracks of LIPSS-90; (e,f) Wear tracks of LIPSS-0.
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Figure 7a,b present SEM micrographs of the wear track of the smooth surface under the lubricated condition. For the smooth surface, the width of the wear track is approximately 210 μm. Adhesive craters and ploughing scratches are observed, indicating that the wear mechanisms are mainly adhesive wear and abrasive wear. In addition, large wear particles can be observed on the wear track surface, which may represent the accumulation of small wear particles in the frictional process.

Figure 7c–f present SEM micrographs of the wear track of the textured surface with LIPSS under the lubricated condition. The large wear particles are not observed on the wear track’s surface because of the decrease in contact area. Therefore, it is difficult for large wear particles to form in the frictional process compared with SS. The obvious plastic deformation cannot be found in the wear track morphologies of LIPSS-90 and LIPSS-0.






4. Conclusions

Textured surfaces with LIPSS were produced on AISI 304L steel using a femtosecond laser. Friction and wear tests were performed using reciprocating ball-on-disk tests under dry and starved oil lubricated conditions. The average friction coefficient of LIPSS-90 was obviously lower than that of SS, and the average friction coefficient of LIPSS-0 was slightly reduced compared with SS under the dry condition. This phenomenon can be explained by combined effects of adhesion, trapped wear particles, and asperity deformation. The average friction coefficient of the textured surfaces with LIPSS was significantly reduced compared with that of the smooth surface under the starved oil lubricated conditions. This phenomenon can be explained by the combined effects of adhesion, oil reservoirs, and asperity deformation. Consequently, the average friction coefficient can be reduced by fabricating ripple structures on the surface under both dry and starved oil lubricated conditions. Our findings may suggest applications in fields including magnetic storage and microelectromechanical systems (MEMS).

Our future work will further investigate the effect of different LIPSS parameters on tribological properties on both the dry and lubricated conditions
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