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Abstract


GCr15 bearing steel sliding friction pairs, as key components in mechanical engineering applications, often undergo severe friction and wear under starved lubrication, which restricts their service life and reliability significantly. To solve this problem, this study investigates the effect of laser surface texturing on the tribological performance of GCr15 bearing steel under starved lubrication conditions. A laser marking machine is used to fabricate pit textures on GCr15 sliding surfaces, exploring the effects of processing speed, laser power, and frequency on texture integrity. Friction and wear tests under starved lubrication conditions are conducted using a vertical universal tester, and worn surfaces are characterized using a 3D surface profiler. The results show that high-integrity flat-bottom pits form at 200 mm/s, 10 W, and 80 kHz. These textures collect debris, retain lubricant, and provide secondary lubrication. At a depth-to-diameter ratio of 0.083 and area ratio of 14.9%, the friction coefficient (0.076) and wear loss (2.27 mg) decrease by 27.6% and 63.7%, respectively, compared to those of smooth samples (0.105, 6.25 mg). This study clarifies the regulatory mechanisms and provides references for improving key components’ lifespan and reliability.
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1. Introduction


Tribology is the study of friction, lubrication, and wear between two interacting surfaces during relative motion, and involves exploring the relationships among these three factors and their practical applications [1]. Global losses caused by friction account for approximately 40% of the national energy consumption, and 80% of mechanical component failures are due to various forms of wear, resulting in economic losses amounting to hundreds of billions [2]. As a result, the reduction in wear between mechanical components to extend their service life and improve energy efficiency has gained increasing attention from scholars worldwide. Traditional methods to control wear include rational pairing of frictional materials, addition of lubricants, material modification, and the application of surface-coating technologies [3,4]. The inspiration for surface texturing comes from the development of biomimetic tribology, where it was discovered that plants form complex and diverse surface structures to adapt to their environment, exhibiting excellent tribological performance [5,6].



Surface texturing technology is used to create microstructures with specific shapes, sizes, arrangements, and distributions on the surface of friction materials. This aims to reduce the wear generated during the relative motion of friction pairs, achieving anti-wear effects. Laser texturing alters a specimen’s surface hardness, thereby changing its friction and wear performance under dry friction conditions [7]. Under boundary lubrication conditions, textured surfaces provide good anti-wear and friction-reducing effects [8]. It has been found that, when the load is 10 N and the sliding speed is 0.05 m/s, the friction coefficient of a textured GCr15 steel ball-PTFE plate friction pair is 0.03, and the wear rate of the PTFE plate is 7.223 × 10−8 m3/(N·m), decreasing by 85% and 44%, respectively, compared to a non-textured GCr15 steel ball [9]. Under conditions of 100 N and 5 Hz, the wear scar diameter on the indented surface of EC-CNT + RO is 44.4% and 34.9% smaller than that on flat and indented surfaces, respectively [10]. Circular textures with a pitch of 0.3 mm may exhibit better friction-reducing effects within a shorter sliding time [11,12]. The friction and wear performance of circular hole textured surfaces is significantly better than that of square and triangular hole textured surfaces [13]. The improvement in the wear resistance of GCr15 bearing steel with surface texturing mainly depends on the competition between stress concentration and trapping effects or dynamic water pressure effects under dry friction or oil lubrication [14]. Textured multi-layer samples using the SMLA method show good oil storage performance and ability to capture wear debris [15,16]. USRP textured samples have been found to have lower friction coefficients and wear rates than base material samples [17]. Nano-lubricating oil shows significantly improved performance under harsh conditions of 500 r/min and 45 N, with better performance at 0.4 wt% PTFE content [18,19].



In summary, the aforementioned studies primarily focus on relatively low sliding speeds (9–400 mm/s), low loads (2–50 N), and small pit diameters (150 μm) [20]. There is limited research on the effects of optimal pit texture parameters on the friction and wear performance of GCr15 bearing steel under higher rotational speeds, larger loads, larger pit diameters, and more severe conditions. Therefore, based on the current state of research, this study investigates the friction and wear performance of GCr15 bearing steel under high sliding speeds, high loads, and starved lubrication conditions, using pits with different sizes, including larger pit diameters, various depth-to-diameter ratios, and different area ratios. The experiments are conducted on textured specimens using the MMW-1A vertical universal friction and wear testing machine. The study aims to explore the impact of different depth-to-diameter ratios and area ratios of pit textures on the friction and wear performance of GCr15 bearing steel surfaces. This research will provide optimal surface texture parameters for the study of friction and wear in key mechanical components, helping to achieve time and cost savings in the field of mechanical engineering.




2. Materials and Methods


2.1. Friction and Wear Test Procedure


In order to investigate the effect of laser surface texturing on the friction and wear performance of GCr15 bearing steel in sliding contact pairs, an overall procedure for the friction and wear tests was established (Figure 1).



High-carbon chromium GCr15 bearing steel exhibits good overall performance, is relatively inexpensive, and has excellent hot workability. After heat treatment, it exhibits high hardness and a uniform microstructure, with high wear resistance and fatigue strength, as well as good mechanical properties. It is primarily used in the manufacture of internal combustion engines; lathes; bearing rings; drilling machines; and steel balls, rollers, and other components used in rotating shafts. In this experiment, both the upper and lower test specimens were made of annealed GCr15 steel bars with a diameter of φ = 100 mm. The chemical composition of the material is shown in Table 1.




2.2. Preparation of Upper and Lower Samples


Before the friction and wear tests, the textured components for the lower test samples and the counter specimens for the upper samples were prepared, with dimensions shown in Figure 2. An SX2-4-13 box-type resistance furnace (Yuzhuo Instrument Co., Ltd., Shanghai, China) was used to perform the quenching treatment on both the upper and lower samples. The quenching temperature was set at 840 °C, and after holding for 40 min, the samples were oil-quenched and then cooled in air. The hardness of the heat-treated samples was measured using an HR-150C Rockwell hardness tester (Wowei Technology Co., Ltd., Beijing, China), with a hardness of approximately 60 HRC.



After the heat treatment process, an MP-2 metallographic polishing machine (Huaxing Testing Instrument Co., Ltd., Laizhou, China) was used to sequentially grind and polish the specimens with 80, 120, 180, 500, 1000, 1500, and 2000 grit sandpapers. This ensured that all sample surfaces achieved the same roughness level, avoiding any influence of surface roughness on the test results.



Finally, laser texturing was applied to the lower sample. Laser surface texturing technology utilizes high-energy, high-density laser beams, such as nanosecond, picosecond, or femtosecond lasers, which are focused on the surface of the workpiece. The concentrated laser beams generate high temperatures, causing the surface to undergo rapid changes such as melting, burning, and vaporization. As a result, the desired texture patterns can be fabricated on the surface. In this study, a PL100-30W laser marking machine (Sepbase, Shenyang, China) was used to create the texture on the sliding contact surface of the lower sample.




2.3. Friction Wear Test


An MMW-1A vertical universal friction and wear testing machine was used to conduct a circumferential sliding test on the GCr15 bearing steel friction pair with surface pit textures, as shown in Figure 3. This testing machine primarily consisted of an electric control panel, spindle drive system, servo cylinder loading system, testing force and friction torque measurement system, embedded computer testing system (including LCD display, computer host, acquisition module, control board, etc.), friction pair, and specialized fixtures. All tests were conducted for a duration of 1200 s under an axial load of 1000 N and rotational speed of 400 r/min, with 4.6 mg of quantitative lubricating oil, and at room temperature (20 ± 2 °C). The wear volume of the specimens was determined by the mass difference before and after ultrasonic cleaning and drying with a blow dryer. To eliminate potential random factors during testing, each sample was repeated three times under the same conditions, and the final result is the arithmetic mean of the three test data.



A 3D profilometer (VK-X 1050, Keynes, Osaka, Japan) was used to characterize the surface of the specimens after the friction wear test. The equipment, through its “laser light source” and “white light source,” provided full-focus color images, laser full-focus images, high–low images, and the necessary information regarding color, light intensity, and height. It enabled quantitative analysis of material properties, high aspect ratio analysis, surface roughness measurement, and comparative wear analysis.





3. Results and Analysis


3.1. Determination of Laser Pit Texturing Parameters


Surface texturing was performed using a PL100-30W laser marking machine, and the texture dimensions and morphology were observed using a 3D profilometer. Through controlling the variables, the effects of the laser power, processing speed, and laser frequency parameters on the depth and diameter of the circular pit textures were studied. To ensure the accuracy and repeatability of the laser texturing experiments and subsequent tribological tests, the following precautions were strictly observed: Parameter Control: The laser processing system was preheated for 30 min before the experiment to stabilize the output power and frequency. The processing speed was calibrated using the system’s built-in displacement sensor (error ≤ ±0.5 mm/s). Sample Consistency: All test samples were sourced from the same GCr15 bearing steel rod and were pre-cleaned with ethanol to remove surface oil and dust before processing. Environmental Control: The tests were conducted in a room-temperature environment (20 ± 2 °C) to avoid any effects of temperature on laser energy absorption and material properties. Three Replicates: Each combination of laser texturing parameters was applied to three identical samples (i.e., three repeated treatments). Each treated sample underwent three repeated tribological tests. The laser texturing experimental setup is shown in Table 2.



3.1.1. Effect of Processing Speed on Texture Parameters


Under the condition of fixed surface texture dimensions, laser power, laser frequency, and processing frequency, five different processing speed parameters were selected for surface texturing. The experimental parameters were set as follows: laser power of 10 W, laser frequency of 80 kHz, and processing frequency set to one pass. The processing speeds were set at 50 mm/s, 100 mm/s, 150 mm/s, 200 mm/s, and 250 mm/s. The geometric dimension was set to a diameter of 300 μm. After the surface texturing of the lower specimen, the texture dimensions were measured using a 3D surface profiler (VK-X 1050, Keynes, Osaka, Japan). The final results show the processing speed’s effect on the diameter and depth of the surface texture, as shown in Figure 4.



As shown in Figure 4, the diameter of the surface texture was primarily determined by the CAD 2020 drawing software. The pit diameter fluctuated around 300 μm, and was observed to increase as the processing speed decreased. This is because, as the processing speed decreases, the laser beam remains on the surface for a longer time, exposing the specimen to be exposed to heat for a longer duration. This results in an increased material loss range, and the cumulative error causes the surface texture diameter to increase. From Figure 4, it can be seen that as the processing speed increases, the pit depth decreases from 8 μm to 1.8 μm. This is because the slower the processing speed, the longer the laser beam stays at the texture location, generating more energy, and thus creating a deeper pit. At both very high and very low processing speeds, the texture formation quality is poor. Therefore, the processing speed was generally set within the range of 100–200 mm/s.




3.1.2. Effect of Power on Texture Parameters


Under the condition of fixed surface texture dimensions, processing speed, and laser frequency, five different laser power levels were selected for surface texturing. The experimental parameters were set as follows: processing speed of 200 mm/s, laser frequency of 80 kHz, and one pass of processing. The laser power was set at 10 W, 15 W, 20 W, 25 W, and 30 W and the geometric dimension was set to a diameter of 300 μm. After performing surface texturing according to the above laser texturing equipment parameters, the texture dimensions were measured using a 3D surface profiler. The final results show the effect of laser power on the diameter and depth of the surface texture, as shown in Figure 5.



As shown in Figure 5, when the laser power is less than 20 W, the texture diameter fluctuates between 290 and 310 μm, indicating that the laser power has little effect on the texture diameter. This is because the diameter of the surface texture is primarily determined by the CAD drawing software. However, when the power increased to 30 W, the diameter reached 320 μm, indicating that the increase in power significantly influences the texture. This is due to the fact that a higher laser power results in a greater energy density, which in turn has a greater effect on the surface texture size. As shown in Figure 5, the depth of the surface texture increases with increased power, which is also due to the reasons mentioned above. When creating textures with laser powers of 20 W and 30 W, severe material surface burning occurs, leading to a significant decline in processing quality and an increase in the amount of residue. Therefore, when performing texture processing, the laser power should be set within the range of 10–20 W.




3.1.3. Effect of Frequency on Texture Parameters


Under the condition of fixed surface texture dimensions, laser power, processing speed, and processing frequency, five different laser frequency parameters were selected for surface texturing. The experimental parameters were set as follows: processing speed of 200 mm/s, laser power of 10 W, and one pass of processing. The laser frequencies were set at 20 kHz, 35 kHz, 50 kHz, 65 kHz, and 80 kHz and the geometric dimension was set to a diameter of 300 μm. After performing surface texturing according to the above laser texturing equipment parameters, the texture dimensions were measured using a 3D surface profiler. The final results show the effect of laser frequency on the diameter and depth of the surface texture, as shown in Figure 6.



As shown in Figure 6, with the increase in laser frequency, the texture diameter fluctuates within the range 300–310 μm, with little variation. This indicates that changes in laser frequency have minimal effect on the surface texture diameter, which is instead determined by the CAD drawing software. As shown in Figure 6, as the laser frequency increases, the surface texture depth gradually decreases from 8.6 μm to 2.2 μm, which is because the surface texture depth is primarily influenced by the laser energy. With the increase in frequency, the number of laser beam impacts on the texture surface per unit time increases. However, the energy generated by each laser pulse decreases, and the energy produced by a single laser pulse has a dominant effect on the texture depth. As a result, the overall effect of the laser beam on the texture surface decreases, causing the depth to also gradually decrease. Since the laser frequency has little effect on the texture diameter and a frequency that is too low leads to poor texture formation, the frequency is generally selected within the range of 35–80 kHz.



In summary, the laser marking machine texture parameters were determined as follows: processing speed of 200 mm/s, laser power of 10 W, and laser frequency of 80 kHz. After determining the pit diameter as 300 μm, to achieve different depth-to-diameter ratios and area ratios, the number of laser pulses was varied to 7, 10, 13, and 16 times, resulting in different pit depths of 15 μm, 20 μm, 25 μm, and 30 μm, respectively, yielding depth-to-diameter ratios of 0.050, 0.067, 0.083, and 0.100. By changing the pit spacing angles to 1.5°, 2°, 2.5°, and 3°, different area ratios of 14.9%, 11.2%, 8.9%, and 7.4% are obtained. Finally, the surface pit texture sample groups and their corresponding numbers are shown in Table 3.





3.2. Effect of Depth-to-Diameter Ratio on the Friction and Wear Performance of the Sample Surface


3.2.1. Effect of Depth-to-Diameter Ratio on the Friction Coefficient of the Sample Surface


Four textured specimens with different depth-to-diameter ratios and non-textured specimens were selected for friction and wear tests. Figure 7 shows the curves of the friction coefficient of GCr15 bearing steel as influenced by these different depth-to-diameter ratios. It can be observed that the pit textures with different depth-to-diameter ratios have a significant impact on the samples’ friction coefficients. The friction coefficient curves exhibit different trends over time; among them, the friction coefficient of S8 increases over time, showing an overall rising trend with significant fluctuations. In the later stages of the test, these fluctuations become more pronounced, and peaks appear at various points during the test. Around 1150s in the later phase of the test, the friction coefficient reaches its maximum value of approximately 0.175. For S1 and S4, the friction coefficients initially decrease and then increase over time. The depth-to-diameter ratio of S1 shows significant fluctuations in the latter half of the test, with the friction coefficient reaching its maximum value of about 0.16 at 1200s. The trend observed in the S1 (shallow texture) end zone confirms that insufficient depth reduces texture durability—shallow pits are prone to wear and degradation, losing their tribological improvement effects. At the same time, in the later stages of the test, the friction coefficients of these two specimens are higher than those of S2 and S3. The friction coefficients of S2 and S3, on the other hand, show a general trend of decreasing initially and then stabilizing, with smaller fluctuations. Among them, the friction coefficient of S3 is the lowest, reaching approximately 0.08 at 1200s.



Figure 8 shows the average friction coefficient and wear loss of GCr15 bearing steel under different depth-to-diameter ratios. It can be observed from the figure that surface texturing significantly affects the average friction coefficient of the material, and surface texturing plays a positive role in reducing friction. The average friction coefficients of the textured specimens are clearly lower than those of the smooth specimens. Among the four different depth-to-diameter ratio specimens, S2 has the highest average friction coefficient of 0.090, which is 14.3% lower than that of S8. On the other hand, S3 has the lowest average friction coefficient of 0.076, which is 27.6% lower than that of S8.




3.2.2. Effect of Depth-to-Diameter Ratio on the Wear Loss of the Specimens


From Figure 8, it can be seen that pit textures with different depth-to-diameter ratios significantly affect the wear loss of GCr15 steel, and not all textures play a positive role in reducing wear on the material’s surface. Among the specimens, the wear loss of S1 and S4 is greater than that of S8, with S1 having the highest wear loss of 7.35 mg, which is 1.1 mg more than that of S8. The wear loss of S2 and S3 are both smaller than that of S8, with S3 having the lowest wear loss of 2.27 mg, which is a 63.7% reduction compared to S8. When comparing the wear loss of the four textured specimens, the specimens with the largest and smallest depth-to-diameter ratios exhibit higher wear loss, while the specimens with intermediate depth-to-diameter ratios show lower wear loss and better wear resistance.



Analyzing the above results indicates that surface texturing has a positive effect on reducing the friction and wear of GCr15 bearing steel under starved lubrication conditions, and this effect is closely related to the depth-to-diameter ratio. Under starved lubrication conditions, the frictional heat generated during sliding causes some of the lubricating oil to evaporate and degrade, which easily destroys the lubricating oil film on the surface of the friction pair. At the same time, due to centrifugal force, the oil on the surface of the friction pair is easily expelled, causing the contact surface to transition from a lubricated state to one of dry friction in a very short period, leading to a continuous increase in the friction coefficient. The surface pits on the textured specimens can store lubricating oil, and during the sliding process, due to the compression between the friction pairs, the lubricating oil stored in the pits can be replenished to the sliding surface, resulting in secondary lubrication. Moreover, as the friction process continues, wear debris is generated on the surface of the friction pair, which accelerates the wear process by increasing surface interaction and material removal. However, pit textures effectively trap and retain wear debris, which not only minimizes further surface damage but also reduces the friction coefficient and wear loss. This collection of debris enhances lubrication between the contact surfaces and helps stabilize the friction coefficient over time [21,22,23]. The friction and wear resistance of S3 is better than that of S1 and S4 because when the depth-to-diameter ratio is too small, the pits are shallow and have weak oil storage capacity, making effective secondary lubrication difficult. Conversely, when the depth-to-diameter ratio is too large, the pits are deep, creating a sealing effect and making it difficult to effectively release the lubricating oil onto the friction surface and form efficient secondary lubrication. Therefore, the friction and wear resistance is poor.




3.2.3. Morphological Analysis of Surface Wear of Specimens with Different Depth-to-Diameter Ratios


Figure 9 shows the wear surface morphology of smooth specimens and specimens with textures with different depth-to-diameter ratios. From the figure, it is evident that the surface wear on S1 and S4 is more severe than that on S8, while the surface wear on S2 and S3 is less severe than that on S8. As shown in Figure 9, the surface of S8 exhibits severe wear, with significant material deformation in the wear track and relatively large wear track width and depth values. In S1, due to the shallowness of the pits and the small amount of oil supply, it is difficult for the friction surface to form a continuous and effective lubrication film, resulting in severe surface wear. This leads to typical adhesive wear and deeper plowing grooves. In S2 and S3, with increasing pit depth-to-diameter ratios and enhanced oil supply, the friction surface is able to form better secondary lubrication; thus, the pit morphology remains more intact and the wear is less severe. In contrast, in S4, due to the deeper pits, lubricating oil is not easily released from the pits during sliding, preventing the formation of an effective oil film and resulting in severe adhesive wear and deeper wear tracks. Comparing the textured and the smooth specimens reveals that the wear on specimens with depths of 15 μm and 30 μm is higher than that on the smooth specimen, indicating that not all texture designs provide a friction-reducing effect. However, when the pit depth is 25 μm, corresponding to a depth-to-diameter ratio of 0.083 (S3), the texture exhibits the best friction-reducing effect.



By comparing the friction coefficients, average friction coefficients, wear volumes, and wear surface morphologies of four specimens with different depth-to-diameter ratios and the smooth specimen, it is found that pits with a depth-to-diameter ratio of 0.083 (S3) provide the best friction and wear reduction effect. Therefore, this depth-to-diameter ratio was maintained, and specimens with different pit area distribution rates were prepared to explore the effect of the pit area ratio on the surface friction and wear performance of the specimens.





3.3. Effect of Area Ratio on the Surface Friction and Wear Performance of Specimens


3.3.1. Effect of Area Ratio on the Friction Coefficient of Specimens’ Surfaces


The optimal pit depth-to-diameter ratio of 0.083, according to previous tests, was selected to study the effect of different area ratios on the friction coefficient of the GCr15 bearing steel friction pair. Figure 10 shows the friction coefficient of GCr15 bearing steel with different area ratios when the depth-to-diameter ratio is 0.083. It can be observed that different area ratios of the pit texture significantly affects the specimen’s friction coefficient. The friction coefficient curves exhibit different trends over time. Among them, the friction coefficient of S7 is generally higher than that of S8, while the friction coefficients of the other three textured specimens are significantly lower than that of S8. The sharp increase in S7 (low area ratio) indicates that an excessively low texture coverage cannot provide sustained load/support lubrication, leading to sudden friction deterioration after texture failure. In contrast, S8 (smooth sample) lacks the protection provided by texture during the test, resulting in continuously high and unstable friction. The friction coefficient curve of S7 exhibits significant fluctuations and spikes, the core reason for this behavior being the interaction between its surface texture (H = 25 μm, A = 7.4%) and the dynamic contact behavior of the friction pair. The dynamic process of “wear particle generation, detachment, and filling” occurs during friction, where wear particles accumulate or detach instantaneously. The pits in the texture are prone to capturing wear particles, temporarily reducing the friction coefficient. If the wear particles are suddenly extruded or detached, the friction pair will re-engage with the rough surface, causing a sharp increase in friction force and forming a spike. The texture area ratio of S7 (A = 7.4%) is the lowest among similar samples (S3: A = 14.9%, S5: A = 11.2%, S6: A = 8.9%). During sliding, the contact state of the friction pair switches more frequently between the “smooth areas” and the “textured areas,” leading to greater fluctuations in the friction coefficient. The dispersed texture is more prone to “local overload wear,” which exacerbates the unevenness of the surface topography and further amplifies the fluctuation of the friction coefficient. Additionally, except for S3, where the friction coefficient decreases with time, the friction coefficients of the other four specimens generally increase over time. Specifically, the friction coefficient of S7 reaches its peak at around 900 s, approximately 0.158, while the friction coefficient of S8 peaks at around 1100 s, approximately 0.175. Both of these specimens exhibit more significant fluctuations in their friction coefficient during the test compared to the other three specimens. Throughout the entire test, the friction coefficient of S3 is relatively low, and its friction coefficient curve is smoother.



Figure 11 allows for a more intuitive comparison of the friction-reducing effects of different area ratio textures on the material surface. It can be seen that different pit texture area ratios significantly affect the average friction coefficient of GCr15 steel. Among the specimens, S7 has the highest average friction coefficient of 0.104, which is slightly higher than that of S8. In contrast, the average friction coefficients of the other three textured specimens are lower than that of S8, with S3 having the lowest average friction coefficient of 0.076, which is 0.029 lower than that of S8. A comparison of the average friction coefficients of the four specimens with different area ratios shows that the average friction coefficient decreases gradually as the area ratio decreases.




3.3.2. Effect of Area Ratio on the Wear Loss of Specimens


From Figure 11, it can be seen that the wear degree of the textured surface is closely related to the area ratio, with different area ratios significantly affecting the wear loss of the textured surface. Not all textures provide wear resistance to the material surface. Among the specimens, S7 exhibits the highest wear loss of 8.82 mg, which is 2.57 mg higher than that of S8. In contrast, S3 has the smallest wear loss of 2.27 mg, which is a 63.7% reduction compared to S8. Observing the four specimens with different area ratio textures shows that the wear loss increases as the area ratio decreases.



Based on the analysis of the above results, it is clear that surface texturing has a positive effect on friction and wear reduction under starved lubrication conditions, and this effect is closely related to the area ratio. Under starved lubrication conditions, the area ratio parameters significantly impact the friction-reducing effect; for example, a reasonable pit area ratio can achieve better friction reduction. Furthermore, within a certain range, a larger area ratio is more beneficial for friction reduction because when the area ratio is too small, the oil film pressure difference becomes larger, leading to large microscopic disturbances during sliding. As a result, it becomes difficult to form a continuous oil film, which is unfavorable for the development of fluid dynamic pressure effects. Additionally, when the area ratio is too small, the number of pits is reduced, which means less oil is stored, shortening the time for secondary lubrication formation and exposing the friction pair to dry friction conditions sooner. The reduced number of pits also increases the contact area of the friction pair, weakening the ability of the pits to capture wear debris, which leads to a higher friction coefficient and greater wear loss. On the other hand, as the area ratio increases, the fluid dynamic pressure effect is enhanced to varying degrees, making it easier to form a continuous oil film. The increased number of pits allows for more lubrication oil and wear debris to be stored, resulting in more long-lasting secondary lubrication effects; therefore, the friction coefficient and wear loss are reduced.




3.3.3. Surface Wear Morphology Analysis of Specimens with Different Area Ratios


Figure 12 shows the wear surface morphology of smooth specimens and specimens with textures with different area ratios. During the wear process of the GCr15 bearing steel friction pair, material transfer occurs. In the sliding wear process for this pair, the contact interface undergoes material transfer from one surface to another due to mechanisms such as adhesive wear and abrasive wear. This results in the formation of a “transfer film” in the contact area. The transferred material is not a single component but a mixed system consisting of the GCr15 base material, wear particles, oxides, and potentially products of the lubrication medium. It can be seen that the surface wear of S8 is severe, exhibiting typical adhesive wear and abrasive wear with deep wear tracks. S7 shows the most significant wear, with the pit texture clearly damaged: some pits are flattened, showing severe adhesive wear and abrasive wear. As the area ratio increases, the degree of wear on the sliding surface gradually decreases. S3 exhibits the least wear, with the pit texture remaining intact and no obvious damage. This is because a smaller area ratio corresponds to fewer pits, limiting the capacity for storing lubrication oil and the ability to capture wear debris during the friction process. Additionally, the greater distance between pits makes the development of fluid dynamic pressure effects more difficult and hinders the formation of an oil film. On the other hand, a larger area ratio is more favorable for the formation of a fluid dynamic pressure effect, resulting in a continuous oil film. The increased number of pits allows for better capture of wear debris and greater storage of lubrication oil, facilitating secondary lubrication. This enables the sliding surface to maintain a sufficiently thick oil film for longer, delaying the onset of dry friction and providing better protection to the sliding surface, thus reducing wear. Therefore, S3 exhibits the best friction-reducing effect.



By comparing the friction coefficient, average friction coefficient, wear loss, and wear surface morphology of smooth specimens and four specimens with different area ratios, it is observed that when the depth-to-diameter ratio is 0.083, pits with an area ratio of 14.9% provide the best friction and wear reduction performance. Therefore, it is concluded that when the pit diameter is 300 μm, the depth-to-diameter ratio is 0.083, and the area ratio is 14.9%, the surface texture exhibits the best friction and wear reduction effect.






4. Conclusions


This study investigates the effect of pit surface texture with different geometric parameters on the friction and wear characteristics of specimens under starved lubrication conditions. Friction and wear reduction mechanisms are also explored and the optimal pit geometric parameters are selected through comparison. Additionally, the influence of load on friction and wear performance is analyzed under varying load conditions. The following conclusions are drawn:




	(1)

	
When creating surface pit textures, the processing speed, laser power, and laser frequency significantly affect the integrity of the pit texture. When the laser parameters are set to a processing speed of 200 mm/s, laser power of 10 W, and laser frequency of 80 kHz, the pit texture integrity is high, with clear edges and a smooth bottom, resulting in good pit texture morphology.




	(2)

	
Surface pit textures can effectively collect and store wear debris. Compared to smooth specimens, the centrifugal force during high-speed rotation significantly reduces the amount of abrasive particles remaining on the sliding contact surface. As the test progresses, the lubrication oil on the sliding friction pair is gradually depleted, and the oil that is stored in the pit is expelled, extending the lubrication of the friction pair. The pit texture can store excess lubrication oil and provide secondary lubrication to the system when the friction pair is not lubricated.




	(3)

	
The depth-to-diameter ratio and area ratio of the pit texture on the contact surface significantly influence the friction and wear performance of GCr15 bearing steel sliding friction pairs. When the pit texture has a depth-to-diameter ratio β = 0.083 and an area ratio A = 14.9%, the friction coefficient and wear loss are 0.076 and 2.27 mg, respectively, which are reduced by 27.6% and 63.7% compared to the smooth specimen values of 0.105 and 6.25 mg. The specimen with this surface pit texture exhibits the best friction- and wear-reducing effect.
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Figure 1. General flowchart of friction and wear testing. 
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Figure 2. The texture and 3D shape of the sample’s pits. 
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Figure 3. Schematic of the test apparatus and structure of friction pair. 
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Figure 4. Effect of processing speed on surface texture dimensions. 
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Figure 5. Effect of laser power on surface texture dimensions. 
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Figure 6. Effect of frequency on surface texture dimensions. 
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Figure 7. Effect of different depth-to-diameter ratios on the friction coefficient of GCr15 steel. 
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Figure 8. Wear loss and average friction coefficient of GCr15 bearing steel under different depth-to-diameter ratios. Black square represent the average coefficient of friction of the sample. 
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Figure 9. Wear surface morphology of GCr15 steel under different depth-to-diameter ratios. 
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Figure 10. Effect of different area ratios on the friction coefficient of GCr15 steel. 
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Figure 11. Wear loss and average friction coefficient of GCr15 bearing steel under different area ratios. Black square represent the average coefficient of friction of the sample. 






Figure 11. Wear loss and average friction coefficient of GCr15 bearing steel under different area ratios. Black square represent the average coefficient of friction of the sample.



[image: Lubricants 13 00536 g011]







[image: Lubricants 13 00536 g012] 





Figure 12. Wear surface morphology of GCr15 steel at different area ratios. 
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Table 1. Chemical composition of GCr15 bearing steel (mass fraction, %).
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	C
	Mn
	Si
	P
	S
	Cr
	Cu
	Ni
	Mo
	Ti
	Fe





	0.96
	0.32
	0.24
	0.008
	0.001
	1.49
	0.22
	0.08
	0.03
	0.0024
	Bal.










 





Table 2. Test plan for laser texture processing.
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	Serial Number
	Parameter
	Parameter Value





	1
	Processing Speed (mm/s)
	50/100/150/200/250



	2
	Laser Power (W)
	10/15/20/25/30



	3
	Laser Frequency (kHz)
	20/35/50/65/80










 





Table 3. Sample numbering and grouping of surface pit textures.






Table 3. Sample numbering and grouping of surface pit textures.





	No.
	Diameter (D/μm)
	Depth (H/μm)
	Area Ratio (A)
	Angle (α)
	Depth–Diameter Ratio (β)





	S1
	300
	15
	14.9%
	1.5°
	0.050



	S2
	300
	20
	14.9%
	1.5°
	0.067



	S3
	300
	25
	14.9%
	1.5°
	0.083



	S4
	300
	30
	14.9%
	1.5°
	0.100



	S5
	300
	25
	11.2%
	2.0°
	0.083



	S6
	300
	25
	8.9%
	2.5°
	0.083



	S7
	300
	25
	7.4%
	3.0°
	0.083



	S8
	-
	-
	0.0
	-
	-
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