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Abstract

:

The gas–liquid miscible backflow pumping seal (G-LMBPHS) is a non-contact mechanical seal that is suitable for high-speed bearing chambers. However, the tribological properties and wear mechanisms of the frictional pair of G-LMBPHS in an oil–air environment have not yet been comprehensively studied. In this study, the tribological properties of six frictional pairs, consisting of three hard materials (18Cr2Ni4WA, Al2O3 coating, and Cr2O3 coating) and two soft materials (metal-impregnated graphite [Metal-IG] and resin-impregnated graphite [Resin-IG]), were analyzed using a disc-on-disc tribometer. An oil–air environment was created using a minimal quantity lubrication (MQL) system and a closed chamber. The results show that the COF of the four frictional pairs consisting of two coatings and two graphites decreases gradually with increasing rotational speed, and the frictional pairs composed of Al2O3 coating and Resin-IG and Cr2O3 coating and Resin-IG have the lowest COF between 0.022 and 0.03. Therefore, the frictional pairs of G-LMBPHS are in a mixed lubrication condition. The lubricant in the oil–air environment is adsorbed and stored in pits on the surface of graphite and coatings, enhancing the hydrodynamic effect of the spiral grooves and reducing the COF by up to 45%. Metal-IG has better wear resistance than Resin-IG, and the frictional pair consisting of Cr2O3 coating and Metal-IG has the lightest wear. This study provides an important basis for the selection of G-LMBPHS frictional pairs in oil–air environments.
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1. Introduction


Lubrication and sealing are critical factors that significantly influence the performance of rotating equipment. Typically, low-speed equipment utilizes grease lubrication and splash lubrication, while high-speed equipment, such as aero-engines and turbines, employs more advanced and effective forms of lubrication, including injection lubrication [1], under-ring lubrication [2], oil–air lubrication [3], and oil–mist lubrication [4]. The shift towards advanced lubrication techniques has not only increased the operational limits of bearings but has also magnified the importance of effective lubricant sealing. G-LMBPHS, a novel non-contact mechanical seal, has been developed for high-speed bearing chambers. This seal relies on the hydrodynamic effect of the spiral groove to establish non-contact of the sealing surface, thereby reducing frictional wear of the frictional pair. Additionally, the backflow pumping effect of the spiral groove is leveraged to achieve zero lubricant leakage [5]. However, during the start–stop process of the seal, the rotating ring and stationary ring surfaces of G-LMBPHS inevitably experience solid contact and friction for a brief period as they transition from contact to non-contact. Failure to use the appropriate seal ring material can result in the degradation of the seal ring and the accumulation of abrasive debris within the spiral groove, which can adversely impact the seal’s normal operation and possibly cause it to fail. Therefore, it is of utmost importance to investigate the tribological performance of seal ring materials to optimize seal performance and prolong seal life.



The issue of frictional wear in mechanical seals has been a major focus of research over the past few decades. Researchers have conducted extensive studies aimed at improving the tribological performance and wear resistance of these seals. Improvements in the overall performance of seal ring materials [6,7] and surface engineering techniques [8,9] have been commonly used to improve mechanical seals. In recent years, considerable efforts have been invested in developing new materials to meet the requirements of more demanding operating conditions and higher performance. Ceramics are frequently employed as seal ring materials [10,11,12], such as silicon carbide (SiC), tungsten carbide (WC), and alumina (Al2O3), due to their high hardness, wear resistance, and chemical stability.



Surface engineering techniques play a significant role in enhancing the performance of mechanical seals. These techniques can be broadly categorized into two types: surface weaving and hard coating. Surface weaving technology is typically used in mechanical seals with lubricants. It is the most effective technology for making lubricant flow with hydrodynamic pressure and storing a small amount of abrasive chips through the weaving structure, thereby reducing the friction coefficient and improving wear resistance. Hard coating technology is to process a layer of hard coating on the substrate surface through spraying, vapor deposition, and other methods, which can also improve the wear resistance of mechanical seals. Moreover, hard coating technology has a wide range of applications since the appropriate coating can be selected based on the lubrication conditions and lubricants. Ceramic materials are often used as surface coatings for ductile materials [13,14]; for example, Al2O3 coatings are commonly used for tail bearings [15] and propeller shafts [16], while chromium oxide (Cr2O3) coatings are commonly used for piston rings and cylinder liners in the automotive industry [12,17]. Ceramic materials are also commonly used as coating for mechanical seal surfaces.



Apart from the physical and chemical properties of the frictional pair materials, the friction conditions have a great influence on their tribological properties. Previous studies on the tribological performance of mechanical seal frictional pairs have mainly focused on dry friction, water lubrication, or oil lubrication [6,18,19,20,21]. Under dry friction, graphite tends to transfer to the friction surface, reducing the direct contact between the frictional pairs [22,23,24,25,26]. The COF of graphite is lower under water or oil lubrication than under dry friction [27,28,29]. However, the lubrication condition of G-LMBPHS differs from conventional mechanical seals and is dependent on the bearing lubrication method. Our previous studies [30] have shown that, at low speeds, the frictional pairs are lubricated by the oil–air two-phase fluid in the bearing chamber. At high speeds, the frictional pairs are hydrodynamic lubrication due to the backflow pumping action.



This study intends to investigate the tribological characteristics of frictional pairs in the oil–air environment during the start-up process of G-LMBPHS. To achieve this, a disc-on-disc tribometer was utilized to create an oil–air environment with a MQL system and a closed chamber. The start-up process of G-LMBPHS was simulated by applying a constant load and a step increase in rotational speed. The friction mechanisms of the frictional pairs were revealed by 3D optical surface analyzer and scanning electron microscope (SEM). The findings of this study serve as a crucial foundation for selecting the appropriate frictional pairs for G-LMBPHS in an oil–air environment.




2. Test Procedure


2.1. Seal Structure and Working Principle


Figure 1a,b show structure of G-LMBPHS and its spiral groove, respectively. The rotating ring, which houses the spiral groove, is made of a harder material to reduce wear, while the stationary ring is made of a softer material. During normal operation, the surfaces of the rotating and stationary rings do not come into contact, and the steady-state operating principle has been extensively discussed in the literature [5]. However, during the low-speed start–stop process, the rotating and stationary rings of G-LMBPHS experience a state of contact and friction for a certain period, similar to most non-contact mechanical seals [9]. The tribological properties of the materials used for the rotating and stationary rings directly affect the sealing performance and service life of the G-LMBPHS. However, the lubrication conditions of G-LMBPHS differ from those of other non-contact mechanical seals. The bearing chamber, where G-LMBPHS operates, contains an oil–air two-phase fluid that is created by mixing the lubricant ejected from the nozzle with the air inside the chamber under the action of the high-speed rotating bearing. The oil droplet diameter and oil droplet content in the oil–air two-phase fluid are influenced by factors such as oil injection volume, nozzle structure, and rotational speed [31,32]. Reportedly, the diameter of oil droplets in the oil–air two-phase fluid is 1 to 3 μm, making it possible to form an oil–air environment by a MQL system.




2.2. Oil–Air Environment and Friction Tester


In this study, a Plint Tribology (TE-92, Phoenix Tribology Ltd., Berkshire, UK) was used to study the tribological properties of the G-LMBPHS frictional pair. The torque, COF, and temperature of the stationary ring were monitored during the test. The test device is shown in Figure 2a,b. One ring rotated with the shaft, while the other remained fixed at the bottom of the oil pool with a temperature sensor located near its friction surface. The friction surface was dry and free of lubricant before the test. The oil–air environment was constructed by an MQL system (KS-2106, KINS CO., Ltd., Shanghai, China). The oil used in the MQL system was Shell 555 turbine engine lubricant with a kinematic viscosity of 29.0 mm2/s at 37.8 °C. To avoid contamination of the environment by oil droplets, the oil pool outlet was connected to a filter, and a plastic film was wrapped between the top of the oil pool and the housing to seal the oil–air. During the test, the oil–air circulation is maintained and the percentage of lubricant in the oil–air is 4% (mass ratio).




2.3. Frictional Pair Materials


The G-LMBPHS frictional pair usually adopts the pairing principle of hard ring to soft ring. Considering the material properties and the application, graphite was chosen as the soft material in this study. Resin and soft metals could improve the tribological properties of graphite materials [33,34,35,36,37], so typical Metal-IG and Resin-IG were selected as soft materials, as shown in Figure 3a,b. The inner and outer diameters of the friction surfaces are Ф 41.5 mm and Ф 50.0 mm, respectively. After grinding, the surface roughness of Metal-IG and Resin-IG was measured by ZYGO NexView 3D optical surface analyzer (Zygo Corporation, Connecticut, USA) to be 0.044 μm and 0.055 μm, respectively.



Since the high-speed bearing chamber may be subjected to loads such as shock and vibration, the ductile material 18Cr2Ni4WA was selected as the substrate and sprayed with Al2O3 ceramics and Cr2O3 ceramics on its surface for hard ring, as shown in Figure 3c–e. Although the theoretical hardness of Al2O3 and Cr2O3 is large, their actual hardness is affected by the microscopic defects generated during the machining process [38,39,40]. The inner and outer diameters of the hard rings are Ф 38.0 mm and Ф 54.0 mm, respectively. The material properties of the soft and hard rings are detailed in Table 1. The planarity of the test rings was measured by a flat light band tester (BY-150, BYJL CO., Ltd., Ningbo, China), and all the test rings showed 1~2 sodium light interference bands, indicating planarity of 0.3~0.6 µm. The parallelism of the test rings was measured by a 3D non-contact image measuring instrument (TM-151510CAZ, Beijing, China), and the parallelism of all the test rings was 0.008~0.015 mm.



The structural parameters of the spiral grooves are detailed in Table 2. The spiral grooves were machined on the surface of the hard ring using a fiber laser machine (YLP-20, HANS LASER, Shenzhen, China), followed by surface polishing to eliminate any impurities. The depth of each spiral groove was measured within 4.8~5.6 μm using the 3D non-contact image measuring instrument. The surface roughness after polishing was 0.070 μm, 0.005 μm, and 0.021 μm for 18Cr2Ni4WA, Al2O3 coating, and Cr2O3 coating, respectively. The inner side of the white dashed line of the soft ring shown in Figure 3a,b represents to the groove and land of the hard ring, while the outer region corresponds to the dam.




2.4. Test Process


During the seal start-up process, the closing force remains constant while the rotational speed steadily increases. However, replicating this process on a friction tester poses a challenge. Therefore, to investigate the tribological properties of the seal ring material, the start-up process was approximated by subjecting the ring to a constant load and a step increase in rotational speed. Test conditions are presented in Table 3. Since the oil pool is open and cannot be loaded with fluid pressure, the closing force of G-LMBPHS was equated to a constant load on the test ring. Previous experimental studies [5] showed that the G-LMBPHS was in a contact friction state at a speed of 0 to 1000 r/min, in a transition stage from contact friction to non-contact between 1000 and 2000 r/min and in a non-contact operation when the speed exceeds 2000 r/min. Therefore, the maximum speed for the friction wear test was set at 2000 r/min, with an initial speed of 400 r/min. Each time increasing by 400 r/min, with each speed running steadily for 300 s, and three tests conducted for each material combination.





3. Tribological Results


3.1. Tribological Properties


The tribological properties of the six frictional pairs in the oil–air environment are shown in Figure 4. The COFs of 18Cr2Ni4WA and Metal-IG and 18Cr2Ni4WA and Resin-IG gradually increased with the increase of rotational speed, where the COF of 18Cr2Ni4WA and Metal-IG was the largest, reaching up to 0.083. Conversely, the COFs of the four frictional pairs composed of Al2O3 coating, Cr2O3 coating, Metal-IG, and Resin-IG gradually decreased with increasing rotational speed. This trend is consistent with Engqvist and Zhang’s study [20,25,41]. The COFs of Al2O3 coating and Metal-IG and Cr2O3 coating and Metal-IG at low speed were lower than that at dry friction [20], indicating that a small amount of lubricant in an oil–air environment can effectively improve the lubrication condition of the frictional pair and obtain a lower COF. Qiu [21] observed a COF phenomenon in oil lubrication, which first decreased and then increased with the rotational speed, and believed that the lubrication condition of the frictional pair changed from mixed lubrication to hydrodynamic lubrication. However, no similar phenomenon was observed in this study. The load and rotational speed in this study were greater than those of Qiu [21], implying that the small amount of lubricant in oil–air does not generate enough bearing capacity to bring the frictional pair into hydrodynamic lubrication under the action of the spiral groove Therefore, the frictional pair in the oil–air environment is in a mixed lubrication state. Among these four frictional pairs, the COF of the frictional pairs composed of Resin-IG with two coatings were smaller and smoother than those of the frictional pairs composed of Metal-IG. The COFs of Al2O3 coating and Resin-IG and Cr2O3 coating and Resin-IG were the smallest among the six frictional pairs, ranging from 0.022 to 0.3.



In the oil–air environment, the temperature rise of the six frictional pairs was positively correlated with COF. The smaller the COF, the smaller the temperature rise of the frictional pairs, as shown in Figure 4b. Notably, Al2O3 coating and Resin-IG and Cr2O3 coating and Resin-IG exhibited the smallest COF and the lowest frictional temperature rise. Compared with dry friction [20], the temperature rise of the frictional pairs in the oil–air environment is lower at the same time at low speed. This can be attributed to two factors. Firstly, the COF of the frictional pair is lower in the oil–air environment. Secondly, the circulating oil–air dissipates some of the frictional heat, thereby decreasing the temperature rise of the frictional pair.



For commonly used frictional materials, an inverse correlation trend can be observed between the COF of the frictional pairs and the difference in hardness between the hard and soft materials, as shown in Figure 5. The four data points on the left side represent the frictional pairs composed of 18Cr2Ni4WA, Cr2O3 coating, Resin-IG, and Metal-IG, respectively. The COF of the frictional pairs decreases rapidly with an increase in the hardness difference between the materials. A similar phenomenon was observed in the study by Li [41]. Generally, the COF of the frictional pair is positively correlated with the load [42,43], and it can be concluded that the higher the contact pressure of the frictional pair, the higher the COF. Hard materials are less prone to plastic deformation, while soft materials are prone to plastic deformation. When two materials with a larger hardness difference are in contact, the softer material undergoes plastic deformation, resulting in a larger contact area and a more uniform contact pressure, and ultimately a smaller COF. Although the hardness difference between Al2O3 coating and Metal-IG and Al2O3 coating and Resin-IG was the largest, the COF of them increased slightly instead. In general, in the oil–air environment, a smaller COF of frictional pair can be obtained by selecting two materials with a larger hardness difference.



In the oil–air environment, the COF of the four frictional pairs consisting of Al2O3 coating and Cr2O3 coating gradually decrease with increasing speed [25,44], while the COF of the frictional pair of 18Cr2Ni4WA with graphite, on the contrary, gradually increases. This phenomenon can be attributed to three main reasons. Firstly, the lubricant on the friction surface maintains a dynamic equilibrium. The lubricant in the oil–air environment is constantly adsorbed to the friction surface, and the lubricant is constantly leaving the inner and outer sides of the friction surface under rotational speed and load, while carrying the graphite abrasive dust generated during the friction process. Secondly, the hydrodynamic effect of the spiral groove reduces the contact force on the friction surface. Thirdly, the micron-sized spiral groove is able to contain and discharge the abrasive dust, preventing them from continuously damaging the friction surface. The COF of the four frictional pairs consisting of Al2O3 coating and Cr2O3 coating rapidly decreases, while the slow increase in COF of the frictional pair of 18Cr2Ni4WA with graphite reflects the influence of these aspects. The COF of the four frictional pairs consisting of Al2O3 coating and Cr2O3 coating decreased by 2.4% to 3.8% when the speed was increased from 400 to 800 r/min, and decreased by 10.5% to 14.1% when the speed was increased from 1600 to 2000 r/min. The oil–air environment has a minimal effect on the hard coating because the coating and IG have a small COF, produces less abrasive dust, and the coating is less susceptible to wear. However, for 18Cr2Ni4WA and IG, the oil–air environment is unfavorable because 18Cr2Ni4WA is relatively soft and easy to wear, and because the graphite abrasive dust keeps leaving the friction surface with the lubricant, graphite is not easy to form a stable transfer film on the surface of 18Cr2Ni4WA [44], which further aggravates the wear of 18Cr2Ni4WA and leads to an increase in the COF. After the 18Cr2Ni4WA and IG test, a light black lubricant was observed in the oil pool, while the color of the lubricant after the tests of Al2O3 coating and IG and Cr2O3 coating and IG was almost unchanged, indicating that the coating can effectively reduce the wear of graphite.




3.2. Influence of Spiral Groove on Frictional Properties of Frictional Pairs


To further analyze the impact of material and spiral groove on the frictional properties of G-LMBPHS frictional pair, this study conducted frictional tests on grooveless surfaces under oil–air environment, and compared the results with those of grooved surfaces, as shown in Figure 6. At low speed, the COF of all the four grooveless frictional pairs was larger than that of the grooved frictional pairs. Except for the slight hydrodynamic effect of the spiral groove, the actual contact area of the grooved surface was 65% of the grooveless surface, and the contact force was 1.54 times that of the grooveless surface, resulting in lower COF values for the four grooved frictional pairs. The COF of the grooveless surface increased approximately linearly with increasing rotational speed. From the range of COF, the grooveless surface was in boundary lubrication under oil–air environment, indicating that a small amount of lubricant was adsorbed on the friction surface during the test. Graphite is a porous material, and despite the impregnation filling the pores, there were still some pits on the surface, as shown in Figure 7a,b. In contrast, both Al2O3 coating and Cr2O3 coating had a small number of pits on the surface due to machining defects, as shown in Figure 8b,c. These pits stored and confined the lubricant to maintain higher pressure and increase the hydrodynamic lubrication area [44], thus reducing the direct solid contact between the two surfaces and effectively reducing the adhesive wear of the frictional pairs. As the speed increases, the lubricant stored in the pits gradually decreased, and the lubrication condition of the frictional pair deteriorated, leading to a gradual increase in the COF.



In contrast to the variation in COF observed on the grooveless surface, the COF of the grooved surface gradually decreased with increasing rotational speed. This indicated that the hydrodynamic effect of the spiral groove could effectively reduce the contact force of the frictional pairs as the rotational speed increases. According to the Stribeck curve, the grooved surface in the oil–air environment is in mixed lubrication, which aligns with the findings of Qiu’s study [21]. This phenomenon indicated that the amount of lubricant on the grooved surface was more than that on the grooveless surface, proving that the groove helped the lubricant to enter the friction surface. At a rotational speed of 2000 r/min, the spiral groove in oil–air environment can reduce the COF by about 45%.




3.3. Microscopic Morphology and Wear Mechanism


The surface micromorphology of Metal-IG and Resin-IG after the friction test is shown in Figure 9. Resin-IG has a lower hardness and exhibits more surface furrows, while Metal-IG has relatively higher hardness with fewer surface furrows but multiple deep pits, indicating that graphite under oil–air environment mainly undergoes abrasive wear accompanied by slightly adhesive wear. However, the difference in roughness between the two materials after testing is not significant.



The SEM micrographs of the Metal-IG and Resin-IG after the friction testing are shown in Figure 10. Graphite is prone to wear due to its porous structure and poor mechanical properties. The surface of Metal-IG exhibited less flakes and marks than that of Resin-IG, indicating that Metal-IG has significant anti-wear properties. The mechanical properties of Resin-IG were poorer and the surface showed more severe abrasive wear accompanied by material spalling [42,45]. Zhao et al. [46] have demonstrated that Metal-IG exhibits a stable friction regime and superior anti-friction and anti-wear properties compared to Resin-IG. In addition, the impregnated material (metal or resin) can enhance the strength of the graphite matrix and promote the formation of graphite tribofilm on the corresponding surface, which is beneficial to reducing friction and wear.



The microscopic morphology of the three hard materials before and after the test is shown in Figure 11. Interestingly, the surface roughness after the test was observed to be smaller compared to that before the test, pointing towards the occurrence of abrasive wear and adhesive wear in 18Cr2Ni4WA. In contrast, minimal wear marks were observed on the surfaces of Al2O3 coating and Cr2O3 coating, indicating that the frictional pairs composed of hard coatings and graphite had good tribological properties in oil–air environments.



After the test, multiple furrows were observed on the Al2O3 coating rather than the Cr2O3 coating, which was not consistent with the respective hardness values. When Xiao [47] and Kumar [48] studied the sliding of hard metallic surfaces on graphite surfaces, furrows were also observed on the hard metallic surfaces. It is generally accepted that the furrows on hard surfaces come from abrasive wear of hard particles. Uchibori [49] attributed the furrows on hard surfaces to CaWO4 embedded in the graphite surface during sliding. Zhang [44] suggested that single crystal graphite in bulk graphite excises the hard surface bumps at a specific angle and these excised hard particles are embedded in the graphite and continuously plow the hard surface. The Young’s modulus of monocrystalline graphite has been reported to be up to 1025 GPa [50]. Comparing Figure 8b and Figure 11b, a few protrusions were observed on the Al2O3 coating after the test, while the ploughing was mainly found near some original pits. The protrusions on the surface of the Al2O3 coating are believed to be graphite adhering to the Al2O3 coating. Therefore, the abrasive particles may originate from the Al2O3 coating torn by the adhesion point. That is, when the graphite slides on the Al2O3 coating, the adhesion point is generated due to high contact stress. At the location where the bonding point of the Al2O3 coating is strong, the graphite side of the adhesion point fractures, and the graphite adheres to the Al2O3 coating to form a protrusion. While at the location where the bonding point of the Al2O3 coating is weak, the Al2O3 coating side of the adhesion point fractures and the hard particles formed are embedded in the graphite, thus continuously plowing the Al2O3 coating surface and forming abrasive wear. The additional abrasive wear is an important reason for the large COF of the Al2O3 coating. In contrast, the Cr2O3 coating is dense and there is little adhesive wear, and no obvious spalling of the Cr2O3 coating and abrasive wear are found. In summary, the selection of Cr2O3 coating and M120D as the frictional pair in oil–air environment can obtain both a smaller COF and less wear rate, which is very important for improving the service life and reliability of G-LMBPHS.




3.4. Wear of Graphite


Wear tests were conducted on four frictional pairs consisting of Al2O3 coating, Cr2O3 coating, Metal-IG, and Resin-IG, and the test procedure in Table 3 was repeated 24 times for each frictional pair, i.e., 10 h of friction tests were conducted for each frictional pair. The wear depth of the friction surface of graphite was assessed by calculating the mass loss of the graphite before and after the test, as shown in Figure 12.



Although the COF of two frictional pairs consisting of Metal-IG with two coatings is greater than that of Resin-IG with two coatings, Metal-IG has better wear resistance and less wear. This phenomenon is also consistent with the microscopic morphology of Metal-IG and Resin-IG. Metal-IG has better wear resistance, while Resin-IG has significant material spalling, which results in greater wear of Resin-IG than of Metal-IG. The wear of the frictional pair composed of Metal-IG and Al2O3 coating was greater than that of the frictional pair composed of Metal-IG and Cr2O3 coating. Since the denseness of Al2O3 coating is poorer than that of Cr2O3 coating, more abrasive particles are generated during the friction process, resulting in more intense wear of Metal-IG. Among the four frictional pairs, the wear of Cr2O3 coating and Metal-IG is the lightest. Assuming a single start-up process of G-LMBPHS is 5 minutes and allowing for 0.5 mm wear of the graphite ring, the frictional pair consisting of Cr2O3 coating and Metal-IG can sustain at least 15,000 start and stop processes.





4. Conclusions


The tribological properties of six different frictional pairs of G-LMBPHS in oil–air environments were investigated. The COF of four frictional pairs, which consisted of Al2O3 coating, Cr2O3 coating, Metal-IG, and Resin-IG, gradually decreased with the increasing rotational speed. Among the six pairs, the COF of the frictional pairs composed of Al2O3 coating and Resin-IG and Cr2O3 coating and Resin IG was the lowest, ranging from 0.022 to 0.03, exhibiting superior performance. The rise in temperature of the frictional pairs was positively correlated with the COF. The limited amount of lubricant in the oil–air did not provide sufficient load-bearing capacity under the action of spiral grooves, resulting in the frictional pairs of G-LMBPHS being in a mixed lubrication condition. With the increase of rotational speed, the hydrodynamic effect of the spiral groove can effectively reduce the contact force of the frictional pair. The spiral groove can reduce COF by up to 45% when the speed increases from 400 r/min to 2000 r/min. Metal-IG has better wear resistance than Resin-IG, and the frictional pair consisting of Cr2O3 coating and Metal-IG have the lightest wear.
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Figure 1. Structure diagram of G-LMBPHS: (a) G-LMBPHS Structure; (b) structure of spiral groove. 
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Figure 2. Friction test for oil–air environment: (a) photograph of the tribometer; (b) schematic of test device for oil–air environment. 
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Figure 3. Test ring: (a) Metal-IG; (b) Resin-IG; (c) 18Cr2Ni4WA; (d) 18Cr2Ni4WA + Al2O3 coating; (e) 18Cr2Ni4WA + Cr2O3 coating. 
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Figure 4. Tribological properties of frictional pairs under oil–air environments: (a) COF vs. rotational speed; (b) Temperature vs. rotational speed. 
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Figure 5. Relationship between hardness difference and COF. 
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Figure 6. COF of grooved and grooveless frictional pairs. 
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Figure 7. Micromorphology of graphite before the test: (a) Metal-IG; (b) Resin-IG. 
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Figure 8. Micromorphology of hard materials before the test: (a) 18Cr2Ni4WA; (b) Al2O3 coating; (c) Cr2O3 coating. 
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Figure 9. Micromorphology of graphite after the test: (a) Metal-IG; (b) Resin-IG. 
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Figure 10. Micromorphology of graphite after test: (a) Metal-IG; (b) Resin-IG. 
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Figure 11. Micromorphology of hard materials after the test: (a) 18Cr2Ni4WA; (b) Al2O3 coating; (c) Cr2O3 coating. 
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Figure 12. Average wear depth of graphite for four frictional pairs. 
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Table 1. Material properties of frictional pairs.
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	Materials
	Location
	Microhardness

(HRA)
	Porosity

(vol.%)
	Density

(g/cm3)





	Metal-IG
	Rotating ring
	64.1
	3.0
	2.20



	Resin-IG
	Rotating ring
	60.8
	2.0
	1.70



	18Cr2Ni4WA
	Stationary ring
	65.3
	/
	7.91



	18Cr2Ni4WA with Al2O3 coating
	Stationary ring
	84.5
	/
	3.42



	18Cr2Ni4WAwith Cr2O3 coating
	Stationary ring
	73.1
	/
	5.21
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Table 2. Structure parameters.
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	Parameters
	Value





	Outer diameter of frictional pair Do (mm)
	50.5



	Inner diameter of frictional pair Di (mm)
	41.5



	Groove root diameter Dg (mm)
	47.8



	Groove depth hg (μm)
	5



	Spiral angle α (°)
	20



	Groove land ratio γ
	0.5



	Number of groove Ng
	12
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Table 3. Test steps of accelerated process.
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	Step
	Time (s)
	Load (N)
	Speed (r·min−1)





	1
	120 (Loading)
	40
	0



	2
	300
	160
	400



	3
	300
	160
	800



	4
	300
	160
	1200



	5
	300
	160
	1600



	6
	300
	160
	2000



	7
	60 (Stop)
	0
	0
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