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Abstract

:

The high-temperature superlubricity performances of h-BN coatings on the nontextured and textured surface of an Inconel X750 alloy is reported in the present paper. The hardness and bond strength of the h-BN coating and alloy were investigated. The tribological properties of the X750 alloy and coatings on the X750 alloy substrate were investigated at different temperatures. The surface texture was manufactured on the surface of the X750 alloy, and then coatings were deposited on the textured surface to reduce the cracking of the coating and enhance the stability of the antifriction behaviors of the h-BN coatings. The tribotest results showed that the texture is helpful to enhance the interface thermal compatibility of the coating and substrate and store the wear debris generated during sliding. Therefore, a stable superlubricity was achieved at high temperatures, and a super low friction mechanism is also discussed.






Keywords:


X750 alloy; hexagonal boron nitride coatings; high-temperature superlubricity; surface texture












1. Introduction


Many machine parts, such as gas foil bearings, work under high-temperature conditions. Some gas foil bearings are made with an Inconel X-750 alloy. An X-750 alloy exhibits excellent mechanical properties and hot corrosion resistance [1]. In industry applications, there is a need for lubrication materials with low friction and a high wear rate at high temperatures [2,3,4,5]. Liquid lubricants may lose their lubricating function at high temperatures [6]. Solid lubricants are widely used at high temperatures and in ambient conditions. However, most solid lubricants (e.g., graphite and DLC films) may fail at elevated temperatures [7].



The h-BN with a lamellar crystal structure is applied in many fields because of its high thermal conductivity and excellent chemical stability. The h-BN can be used as a lubricant, and it even has good lubricity at high temperatures [8,9]. Chen et al. prepared SiC/h-BN composites and investigated the tribological properties of composites from room temperature (RT) to 900 °C [10]. The composite exhibited excellent lubricating performances with 0.30 of the CoF (coefficient of friction) above 800 °C [11]. Lu et al. prepared Ni60/h-BN coatings on 304 steel and studied the friction of the coatings [12]. The CoF and wear rates of the h-BN/Ag in Ni-based composites decreased as the temperature increased from RT to 600 °C [13]. The Ni60/h-BN coatings on the TC4 alloy were prepared. The TiB2 and the metal oxides were synthesized during sliding, indicating good high-temperature lubrication [14]. Yuan et al. deposited h-BN coatings on a Ti alloy, and the CoF was reduced from 0.72 to 0.35 [15]. Zhao et al. manufactured the composite (Ni60/nano-Cu/h-BN) with MoO3 on Q235 steel and found that a tribochemical film of CuMoO4 was formed during friction. The transfer film is helpful when improving high-temperature antifriction behaviors [16]. Cao et al. designed a CuSn10 layer of a h-BN/graphite coating on engine bearing. The CoFs fell by 225.00% at RT and 857.14% at 200 °C due to the transfer film [17]. Raadnui et al. produced 316L steel composites with h-BN and MoS2. The tribological properties depended on the friction conditions and the formation of tribofilms [18]. The h-BN is usually used as a solid lubricant component in the composite and is used for high-temperature tribological applications [19,20,21,22,23]. In previous research, h-BN coatings were manufactured on steel, and the results showed that the coatings were helpful at enhancing the tribological properties of steel at high temperatures [8]. However, it was shown that the steel was easily oxidized under high temperatures [24,25,26]. In this paper, h-BN coatings were prepared on an Inconel X-750 alloy by using the radio frequency magnetron sputtering method to avoid high-temperature oxidation, and the friction behaviors from room temperature to 800 °C was investigated. The objective of this study was to investigate the tribological properties of the substrate of an X750 alloy at high temperatures while the surface texture affects the high-temperature tribology of the coatings.




2. Experiments


The h-BN coatings were prepared on Inconel X-750 alloy discs. The experimental details can be found in reference [8]. The disc was polished with sandpaper. The discs were ultrasonically cleaned. The h-BN coatings were deposited on the X750 alloy discs. A ZrO2 ball was used as the friction pair. The stages included heating, insulation and holding. The whole heating process could be controlled by using suitable parameters such as the heating rate, heating temperature and holding time. The maximum pressure was about 0.6 GPa under a load of 2 N. The testing load was lower than the load corresponding to the actual operating conditions of the bearing, but the contact pressure was not very low. The tribotest temperatures were room temperature, 500 °C, 600 °C, 700 °C and 800 °C.



Surface textures are helpful at reducing the actual contact area and storing debris, reducing friction and extending the wear life of the coating. The surface texture was prepared before the deposition of the coating. The texture was first manufactured and then the h-BN coatings were sputtered on the textured surface of the X750 alloy. The surface texture was prepared by a QC-F20 laser marking machine from Xi’an Qinchuang Company (Xi’an, China). The equipment parameters were as follows: The voltage was 220 V, power was 20 W, laser wavelength was 1064 nm and pulse width was 1.0 ms. The shape of the surface texture was a circular concave texture. The radius of the circle was 200 μm, the spacing between the centers of the circle hole was 600 μm and the surface density was 35%. To control the processing depth of the texture, the power was 16 W and the scanning speed was 1000 mm/s. The parameters of the texture were selected according to the previous paper [8].



The microstructure of the h-BN coatings was studied by using X-ray diffraction (XRD, D8-Advance, Bruker, Saarbrücken, Germany). A scanning electron microscope (SEM, MALA3 LMH) and Laser scanning confocal microscopy (LSCM, OLS4000) were used to measure the parameters of the worn surface, and then the specific wear rate was calculated.



The hardness of the coatings was measured with a nanoindentation tester (Ti950, Hysitron, Eden Prairie, Hennepin, MI, USA). The principle is the load–displacement curve of the indenter during and outside of the process, and the hardness and elastic modulus of the material were obtained.



Figure 1 shows the schematic and schematic diagram of the nanoindentation test, as well as the load–displacement curve of a typical loading–unloading process. The details are provided to show the nanoindentation procedure of the coating and X750 alloy.



The surface morphology of the coatings was observed with anatomic force microscope (AFM; Innova; Bruker; Saarbrücken, Germany). The microstructure of the h-BN coatings was characterized by Fourier Transform Infrared Spectroscopy (FTIR). A Bruker Tensor 27 spectrometer was used to measure the microstructure of the coatings in a wave number range of 400–4000 cm−1 by using the KBr pellet method.




3. Results and Discussion


3.1. Composition of Inconel X750 Alloy


An Inconel X750 nickel-based alloy was used as the substrate, and it has a high strength and high oxidation resistance. The Inconel X750 alloy is used to manufacture high-temperature machine parts such as the structural parts of aircraft engines, high-temperature springs, turbine blades, etc. It is also used to manufacture the wave foil and top foil of gas dynamic pressure foil bearings due to its high temperature resistance; however, the hardness and wear resistance of the alloy is low. Figure 2 shows SEM images and the elemental distribution of the X750 alloy. It was found from the SEM images that the surface of the alloy was flat and without cracks. However, there were a number of pores generated in the process of manufacturing and scratches on the surface left by the polishing sandpaper during grinding and polishing. There were elements including Ni, Cr, Fe, Ti, Nb and Al from the EDS of the surface. It was shown that all the elements were uniformly distributed on the surface, which is helpful to ensure the good mechanical properties of the alloy. Table 1 shows the elemental composition and proportion of the alloy. The weight percentage of each element was within the suitable ranges, and there were no defects of the material and elemental compositions in the alloy.



The Vickers hardness tester was used to measure the hardness of the X750 alloy. Six points at different positions on the disk were selected for measurement. Table 2 shows the hardness of the Inconel X750 alloy. The average hardness of the Inconel X750 alloy was 217.7 HV.




3.2. Structural Characterization and Mechanical Properties of h-BN Coatings on X750 Alloy


Figure 3 shows the elements and surface roughness of the h-BN coatings. It was found that the h-BN coating had a dense structure. The mass ratio of boron and nitrogen in the h-BN coatings was 1.27:1 and the atomic ratio was 1.64:1. Al and O elements were found in a spectrum because the material of the sandpaper that was used during grinding and polishing was Al2O3. Atomic force microscopy (AFM) was used to measure the surface roughness of the h-BN coating. The Ra of surface roughness was 9.8 nm and the Rq value was 13.2 nm. The coating’s thickness was about 600 nm.



The microstructure of the h-BN coatings was measured with a Fourier transform infrared spectrum (FTIR) to confirm the composition of the h-BN coatings prepared by magnetron sputtering. Four different positions of the h-BN coatings were selected for measuring. Figure 4 shows the FTIR curves of the h-BN coatings. The peaks around 780 cm−1 and 1360 cm−1 of the wave number represent h-BN [27]. The peaks around 960 cm−1, 1250 cm−1, 1450 cm−1 and 1600 cm−1 represent e-BN. However, the peaks at 820 cm−1 and 1378 cm−1 are the characteristic peaks of h-BN, while the peaks at 1620 cm−1 are e-BN. The intensity of the peaks represents the content of the component. It was shown that the coatings included lots of h-BN and a small amount of e-BN. There was a phase transition in the h-BN coating due to the bombardment of ions during the magnetron sputtering.




3.3. Mechanical Properties of Coatings


A nanoindentation test was performed on the coatings. Figure 5 shows the loading–unloading curve of the h-BN coatings. The maximum pressing depth was 54.32 nm, and the corresponding peak load was 710.7 μN. The residual coating depth was 7.56 nm. The elastic recovery ability can be described by the elastic recovery rate, which reached 86.08% and was beneficial for the antifriction performance of the coatings. The hardness of the h-BN was 3.39 GPa, and the elastic modulus was 46.87 GPa. The H/E of the coatings was 0.072. The hardness of the coatings was high due to a small amount of e-BN, which was considered a fullerene-like structure with a multi atomic unit cell. The existence of the e-BN phase is helpful to improve the hardness of the h-BN coatings.




3.4. Bond Strength of h-BN Coatings


The micron scratch test was carried out on the coatings at a constant velocity to measure the binding property of the h-BN coating on the X750 alloy. Figure 6 shows SEM images and the acoustic emission signal of the scratches. It was shown that the emission signals began to fluctuate at a load of 2.03 N, which was the critical load. This critical load was selected as the criterion used to determine the bond strength of the coatings to the substrate. The critical load of the coatings was determined by the fluctuation in the acoustic emission signal and microscopic observation.



It was found from the scratch surface topography that at the initial loading stage, the indenter scratching the coating part could not cause the separation and spalling of the coatings and the substrate. The scratch width gradually increased with the increase in the load. It was found from the acoustic emission (AE) signal that the scratch edge of the coatings began to spall, but the coatings in the indentation were still good on the surface of the substrate. When the load reached 2.4 N, the acoustic emission signal fluctuated obviously. It was seen from the SEM images that the coatings at the scratch boundary began to flake off from 2.03 N to 2.4 N, and the coatings in the middle of the scratch appeared to have an obvious tensile crack. This shows that the abrupt change in the AE signal sensitively reflects the morphological changes in the scratched surface of the coatings. When the indenter was drawn to the end point, the coating around the middle and edge of the scratch were basically peeled off, the substrate was obviously scratched and the coating had completely failed.



Figure 7 shows the transverse and longitudinal cross-section curves of the scratch of the coatings. It was shown that the depth of the scratch increased, and the final depth of the scratch was 5.86 μm, which indicated that the coatings failed because the thickness of the coating was about 600 nm, which was less than the depth of the scratch. There was a good bonding with the substrate, although the edge coatings were cracked due to the stress. The coatings in the middle part of the scratch were gradually scratched away from the substrate, and there was no sudden fracture stripping phenomenon with the increase in pressure. The final scratch width was about 125.18 μm.




3.5. Tribological Properties of Inconel X750 Alloy


The X750 nickel-based super alloy was used as the substrate for the h-BN coatings; therefore, it is necessary to investigate the tribological properties of the X750 alloy at different temperatures.



Figure 8 shows the CoF of the Inconel X750 alloy at different temperatures: room temperature (RT), 500 °C, 600 °C, 700 °C and 800 °C. The test time was 30 min. At RT, the initial CoF was 0.589. The CoF decreased to 0.21 and finally to around 0.22 at the stable stage. At 500 °C, the initial CoF was 0.71. The CoF decreased to 0.413 and finally to around 0.3. At 600 °C, the initial CoF was 0.65. The CoF decreased to 0.364 and finally to about 0.25. At 700 °C, the initial CoF was 0.806. The CoF decreased to 0.29, and finally, the CoF was about 0.255. At 800 °C, the initial CoF was 0.835 and then decreased to 0.305 at the stable stage.



According to the CoF curve, the alloy exhibited the lowest CoF at RT. At high temperatures, the CoF became stable around 240 s in the running stage, where by it went from a high initial CoF to a stable value. However, the running time at the stable stage was long compared with the running time for the high-temperature tribotest due to the softening of the alloy at high temperatures.



Figure 9 shows the worn surface morphology of the X750 alloy at different temperatures. At RT, the width of the wear scar on the disc was 471.82 μm. There was no deep furrow or bump on the surface of the disc. The worn surface on the ball was small, there were shallow groove marks along the friction direction and the diameter of the wear scar was 370.72 μm. It was shown that the slight wear corresponded to the low friction of the friction pair. At 500 °C, the width of the wear scar on the disc was 1157.45 μm, and the diameter of the wear scar on the ball was 941.66 μm. It was shown that the wear became serious at high temperatures. There was serious adhesive wear on the disc and ball, and an obvious adhesion layer surrounded the ball, as could be seen by the morphology of the abrasion mark. There was a sudden drop in friction at 1070 s at 500 °C. At 600 °C, the widths of the wear scar on the disc and ball became wide and were 1439.22 μm and 1118.22 μm, respectively. At 700 °C and 800 °C, the width of the disc wear marks was similar to those at 500 °C, which were 1064.71 μm and 1082.55 μm, respectively. However, the diameter of the wear scar on the ball increased obviously. The diameters of the wear scar on the ball were 1435.67 μm and 1305.48 μm. The reason is that the difference in hardness between the ceramic ball and X750 alloy was high. With the increase in the temperature, the softening of the X750 alloy became serious at high temperatures. The depth that the silicon carbide ball pressed into the disk was deep under load, which led to a high grinding spot diameter of the ball with the increase in temperature. It was found that there were obvious adhesions of the substrate material at the wear scar of the ball from RT to 800 °C. The material of the wear debris from the disk was transferred to the surface of the ball at the friction interface during sliding. Then, the transferred film was destroyed under the friction force, which resulted in the loss and abrasion of the materials at the friction interface. Adhesive wear was the wear mechanism of the friction pair. There were black materials on the wear scar of the ball, and the material of the disk was transferred to the surface of the ball at the friction interface during sliding. The ZrO2 ball was used as the friction pair, and ZrO2 could not oxidize at the temperatures used during the present experiments.



The layered solid lubrication coating with a low shear strength could separate the friction interface and prevent the bonding of the materials, which resulted in a low CoF because of the interlayer slip of the lubricating materials. Therefore, h-BN with a weak interlayer bonding force was prepared on the surface of the X750 alloy to improve the high-temperature tribological properties of the Inconel X750 alloy.




3.6. Tribological Properties of h-BN Coatings on the Surface of X750 Alloy


Figure 10 shows the CoF curve of the h-BN coatings at different temperatures. It was shown that the CoF decreased with the increase in temperature. At room temperature, the CoF was high and increased slowly. The initial CoF was about 0.2, and the final CoF reached 0.45, which was larger than that of the X750 alloy. This may have been due to the uniform composition and low hardness of the X750 alloy. The coatings were crushed and broken under load, which resulted in a stable CoF after running. The fragments of the coatings acted as the abrasive particles in the wear mark, which led to an unstable and high CoF due to the high hardness. At 500 °C, the initial CoF was as high as 0.75, and finally, the CoF was around 0.21 at the stable stage. This indicated that the h-BN coatings were helpful at improving the lubrication performance of the X750 alloy. At 600 °C, the initial CoF was high and decreased to about 0.084, which indicated a stable and low friction at the end of the tribotest. At 700 °C, the initial CoF was high at 0.56. The CoF decreased sharply around 550 s and even reached a super low friction of 0.01 around 900 s, and it kept running for about 100 s. The CoF was finally about 0.052. At 800 °C, the initial CoF was as high as 0.53 and then decreased as low as 0.25, indicating a good lubrication performance. However, the CoF fluctuated and was unstable because the substrate may have become soft at 800 °C, and the wear debris was accumulated and compacted, which meant that a stable lubrication film could not be formed during sliding although the h-BN coatings had a good lubrication performance at 800 °C.



Figure 11 and Figure 12 show the three-dimensional topographies and the wear rate of the friction pair at different temperatures. It was found that the width of the wear scar was low at RT and 800 °C. The width of the wear scar was high at 700 °C. The wear debris accumulated on the wear scar, which decreased the stability at 800 °C.



The CoF was very low for a few hundred seconds, but it could not be sustained for long. The coatings were good in the unworn area. At the same time, there were traces of debris adhesion on the ball; that is, there was a material transfer during the friction process. The CoF was reduced, and a transfer film composed of debris was effectively formed on the ball. There were transferred films whereby the laminar structure of the wear scars was present on the surface of the coatings. This was related to the structure of the h-BN material. The layered structure with a low shear strength significantly reduced the CoF. Therefore, super low friction was achieved at 700 °C. However, the large amount of wear debris accumulation on the worn surface increased the CoF.



The specific wear rate was calculated compared with that of the uncoated substrate, as shown in Figure 12. It was shown that the trend of the wear rate at different temperatures was almost the same with and without coatings on the substrate. The specific wear rates at RT were the lowest, which were 4.1 × 10−5 mm3 (Nm)−1 and 3.2 × 10−5 mm3 (Nm)−1. The wear rate of the h-BN coatings was slightly high. With the increase in temperature, the wear rate gradually increased. The specific wear rate was at its maximum at 700 °C, which was 11.2 × 10−4 mm3 (Nm)−1 and 22.7 × 10−4 mm3 (Nm)−1. At 800 °C, the specific wear rates of the h-BN coatings were 1.3 × 10−4 mm3 (Nm)−1 and 6.4 × 10−4 mm3 (Nm)−1. The steel was oxidized at a high temperature. However, the alloy had a good high-temperature stability, the hardness was low and it had a high specific wear rate. With the increase in temperature, the hardness of the 750 alloys decreased, and the wear rate increased. This showed that the coating was helpful at reducing the specific wear rate of the substrate at different temperatures, and the wear rate was reduced by 78.8%, 75.5%, 50.7% and 79.7% from 500 °C to 800 °C. The differences in the values of the specific wear ratios of the coatings were large especially at room temperature.



Figure 13 shows the worn surface topography of the friction pair at different temperatures. At RT, the coating was complete, and there were numerous instances of massive spalling and several abrasive particles on the wear marks. There was a difference in hardness between the substrate and the coatings. There may have been local deformation under load. However, the hardness of the substrate at RT was higher than that at a high temperature, so the specific wear rate was low. There were obvious expansion cracks around the wear marks of the coatings at 500 °C, which was not caused by the load. The observation of the coatings showed that there were evenly distributed cracks on the surface of the coatings because there was a relatively obvious thermal expansion of the coatings, and this did not match the thermal expansion rate of the metal substrate. Under thermal stress, it was squeezed and cracked, which resulted in the generation of cracks. The coating was easily flaked off, which reduced the lubrication performance of the coating and led to a high CoF of the coating at 500 °C. At 800 °C, the phenomena were similar in the coating; the cracks of the coating weresmall and the fracture was not formed, which wore the coating out during sliding and constantly resulted in the formation of new wear debris that had a lubrication effect. Therefore, the CoF was not high, but the fluctuation was obvious. At 600 °C and 700 °C, the coating was good, and there were no cracks that appeared in the unworn area. At the same time, there were traces of debris adhesion on the ball; that is, there was a material transfer during the friction process. The CoF was reduced effectively, and it was beneficial to reduce the wear because of the formation of a transfer film composed of debris on the ball.



Figure 14 shows the XRD results of the worn surface of alloy. The characteristic peaks of the wear scars were almost the same from room temperature to 800 °C. There were peaks at 44.16°, 51.42° and 75.63°, which were the characteristic peaks of the Ni3Fe phase in the X750 alloy. The main peak of the h-BN phase was at a 2θ value of 26.8° [28], and no characteristic peak of the other materials was found in the spectrum, indicating that the X750 alloy had good thermal stability and oxidation resistance. There were no obvious oxidations of the X750 alloy, and the h-BN coatings also maintained good stability under high temperatures. The substrate was an X750 alloy. There were no iron oxides and B2O3 according to the XRD results. In addition, there were h-BN phases at the wear scar after 1800 s at a high temperature, which resulted in a low CoF. The nature of the layered structure of the h-BN was a hexagonal packed structure composed of boron and nitrogen atoms arranged alternately, which had a special layered structure. This structure has a high stability, so it is widely applied in extreme environments. The wear debris of the h-BN coatings was transferred to the wear scar and formed the transferred films.



The microstructure of the wear marks was characterized by a SEM. Figure 15 shows the worn topography at RT to 800 °C. At RT, there was no effect of thermal expansion. The surface of the coatings was smooth and compact, and there appeared to be a phenomenon of cracking and accumulation under load. The coefficient of the thermal expansion of the metal was higher than that of the coatings. The cracking of the coating was partial under the thermal stress.



The coatings on the wear scar were reduced to wear marks. First, the coatings had a strong ability to bond with the substrate. Although there were cracks appearing in the wear scar, the coatings were still firmly attached to the substrate, the coatings were still maintained after the friction test with a distance of 180 m and the final CoF was around 0.4. At 500 °C, there as a significant expansion in the cracks of the coatings. The coatings were more likely to be peeled off during friction, and there was no coating on the disc. The substrate had deep furrows under the scratches of the ball, while the surface of the coating was relatively flat and the wear scar on the disk was not covered by a coating with a layered structure. The coating partially failed, so the CoF was high. At 600 °C and 700 °C, there were transferred films with laminar structures on the worn surface. There was an obvious compacted layer on the wear scars. The smooth compacted layer was partly worn out at the edge of the compacted layer. Each layer was observed in a stacked stairway. This was the structure of the h-BN. The layered structure with a low shear strength significantly reduced the CoF, and a good bonding ability prevented the peeling of the coating [29,30]. Therefore, a stable super low friction was achieved at 600 °C and 700 °C. At 800 °C, a large number of abrasive particles were accumulated on the wear scars. These lubricating particles reduced the CoF and increased the fluctuation of the friction curve. Based on the above analysis, it was shown that the coatings had an excellent antifriction performance at 600 °C and 700 °C, and the coatings had good high-temperature stability and tribological properties from 500 °C to 800 °C. However, a prominent problem also existed where by the coating fracture caused by the thermal conductivity reduced the lubrication behavior of the coating. The wear debris accumulation also reduced the stability of the friction.




3.7. Tribological Properties of Coatings on Textured Alloy


A texture with a circular shape of 400 μm in diameter was prepared on the surface of the Inconel X750 alloy. The surface texture was prepared on the alloy, and then the coating was prepared. The texture was fabricated by the matrix arrangement. The distance of the circle center was 600 μm, and the density of surface texture was 35%. Figure 16 shows a SEM graph of the coating on the textured X750 alloy. The surface of the coating was smooth with a little amount protruding around the circular texture. The purpose of the texture was to store the abrasive chips with lubricating performances, which prevented the lubrication failure of the coating but also avoided the fluctuation in the CoF caused by the accumulation of the abrasive chips [31,32]. Meanwhile, the wear debris was released during the grinding process of the coating and substrate, and it constantly supplemented the consumed lubricating medium, meaning it played the role of long-term lubrication. In view of the phenomenon of the coating cracking observed, we hope that the preparation of texture can play a role in reducing the extrusion cracking caused by thermal expansion and the internal stress of the coating that occurs during sputtering.



Figure 17 shows the CoF of the texture coatings at room temperature and 500–800 °C. Compared with the coating without texture, it was found that the CoF curve at each temperature could maintain a stable CoF without fluctuations after it was reduced to a certain value. The CoF increased at room temperature. However, the CoF remained basically stable after running, and this phenomenon was particularly obvious at 800 °C. This shows that the preparation of texture can promote the stability of the CoF.



Figure 18 shows the worn surface morphology of the coating on the texted surface. The width of the wear marks was still low at room temperature, and the width was the maximum at 700 °C, while the depth of the wear marks was shallow at 800 °C; additionally, the overall morphology of the texture could be clearly seen, indicating that the texture had not been polished, and the existence of the concave texture stored excess debris, which reduced the CoF and inhibited the violent fluctuation in the friction curve. At the same time, no cracking of the coating was found at any temperature. Compared with the expansion crack of the h-BN coating without texture at 500 °C, it was found that texture could prevent cracking via thermal mechanisms, which is undoubtedly beneficial for the friction behaviors of the coating under high temperatures. Regarding the laser textured alloy with an h-BN coating, the friction pair had low friction that was associated with low wear. The purpose of the texture was to store the abrasive chips with lubricating performances during the friction process and to avoid the fluctuation in the CoF caused by the accumulation of abrasive chips. Meanwhile, the stored wear debris was released during the grinding of the coating and substrate, and it constantly supplemented the consumed lubricating medium, meaning it played the role of long-term lubrication. The recess was almost covered by the debris, especially at 500 °C, 600 °C and 700 °C. The size of the debris may have been microsized, and these wear debris were spread during the friction process. The wear was adhesive wear. There were traces of debris adhesion on the ball and a material transfer during the friction process. The size of the fragments of the coating particles may have been microscale on the surface. The average diameter of the texture was about 400 μm, and the coating particle could be sintered in the textured recesses.



Figure 19 shows the average CoF of the friction pair of the substrate, coating and textured coating. The CoF was calculated at the stable stage, and this CoF was the average CoF. It was shown that the CoF of the substrate without coating was the lowest at room temperature. The CoF became high after the coating was applied, which was attributed to hardness and the generation of flake fragments and reveals that the lubrication performance of the h-BN at room temperature was poor. The existence of texture further increased the CoF. From 500 °C to 800 °C, the CoFs of the alloy were slightly different and were in the range of 0.25–0.32. The coating reduced the CoF. Compared with the substrate, the CoFs decreased by 30.6%, 66.8%, 79.6% and 58.2%. Texture stabilized the fluctuation in the CoF curve, and the CoF further reduced at 700 °C and 800 °C.



Figure 20 shows schematic diagram of the antifriction mechanism of the coating on the textured X750 alloy. The X750 alloy had good antifriction behaviors, but the CoF was relatively high. Therefore, the h-BN coatings with a lamellar structure were prepared on the alloy. The tribotest results showed that the coating was helpful at enhancing the friction behaviors especially, and high-temperature superlubricity was achieved. However, the CoF fluctuated during sliding. The texture was manufactured to decrease stress and store wear debris, which improved the stability of the high-temperature friction and wear resistance.





4. Conclusions


An Inconel X750 alloy was selected as the substrate, and the tribological properties of the h-BN coating on theX750 alloy were studied at different temperatures. The conclusions are summarized as follows:




	(1)

	
The average hardness of the Inconel X750 alloy was217.7 HV. The CoF of the X750 alloy was the lowest at room temperature. The CoF was relatively high at an elevated temperature although the CoF was stable without fluctuation. At a high temperature, the running-in time was low compared with that at room temperature. The CoFs were between 0.25 and 0.32.




	(2)

	
The h-BN coating was prepared on the substrate of the X750 alloy with a thickness of 600 nm and Ra of 9.8 nm. The critical load of the bonding strength of the coatings and X750 alloy was about 2 N.




	(3)

	
The h-BN coatings had a high CoF at room temperature, but the CoF reduced from 500 °C to 800 °C, and the CoF at the stable stage decreased to 30.6%, 66.8%, 79.6% and 58.2%. The antifriction behavior was obvious at a high temperature. The specific wear rate decreased to 78.8%, 75.5%, 50.7% and 79.7%.




	(4)

	
The surface texture was prepared to avoid the cracking problem of the coatings at a high temperature, store the wear debris and reduce the coating peeling and the debris accumulation at a high temperature. The friction curve of the textured coatings at elevated temperatures was stable.
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Figure 1. Schematic diagram of the principle of nanoindentation. 






Figure 1. Schematic diagram of the principle of nanoindentation.



[image: Lubricants 11 00258 g001]







[image: Lubricants 11 00258 g002 550] 





Figure 2. SEM and elemental distributions of Inconel X750 alloy. 
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Figure 3. The cross-section image, element and surface roughness of h-BN coatings: (a) EDS, (b) AFM image of coatings and (c) cross-section morphology of coating. 
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Figure 4. The FTIR images of h-BN coatings. 
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Figure 5. Nanoindentation loading–unloading curve of h-BN coatings. 
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Figure 6. The scratch morphology, corresponding AE signal diagram and critical load of h-BN coatings. 
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Figure 7. The transverse and longitudinal sectional curves of the scratch morphology of h-BN coatings. 
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Figure 8. The CoF curves of X750 alloy at different temperatures. 
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Figure 9. The worn surface topography of X750 alloy at different temperatures. 
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Figure 10. CoF of coatings. 
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Figure 11. Optical images of coatings: (a) RT, (b) 500 °C, (c) 600 °C, (d) 700 °C and (e) 800 °C. 
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Figure 12. Specific wear ratio of alloy and coating. 
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Figure 13. The topography of wear surface. 
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Figure 14. XRD of worn surface of X750 alloy under different temperatures. 
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Figure 15. SEM images of the worn surface of coating on X750 alloy. 
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Figure 16. SEM and 3D topography of the textured surface. 
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Figure 17. CoF of h-BN coating of textured sample. 
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Figure 18. Surface topography of the worn textured surface. 
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Figure 19. Average CoFs of the substrate, coating and the combination of substrate and coating. 






Figure 19. Average CoFs of the substrate, coating and the combination of substrate and coating.



[image: Lubricants 11 00258 g019]







[image: Lubricants 11 00258 g020 550] 





Figure 20. Schematic diagram of the friction mechanism. 
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Table 1. Chemical composition of Inconel X750 alloy.
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	Elements
	Weight Percent (%)
	Atom Percent (%)





	Cr
	14.68
	13.73



	Fe
	6.44
	5.61



	Ni
	70.49
	58.36



	Ti
	2.38
	2.41



	Al
	0.55
	0.99



	Nb
	0.9
	0.47



	Total
	100
	100
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Table 2. Hardness of Inconel X750 alloy.
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	Points
	1
	2
	3
	4
	5
	6





	Hardness (HV)
	226.4
	208.5
	210.9
	221.2
	212.1
	227.3
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Depth/pm

2

g2 8 8

586

0

200

400

600

800

48
2
36
30
u
18
12

1000 1200 1400 1600 1800 2000 2200
Length/pm





media/file4.png
Ni-

T

Nb

Fe

Al






media/file30.png
50pum
—i

»

8 00 m
: ;V:f‘ 2 ‘.‘i‘ v _l. I






media/file39.jpg
Lamellar structure

SisN, ball

Surface BN
texture coatings

. \






media/file18.png
S,






media/file35.jpg





media/file21.jpg





media/file26.png





media/file27.jpg
Intensity/a.u.

v-hBN

15

25 35 45 55 65 75 85 9





media/file3.jpg





media/file22.png





media/file19.jpg
2
&
pa
13
g
2
2
g
b}
3
o

Timels






media/file7.jpg
Intensity/a.u.

h-BN

h-BN

eBN

650

850

1050 1250 1450

Wave number/cm-1

1650

1850





media/file28.png
Intensity/a.u.

L A Ni3Fe

15

85 90





media/file10.png
Fn/uN

800

700

600

500

300

200

100

400

loading i

unloading

10

20 30 40 50
Depth/nm

60





media/file40.png
Lamellar structure

Si;N, ball

h-BN
coatings

Surface
texture

L

h-BN Wear
coatings debris

\






media/file33.jpg
Coefficient of friction

10
09
08
07
06

03

200

400

600

Timels

800

1000

1200





media/file32.png
T L AR S
I3

10 pun

©400pum

4 | M 4
10 pum

a) SEM ¢raph of the textured surface. b) 3-D topography of the textured surface.
grap pograpnhy





media/file14.png
Depth/um

[\
NN

48

W W
S AN

12

Length/pm

48
42
36
30
24
18
12

E [ 12518 um i« VTR Scratch depth
e ___/\./ e | il
E 5.86 um )
| | | | | | | | | |
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200





media/file11.jpg
00 05 10 15 20 25 30 35 40 45 50





media/file6.png
Intensity/a.u.
S e - b e B
8 8 8 8 8 8 8 8

(=]

5 0 Mass ratio B:N=1.27:1
Atomic ratio B:N=1.64:1
E Al
=N
L)
£ (a)
0 1 2 3 4 5

Energy/KeV

-_——
o~

-

~ g
~603.26nm. -

99.03nm

[ um

10 pun

10 pun






media/file36.png





media/file15.jpg
Coefficient of friction

600°C

500°C 800°C

0.0 L L L L L
0 200 400 600 800 1000 1200 1400 1600 1800

Time/s





media/file37.jpg
Coefficient of friction

0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

B Substrate

Y hBN
[ hBN+Texture

RT

500

600 700 800

Temperature/’C






nav.xhtml


  lubricants-11-00258


  
    		
      lubricants-11-00258
    


  




  





media/file16.png
Coefficient of friction

0.0

600°C

b i\ ‘
W s B

500°C

/

800°C

SV il )

e
\.ﬂ > l—‘}' '\

) RT/ 700°C
0 200 400 600 800 1000 1200 1400 1600 1800

Time/s





media/file2.png
Indenter -

Coating

Substrate

=_ ............. mimm
|
e Surface profile after
TS load removal)_
hC

1 Pma_x WI =WP+WE
B W _dP
W S_d‘h‘h

=) i
S Loading )
— X |
3 E
EI]IH&X
h fore=1,6=0.72
h (Penetration depth)
(b) Load—displacement curve.
)
.. - -
(]Illtlal surface -
: i h,
................ —
max
Surface profile under load






media/file20.png
Coefficient of friction

0 200 400 600 800 OOO 1200 1400 1600 1800

Timels





media/file23.jpg
0.0025

[ inconel X750 22.7E-4
[ BN coating
0.0020 - —
£ 00015
£
g
£
2 0.0010
g
8
b}
= 0.0005

0.0000

RT 500 600 700 800
Temperature/’C





media/file5.jpg
3

Mass o BiN=1.27:1
Atomic ratio BN-1641

10

10





media/file24.png
Wear rate/mm- (Nm) L

0.0025

0.0020

0.0015

0.0010

0.0005

0.0000

[ ]Inconel X750
[ ]hBN coating

RT 500

18.6E-4

600

22.7E-4

700

Temperature/’C






media/file29.jpg





media/file1.jpg
Coating.

Substrate

b for e=1.60.72
i (Penetration depth)

(a) Schematic diagram of nanoindentation. (b) Load-displacement curve.

Surface profile after

load wmovul)_ I (lnniul surface






media/file31.jpg
(a) SEM graph of the textured surface.

o P
» i 1o
Qg % o
B w
© "
o -

(b) 3-D topography of the textured surface.






media/file25.jpg





media/file12.png
1 i 1 | 1 i 1 | 1 | I | 1 | 1 | 1 | 1

0.0 0.5 1.0 5 2.0 2-5 3.0 3.5 4.0 4.5 5.0
Load/N






media/file9.jpg
Fn/puN

800
700
600
500
400
300

200

100

max

loading max

unloading

L L L s

10

20 30 40 50
Depth/nm

60





media/file0.png





media/file38.png
800

i
<

@ hBN+Texture

B Substrate
NV hBN

|3
I

6
Temperature/

C

Q





media/file8.png
Intensity/a.u.

650

850

1050 1250 1450 1650 1850

Wave number/cm-1





media/file34.png
Coefficient of friction

1.0

0.9
0.8

0.7
0.6
0.5
0.4
0.3
0.2
0.1

0.0

Time/s

i : 0.10 — RT
£ 0.08  500C
_ g 0.06  600°C
E 0.04 700C
’ 5 0.02 R00°C
; “0%00 900 1000 1100 1200
Time/s
o
o
| | | 1 | WW' LA
0 200 400 600 800 1000 1200





media/file17.jpg





