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Abstract

:

A self-lubricating plasma electrolytic oxidation–polytetrafluoroethylene (PEO–PTFE) composite coating was successfully fabricated on the surface of commercially pure titanium by a multiple-step method of plasma electrolytic oxidation, dipping and sintering treatment. The microstructure and tribological properties of the PEO–PTFE composite coating were investigated and compared with the PEO TiO2 coating and the PTFE coating on titanium. Results show that most of the micro-pores of the PEO TiO2 coating were filled by PTFE and the surface roughness of PEO–PTFE composite coating was lower than that of the PEO TiO2 coating. Furthermore, the PEO–PTFE composite coating shows excellent tribological properties with low friction coefficient and low wear rate. This study provides an insight for guiding the design of self-lubricating and wear-resistant PEO composite coatings.
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1. Introduction


Titanium and its alloys are lightweight structural metals, exhibiting high strength-to-weight ratio and excellent corrosion resistance. Due to these advantages, they are widely used in many industries, especially the automotive, aerospace and shipping industries [1,2,3]. However, titanium alloys generally show low surface hardness and poor tribological properties, characterized by severe abrasive wear and adhesive wear, which seriously restricted their applications in field of machinery [4,5]. Thus, developing proper surface modification techniques to improve the tribological properties is a crucial step to expand the application scopes of titanium alloy. At present, the commonly used methods to enhance surface performance of titanium alloys mainly include physical vapor deposition [6], chemical vapor deposition [7], ion implantation [8], thermal spraying [9], plasma electrolytic deposition [10], plasma electrolytic oxidation (PEO) [11], etc. Among these techniques, PEO is a simple and environment-friendly process with rapid deposition of anodic oxide coating on the titanium surface. Moreover, PEO coatings show increased surface hardness and excellent wear resistance. In spite of these advantages, PEO coatings usually take on high surface roughness and porosity with high friction coefficient, which has limited the extensive industrial application of the PEO technique [12]. Therefore, improving the tribological properties of PEO coating, is the key to enlarge its application range. In the previous study, we have explored depositing diamond-like carbon (DLC) on the PEO coating by using the unbalanced magnetron sputtering technique. Although results show that the TiO2/DLC composite coating exhibits improved tribological properties with low friction coefficient and low wear rate, DLC coating deposition is an expensive and time-consuming process [13]. Furthermore, this technique is not favorable to producing coatings on complex-shaped specimens.



In general, using liquid lubricants can effectively reduce the friction coefficient of the PEO coatings and decrease the wear between the friction pairs. However, in some extreme conditions, such as high temperature and high vacuum, liquid lubricant would volatilize and cause lubrication failure. Solid lubricants commonly used in mechanical lubrication include graphite, hexagonal boron nitride (hBN), molybdenum disulfide (MoS2), polytetrafluoroethlene (PTFE), etc [4,11,14]. PTFE has good chemical stability and thermal stability, with excellent lubricating property in a relatively wide temperature range and almost all of the ambient atmosphere [15]. In recent years, some researchers have attempted to disperse PTFE particles into the electrolyte and directly incorporated these self-lubricating particles into the anodic coating during the PEO process, but the localized high temperature during the PEO process may cause the decomposition of PTFE. Consequently, it is difficult to control the content and distribution of PTFE in the composite coatings by this technique.



In this paper, with the aim of improving the tribological properties of the PEO coating, especially the lubricating property, the PEO coating was used as the substrate and then the solid lubricant PTFE was deposited directly on the surface of the PEO coating by dipping and sintering treatment to fabricate a PEO–PTFE composite coating. The surface of the PEO coating is characterized with lots of micro-pores and micro-cracks which ensured the probability to deposit the small sized solid lubricant into these micro-pores on the PEO coating. The microstructure and tribological properties of the PEO–PTFE composite coating were investigated using scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), Raman, surface profiler and ball-on-plate tribometer test and then compared with the PEO TiO2 coating and the Ti-PTFE coating.




2. Materials and Methods


2.1. Preparation of Coatings


The commercially pure titanium was used as the substrate for preparing the PEO coating, and the titanium plate was cut into samples with a size of 25 × 70 × 2 mm. The chemical composition of the titanium substrate were Fe ≤ 0.30 %, Si ≤ 0.15 %, O ≤ 0.20 %, C ≤ 0.10 %, N ≤ 0.05 %, H ≤ 0.015 % and Ti balance. In preparation for PEO process, all samples were ground with SiC abrasive papers (from 150-grit to 1500-grit) and cleaned ultrasonically with 95% alcohol for 30 min. Then, all samples were cleaned with deionized water and air dried. A pulsed asymmetric bipolar AC power supply (MAO120HD-III, Xi’an University of Technology, China) was employed for the PEO process. The PEO of titanium was carried out under the mode of constant voltage and the parameters setting of PEO is listed in Table 1. The electrolyte used in the PEO process consisted of Na2SiO3 (15 g/L), Na3PO4 (10 g/L) and NaOH (1 g/L). During the PEO treatment, titanium samples and stainless steel plates were used as the anode and cathode, respectively. A circulating cooling system was used to keep the temperature of the electrolyte below 40 °C. After the PEO treatment, the coated samples were cleaned with deionized water and dried at ambient temperature.



After the PEO treatment, the samples were subjected to dipping and sintering treatment to fabricate the PEO–PTFE composite coating. The PEO samples were immersed in PTFE dispersion (Shanghai Aladdin Bio-Chem Tech Co. LTD, Shanghai, China) heated to 50 °C and held for 20 min in a thermostat water bath, and then put into a muffle furnace (TESE, RXF1400-5-12, Shanghai, China). Figure 1 shows the process of sintering treatment for PEO–PTFE composite coating. Firstly, all coated samples placed in the muffle furnace were heated from room temperature to 150 °C with a heating rate of 5 °C/min, keeping the temperature at 150 °C for 20 min. After that, the temperature was increased to 350 °C with a heating rate of 5 °C/min, holding at the temperature of 350 °C for 20 min. Finally, all samples were cooled to room temperature inside the furnace. Following the same procedure as mentioned above, the PTFE coating directly deposited on the titanium was fabricated.




2.2. Characterization of Coatings


The surface morphologies of the coatings were studied by using scanning electron microscopy (SEM, SIGMA-500, ZEISS, Jena, Germany), equipped with EDS. The EDS was used to analyze the elementary composition of the PEO–PTFE composite coating. Raman spectra of the coatings were obtained with an Nd-YAG solid state laser (wavelength 532.0 nm) through the 50x objective lens of a Raman microspectrometer (Horiba, Kyoto, Japan). The surface roughness of the coatings was examined by a confocal microscope (Conscan Profilometer, Anton Paar Tritec SA, Peseux, Switzerland). The tribological properties of coatings were measured at room temperature under dry sliding condition by using a ball-on-plate reciprocating tribometer (Tribometer, Anton-Paar Tritec SA, Peseux, Switzerland). And the GCr15 stainless steel ball, with a diameter of 3 mm, was used as grinding material in the test. The friction coefficient and wear rate of the coatings was measured at different loads (2~8 N) with a sliding distance of 100 m. After the friction and wear tests, the wear tracks were measured by a surface profiler (MarSurf, Mahr, Göttingen, Germany). The wear rate of samples was calculated according to the formula: K = (S· l)/(F· L) [16], where S is the cross-sectional area of wear track (mm2), l is the length of wear track (mm), F is the applied load (N), L is the sliding distance (m).





3. Results and Discussion


3.1. Surface Morphology and Compositions


Figure 2a–d illustrates the morphologies of titanium substrate, Ti-PTFE coating, PEO TiO2 coating and PEO–PTFE composite coating. The SEM image of titanium substrate ground by sandpapers is shown in Figure 2a, from which lots of plough marks can be observed. This phenomenon reflects poor wear resistance of the commercially pure titanium. Figure 2b displays the morphology of the PTFE coating deposited directly on the surface of titanium substrate. It can be seen that the PTFE coating did not cover the substrate very well and peeled off at some areas, indicating the poor bonding between the PTFE coating and the relatively smooth titanium substrate. The typical surface morphology of PEO TiO2 coating fabricated in the silicate-phosphate electrolytic solution is presented in Figure 2c. It can be seen that the PEO TiO2 coating has a porous and rough surface structure, characterized with a large number of crater-like micro-pores and micro-protrusions. These micro-pores were formed by the plasma micro-arc discharges, which resulted in local high temperature and high pressure, causing the molten materials to erupt from the micro-arc discharge channels. Then, the erupted molten oxides solidified and accumulated around the micro-pores, leading to the formation of micro-protrusions. Although these surface structures led to a high surface roughness, this provided the possibility of depositing small sized solid lubricant into micro-pores and around micro-protrusions. In addition, the cross-sectional morphology of PEO TiO2 coating is also shown in Figure 2c. It can be seen that the oxide coating adhered tightly to the substrate and the average thickness of the oxide coating is around 10 μm.



Figure 2d shows the surface morphology of PEO–PTFE composite coating. Compared with Figure 2c, it can be observed that a great deal of micro-pores on the PEO TiO2 coating had been filled with PTFE and the porosity of the PEO TiO2 coating decreased significantly. During the process of sintering treatment, the sample was heated to 350 °C, which exceeded the melting point of PTFE materials [17]. As the PTFE has a dynamic viscosity in the melting state, the melted PTFE filled the pores of PEO and formed a continuous composite PEO–PTFE coating [18,19,20]. Obviously, the rough and porous PEO surface enhanced the crosslinking and bonding performance of PTFE materials to the bottom of the TiO2 coating.



The EDS elemental maps of the PEO–PTFE composite coating is shown in Figure 3, which are obtained from the EDS scanning of Figure 2d. F and C elements were detected in the PEO–PTFE composite coating, indicating that PTFE materials deposited successfully on the PEO coating. From the distribution of F and C elements, it can be found that the most area of the PEO coating was covered by PTFE materials, except for the locations where the PEO oxides highly accumulated. This phenomenon is because of the fluidity of PTFE materials during the dipping and sintering processing. The mechanical interlinking formed between the porous PEO coating and the continuous PTFE materials after the sintering treatment. Such mechanical interlinking ensured a good bonding performance of the PEO–PTFE composite coating. In contrast to the single PEO TiO2 coating, this PEO–PTFE composite coating maintained the good wear-resistance of the ceramic PEO component while its PTFE component played the role as the friction-reducing lubricant. As reported in a recent study, a self-lubricating PEO coating was fabricated on AZ91 magnesium alloy via the in-situ incorporation of PTFE particles [21]. Results showed that the in-situ PTFE incorporation into the growing PEO coating resulted in non-uniform PTFE distribution and some PTFE-enriched ridge-like protrusions were formed on the coating surface. When the incorporation time was sufficient, the PTFE-enriched protrusions formed can act as lubricant reservoirs, leading to a low and stable friction coefficient. The present PEO–PTFE composite coating aimed to achieve uniform PTFE distribution by using the dipping and sintering treatments, ensuring even and sufficient PTFE lubricant supply during the friction and wear test.



The Raman spectra of PEO TiO2 coating and PEO–PTFE composite coating are shown in Figure 4. Recorded Raman spectra were made in the frequency range from 100 to 1500 cm−1. It can be seen from the Raman spectrum of PEO TiO2 coating that bands shift located at 129 (Eg) and 498 (A1g) cm−1 positions originate from different modes of anatase TiO2 [22]. Bands shift located at 423 (Eg) and 591 (A1g) cm−1 positions originate from different modes of rutile TiO2. It can be inferred from Raman spectra of the PEO coating that there are two TiO2 crystal structures with anatase and rutile on the surface of the coating. According to the Raman spectrum of PEO–PTFE composite coating, one can see that some characteristic peaks of PTFE can be detected. The Raman peaks at 271, 364, 711 and 1360 cm−1 are related to the different vibrational modes of CF2 groups, whereas bands shift located at 1218 and 1282 cm−1 positions come from the bands C-C and CF, respectively [23]. The Raman result is consistent with the previous EDS analysis result, indicating the successful deposition of PTFE on the PEO coating.



Figure 5 presents the surface roughness (Ra) of the titanium substrate, Ti-PTFE coating, PEO TiO2 coating, and PEO–PTFE composite coating. Compared with the titanium substrate, the roughness of Ti-PTFE coating slightly increased. This is because the Ti-PTFE coating deposited directly on the smooth titanium substrate was easy to peel off (see Figure 2b), causing a rougher surface than the titanium substrate. The roughness of the PEO TiO2 coating turned out to be the highest due to the existence of micro-pores and micro-protrusions on its surface (see Figure 2c). PTFE polymer materials deposited into the porous TiO2 coating (see Figure 2d) and formed the composite coating. Therefore, the roughness of the PEO–PTFE composite coating decreased significantly compared with the PEO TiO2 coating.




3.2. Tribological Behaviors


The tribological tests were performed at room temperature using a ball-on-plate reciprocating tribometer. Figure 6a shows the relationship between the friction coefficient and sliding distance of the titanium substrate, Ti-PTFE coating, PEO TiO2 coating and PEO–PTFE composite coating. From the friction coefficient curve of titanium substrate, it can be seen that the value remained about 0.5 after a slight fluctuation at the initial stage of the test. In the case of PEO TiO2 coating, this curve exhibited significant fluctuation before the sliding distance of about 20 m. After that, the friction coefficient gradually decreased to 0.65 and remained stable until the end of the test. This phenomenon was in connection with the unique structure of PEO TiO2 coating. The PEO coating typically has a rough and porous outer layer and a dense inner layer [13]. The porous outer layer featured with high surface roughness and varied internal microstructure, which contributed to the high and unstable friction coefficient at the initial stage of the test. With the gradual wearing-off of the porous outer layer, the GCr15 ball began to contact and slide against the dense inner layer of PEO TiO2 coating, resulting in the decreased and relatively stable friction coefficient.



Comparing the friction coefficient curves of the Ti-PTFE coating and the PEO–PTFE composite coating in Figure 6a, it can be seen that the friction coefficient of PEO–PTFE composite coating remained stable at 0.1 during the whole process of the test. For the Ti-PTFE coating, the friction coefficient was about 0.1 from the beginning until the sliding distance of 55 m and then increased sharply to about 0.4, which was close to the coefficient of titanium substrate. This result indicated that the Ti-PTFE coating had been worn off after a certain sliding distance. Afterwards, the friction behavior occurred between the grinding ball GCr15 and titanium substrate. As shown in Figure 2b, the PTFE coating exhibited poor adhesion to the titanium substrate. Therefore, it was easily damaged and peeled off in the process of reciprocating friction and wear. In the case of the PEO–PTFE composite coating, its long-term low friction coefficient proved that depositing of PTFE materials can effectively improve the friction property of PEO TiO2 coating. Also, it is demonstrated that the self-lubricating friction behavior occurred between the grinding pairs.



Figure 6b shows the relationship between the friction coefficient and sliding distance of the PEO–PTFE coating under different loads. It can be observed that when the load was 2 N and 4 N, the friction coefficient was stable at about 0.1. Under the higher load of 6 N and 8 N, the friction coefficient of the self-lubricating PEO–PTFE composite coating increased slightly with the increase of the sliding distance, but was still lower than 0.15. The friction coefficient curves of the self-lubricating PEO–PTFE composite coating under different loads consistently appeared to be low and stable, indicating that the self-lubricating PEO–PTFE composite coating has a good load-bearing capacity. Recently, Wang et al. constructed a lubricant composite coating on Ti6Al4V alloy using micro-arc oxidation and grafting hydrophilic polymer [24]. Results showed that the composite coating exhibited the low friction coefficient and favorable wear resistance in water under a low contact stress of 1.52 MPa. It was explained that the hydrophilic polymer formed a hydrated lubricating layer through the interaction with water and the TiO2 ceramic layer provided the resistance to wear.



Figure 7a–c presents the SEM images of wear tracks of the Ti-PTFE coating, PEO TiO2 coating and the PEO–PTFE composite coating after a sliding distance of 100 m under the normal load of 4 N. The cross-sectional profiles of wear tracks are shown in Figure 7d. From the wear track profiles and worn morphologies of the coated samples, it can be noticed that the wear track of Ti-PTFE coating was narrower and deeper than the PEO TiO2 coating. Due to the loose adhesion of PTFE coating to titanium substrate, the PTFE coating was easily peeled off and damaged. After the PTFE coating was worn out, the titanium substrate was exposed to the grinding ball GCr15. Therefore, the poor wear resistance of titanium substrate resulted in a deeper wear track. For the PEO TiO2 coating, it can be seen that although the width of the wear track was large, the overall wear track was shallow. The ceramic PEO TiO2 coating has the advantage of high hardness and excellent wear resistance. Consequently, a lot of wear and tear of the GCr15 counterpart occurred with the proceeding wear test. Therefore, the contact areas between the grinding pairs increased, leading to the increase of the wear track width. For the PEO–PTFE composite coating, it can be seen from Figure 7c that the wear track was obviously shallower and narrower than both the Ti-PTFE coating and PEO TiO2 coating. This is because the deposition of PTFE polymer materials on the PEO TiO2 coating significantly improved the tribological properties of the PEO TiO2 coating. Firstly, the deposition PTFE materials in the PEO micro-pores or around the PEO micro-protrusions resulted in decreased the surface roughness and thus increased contact area and decreased contact stress between the friction pair, which avoided the rapid fracture and wearing-off of PEO outer layer to some extent. Secondly, the existence of self-lubricating PTFE component in the composite coating decreased the friction force and kept the GCr15 counterpart from severe wear.



Figure 8 shows the micro worn morphologies of the PEO TiO2 coating and the self-lubricating PEO–PTFE composite coating after a sliding distance of 100 m under the 4 N loading. The element composition of wear tracks were examined by EDS and the results are listed in Table 2. For the worn track of PEO TiO2 coating (Figure 8a), it can be seen that there were still a great deal micro-pores after the tribo-test, indicating high porosity both in its surface and interior. The existence of micro-pores and debris greatly weakened the strength and toughness of the PEO TiO2 coating. It can be observed that there were two kinds of typical worn surface morphologies of the PEO TiO2 coating, as marked by point 1 and point 2 in Figure 8a. The first worn morphology (see point 1 in Figure 8a) was relatively smooth. A lot of Fe and O elements as well as a small quality of Cr element were detected (see Table 2), indicating that materials were transferred from the GCr15 ball to the PEO coating surface during the wear process. The second worn morphology (see point 2 in Figure 8a) was relatively rough. The brittle and porous surface layer of the PEO coating was crushed under the normal loading and formed lots of oxide debris at the initial stage of the tribo-test, which caused abrasive wear between the PEO coating and GCr15 ball during the subsequent tribo-test. Therefore, lots of O, Ti and Si elements and small amounts of Fe elements derived from GCr15 ball were detected (see Table 2).



As shown in Figure 8b, the worn surface morphology of the self-lubricating PEO–PTFE composite coating was obviously different from the PEO TiO2 coating. There were only a small number of micro-pores being observed on the worn surface, indicating a compact worn surface of the self-lubricating PEO–PTFE composite formed by repeated crushing of PTFE polymer materials and PEO TiO2 coating. In addition, a lot of F and C elements (see point 3 in Figure 8b and Table 2) were detected on the worn surface, demonstrating the formation of self-lubricating film. As PTFE polymer materials deposited into the PEO TiO2 coating, the porous surface was covered by the self-lubricating materials. The micro-pores were sealed by the solid lubricant. In the process of friction, a lubricating film would be formed on the friction contact surface. As a result, the sliding pairs in the contact surface were changed from the steel ball versus the composite coating to PTFE transfer film on the surface of the steel ball versus PTFE materials. Because of the poor adhesion between the PTFE transfer film and the steel ball, the transfer film usually fell off under the obstacle of the abrasive particle [25]. But the self-lubricating materials stored in the micro-pores provided continuous supply for the formation of the self-lubricating film. As the sliding distance increased, the PEO TiO2 component played a role as a wear-resistant reinforcing phase and supported the self-lubricating film.



Figure 9 shows the wear rate of all samples against the counterpart GCr15 ball after the sliding test under the normal load of 4 N and a sliding distance of 100 m. During the process of sliding, the titanium substrate sample suffered from severe wear and tear, mainly due to its low hardness. Therefore, the wear rate value of the titanium substrate is large, which is 99.27 × 10−5 mm3·N−1·m−1. For the Ti-PTFE sample, the average wear rate was 28.39 × 10−5 mm3·N−1·m−1, smaller than that of the titanium substrate sample, because there was self-lubricating friction behavior at the beginning stage of the tribo-test (see Figure 6a). When the PTFE coating was worn off and the self-lubricating film failed, the bottom titanium substrate began to be subject to wear. From Figure 9, it can be seen that the wear rate of the PEO TiO2 coating (7.02 × 10−5 mm3·N−1·m−1) was smaller than that of both the titanium substrate and Ti-PTFE samples. The PEO TiO2 coating sample has higher hardness than Ti and Ti-PTFE samples, leading to the decrease of wear rate. The wear rate of the self-lubricating PEO–PTFE composite coating was 1.34 × 10−5 mm3·N−1·m−1, which is the smallest among all the samples. As the PTFE was integrating into the PEO coating and filling into the micro-pores, the high hardness of PEO coating and the good lubrication of PTFE combined to increase the wear resistance and decrease the friction coefficient.





4. Conclusions


The self-lubricating PEO–PTFE composite coating was successfully fabricated on the titanium surface by the combined methods of plasma electrolytic oxidation, dipping and sintering. Most micro-pores of the PEO TiO2 coating were effectively filled with PTFE and the surface roughness of the PEO TiO2 coating decreased significantly. The fabricated PEO–PTFE composite coating, integrating the advantages of wear resistance of the PEO TiO2 coating and the self-lubrication of PTFE polymer materials, exhibited a low friction coefficient and wear rate. The friction coefficient of the PEO–PTFE composite coating was much smaller than that of PEO TiO2 coating and remained stable (around 0.1) under different loads. The PEO–PTFE composite coating was more durable than the single PTFE coating and its wear rate was about 5 times lower than that of the PEO TiO2 coating.
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Figure 1. Sintering treatment process. 
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Figure 2. Morphologies of (a) titanium substrate; (b) Ti-polytetrafluoroethylene (PTFE) coating; (c) plasma electrolytic oxidation (PEO) TiO2 coating; (d) PEO–PTFE composite coating. 
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Figure 3. Energy-dispersive X-ray spectroscopy (EDS) elemental maps of PEO–PTFE composite coating. 
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Figure 4. Raman spectra of the PEO TiO2 coating and PEO–PTFE composite coating. 
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Figure 5. Surface roughness (Ra) of titanium substrate, Ti-PTFE coating, PEO TiO2 coating and PEO–PTFE composite coating. 






Figure 5. Surface roughness (Ra) of titanium substrate, Ti-PTFE coating, PEO TiO2 coating and PEO–PTFE composite coating.



[image: Metals 09 00170 g005]







[image: Metals 09 00170 g006 550]





Figure 6. Friction coefficient of different samples against GCr15 after a sliding distance of 100 m (a) titanium substrate, Ti-PTFE coating, PEO TiO2 coating and PEO–PTFE composite coating under the load of 4 N; (b) PEO–PTFE composite coating under different loads. 
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Figure 7. Scanning electron microscope (SEM) images and cross-sectional profiles of wear tracks after a sliding distance of 100 m under the 4 N load of the (a) Ti-PTFE coating; (b) PEO TiO2 coating; (c) PEO–PTFE composite coating; and (d) cross-sectional profiles of wear tracks. 
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Figure 8. Micro worn morphologies after a sliding distance of 100 m under the load of 4 N: (a) PEO TiO2 coating; (b) the self-lubricating PEO–PTFE composite coating. 
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Figure 9. Wear rate of the titanium substrate, Ti-PTFE, PEO TiO2 coating and the self-lubricating PEO–PTFE composite coating under the load of 4 N and the sliding distance of 100 m. 
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Table 1. The parameters setting of plasma electrolytic oxidation power supply.
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Parameter

	
Voltage (V)

	
Frequency (Hz)

	
Duty Ratio (%)

	
Processing Time (min)






	
Forward

	
420

	
500

	
35

	
25




	
Reverse

	
50

	
500

	
15
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Table 2. Element composition of the PEO TiO2 coating and PEO–PTFE composite coating worn track after a sliding distance of 100 m under 4 N in Figure 8.
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	Element (wt %)
	O
	C
	Fe
	F
	Si
	Ti
	Cr
	P
	Na





	Point 1
	33.3
	5.7
	55.8
	-
	1.2
	3.3
	0.7
	-
	-



	Point 2
	47
	7.7
	10.1
	-
	17.6
	16.2
	-
	1.4
	-



	Point 3
	34.2
	20.5
	0.3
	20.2
	20.1
	1.9
	-
	1.6
	1.2
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