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Polyether ether ketone (PEEK) is one of the representatives of special engineering plastics. Due to the high molding temperature, the molding method of ordinary plastics and cavity abrasives are difficult to meet the requirements. In view of this, pure PEEK was prepared by vacuum hot pressing sintering technology at different sintering temperatures. The mechanical properties and microstructure characterization results showed that the pure PEEK prepared at 350 °C showed excellent friction and wear properties. Then PEEK and CF/PEEK composites were prepared at the optimum sintering temperature. The friction experiments of prepared materials were carried out using UMT-2. The effects of ambient humidity on the tribological properties, wear mechanism and antistatic properties of prepared materials were systematically studied. The surface analysis and properties of the materials were measured by 3D profiler, scanning electron microscope, friction electrostatic tester. The results showed that friction coefficient of PEEK and CF/PEEK composite changed slightly with increase of ambient humidity. The wear rate of PEEK decreased firstly and then increases, which reached the lowest of 3.09 × 10−5 mm3/Nm when the ambient humidity was 40%. The wear rate of CF/PEEK composite changed slightly, which was significantly lower than that of PEEK, and the main wear mechanism was adhesive wear. The surface friction static electricity of PEEK and CF/PEEK composites decreased with the increase of humidity.
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1 INTRODUCTION
PEEK is a semi-crystalline aromatic thermoplastic engineering plastic, whose unique structure enables it to have excellent self-lubrication and other excellent properties (Yan et al., 2020; Zhang et al., 2020; Hron et al., 2021). With development of manufacturing industry, the bearing capacity and wear resistance of a single polymer material are not enough to meet different requirements. In order to improve its comprehensive performances, the most effective method is to compound the material (Abdul, 2021; Li et al., 2021; He et al., 2022; Huang et al., 2022). Carbon fiber (CF) has excellent properties such as wear resistance, high electrical conductivity (Bijwe et al., 2013; Guo et al., 2017), which is widely used as a reinforcement material and is often doped with resin to prepare high-performance composite materials (Qiu et al., 2021).
J. Paulo Davim (Davim and Cardoso, 2005) et al. conducted a study on the friction and wear properties of CF reinforced polyether ether ketone composites under water lubrication. The study found that surface roughness, one-way sliding speed, and contact stress all have a significant impact on the friction coefficient. Zhang Zhiyi (Zhang et al., 1996) et al. prepared CF/PEEK composites with different carbon fiber content, and studied the friction properties of the composites under different loads. The study showed that when the carbon fiber content was between 10% and 20%, CF/PEEK composites exhibited good friction and wear properties. JJ Sha (Sha et al., 2013) et al. analyzed the interfacial adhesion between CF and the matrix material, and the analysis results showed that the interfacial strength of unidirectional CF reinforced phenolic resin matrix composites was similar to that of bidirectional CF reinforced phenolic resin matrix composites, but showed different values. The interfacial strength of unidirectional CF reinforced phenolic resin matrix composites is slightly higher than that of bidirectional CF reinforced phenolic resin matrix composites. The difference in interfacial strength may be caused by the thermally induced residual stress caused by the mismatch of the thermal expansion coefficient between CF and the matrix. Huang Yudong (Guo et al., 2010) et al. prepared CF reinforced resin matrix composites and conducted some performance analysis on them. The research results showed that the changes in tensile strength and thermal curing temperature of the composites were caused by defects on the CF surface. Due to the brittle fracture of CF, the change trend of roughness was opposite to the change trend of strength. Wang Huaiyuan (Wang et al., 2007) et al. studied the friction and wear properties of whisker and CF filler reinforced polytetrafluoroethylene composites under dry, wet, and alkaline conditions. The results show that due to the proper cooling and boundary lubrication of alkali, the friction properties of CF/PTFE composites under alkaline solution conditions are superior to those under dry and wet conditions. In the water state, the tribological performance of carbon fiber/polytetrafluoroethylene is better than that of titanate whisker/polytetrafluoroethylene. The sliding wear rate of PTFE composites modified with hydrophilic fillers is high under water lubrication conditions. Ziwei Guan (Guan et al., 2020) et al. investigated the influence of high hydrostatic pressure on tribological characteristics of CF/PEEK against 431SS. The results suggest that the average friction coefficient decreases with increased hydrostatic pressure. Hydrostatic pressure helps reduce the wear rates of CF/PEEK and 431SS. As the pressure increases, the main wear and friction mechanism of CF/PEEK changes from adhesive wear to fatigue wear, while the main wear mechanism of 431SS is abrasive wear. Yingna Liang (Liang et al., 2020) et al. study the tribological properties of friction pair between 316L stainless steel and CF/PEEK with nonsmooth surface under seawater lubrication. The experimental results indicate that the friction process of the smooth surface friction pair is mainly based on abrasive wear and adhesive wear. Pits on the specimen surface produce a hydrodynamic effect and store wear debris. The friction process of the nonsmooth surface friction pair is mainly controlled by a ploughing mechanism with only a slight amount of adhesive wear. The geometrical arrangement of the elliptical and triprism pits increases the convergence gap range and produces a higher bearing capacity.
Most polymer materials have good insulation. However, it is easy to accumulate charge or generate high potential static electricity on the surface during friction process (Jian et al., 2009; Xu et al., 2018), which could result in electrical corrosion speeding up the wear of machines and parts, and even causes factory fire in serious cases. Therefore, it is necessary to eliminate frictional static electricity of polymer. The composite conductive polymer material is prepared by combining the polymer matrix material with conductive fillers (carbon fiber, graphene, and metal powder, etc.) (Lapčinskis et al., 2021), which not only retains the excellent properties of the polymer, but also obtains good electrical conductivity. Moreover, environment such as humidity also affect tribo-static electricity, which is rarely involved.
At present, the main molding methods of polymer-based materials include: molding, extrusion, injection molding, melt spinning and 3D printing technology. PEEK is one of the representatives of special engineering plastics. Due to the high molding temperature, the molding method and cavity abrasives of ordinary plastics are difficult to meet the requirements. In this paper, PEEK materials were prepared by vacuum rapid hot-pressing sintering technology. The optimum sintering temperature was determined by the mechanical properties and microstructure characterization results of pure PEEK. Then CF/PEEK composites were prepared at the best process parameters, and the effects of different humidity on their tribological properties and tribostatic properties were systematically investigated.
2 EXPERIMENTAL DETAILS
In this study, PEEK powder with a grade of 450 G and particle size of 1200 mesh was provided by Dongguan Chuanao Engineering Plastic Material Co., Ltd. The reinforcing material used in this experiment is high modulus carbon fiber (CF) powder, with an average particle size of approximately 900 mesh, provided by Carbon Technology (Shenzhen) Co., Ltd. Absolute ethanol (analytical pure) was obtained from Tianjin Yongda Chemical Reagent Co., Ltd.
Firstly, pure PEEK was prepared by FHP-828 rapid hot pressing sintering furnace. The optimal molding temperature was explored through the results of the basic properties characterization. Then, pure PEEK and 20% wt. CF/PEEK composites are prepared at the optimal sintering parameters, which are as follows: sintering temperature 350°C, vacuum degree about 10−1 Pa, pressure 13 MPa, holding time 10 min.
The molecular composition and molecular structure of the prepared PEEK were analyzed using a Japanese Shimadzu model IRTracer-100 Fourier transform infrared spectrometer, and whether the functional groups of the PEEK powder changed after sintering was compared. The test spectral range is 4000 to 600 cm−1. The characteristic peak diffraction angles of PEEK and CF/PEEK were characterized using a D8-advanced X-ray diffractometer. The detection conditions were as follows: the scanning step length was 0.02°/step, the scanning rate was 5°/min, and the scanning range was 10°–50°.
The Shore hardness of PEEK composite was tested using a D-type Shore hardness tester. Place the sample on a firm surface, hold the hardness tester in your hand, press the indenter smoothly into the sample at a position about 12 mm from the edge of the sample, and read when the two surfaces fully contact. Test 5 times at different locations and calculate the average value. This hardness tester complies with the relevant provisions of GB/T 531.1-2008. The CMT6103 electronic universal testing machine was used to conduct tensile tests on PEEK materials prepared at different temperatures. The tensile samples were prepared in accordance with the national standard GB/T528-2009, and the tensile rate was 2 mm/min.
UMT-2 is used to carry out the tribological tests under dry sliding friction and different ambient humidity of 20%, 40%, 60%, and 80%. The friction pair is GCr15 stainless steel ball (diameter of 6.35 mm, Ra of 0.02 µm and HRC 62), the applied load is 50 N, the rotation speed is 300 r/min, the rotation radius is 4 mm, and the test time is 30 min. The depth and width of wear scar were measured by 3D profilometer, and the volumetric wear rate of PEEK and CF/PEEK composites were calculated. The worn surface morphology was characterized by SEM.
Friction electrostatic test: when the friction test is carried out, GCr15 ball is fixed as the upper test piece, and PEEK matrix composite is rotated clockwise as the lower test piece. During friction separation, the non-contact FMX-003 electrostatic tester is used to detect the friction static electricity on the surface of the separated PEEK based composite material. The smaller the test electrostatic voltage value is, the better the antistatic property of the material is.
3 RESULT AND DISCUSSION
3.1 Effect of sintering temperature on the structure of PEEK materials
Figure 1 shows the XRD spectra of PEEK materials prepared at different sintering temperatures. It can be clearly seen that PEEK has four relatively strong diffraction peaks at different sintering temperatures, which appear at the same positions. Diffraction angle corresponding to four crystal characteristic diffraction peaks 2θ are 18.71°, 20.76°, 22.81°, and 22.83°, respectively, and the corresponding crystal faces are (110), (111), (200), and (211), respectively. The diffraction peaks are basically consistent with the positions and shapes of the diffraction peaks in literature (Xu et al., 2006). It can be seen that the processing and molding process does not change the crystalline state of PEEK. On the other hand, even if the temperature rises to 350 °C, PEEK does not undergo decomposition and cracking reactions.
[image: Figure 1]FIGURE 1 | XRD spectrum of PEEK.
The infrared spectra of PEEK materials prepared at different sintering temperatures are shown in Figure 2. It can be seen that the positions and shapes of the characteristic peaks of the materials prepared at the three sintering temperatures are approximately the same, indicating that the molding temperature does not change the functional groups in the PEEK structure. Among them, 840 cm−1 and 764 cm−1 are the C-H plane flexural vibration absorption bands of the benzene ring, and 840 cm−1 is the characteristic peak of the aromatic ring para substitution, 929 cm−1 is the symmetric stretching vibration band of R-CO-R, 1163 cm−1 is the C-H plane flexural vibration absorption band of the benzene ring in the aromatic ether or aromatic ketone structure, 1226 cm−1 is the asymmetric stretching vibration band of R-O-R, 1308 cm−1 is the R-CO-R benzene ring in-plane vibration band, 1597 cm−1 and 1501 cm−1 are in-plane vibration bands of the R-O-R benzene ring, and 1,652 cm−1 is a C=O stretching vibration band.
[image: Figure 2]FIGURE 2 | Fourier infrared spectroscopy of PEEK prepared at different temperature.
3.2 Effect of sintering temperature on mechanical properties of pure PEEK
The hardness values of PEEK prepared at the three sintering temperatures are shown in Table 1. It can be seen that the Shore hardness of PEEK increases slightly when the sintering temperature is between 340°C and 350°C. When the sintering temperature is 340°C, the melting point of the PEEK material is not reached, and the PEEK powder is pressed and molded by hot pressing. At this time, the compactness is poor, resulting in a lower hardness value of the prepared PEEK material; When the sintering temperature is 345°C, the temperature is near the melting point of PEEK, and the powder PEEK begins to melt to form a molten state. Due to uneven heating in the sintering furnace, some powders do not fully form a molten state, and the molten state is mixed with powder particles. At this time, the density of PEEK is improved, and the hardness value slightly increases; When the sintering temperature reaches 350°C, the PEEK powder completely forms a molten state in the abrasive tool, and slightly flows out of the molten PEEK. During the sintering process, the prepared PEEK material reaches a relatively dense state by controlling a constant pressure, at which point the hardness value of the prepared PEEK material is the maximum.
TABLE 1 | Hardness of PEEK at different sintering temperatures (HD).
[image: Table 1]Figure 3 shows the stress-strain curves of PEEK materials prepared at three sintering temperatures. As can be seen from the figure, with the increase of sintering and molding temperature, the tensile strength of PEEK materials gradually increases, the elongation at break slightly increases, and the elastic modulus gradually increases from 6.246 to 6.416 GPa. Due to the insufficient melting of PEEK at low sintering temperatures, the liquid and solid phases are mixed together, and the two-phase contact zone between the liquid and solid phases destroys the continuity of the PEEK matrix material. Therefore, the tensile properties of PEEK materials at low sintering temperatures are poor. As the sintering temperature continues to rise, PEEK melts more fully, forming a single liquid phase. During the cooling and solidification process, PEEK molecules are closely aligned, preserving the good continuity of the PEEK matrix material, thereby improving the tensile properties of the PEEK material.
[image: Figure 3]FIGURE 3 | Stress-strain curve of PEEK prepared at different temperature.
3.3 Effect of sintering temperature on friction and wear properties of pure PEEK
The instantaneous friction coefficient and average friction coefficient of PEEK at three sintering temperatures in the rotary sliding dry friction state are shown in Figure 4. From Figure 4A, it can be seen that the instantaneous friction coefficient is divided into two stages. The first stage is the running-in stage. From the beginning of the test, the friction coefficient continues to increase with time. Then, at the second stage, the friction coefficient gradually stabilizes until the end of the test. During the running-in stage, the GCr15 ball rubs against the polished surface of PEEK material, resulting in a constant increase in friction coefficient. During the stabilization stage, the counter GCr15 ball has worn through the polished surface of the PEEK material, causing counter grinding with the PEEK substrate, so the friction coefficient is relatively stable. The friction coefficient of PEEK with a sintering temperature of 340°C fluctuates greatly when it reaches a stable stage. The friction coefficient curve of PEEK with a sintering temperature of 345°C at the stable stage began to be relatively stable, with no fluctuations, but there were significant fluctuations before the end of the test. The friction coefficient curve of PEEK at a sintering temperature of 350°C during the stable stage has been very stable, without fluctuations until the end of the test. Because the higher the sintering temperature, the better the compactness of the formed PEEK material, which can play an effective support role when subjected to external forces. Therefore, the friction coefficient fluctuation during the stable stage of PEEK with a sintering temperature of 350°C is small. Figure 4B is a comparison diagram of the average friction coefficient of PEEK materials under three sintering temperatures. From Figure 4B, it can be intuitively seen that as the sintering temperature increases, the average friction coefficient of PEEK gradually decreases from 0.34 to 0.25. The average friction coefficient of PEEK prepared at 350°C decreases by about 24% compared to the average friction coefficient of PEEK prepared at 340°C. Therefore, when the sintering temperature is 350°C, PEEK materials exhibit good friction properties.
[image: Figure 4]FIGURE 4 | Friction coefficient of PEEK for three sintering temperatures (A) instantaneous friction coefficient and (B) average friction coefficient.
The wear rates of PEEK prepared at three sintering temperatures are shown in Figure 5. As can be seen from the figure, with the increase of sintering temperature, the wear rate of PEEK material shows a significant decrease trend, from 1.32*10−3 mm3/Nm reduced to 5.13*10−5 mm3/Nm. Under the same friction conditions, the wear rate of PEEK sintered at 350°C decreases by two orders of magnitude compared to that of PEEK sintered at 340°C. In addition, it can be seen from the figure that the wear rate error range of PEEK prepared at sintering temperature of 350°C is smaller than that of PEEK prepared at 340°C. This indicates that the bearing capacity and stability of PEEK sintered at 340°C are poor, and therefore, the wear performance of PEEK sintered at 340°C is poor. On the contrary, PEEK sintered at 350°C has good compactness and has a certain bearing capacity against external pressure, so it exhibits certain good wear performances.
[image: Figure 5]FIGURE 5 | Wear rate of PEEK for three sintering temperatures.
3.4 The effects of ambient humidity on friction coefficient and wear rate
Figure 6 shows the friction coefficients and wear rate of PEEK and CF/PEEK with four ambient humidity. It can be seen that the ambient humidity has little influence on the instantaneous friction coefficient and has a certain influence on the fluctuation of the friction coefficient. When the humidity is 20%, there is no water film on the surface of the materials, which is affected by the stable van der Waals force. At this time, the instantaneous friction coefficient is relatively stable. When the humidity increases to 40%, a discontinuous water film forms on the material surface, which is not only subject to stable van der Waals force, but also subject to unstable adhesion force, so the instantaneous friction coefficient has a certain fluctuation. When the humidity is 60%, water molecules form a continuous water film on the surface of the material, which is subject to stable van der Waals force and adhesion force, so the instantaneous friction coefficient basically does not fluctuate. When the humidity continuously increases to 80%, the capillarity of water molecules increases, forming a relatively thick water film on the surface of the material. At this moment, the instantaneous friction coefficient fluctuates again, because of that the corresponding adhesion increases, while the van der Waals force decreases (Robert et al., 2002; Qing et al., 2006). Moreover, the friction coefficient of CF/PEEK is lower than that of PEEK with different humidity respectively.
[image: Figure 6]FIGURE 6 | Instantaneous friction coefficient curves of PEEK (A) and CF/PEEK (B), comparison diagram of the average friction coefficient (C), and the wear rate of PEEK and CF/PEEK (D).
The wear rates of prepared materials with four humidity are shown in Figure 6D. It shows that with increase of humidity, the wear of pure PEEK first decreases, and then gradually increases, which reaches the lowest when the humidity is 40%. Due to the relatively low humidity, the surface of PEEK material is rough, where the shear force is large, and the corresponding wear rate is high. With increase of humidity, the van der Waals force between friction pairs decreases, but the adhesion force between water molecules increases. The wear rate is the lowest when the humidity increases up to 40%, because of that the van der Waals force and adhesion force are relatively small. When humidity up to 60% and 80%, the water is immersed into the material matrix through the surface, resulting in the intensification of adhesion and peeling. Compared to pure PEEK, humidity has slight effect on the wear rate of CF/PEEK composites. CF disperses in PEEK matrix, which disperses friction shear force with low humidity, while reduces the adhesion between friction pairs with high humidity. Therefore, humidity has slight effect on the wear rate of CF/PEEK composites.
Figure 7 shows the three-dimensional topography and cross-sectional profile curve of the worn surface of PEEK and CF/PEEK composites with different humidity. According to the three-dimensional topography of the worn surface a) and b), the worn surface of pure PEEK first becomes smooth and then becomes rougher with the increasing of humidity, which reaches the smoothest state with the humidity of 40%. However, the humidity has slight effect on the worn surface of CF/PEEK. When the humidity is 80%, there is almost no scratch on the worn surface of CF/PEEK. From the cross-sectional profile curves of pure PEEK and CF/PEEK composites, it can be seen that with the increase of humidity, the wear scar depth of pure PEEK first slightly shallows then sharply deepens, where the scratch width gradually widens. Compared to pure PEEK, the wear scar depth and width of CF/PEEK change slightly.
[image: Figure 7]FIGURE 7 | 3D morphologies and profile curves under different environmental humidity. (A) Pure PEEK. (B) CF/PEEK composites.
3.5 Evolution of wear mechanism with different humidity
Figures 8(A–D), (A1–D1) show the worn surface morphology of pure PEEK and CF/PEEK composites with four different humidity, respectively. Figures 8A–D show that fish scale lines and furrows appear on the surface of pure PEEK with low humidity. With the increase of humidity, water immerses into the PEEK matrix material along the surface, which increases the peeling pits on the surface of pure PEEK material and weakens the furrow phenomenon. Therefore, under the condition of low humidity, the wear mechanism of pure PEEK is mainly abrasive wear and adhesive wear, which evolves to adhesive wear as the humidity increasing to high humidity. It can be seen from Figures 8 A1–D1 that with four different humidity, the surface of CF/PEEK composite is flat, where are only slight fish scale lines and a few micro scratches. There is almost no wear on the surface of CF/PEEK composite. Therefore, the wear mechanism of CF/PEEK composite with four different humidity is slight abrasive wear and slight adhesive wear.
[image: Figure 8]FIGURE 8 | Wear surface topography of PEEK (A–D) and CF/PEEK (A1–D1) under different humidity. The Yellow single arrow in the figure is the direction of the scratch, and the red box in the upper right corner is an enlarged view of the local position of the wear scar.
3.6 Evolution of tribo-static electricity with different humidity
Figure 9 is the comparison diagram of friction electrostatic voltage between pure PEEK and CF/PEEK composites after friction with four ambient humidity. It shows that with the increase of humidity, the friction electrostatic voltage on the surface of pure PEEK and CF/PEEK composites shows a monotonic decreasing trend. When the humidity of CF/PEEK composites is 20%, a relatively high friction electrostatic voltage can be detected on the surface. When the environmental humidity increases to 60% and 80%, the electrostatic voltage can not be detected on the friction surface, and the voltage value is 0 V. There is no voltage dissipation medium on the surface and inside of pure PEEK material, thus the surface friction electrostatic voltage is relatively higher with four different humidity. With the increase of humidity, the friction electrostatic voltage value decrease, because of that water molecules act as a conductive medium on the friction surface. On the other hand, CF in CF/PEEK composites forms a continuous conductive network in PEEK matrix, which is a good conductive medium. However, the rate of surface charge accumulation is greater than that of dissipation with low humidity, where higher surface friction static electricity can be detected. As humidity increasing, water molecules act as conductive media on the surface and CF acts as conductive media inside the matrix. At this time, the rate of charge accumulation is less than the rate of dissipation, where the electrostatic voltage value of the friction surface is 0 V.
[image: Figure 9]FIGURE 9 | Tribo-static voltage of PEEK and CF/PEEK friction surface under different humidity.
4 CONCLUSION
Pure PEEK was prepared by vacuum hot pressing sintering technology at different sintering temperatures. PEEK materials with a processing and molding temperature of 350°C have good tensile properties. The mechanical properties and microstructure characterization results show that the pure PEEK material prepared at 350°C showed excellent friction and wear properties.
With increase of ambient humidity, the friction coefficient of PEEK and CF/PEEK has slight change. The wear rate of PEEK decreases firstly and then increases, which reaches the lowest when the ambient humidity is 40%. Comparing to pure PEEK, the wear rate of CF/PEEK composites changes slightly, and the wear mechanism is mainly adhesive wear. The surface tribo-static electricity of PEEK and CF/PEEK composites decreases gradually with the increase of humidity.
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