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Abstract

:

The progress of research on the preparation of polyetheretherketone (PEEK) coatings is systematically described with emphasis on the three coating preparation methods of thermal spraying, electrophoretic deposition, and melt extrusion coating, and the advantages and disadvantages of these methods and their main applications are reviewed. At the same time, research into the modification of PEEK coatings is also introduced, including modification using inorganic materials and chemical modification. Finally, the application of PEEK coatings is introduced, and its future development directions are prospected.
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1. Introduction


Polyetheretherketone (PEEK) is a semi-crystalline high-performance engineering thermoplastic [1]. It was first developed by British Imperial Chemical Industries (ICI) in 1978 [2]. The first industrial applications of PEEK were mainly in the aerospace and automotive industries. With its excellent mechanical properties, high temperature resistance, chemical corrosion resistance, and wear resistance, it has been widely used in various industrial fields [3]. The unique properties of PEEK are due to its stable molecular structure. The chemical structure is shown in Figure 1; the aromatic ring provides rigidity, and the ether bond and ketone group provide good chemical and thermal stability [4].



Thanks to PEEK’s high glass transition temperature (143 °C) and melting temperature (343 °C), PEEK can still maintain excellent physical properties at extreme temperatures [5]. PEEK exhibits excellent electrical insulation and dielectric properties under different temperatures and harsh environments, especially maintaining a low dielectric constant and loss factor at high temperature and under humid conditions [6,7]. In addition, PEEK has good biocompatibility and is widely used in medical implants because it does not cause rejection or toxic reactions [8,9].



Although PEEK has become a high-performance coating that has attracted much attention due to its own advantages, a single PEEK coating can no longer meet the needs of modern industry for multifunctional coatings, such as higher thermal conductivity, wear resistance, and insulation. This paper systematically reviews the preparation technologies, modification methods, and typical applications of PEEK coatings.



Figure 2 shows the annual publication of papers on PEEK-related topics. Since 2000, the number of papers published on PEEK-related topics has generally shown a significant growth trend, especially after 2015, which shows that research in this field has gradually received more attention. Among the subjects discussed, chemical modification has been the main research direction. From 2010–2020, research on various topics in this stage increased significantly, especially regarding plasma spraying, chemical modification, and aerospace. The growth during this period may be due to the gradual recognition of PEEK’s characteristics in industrial applications. After 2020, the number of publications in this stage reached a peak, especially in the fields of automotive and aerospace applications, and the application of PEEK has been more widely explored and studied in these industries.




2. Preparation Methods for PEEK Coatings


There are three main methods for preparing PEEK coatings: thermal spraying, electrophoretic deposition, and melt extrusion. In the thermal spraying process, PEEK particles are sprayed onto the substrate at high speed through plasma spraying and other technologies to form a dense, high-temperature resistant coating. For electrophoretic deposition, under the action of an electric field, PEEK particles are evenly dispersed in water and deposited on the surface of the substrate, which is suitable for uniform coatings of complex shapes. During melt extrusion coating, PEEK is coated on the substrate through a heated extrusion process to form a continuous, flat, high-strength protective layer, which is suitable for long strips or linear substrates.



2.1. Thermal Spraying


Three methods have been introduced involving thermal spraying, including plasma spraying, flame spraying, and high-pressure high-speed oxygen—fuel spraying. In these methods, PEEK powder is melted and sprayed onto the surface of the substrate to form a uniform coating. The advantage of thermal spraying is that the coating thickness is controllable, and it is suitable for large or complex-shaped workpieces [10].



2.1.1. Plasma Spraying


Plasma spraying uses high-temperature plasma to heat PEEK powder to a molten or semi-molten state. The high temperature is used to melt the PEEK and spray it onto the surface of the substrate, depositing a PEEK coating with a thickness of about 50–500 µm on the surface of the substrate, thereby improving the wear resistance, corrosion resistance, and temperature resistance of the substrate [11].



Wu et al. [12] prepared PEEK coatings on aluminum substrates with various surface treatments by plasma spraying. PEEK fine powder with an average size of 50 μm was selected as the spraying material. A PT800 plasma spray system was used. The powder feeding rate was set to 10~20 g/min, and the powder feeding direction was 30° counterclockwise in the jet direction. Spraying was performed at a spraying distance of 80 mm. Four different surface treatments were selected. They included boiling (BT), etching (ET), polishing (PT), and unheat-treated surfaces (E). The three substrates (BT, ET, and PT) were heat-treated at 350 °C for 90 min to remove physically and chemically adsorbed water from the substrate surfaces. After plasma spraying, the spatter diameters of the four substrates were found to be 60 ± 5 μm, as shown in Figure 3. It was found that the PEEK coatings on the heat-treated ET and PT substrates had good adhesion and low porosity. The boiled (BT) substrate showed a large number of small pores (<1 µm) at the sputtered substrate interface. The untreated (E) substrate showed elongated pores (<2 µm) with nearly continuous cracks along the interface. The etched (ET) and polished (PT) substrates had fewer and smaller pores, while PT showed some fine pores (<100 nm).



Jiang et al. [13] prepared TiN/PEEK composite coating by injecting TiN and PEEK powder into double tunnels using plasma spraying technology. Carbon steel was used as the substrate, and 0–45 μm Ti powder and 60–80 μm PEEK powder were selected as raw materials. Before coating, the substrate surface was sandblasted. A Ni-10 wt.% aluminum alloy bonding layer was sprayed on the substrate to improve the bonding strength between the steel substrate and the composite coating. After spraying, the thickness of the TiN/PEEK composite coating was about 300 μm. The schematic diagram of double tunnel powder feeding is shown in Figure 4. It was found that the average friction coefficients of the TiN/PEEK composite coating were 0.59, 0.56, 0.51, 0.50, and 0.49 under loads of 100–500 N, respectively. The corrosion current density of the TiN/PEEK composite coating was about half of that of the TiN coating, and the corrosion potential was 53 mV higher than that of the TiN coating, indicating that the composite coating had better corrosion resistance.



Cui et al. [14] prepared a composite coating on the surface of TC4 titanium alloy by mixing ZrO2 and PEEK powder and using plasma spraying. The porosity of the ZrO2-15% PEEK coating reached 20.6% after heat treatment. The porous nanostructured ZrO2 and PEEK composite coating improved the thermal insulation performance of the material.



Research by Wu et al. focused on the interface bonding between the PEEK coating and the aluminum substrate, with the advantages of the corrosion resistance and lightweight properties of PEEK. Jiang et al.’s research improved the wear resistance and corrosion resistance of the TiN/PEEK composite coating, making it particularly suitable for protective coatings in harsh environments. Cui et al.’s research developed a porous nanostructured ZrO2/PEEK coating with excellent thermal insulation and biocompatibility, suitable for high-temperature or biomedical applications.



Plasma spraying is a new type of precision spraying process that is suitable for spraying materials with a high melting point, making the coating higher in quality and providing better coating uniformity and higher spraying efficiency. However, it requires higher process precision and quality control to ensure the uniformity and performance stability of the coating. In addition, high-temperature spraying may lead to coating degradation and a low interfacial bonding force. At the same time, thermal shock and the subsequent rapid cooling process may have a certain impact on the mechanical properties of the substrate.




2.1.2. Flame Spraying


Flame spraying is a thermal spraying process that uses the high temperature generated by combustion gas to melt powder materials and spray them onto the surface of the substrate to form a protective coating. Research on flame spraying mainly involves parameter control, coating uniformity, and coating adhesion, and it is often used in anti-corrosion and repair applications [15].



Tharajak et al. [16] incorporated hexagonal boron nitride (h-BN) powders of different particle sizes and contents into PEEK by ultrasonic treatment. They selected PEEK powder with an average size of 60 μm and h-BN powders of three particle sizes (0.1, 0.5, and 1.5 μm). The 0.1 and 0.5 μm particles were round plate-like aggregates, while the 1.5 μm size consisted of a mixture of fine and coarse h-BN particles. The substrate used was low carbon steel. PEEK powders with h-BN contents of 2, 4, 6, and 8 wt.% were added to an ethanol solvent in an ultrasonic bath and mixed and dried in an oven. A h-BN/PEEK coating with a thickness of 250~300 μm was prepared by flame-spraying technology, as shown in the SEM images in Figure 5. It was found that the h-BN/PEEK coating with an h-BN particle size of 0.1 μm exhibited the lowest specific wear rate. The specific wear rate of the h-BN/PEEK composite coating increased with the increase in h-BN content and particle size. The PEEK composite material filled with 8 wt.% h-BN and with a particle size of 0.1 μm had a relatively low specific wear rate, and the friction coefficient was also significantly reduced. The specific wear rate and friction coefficient were 13 × 10−6 mm3/Nm and 0.2, respectively.



Li et al. [17] added 300 mesh and 600 mesh carbon fiber-reinforced composites (CF) as fillers into PEEK. The diameter of CF powder with a particle size of 300 mesh was about 5 μm and the length was between 10 μm and 50 μm. The length of CFs in the 600 mesh powder was 10~25 μm. PEEK and CF mixed powders with CF contents of 10 and 30 wt.%, respectively, were prepared by ultrasonic dispersion. The coating was prepared by flame spraying. Pure PEEK powder and CF/PEEK mixed powder were sprayed onto 17-4PH substrate using a CP-3000 flame sprayer. The thickness of the flame-sprayed coating was 150~200 μm. With the increase in CF content, the porosity of CF/PEEK composite coatings with CF of 300 and 600 mesh increased. Compared with the composite coating with the same content of 600 mesh CF, the CF/PEEK composite coating with 300 mesh CF showed greater porosity. The performance parameters of PEEK powder, flame-sprayed pure PEEK coating and flame-sprayed CF/PEEK composite coating are shown in Table 1. The study found that the surface hardness of pure PEEK coating was 0.28 GPa. The hardness of CF/PEEK composite coating containing 10 wt.% 300 mesh CF decreased slightly, while the hardness of coating containing 30 wt.% 300 mesh CF increased to 1.31 times that of pure PEEK coating. The elastic modulus of CF/PEEK composite coating containing 10 wt.% 300 mesh CF was 1.45 times that of pure PEEK coating. Table 1 shows the FTIR peak intensity ratio (IC=O/IC=C), glass transition temperature (Tg), melting temperature (Tm), crystallinity (Xc), and grain size (dp) of PEEK powder, flame-sprayed pure PEEK coating and flame-sprayed CF/PEEK composite coating at 1707 to 1598 cm−1.



Li et al. [18] also used flame spraying to prepare carbon nanotube (CNT)/PEEK nanocomposite coatings. The PEEK powder had a particle size of about 20 μm, the outer diameter of multilayer carbon nanotubes was 40–60 nm, the length was >5 μm, and the purity was greater than 97 wt.%. PEEK and CNT mixed powders were prepared by mechanical blending (MB) and ultrasonic dispersion (UD) methods. The CNT contents in the (CNT)/PEEK nanocomposite coatings were 0.1, 0.5, 1.0, and 2.0 wt.%. The thickness of the flame-sprayed coating was 150–200 μm. The friction coefficient and specific wear rate of the flame-sprayed CNT/PEEK nanocomposite coating are shown in Figure 6. It was found that good CNT dispersion effectively inhibited the thermal degradation of PEEK, reduced hole defects, and improved the mechanical strength of the coating.



Soveja et al. [19] prepared PEEK coatings on stainless steel and aluminum alloy substrates by flame spraying and used different types of lasers (CO2, Nd, diode laser) to remelt the coatings. PEEK powder with an average particle size of 25 µm was selected, and a PEEK coating was prepared through flame-spraying technology. The thickness of the coating was 100–150 µm. Laser remelting of the coating is used on the basis of flame spraying. The study found that the adhesion of the coating was significantly improved after flame spraying and CO2 laser remelting. The friction coefficient of the treated coating was about 0.325, and the wear rate of the PEEK coating was reduced by about 50% to 10.5 × 10−6 mm3/N·m.



The h-BN-filled PEEK composite coating studied by Tharajak has excellent wear resistance and lubricity. Li et al. [17,18] studied carbon fiber-reinforced PEEK coating and carbon nanotube-reinforced PEEK coating. The carbon fiber-reinforced PEEK coating showed enhanced mechanical properties and wear resistance, and the carbon nanotube-reinforced PEEK coating showed excellent wear resistance. Based on flame spraying, Soveja used laser remelting to improve the density, adhesion, friction coefficient, and wear resistance of PEEK coating.



Flame-spraying technology can form functional coatings on the surface of PEEK and other substrates. By incorporating modified materials such as h-BN, CF, or CNTs, the microhardness of the coating can be significantly improved, and the friction coefficient and wear rate can be reduced, thereby improving the overall performance of the coating. However, there are high process requirements and problems such as thermal stress and matrix degradation that need to be solved.




2.1.3. High-Pressure and High-Velocity Oxy–Fuel Spraying


High-pressure and high-speed oxy–fuel spraying generates high-speed airflow through the combustion of oxygen and fuel under high pressure, which melts and sprays powder materials onto the surface of the substrate to form a dense and wear-resistant coating [20].



Krishal et al. [21] used high-velocity oxygen–fuel (HVOF) and auxiliary combustion high-velocity air–fuel (AC-HVAF) thermal spraying technology to prepare PEEK coating. The PEEK powder size was selected as 45 μm, the spray gun nozzle length parameters were 150 mm, the spraying distance was 280 mm, and the lateral speed was 300 mm/s. The influence of PEEK coating quality and performance on ANSI304 stainless-steel substrates with different surface roughness was studied. The stainless-steel substrate was subjected to degreasing, etching, and steel grit blasting surface treatments. The surface roughness of the substrate was found to have a significant impact on the properties of the PEEK coating. Higher surface roughness helps to improve the adhesion of the coating, but appropriately increasing the roughness can improve the adhesion. However, the surface treatment increases the process difficulty and may lead to more pores and unevenness on the coating surface, affecting the overall performance of the coating. The surface profile is shown in Figure 7 and Figure 8.



The HVOF coating process has the advantages of high density and low porosity, and it is suitable for coatings that require high wear resistance and corrosion resistance, but the equipment cost is high and the process is complex.



In summary, the process parameters of the above three thermal spraying methods are summarized as shown in Table 2. Current, gas flow, spraying distance, powder feed rate, substrate preheating temperature, and spraying speed are all key process parameters for thermal spraying preparation of PEEK coatings. The advantages and disadvantages of the three thermal spraying methods and their application scenarios are summarized in Table 3.





2.2. Electrophoretic Deposition


In this method, the coating is formed by depositing PEEK nanoparticles onto a conductive substrate under the action of an electric field. It is suitable for coating workpieces with complex geometric shapes, and the coating uniformity is good [22].



Cao et al. [23] introduced tantalum nitride (TaN) nanoparticles into PEEK coatings by electrophoretic deposition. PEEK powder with a particle size of 25 μm and TaN powder with a particle size of 260 nm were selected as raw materials for preparing composite coatings. The suspension consisted of 100 mL of electrophoretic deposition solution (50 mL of ethanol and 50 mL of chitosan solution (containing 5 mL of acetic acid and 0.1 wt.% chitosan)). Chitosan was used as a dispersant to modify the surface potential of PEEK and TaN particles. These particles were modified to be positively charged and improve the deposition efficiency. Finally, the solution was mixed with different mass fractions of TaN nanoparticles (0, 1.31, 3.23, and 6.25 wt.%) and stirred until fully mixed into four electrolytes. A Pt sheet was used as the anode and the titanium substrate was used as the cathode. The distance between the cathode and the anode was fixed at 1 cm, and electrophoresis was performed at 15~25 V for 30~180 s. It was found that the introduction of TaN nanoparticles into PEEK coatings improved deposition efficiency, enhanced deformation resistance, and improved the hardness, elastic modulus, and bonding strength of the coatings. Compared with pure PEEK coatings, the friction coefficient of P-TN-3 was greatly reduced by 31.25%. The wear resistance of P-TN-3 was also greatly improved, and its specific wear rate was reduced from 9.42 × 10−5 to 1.62 × 10−5 mm3·N−1·m−1. The uniform composite TaN/PEEK coating prepared by electrophoretic deposition adhered well to the titanium alloy substrate. The cross-sectional SEM images of the coatings (Figure 9a,c) showed that under the same deposition conditions, the coating thickness was increased from 56.8 μm to 86.8 μm by introducing TaN nanoparticles, and the Ta element’s distribution in the coatings was relatively uniform (Figure 9c–e). Both PEEK and P-TN-3 coatings were well bonded to the titanium substrate. Heat treatment resulted in a uniform and dense coating. The coating was well bonded to the substrate, and no obvious cracks were found at the interface.



Kusmierczyk et al. [24] adopted a multilayer design concept. The coating used Cu, HA, and ZnS as the base layer, and the outer layer was a PEEK coating. The Cu/HA/ZnS+PEEK coating was prepared by electrophoretic deposition and heat treatment technology. The scheme is shown in Figure 10. The complementary advantages of different materials are achieved through the multilayer structure. The coating system has conductivity, mechanical strength, wear resistance and biocompatibility. The particle size of PEEK powder is 2–15 μm, the size of ZnS nanoparticles is 100 nm, and the average size of HA nanoparticles is 10 nm. The chemical treatment used 45 mL HNO3, 5 mL HF, and a maximum of 100 mL distilled water. After etching for 5 min and soaking in distilled water, it was heated at 550 °C for 2 h and then furnace cooled. Zirconium alloy was used as the working electrode and austenitic stainless-steel plate was used as the counter electrode. The distance between the electrodes was 10 mm. The EPD of the ZnS+PEEK and HA layers was constant voltage (varied by 20 V) with stable deposition times of 15 s and 30 s, respectively. The hardness of the ZnS/PEEK base layer was slightly higher than that of the unfilled amorphous PEEK coating, and the Young’s modulus was slightly lower, at 0.21 ± 0.02 and 3.7 ± 0.2 GPa, respectively.



Clavijo et al. [25] used PEEK powder with a particle size less than 25 mm and a co-solvent suspension containing 5% isopropyl alcohol and 95% ethanol. The distance between the electrodes was 2 cm. After EPD, the samples were slowly dried in the air for 24 h. After the electrophoretically deposited samples were sintered in the air at 350 °C for 30 min, a uniform PEEK coating was obtained on the stainless steel substrate. The rheological behavior and suspension structure of PEEK particles dispersed in co-solvents were studied under different pH values and shear rates, with pH = 8 being the optimal value.



Similarly, Fatih E et al. [26] also analyzed suspension composition and process parameters and prepared a PEEK-HA composite coating on a titanium substrate using electrophoretic deposition. HA was 4 wt.% in the optimal ratio, and 75 V was the optimal voltage. It was found that the addition of HA significantly improved the biocompatibility of the coating while maintaining the excellent mechanical properties of PEEK. The schematic diagram of EPD and deposition mechanism of PEEK-HA composite coating is shown in Figure 11.



PEEK coatings prepared by electrophoretic deposition have the advantages of smoothness, uniformity, and improved mechanical properties, but the stability of the suspension is key to the process, otherwise problems such as unevenness or particle aggregation occur, affecting the coating’s performance. The stability of the suspension mainly depends on the optimization and control of process parameters.




2.3. Melt Extrusion Coating


Melt extrusion coating is a method of heating a polymer material to a molten state and then coating it onto the surface of a substrate through an extruder. This technology can form a uniform and dense coating and is often used in anti-corrosion and insulation applications [27].



Yaragalla et al. [28] used melt extrusion technology to prepare graphene-reinforced PEEK composite wires. The prepared PEEK powder (particle size of about 1 mm) with or without deposited GnP filler was melt-mixed and extruded in a co-rotating twin-screw extruder. The temperature along the profile of the barrel was from 380 °C to 400 °C. The screw rotated at a speed of about 100 rpm and the outlet channel size was 3.30 mm. The extruded PEEK and PEEK-GnP nanocomposites, with a diameter of about 1.05 ± 0.04 mm, formed a strong interface between the filler and the matrix through hydrogen bonding and π–π* interactions. The mechanical properties of PEEK/GnP (GnP reached 1.0 wt.%) were significantly improved, with Young’s modulus and ultimate tensile strength reaching 2676 ± 166 MPa and 139 ± 11 MPa, respectively, which were increased by about 25% and about 34% (compared with pure PEEK), and the maximum elongation at the break reached 253 ± 8% (pure PEEK was 192 ± 13%).



Similarly, Tewatia et al. [29] added graphene to PEEK and prepared graphene-reinforced polymer matrix composites using high-shear melt processing. The content of double-layer/tri-layer graphene in polyetheretherketone (2Gn-PEEK and 5Gn-PEEK) was 2 wt.% and 5 wt.%, respectively, with good distribution and particle–matrix interaction. Adding graphene to PEEK induced surface crystallization and increased crystallinity. The flexural modulus of PEEK, 2Gn-PEEK, and 5Gn-PEEK remained constant at 3.8 GPa. For PEEK and 2Gn-PEEK, the stress at 5% strain remained constant at 129 MPa, but for 5Gn-PEEK, it dropped to 117 MPa. The storage modulus of PEEK and 5Gn-PEEK at room temperature (25 °C) increased from 1.36 GPa to 1.76 GPa, respectively, and the Tg of PEEK and 5Gn-PEEK increased from 152 °C to 166 °C, respectively.



Li et al. [30] compared the effects of carbon nanotubes (CNTs) and whiskers on the electrical and thermal conductivity of PEEK composites, and compared the effects of different mixing methods (i.e., dry mixing, wet mixing, and melt mixing). Among the three methods, it was found that melt mixing using twin-screw extrusion most easily obtained excellent mechanical, thermal stability, and electrical properties. Because the Wh-CNTs composite had high crystallinity, for a loading of 1 wt.% and above, the volume resistivity of the PEEK/Wh-CNTs composite was lower than that of the PEEK/c-MWCNTs composite. Pure PEEK has a higher volume resistivity of 1016 Ω·cm; however, at a higher CNT loading, the PEEK/Wh-CNTs composite had lower volume resistivity values at 3, 5, and 10 wt.%, which were approximately 1.42 × 107, 5.89 × 103, and 10.96 Ω·cm, respectively. The thermal conductivity of pure PEEK sheet is relatively low, at 0.232 W/(m·K). The thermal conductivity of the composite increased with the increase in CNT content. The thermal conductivity of the composite filled with Wh-CNTs was 0.44 and 0.741 W/(m·K) at 5 and 10 wt.% loading, respectively.



Li et al. [31] studied the effect of melt extrusion process parameters on the preparation of carbon fiber (CF)-PEEK composites. Based on PEEK and T800 carbon fibers with different melt flow rates (MFR), they prepared strong plastic synergistic CF/PEEK composites by adjusting melt fluidity and crystallization behavior. Physical blending was carried out in a twin-screw extruder at 380 °C to obtain a series of CF/PEEK composites with CF mass fractions of 0%, 10%, 20%, and 30%. The tensile strength of PEEK is about 100 MPa, while the tensile modulus is about 4 GPa. With the addition of CF, the tensile properties were significantly enhanced. At the same CF content, CF/PEEK composites with higher MFR values showed better tensile properties due to their high crystallinity. The tensile strength of CF/PEEK103-30% was as high as 303 MPa, and the tensile modulus as high as 40 GPa. PEEK103-30% had excellent flexural strength and modulus, reaching 453 MPa and 30 GPa, respectively.



Laser can also be used as a melting tool. Dahmen et al. [32] used laser melting of granular PEEK materials to study the influence of the surface morphology and preheating temperature of the substrate on the adhesion properties of the PEEK layer after laser melting, as well as the loss of base material hardness during the process. Curmi et al. [33] targeted PEEK viscosity factors and used screw extrusion technology to prepare PEEK materials of different viscosity grades by adjusting the viscosity of PEEK. They tested the interlayer shear strength and found that lower viscosity helped to improve the melting state. Lower material fluidity and interlayer fusion improved the interlayer shear strength. At lower MVR, the crystallinity decreased from 33% to 30% as the extruder temperature increased and the melt temperature increased.



Controlling temperature stability during the extrusion process is critical for the melting characteristics of the PEEK material and the performance of the final product. Comelli et al. [34] compared the effects of isothermal and non-isothermal processes on the melting behavior of PEEK. They measured the melting peak of PEEK under different extrusion conditions and analyzed its thermal behavior. They found that the melting peak of PEEK under isothermal conditions was different from under non-isothermal conditions. There were significant differences, with the former showing a more stable melting temperature and smaller changes in thermal behavior while the latter may lead to fluctuations in melting temperature and changes in material properties.



The melt extrusion process is a common method for preparing PEEK coatings. First, by heating PEEK to a molten state, the process can precisely control the thickness and shape of the coating to ensure a uniform coating effect. In addition, the melt extrusion process is suitable for large-scale industrial production, with high production efficiency and relatively low cost. By adding fillers such as graphene and carbon nanotubes, the thermal and mechanical properties of PEEK coatings prepared by the melt extrusion process can be significantly enhanced, making them suitable for application in high-temperature and high-strength environments. In addition, the viscosity control of PEEK has a direct impact on the interlayer shear strength, which is beneficial to improving the overall performance of the coating material.



However, the melt extrusion process also has some shortcomings. First of all, PEEK has a high melting temperature, strict equipment requirements, and high energy consumption. In addition, surface pretreatment is crucial for the adhesion of the coating; otherwise, it will easily lead to poor adhesion of the coating to the substrate. In summary, although the melt extrusion process is suitable for preparing high-performance PEEK coatings, it still needs further optimization to solve problems such as adhesion and energy consumption.



In summary, the advantage of thermal spraying methods (such as plasma spraying, flame spraying and high-pressure and high-speed oxygen–fuel spraying) is that they can prepare coatings with controllable thickness, which are suitable for large or complex workpieces and have good wear resistance and corrosion resistance. However, high temperatures may cause degradation of PEEK coatings and have adverse effects on the performance of the substrate. Plasma spraying is suitable for coatings that need to withstand high temperatures, while flame spraying optimizes the coating quality by adjusting the preheating temperature and the spray gun speed. High-pressure and high-speed oxygen–fuel spraying provides higher bonding strength and lower porosity, making it suitable for high-demand fields such as aerospace. The electrophoretic deposition method is suitable for processing workpieces with complex geometries. The coating is uniform and has strong adhesion. It is often combined with additives such as HA or TaN to improve biocompatibility and wear resistance. However, electrophoretic deposition has strict requirements in terms of pH and the solvent type in the suspension, affecting the flexibility of operation. The melt extrusion coating method has a wide range of applications. The interface bonding of the PEEK coating can be improved by adjusting the melt flow rate to improve the performance of the composite material. The disadvantage is that the temperature needs to be strictly controlled to prevent the coating’s performance from fluctuating.



In summary, various methods for preparing PEEK coatings have different advantages, disadvantages, and application scenarios. With the development of science and technology, new and efficient preparation processes are also being continuously studied, such as electrospinning and ultrasonic spraying.





3. Modification Technology for PEEK Coatings


Modification is usually used to improve the wear resistance and insulation properties of coatings. In PEEK coating modification technology, on the one hand, filler reinforcement can be used to improve the mechanical strength and wear resistance of PEEK coatings by adding fillers such as nanoparticles or glass fibers; on the other hand, chemical modification can be used to improve the surface adhesion, chemical resistance, and other properties of PEEK by introducing active groups or chemical treatment, so as to adapt to different application requirements [35].



3.1. Filler Reinforcement


Adding inorganic fillers such as silica (SiO2), alumina (Al2O3), or carbon nanotubes can improve the hardness, wear resistance, and thermal stability of coatings. This type of modification is usually used to improve the wear resistance and insulation properties of coatings [36].



Saeed et al. [37] mixed SiO2 particles with PEEK. The size of the nano-silica powder was 20–30 nm and the average size of the PEEK powder was 68.35 μm. The nano-silica powder was first modified with KH570 silane coupling agent, and PEEK-SiO2 composite materials were then prepared. It was found that adding 3% SiO2 to PEEK was the best choice. The PEEK/SiO2 composite material improved the hardness and compressive strength of PEEK while improving the thermal stability and wear resistance of the material. The average lateral strength reached 3503.02 MPa, which was a significant improvement compared with 2694.61 MPa for pure PEEK material.



Li et al. [38] prepared PEEK-based composites using PI as organic filler and h-BN and nano-SiO2 particles as inorganic fillers. Under conditions above the glass transition temperature, the tribological properties of PEEK were significantly improved; the friction coefficient of the composite material with a PI content of 20%, an h-BN content of 4%, and a nano-SiO2 content of 4% was stable at 0.06 at 200 °C, and the wear rate was 60% lower than that of PEEK. The infrared thermal images of the surface friction of peek and composite materials are shown in Figure 12.



Gu et al. [39] used a cold sintering process to prepare a silicon nitride (Si3N4)@SiO2/PEEK core–shell composite material with a SiO2 shell layer. The preparation process of the Si3N4@SiO2/PEEK composite material is shown in Figure 13. It was found that with the increase in the SiO2 shell thickness, the density of the composite material continued to increase, and the hardness first increased and then did not change much. The friction coefficient and wear rate of the Si3N4@SiO2/PEEK composite material with a SiO2 shell thickness of 50 nm were reduced by 15% and 80%, respectively, compared with the friction coefficient and wear rate of the SiO2 shell thickness of 12.5 nm.



Ahmed et al. [40] studied the addition of different types and contents of nano-SiO2 to PEEK and prepared PEEK/SiO2 composites. The introduction of 10 wt.% hydrophobic nano-SiO2 into the PEEK matrix improved the elastic modulus, flexural strength, and microhardness. The addition of a high content of nano-SiO2 filler (more than 10%) weakened the mechanical properties of the nanocomposite.



Chen et al. [41] introduced GO nanosheets as an interface enhancer to address the interface bonding problem between SiO2 and PEEK. Tests showed that the addition of SiO2 and GO greatly optimized the modulus, strength, and fracture toughness of the composite. The tensile strength and Young’s modulus of the PEEK/SiO2 composite increased with the increase in SiO2 content. When the SiO2 content was 30 wt.%, the maximum tensile strength and Young’s modulus of the PEEK/SiO2 composite were about 95.9 ± 0.6 MPa and 4.007 ± 0.005 GPa, respectively, 6.4% and 21.2% higher than those of pure PEEK. When the GO content was 1.5% wt, the maximum tensile strength and Young’s modulus of the PEEK/SiO2/GO composite further increased to about 101.5 ± 0.7 MPa and 4.62 ± 0.08 GPa, which were 12.6% and 39.4% higher than those of pure PEEK.



PEEK filler reinforcement is a technology that improves the performance of PEEK by adding different fillers (such as silica, hexagonal boron nitride, carbon nanotubes, etc.). Through the addition of these fillers, the mechanical properties, wear resistance, thermal stability, and biocompatibility of coatings have been significantly improved. For example, SiO2-reinforced PEEK composites have excellent mechanical properties and biocompatibility. The addition of h-BN and nano-SiO2 fillers can effectively improve the high-temperature friction performance of PEEK/PI-based composites. The mechanical properties of PEEK can also be enhanced by adding graphene oxide and SiO2, and the surface bioactivity is improved.



The mechanical properties, wear resistance, thermal stability and biocompatibility of PEEK coatings can be significantly improved through filler reinforcement. The addition of fillers such as nano-SiO2 and h-BN can effectively improve the high-temperature friction performance of the coating and extend its service life. In addition, fillers can also improve the surface wettability and adhesion of the coating, making it adaptable to a wider range of application environments. However, filler-reinforced PEEK coatings may have poor dispersibility, especially as the uniform dispersion of nano-scale fillers in the matrix is difficult to achieve, which may lead to uneven local performance. Secondly, the addition of fillers sometimes increases the brittleness of the material and reduces its toughness. In addition, the high cost of some fillers may limit their large-scale promotion in industrial applications.




3.2. Chemical Modification


The surface energy and adhesion properties of PEEK coatings can be improved by chemical methods such as graft copolymerization or surface functionalization. This method is often used to improve the adhesion between the coating and the substrate or improve the surface wettability [42].



Zimmerer et al. [43] used carboxylic acid and diamine for wet chemical modification of the PEEK surface. The synthesis route is shown in Figure 14. Different chemical groups were introduced into the PEEK surface through chemical reactions, which increased the surface energy and wettability and improved the bonding properties of PEEK with other materials.



Zhu et al. [44] addressed the problem of relatively weak interfacial strength between glass fiber (GF) and the polyetheretherketone (PEEK) matrix. By introducing dual compatibilizers of aminated PEEK and acylated carbon nanotubes (CNTs), they established an effective method to enhance the interfacial interaction between GF and the PEEK matrix. The preparation scheme is shown in Figure 15. This method helps to enhance the compatibility, multiple interactions, and mechanical interlocking between the fiber and the matrix. It was found that the interlaminar shear strength (ILSS), tensile strength, and modulus of the modified GF/PEEK composite material were significantly improved by 75% (~35 MPa), 23% (~338 MPa), and 12% (~18 GPa), respectively.



Xu et al. [45] chemically modified the PEEK surface by ultraviolet laser ablation and introduced different chemical functional groups. They found that the C=O and O–C=O bonds and the newly generated polar carboxylic acid groups changed significantly, changing the material’s surface wettability and enhancing its adhesion and interfacial properties. Lyu et al. [46] modified the PEEK surface by Friedel–Crafts acylation reaction and introduced carboxyl functional groups to enhance adhesion and biocompatibility. Elwathig et al. [47] and Bai et al. [48] both modified PEEK surfaces by grafting amino groups (NH2). The former focused on enhancing the interfacial adhesion between carbon fiber and PEEK, while the latter focused on improving the hydrophilicity and cell compatibility of PEEK. Bai et al. introduced -NH2 into the PEEK surface by sulfonation and halogenation reactions to achieve the purpose of PEEK amination. After EDA chemical grafting, the wettability of PEEK was significantly improved, and the water contact angle of SPEEK36-EDA was 44.97 ± 1.44°.



Chemical modification significantly improves the surface properties of PEEK, especially wettability and adhesion, and can effectively enhance the interfacial bonding with other materials. These modification methods are flexible and diverse, and the performance of the material can be customized by selecting appropriate chemical groups according to different application requirements. In addition, some methods such as amino grafting also improve the hydrophilicity and biocompatibility of PEEK, expanding its application in the biomedical field. Although chemical modification has obvious advantages, its processes are relatively complex and costly, especially when applied on a large scale in industry. Some chemical modification processes may introduce side reactions, affecting the performance of PEEK, such as reducing its heat resistance or mechanical strength. In addition, some wet chemical treatment processes may be environmentally unfriendly, the treatment agent must be carefully selected, and the reaction conditions must be controlled.



In summary, the modification technologies for PEEK coatings include filler reinforcement and chemical modification. These technologies each have their own unique advantages and scope of application. Selecting the appropriate modification method can optimize the performance of PEEK coatings according to different application requirements and meet the requirements of different fields.





4. Application of PEEK Coatings


PEEK coatings are widely used in the aerospace field, automotive industry, and electrical and electronic fields. In the aerospace field, where spacecraft operate in extreme environments, PEEK coatings can withstand high temperatures and corrosion, and PEEK’s electrical insulation properties make it suitable for insulation coating of various electronic equipment and cables to ensure safe and reliable operation [49]. In the automotive industry, PEEK coatings are widely used in high-performance components such as engine components, fuel systems, and electrical connectors. PEEK’s wear resistance and chemical stability ensure a long service life and can maintain performance under harsh working conditions [50]. In the electronic and electrical fields, PEEK coatings are often used due to their excellent electrical insulation properties and heat resistance. They are used for cable insulation, connectors, and circuit boards to prevent electrical short circuits and provide reliable protection in high-temperature environments. At the same time, PEEK’s chemical resistance makes it suitable for use in humid or corrosive environments, further improving its reliability in electronic equipment [51,52].



4.1. Aerospace


Due to its high heat resistance and chemical resistance, PEEK is widely used in insulation protection of aircraft engine components, fuselage structural parts, and avionics equipment.



PEEK materials can be used in aerospace for composite joints. Quan et al. [53] studied the fracture behavior of aerospace-grade PEEK composites and aluminum alloy bonded joints, pointing out that the PEEK coating played a key interface strengthening role between the composite materials and aluminum alloys. effect. The PEEK coating not only provided excellent durability, but also improved the crack resistance of the joints and was effectively able to resist interface separation due to stress concentration. In another study, Quan et al. explored the strong interaction between PEEK and thermoset resin composites. By forming a strong interface between thermoplastic materials and thermoset materials, high-performance composite connectors can be manufactured [54]. The development of this strong interaction is particularly important for complex structural parts in aerospace. PEEK coating plays a vital role in the bonding of composite materials, significantly improving the structural strength and thermal stability of joints, ensuring they maintain stable performance under harsh flight conditions. Kalra et al. [55] discussed the applicability of PEEK materials in the space environment, especially for application in spacecraft and antenna structures. They found that the PEEK coating performed very well in the space environment and could resist cosmic radiation, extreme temperature fluctuations, and material degradation under vacuum conditions.



PEEK material has an extremely high strength-to-weight ratio and is suitable for lightweight structural parts, which can reduce the overall weight of spacecraft and aircraft, thus improving fuel efficiency. In composite materials and metal joints, PEEK coating can significantly enhance the interface bonding force, provide excellent crack resistance, and ensure structural integrity and durability. PEEK materials can withstand the extreme environments in space, including strong radiation and vacuum environments, and are especially suitable for spacecraft and satellite structural parts.




4.2. Auto Industry


PEEK coatings have important applications in automotive engine components, fuel systems and electronic control systems because they provide excellent wear resistance and insulation.



Hastie et al. [56] studied the performance of carbon fiber-reinforced PEEK (CFRP/PEEK) drive shafts in high-temperature environments and found that the PEEK coating was effectively able to maintain its mechanical properties at high temperatures with significantly reduced weight, especially suitable for applications in high-temperature environments such as automotive components operating in extreme temperatures. Andrade et al. [57] studied the effect of PEEK surface treatment on friction and wear properties and found that the surface-treated PEEK coating could significantly reduce the friction coefficient and wear rate under lubricating conditions and extend the service life of components.



The application advantages of PEEK coating in the automotive industry are mainly due to its lightweight nature, high temperature resistance, and self-lubricating properties. Compared with traditional metal materials, PEEK can not only reduce the weight of cars but also improve the durability and reliability of components. In addition, PEEK’s excellent chemical resistance enables it to maintain stability in corrosive environments, such as high-temperature components in automotive engines and exhaust systems.




4.3. Electronics and Electrical


As an insulating material, PEEK coating is widely used in the protection of electronic components, especially in high-temperature and corrosive environments, such as motor insulation, circuit board protection, etc. As electronic equipment develops towards greater efficiency and lighter weight, PEEK coating has become the preferred material for applications in high-temperature and high-voltage environments.



Sun et al. [58] prepared a composite material with high thermal conductivity and electrical conductivity on a 3D PEEK/CF (carbon fiber) felt skeleton by electroplating a copper network. This technology significantly improved the thermal conductivity of the composite material and expanded the application of PEEK in heat dissipation and conductivity in electrical equipment. Niu et al. [59] studied the use of self-crosslinking polyetherimide and nanoparticles to adjust the high-temperature dielectric properties of PEEK. By synthesizing different PEEK composite materials, the dielectric strength can be improved without sacrificing mechanical strength, thereby enhancing application performance in high-temperature environments. Alimohammadi et al. [60] introduced a new piezoelectric bioactive nanocomposite in a sulfonated PEEK (SPEEK) matrix composed of dispersed polyvinylidene fluoride (PVDF) and containing nanohydroxyapatite (nHA) and carbon nanofiber (CNF) fillers for the preparation of coatings.



In the electronic and electrical industries, PEEK coating provides excellent insulation protection and heat dissipation performance by optimizing the thermal conductivity, electrical conductivity, and dielectric properties of materials. With the modification and development of composite materials such as copper-coated PEEK/CF composites, high-temperature dielectric materials, and bioactive coatings, PEEK coatings have been widely used. PEEK coating can effectively isolate current, protect electrical components, and improve heat dissipation capabilities by combining with conductive materials.





5. Conclusions


Through different modification technologies such as physical modification, chemical modification and composite material technology, the performance of PEEK has been significantly improved. These modification methods include adding fillers and surface modifications that significantly improve the heat resistance, corrosion resistance, mechanical properties, and biocompatibility of PEEK. PEEK coatings have been widely used in aerospace, medical equipment, the automotive industry, and electronic and electrical applications.



With the continuous advancement of materials science and engineering technologies, modification methods for PEEK will be further developed. For example, the application of nanotechnology, smart materials, and self-healing materials may further improve the performance of PEEK and make it stable under more extreme conditions. It is necessary to explore more environmentally friendly PEEK modification methods to reduce the impact on the environment during production and processing. At the same time, developing PEEK materials that are degradable or easier to recycle will be an important direction in future materials science. Future research is likely to focus on developing PEEK composites with multiple functions. For example, integrated sensing functions, adaptive functions that respond to environmental changes, etc., will bring higher-performance materials and more application possibilities to multiple industries.



The continuous improvement and application expansion of PEEK coating technology will promote technological progress and innovation in many fields. With the continuous development of science and technology, PEEK and its modified materials will play an important role in a wider range of fields.
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Figure 1. Chemical structure of PEEK. 
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Figure 2. Annual publications of papers on various PEEK-related topics. 
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Figure 3. SEM images of plasma-sprayed splats from the BT (a), ET (b), and PT (c) substrate surface held at 23 °C [12]. 
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Figure 4. Schematic diagram of twin-tunnel powder feeding [13]. 
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Figure 5. SEM images of h-BN/PEEK composites: (a) 2 wt.% h-BN, particle size of 0.1 μm, (b) 2 wt.% h-BN, particle size of 1.5 μm, (c) 8 wt.% h-BN, particle size of 0.1 μm, and (d) 8 wt.% h-BN, particle size of 1.5 μm [16]. 
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Figure 6. Friction coefficient and specific wear rate of flame-sprayed neat PEEK coatings and flame-sprayed CNT/PEEK nanocomposite composite coatings using MB and UD powders with different CNT contents [18]. (a,b) show the friction coefficient curves of flame-sprayed neat PEEK coatings and flame-sprayed CNTs/PEEK nanocomposite composite coatings using MB and UD powders with different CNT contents during the sliding time of 120 min. (c,d) show the friction coefficient and the specific wear rate of flame-sprayed neat PEEK coatings and flame-sprayed CNTs/PEEK nanocomposite composite coatings using MB and UD powders with different CNT contents. 
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Figure 7. AFM surface scan and surface profile of degreased substrate [21]. 
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Figure 8. AFM surface scan and surface profile of etched substrate [21]. 
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Figure 9. Cross-section SEM images (a,c) and corresponding EDX elemental mappings (b,d,e) of PEEK (a,b) and P-TN-3 (c–e) coatings [23]. 
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Figure 10. Scheme of particular stages of multilayer Cu/HA/ZnS+PEEK coating fabrication [24]. 
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Figure 11. Schematic diagram of EPD and deposition mechanism of PEEK-HA composite coating [26]. 
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Figure 12. Infrared thermal image of peek and surface friction of composite materials at 0 min, 40 min, 80 min: (a–c) PEEK, (d–f) +20P (g–i) +20P/4B/2Si [38]. 






Figure 12. Infrared thermal image of peek and surface friction of composite materials at 0 min, 40 min, 80 min: (a–c) PEEK, (d–f) +20P (g–i) +20P/4B/2Si [38].



[image: Coatings 14 01451 g012]







[image: Coatings 14 01451 g013] 





Figure 13. Schematic of the preparation of Si3N4@SiO2/PEEK composites [39]. 
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Figure 14. Synthetic routes to endow PEEK surfaces with aliphatic functionalization (PEEK-Ac) and carboxylic end groups (PEEK-COOH) or primary amino groups (PEEK–EDA) [43]. 
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Figure 15. Schemes for preparation of GF/PEEK based on interfacial modifications of GF [44]. 
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Table 1. Intensity ratios (IC=O/IC=C) of FTIR peaks at 1707–1598 cm−1, glass transition temperature (Tg), melting temperature (Tm), crystallinity degree (Xc), and crystallite size (dp) of PEEK powders, flame-sprayed pure PEEK coatings and flame-sprayed CF/PEEK composite coatings [17].
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	Sample
	CF Size (Mesh)
	CF Content (wt.%)
	IC=O/IC=C
	Tg (°C)
	Tm (°C)
	Xc (%)
	dp (nm)





	PEEK powder
	
	
	0
	147.1
	343.4
	44.21
	7



	Pure PEEK coating
	-
	-
	0.2
	155.3
	334.6
	45.34
	16



	CF/PEEK coating
	300
	10
	0.14
	151.4
	335.7
	42.24
	11



	CF/PEEK coating
	300
	30
	0.1
	153.8
	335.4
	26.95
	10



	CF/PEEK coating
	600
	10
	0.16
	150.7
	335.7
	35.9
	11



	CF/PEEK coating
	600
	30
	0.22
	157.3
	334.8
	32.5
	14










 





Table 2. Process parameters of three thermal spraying methods.
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Type

	
Data




	
Researcher

	
Wu

	
Jiang

	
Soveja

	
Tharajak

	
Li

	
Patel






	
Current/A

	
150

	
420

	
-

	
-

	
-

	
-




	
Gas Flow Rates

	
N2:40 SLPM

	
Argon: 60–80 L/h, N2: 0.5 g/min

	
Acetylene:6 L/min, Oxygen: 16 L/min

	
Oxygen: 47.34 L/min (60 psi), Propane: 27.70 L/min (65 psi), Nitrogen: 160 psi

	
-

	
-




	
Spray Distance/mm

	
80

	
100

	
140

	
120

	
-

	
280




	
Powder Feed Rate

	
10–20 g/min

	
Ti: 0.9 g/min, PEEK: 0.1 g/min

	
35 L/min

	
12 g/min

	
-

	
-




	
Preheating Temperature/°C

	
~23

	
-

	
-

	
200

	
200

	
-




	
Spray Gun Speed /mm s−1

	
-

	
-

	
150

	
80

	
300

	
300








“-”: not mentioned in the researcher’s publication.













 





Table 3. Advantages, disadvantages, and application scenarios of thermal spraying.
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Method

	
Advantages

	
Applicable Scenarios

	
Limitations






	
Plasma spraying

	
Can reach extremely high temperatures, suitable for melting high-melting-point materials.

	
Where uniform thickness and high-density coating are required.

	
Complex equipment and high cost.




	
PEEK powder is deposited evenly, providing good bonding strength and wear resistance.

	
Suitable for precision parts in aerospace and electronic equipment.

	
Requires high technical level to operate.




	
Flame spraying

	
Simple equipment and low cost.

	
Widely used in the automotive industry and general industrial equipment.

	
The coating bonding strength and density are lower than other methods.




	

	
Suitable for coating requirements of large-area substrates.

	
Suitable for wear-resistant and corrosion-resistant coatings with low requirements.

	
Not suitable for extreme environment applications.




	
HVOF spraying

	
High particle velocity, resulting in dense, highly adhesive coatings.

	
Parts requiring high wear resistance and low friction in mechanical engineering.

	
High equipment costs.
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