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Abstract

:

Nanocomposite Si3N4/PEEK 708 coatings were successfully fabricated on the Ti-6Al-4V alloy substrate by electrophoretic deposition (EPD) and post-EPD heat treatment. The addition of chitosan polyelectrolyte into ethanolic-based suspensions enabled the cathodic co-deposition of ceramic and polymeric particles. Zeta potential measurements allowed the elaboration of stable suspensions. The selection of the optimal EPD voltage and time enabled uniform coatings to be obtained. Heating above the PEEK melting point and cooling with a furnace or in water resulted in the formation of dense coatings with semi-crystalline or amorphous polymer structures, respectively. Both coatings with a thickness in the range of 90–105 µm had good adhesion and scratch resistance to the substrates, despite the presence of relatively high degrees of open porosity. The coatings improved the tribological properties of the titanium alloy. However, a strong relationship between the polymeric matrix structure and wear resistance was observed. Semi-crystalline coatings proved to be significantly more wear resistant than amorphous ones.
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1. Introduction


Titanium and titanium alloys are widely used in aerospace, automotive and medical applications due to their many advantages, such as a high strength-to-weight ratio, good electrochemical corrosion resistance, low density, relatively low modulus of elasticity and biological inertness [1,2,3]. Among titanium alloys, the two-phase (α + β) Ti-6Al-4V alloy is used in more than half of the commercial applications. This alloy exhibits a good balance of strength and plastic properties and it is also the most investigated titanium alloy [2,4]. However, the tribological applications of this alloy are limited because of its high coefficient of friction (COF) and poor wear resistance [3,5]. Numerous technological processes were developed to improve the tribological properties of titanium alloys, such as heat treatment [6], thermochemical treatment [7,8] or coating deposition [9,10]. In this study, electrophoretic deposition (EPD) and heat treatment were used to produce nanocomposite Si3N4/polyetheretherketone (PEEK 708) coatings on the Ti-6Al-4V alloy substrates for tribological applications in mechanical engineering.



EPD is a fast-growing surface engineering method, which allows titanium alloys to be coated with different polymeric [11,12] or ceramic materials [13,14], including nanomaterials [15,16], as well as to co-deposit polymers with ceramics to fabricate composite coatings [17]. The process is based on the movement of charged particles in the electric field to an oppositely charged electrode and then deposition on it. Heat treatment is often applied to densify the coatings, thus the temperature and time of heating as well as cooling rate are also important [18,19].



Polyetheretherketone (PEEK) is an aromatic thermoplastic polymer with the basic formula of (–C6H4–O–C6H4–O–C6H4–CO–)n [12]. The structure of this polymer depends on the processing route and may be amorphous or semi-crystalline [20,21]. The polymer exhibits outstanding properties, such as thermal stability, chemical inertness, easy processing, high mechanical strength and elastic modulus [22,23,24,25]. PEEK also has good tribological properties, especially high wear and abrasion resistance. Therefore, it can be used as a coating to improve the tribological properties of metals [26,27]. PEEK may also be used as a matrix in composites for different purposes, such as to reduce COF in combination with polytetrafluoroethylene (PTFE) [28] or increase bioactivity in combination with hydroxyapatite [29]. As far as the authors are aware, in the available literature there is little information about the tribological properties of Si3N4-filled PEEK composites. For example, Balaji et al. [30] have investigated that the 10 wt % of Si3N4 content in the PEEK matrix increases microhardness by 20%. Qihua et al. [31] stated that COF decreases with increased Si3N4 content in the composite and the lowest value is obtained for the 15 vol % of Si3N4 content. In the case of wear rate, it decreases only to the Si3N4 content of 7.5 vol % and starts to increase with the Si3N4 concentration. However, there is no knowledge on the tribological properties of Si3N4/PEEK 708 coated metallic materials, including titanium alloys. In our previous work [32], the EPD of Si3N4/PEEK 704 coatings was developed and a mechanism of electrophoretic co-deposition of Si3N4 and PEEK 704 on the near-β Ti-13Nb-13Zr alloy substrate was indicated. In the present paper, we have focused on determination of the influence of EPD and post heat treatment on coating microstructure, surface topography and tribological properties of the Ti-6Al-4V alloy.



Silicon nitride (Si3N4) is an important ceramic material, also considered as a promising engineering material, due to its unique properties, such as thermal shock resistance, chemical stability, corrosion resistance, high thermal conductivity and low coefficient of thermal expansion (CTE) [33,34,35]. Si3N4 also exhibits good mechanical and tribological properties, like high hardness, high mechanical strength, high wear and abrasion resistance, as well as excellent creep resistance [36,37,38]. Thus, it is widely used in nanocomposite materials as a reinforcement of the polymer matrix, such as polypropylene [39], polyethylene [40], epoxy [41] or polyetheretherketone [30]. However, due to their high surface energy, Si3N4 nanoparticles have a strong tendency to agglomerate, which may lead to a poor connection with the polymer matrix. Thus, nanoparticle modification with surfactants [42], small molecular coupling agents [43] or macromolecular coupling agents [44] may be necessary to obtain a uniform dispersion of nanoparticles in the polymer matrix [32,45,46].



The aims of this work were (i) to study the electrophoretic deposition of homogeneous nanocomposite Si3N4/PEEK 708 coatings on Ti-6Al-4V alloy substrates, (ii) determination of the influence of post-deposition heat treatment on coating microstructure and surface topography, as well as (iii) the investigation of coating impact on the tribological properties of the Ti-6Al-4V alloy.




2. Materials and Methods


The PEEK 708 polymer and Si3N4 nanoparticles were used as coating components. PEEK 708 was delivered by Victrex Europa GmbH (Hofheim am Taunus, Germany). According to the manufacturer, the density of PEEK 708 is 1.32 g/cm3, particle size up to 10 μm, and melting and glass transition temperatures of 374 °C and 157 °C, respectively. Si3N4 nanoparticles with a particle size in the range of 15–30 nm and density 3.4 g/cm3 were delivered by Nanostructured & Amorphous Materials, Inc. (Houston, Texas, USA).



The coatings were deposited onto two-phase (α + β) Ti-6Al-4V titanium alloy substrates. The alloy was delivered by BÖHLER Edelstahl GmbH (Koln, Germany) in a hot-rolled and annealed (750 °C/2 h) condition, in the form of a bar with a diameter of 22 mm. The chemical composition of the alloy (according to the manufacturer’s data) is presented in Table 1. In order to prepare the samples for coating deposition, the bar was cut into discs of 3 mm thickness. The discs were ground with successively finer grits of sandpaper, from 200 to 3000 grit, and polished with the standard colloidal silica suspension (OP-S, 0.04 μm) of Struers. Directly before deposition, the samples were washed with distilled water and technical ethanol.



In order to deposit the coatings, three different suspensions containing a constant content of 1.5 g of PEEK 708 and 0.02 g of Si3N4 were prepared. The 50 mL of the dispersing phase contained ethanol (with 99.8% purity) and a chitosan solution with the content of 15, 25 or 50 vol %. Chitosan delivered by Sigma-Aldrich (Poznań, Poland) with medium molecular weight and a deacetylation degree of about 75%–85% was used as a cationic dispersant in the suspensions. The chitosan solution consisted of 0.5 g/L chitosan powder, 1 vol % acetic acid and distilled water. After preparation, each suspension was magnetically stirred for 5 min and then ultrasonically dispersed for 10 min to eliminate the agglomerates. The zeta potential of the particles in the suspension as a function of pH was measured using a Zetasizer Nano ZS 90 of Malvern Instruments Ltd., (Malvern, UK). Each measurement was carried out three times in order to average the results. The pH of the suspensions was lowered with citric acid or increased with sodium hydroxide, and the value was measured using an ELMETRON CPC-505 pH-meter (Zabrze, Poland).



Electrophoretic deposition was carried out using an EX752M PSU Multi-mode power supply (Huntingdon, UK), in a standard two electrode system. The titanium alloy substrate was a cathode, while the AISI316L austenitic stainless steel was used as an anode. Constant voltage in the range of 10–110 V, with 10 V changes, a constant deposition time of 90 s and constant distance between the electrodes of 15 mm were used. During the deposition process, changes in current density with deposition time were recorded using a Tektronix DMM 4040 multimeter (Beaverton, Oregon, USA). The influence of voltage and time on deposit weight was investigated. Based on these measurements, deposition yield and deposition rate were determined. In the first case, the coatings were deposited at voltages in the range of 10–110 V, with 20 V changes, and a constant time of 90 s, while in the second case a constant voltage of 90 V and a constant time in the range of 10–110 s, with 20 s changes, were applied. In both cases, the coatings after deposition and drying were weighed with an analytical weight from Ohaus Europe GmbH (Greifensee, Switzerland) with an accuracy of 0.1 mg, and each deposition was carried out three times in order to average the results. The as-coated samples were heat treated at the temperature of 390 °C for 40 min. The heating rate of 4.5 °C/min and two cooling rates were applied, (i) cooling with a furnace (2 °C/min) and (ii) cooling in water at room temperature (RT). Heat treatment was carried out in a Carbolite-Gero LHT 4/30 laboratory oven, (Derbyshire, UK).



Microstructural investigations were carried out using a scanning electron microscope (SEM), FEI Nova NanoSEM 450 (Eindhoven, the Netherlands), and a transmission electron microscope (TEM), JEOL JEM-2010 ARP (Tokyo, Japan). Thin foils from Si3N4 nanoparticles for TEM investigations were prepared by dispersing the particles in ethanol and placing a drop of the suspension on a 300 mesh copper grid covered with carbon and drying. Thin foils from suspensions used for EPD were prepared by placing a droplet of the stable suspension on the copper grid coated by carbon film and dried. Thin foils from the alloy (cross-section of the bar) were prepared by dimpling followed by ion-beam thinning with the Precision Ion Polishing System (PIPS) of Gatan (Pleasanton, California, USA). The lamellae from the coatings for TEM studies were prepared by a focused ion beam (FIB) using an FEI QUANTA 3D 200i device (Eindhoven, The Netherlands). Chemical composition of the coatings was investigated by energy dispersive X-ray spectroscopy (SEM-EDS, TEM-EDS). Phase identification was performed with the use of selected area electron diffraction (SAED) and X-ray diffraction (XRD) in Bragg–Brentano geometry using a Panalytical Empyrean DY1061 diffractometer (Almelo, The Netherlands) applying Cu-Kα radiation on plan-view specimens. Surface topography of coatings was investigated by an atomic force microscope (AFM), Dimension® Icon ™ SPM (Santa Barbara, California, USA).



Coating thickness was measured by a profilometric method using a Micro-Combi Tester (MCT) (CSM Instruments, Peseux, Switzerland). The measuring length set at 15 mm started in the uncoated area of the substrate and finished on the coating surface. The microhardness and elastic modulus were determined by an instrumented indentation method with the use of a Vickers diamond indenter. The measurements were performed with a load of 100 mN and a loading and unloading rate of 200 mN/min, as well as with 15 s of dwell time at the maximum load. At least 10 measurements were taken every time in the new area several hundred micrometers away. The scratch tests were carried out on the MCT using a Rockwell C diamond stylus with a radius of 200 μm. The load increased linearly in the range of 0.01–30 N on a scratch length of 5 mm and the sample linear velocity was 5 mm/min. In the scratch tests, the critical load indicating the characteristic failure of the coating was determined. The tribological properties of the uncoated and coated alloy were investigated at RT in dry sliding contact using a ball-on-disc tribometer (ITeE, Radom, Poland). The Al2O3 ball with a diameter of 6 mm was used as a counter element. The following test parameters were set: normal load of 5 N, sliding speed of 0.05 m/s and sliding distance of 2000 m. Before each test, the surfaces of the coating and the ball were washed with ethanol and left to dry. COF was determined from the following equation:


  COF =    F t     F n     



(1)




where Ft is the friction force (N) and Fn is the applied normal load (N). The wear resistance of the coatings was described by the specific wear rate calculated from the equation:


   W v  =  V   F n  · s    



(2)




where V is the volume of removed material of the coating (mm3), Fn—normal load (N), and s—sliding distance (m).




3. Results and Discussion


3.1. Microstructure of the Ti-6Al-4V Alloy


XRD investigation revealed that mainly the Ti α (hexagonal close-packed, hcp) and some Ti β (body-centered cubic, bcc) phases were present in the alloy microstructure. The diffraction peaks from the α phase are clearly visible in the pattern (Figure 1). Following the imposition of the 2 theta angles, the peaks from the β phase are not directly visible but the presence of the β phase has been confirmed during SEM and TEM investigation. An SEM image of the alloy microstructure is shown in Figure 2a. It was found that the microstructure was composed of α phase and β phase grains with the size (equivalent circle diameter, ECD) up to 2.5 μm and 1 μm, respectively. A TEM micrograph of the alloy microstructure is shown in Figure 2b. SAED pattern analysis taken from individual grains confirmed the presence of Ti α (hcp) and Ti β (bcc) phases.




3.2. Characterization of Coating Components


Before the deposition process, the as-received powders used for coating deposition were examined. XRD investigation of the Si3N4 powder revealed its amorphous structure (Figure 3). Two amorphous diffraction peaks with the maximum at the 2 theta angles 22.9° and 69.3° were present in the pattern. However, the presence of a single crystalline peak at the 2 theta angle of 32.7° was also found. TEM investigations of Si3N4 nanoparticles revealed their spherical and irregular shape with sizes in the range of 5–30 nm (Figure 4). SAED pattern analysis confirmed the amorphous structure of the powder.



The PEEK 708 particles have been thoroughly examined in our previous work [47]. They exhibited an almost completely amorphous structure, as evidenced in the XRD pattern by one wide diffraction peak, and there were also three very weak diffraction peaks from the crystalline phase. SEM observations of the PEEK 708 powder have shown that most of the particles exhibited a globular shape but there were also a small number of particles with an irregular shape (Figure 5). The particle size determined as ECD from SEM images was in the range of 2–15 μm.




3.3. Elaboration of Suspensions for EPD


In the first suspension prepared for deposition, pure ethanol was used as a dispersion medium. However, it was impossible to obtain a coating from that suspension. It was necessary to add polyelectrolyte, which would change the potential of particles and increase the stability of the suspension, as well as reduce their tendency to agglomerate. There are two types of polymeric stabilization, (i) steric and (ii) electrostatic stabilization. These two methods can also occur simultaneously as electrosteric stabilization [48]. Based on our previous studies [32,49], a cationic chitosan polyelectrolyte was used. To determine the stability of suspensions, a zeta potential of Si3N4 and PEEK 708 particles were examined in pure ethanol and in ethanol-based dispersion media containing the addition of 15, 25 and 50 vol % of chitosan polyelectrolyte. In the case of the pure ethanol suspension, the pH range of 3–12 was used. The results indicated that the zeta potential of PEEK micro-particles was negative over the entire pH range (Figure 6a). In the case of Si3N4 nanoparticles, an isoelectric point was found between pH 6 and 6.5 (Figure 6b). The zeta potential of the particles was positive below this point and negative above it. Despite the relatively high values of zeta potential, deposition was not observed, probably due to the huge difference in particle size and the rapid sedimentation of PEEK particles in the suspension. In the case of suspensions with the addition of chitosan polyelectrolyte, the zeta potential measurements were carried out in a pH range of 3.0–6.5 due to the fact that chitosan is only soluble up to pH = 6 and begins to precipitate above this value [50]. The addition of chitosan polyelectrolyte caused a change in the charge of PEEK particles from negative into positive, and the highest values were recorded for the suspension containing 50 vol % of chitosan polyelectrolyte (Figure 6a). The highest zeta potential values were found for suspensions with pH = 4. These values equaled 50.25 ± 1.02 mV and 18.42 ± 0.19 mV for suspensions with 50 vol % and 25 vol % of chitosan polyelectrolyte, respectively. A suspension containing 15 vol % of chitosan polyelectrolyte reached its maximum zeta potential at pH = 4.5 and it was 24.32 ± 0.44 mV. It should be mentioned that, due to the large size and relatively high content of PEEK in real suspensions, as well as the methods used for measurements based on laser beam scattering, the zeta potential investigations were carried out for highly diluted suspensions (0.05 g of PEEK in 50 mL of an adequate dispersion medium). Thus, the values may differ for real undiluted suspensions. During the zeta potential measurements, the laser beam incident on the sample is scattered across the particles. A high concentration of particles and their agglomerates can be an issue during measurements because they can cause multiple beam scattering, which significantly complicates the interpretation of results. Si3N4 nanoparticles also exhibited a positive zeta potential over the entire measured pH range (Figure 6b). The highest values in this case were different and depended on the content of chitosan polyelectrolyte in the suspension and equaled 31.90 ± 0.58 mV at pH = 4, 22.78 ± 1.09 mV at pH = 4.5 and 27.20 ± 0. 29 mV at pH = 5, for the suspension containing 50, 25 and 15 vol % of chitosan polyelectrolyte, respectively. Three suspensions were selected for TEM investigations of the interaction between particles (i) 0.02 g of Si3N4 and 1.5 g of PEEK 708 in 50 mL of ethanol, (ii) 1.5 g of PEEK 708 in 50 mL of the suspension containing 75 vol % of ethanol and 25 vol % of chitosan polyelectrolyte and (iii) 0.02 g of Si3N4 in 50 mL of the suspension containing 75 vol % of ethanol and 25 vol % of chitosan polyelectrolyte. The results indicated electrostatic interactions between the ceramic nanoparticles and the polymeric microparticles in a pure ethanol suspension. Agglomerates of Si3N4 nanoparticles with sizes up to 1.2 μm adsorbed on the surface of PEEK particles are clearly visible in Figure 7. In the suspension containing chitosan polyelectrolyte, the chitosan molecules and chains were adsorbed on PEEK and Si3N4 particles and provided steric stabilization at both types of particles (Figure 8). Thus, zeta potential measurements and TEM observations clearly indicate that the addition of chitosan changes the surface potential of the particles and increases the stability of the suspension, which enables the co-deposition of the polymer and ceramic particles on the cathode during EPD. The interaction of chitosan with PEEK particles and the suspension stabilization mechanism was described previously by Luo and Zhitomirsky [51]. According to them, electrochemical decomposition of water occurs at the cathode and results in a local pH increase. Charge neutralization of chitosan amino groups and accumulation of PEEK particles with adsorbed protonated chitosan causes cathodic deposition.




3.4. EPD of Coatings


In order to obtain homogeneous coatings, deposition parameters, voltage and time were selected by a trial-and-error approach. Although the zeta potential for the suspension containing 50 vol % of chitosan polyelectrolyte was the highest, high open porosity was observed in the coatings deposited from this suspension, which could be associated with an excessively high content of chitosan in the coatings. The zeta potential for the suspension with 15 vol % of chitosan polyelectrolyte was also relatively high, but the as-deposited coatings were macroscopically inhomogeneous and highly porous, almost spongy. Coatings with the highest homogeneity were obtained from a suspension containing 25 vol % of chitosan polyelectrolyte. Macroscopic images of coatings deposited from the suspension consisting of 1.5 g of PEEK 708 powder and 0.02 g of Si3N4 powder, in 50 mL of the dispersion medium containing 75 vol % of ethanol and 25 vol % of chitosan polyelectrolyte, at different voltages and a constant deposition time of 90 s are shown in Figure 9. Deposition was not observed below the voltage of 40 V. Coatings deposited at 40 V and 50 V were inhomogeneous. Uniform coatings were obtained in the voltage range of 60–110 V, but below the voltage of 80 V the coatings were relatively thin. Finally, a coating deposited at a constant voltage of 90 V and a time of 90 s was selected for further investigations. There are two possible ways to control the mass of coatings and, consequently, their thickness. One of them is changing the deposition time. Figure 10a shows that coating weight at a constant voltage of 90 V increases significantly with deposition time. Figure 10b presents the relationship between deposition rate and deposition time and indicates that deposition rate grows rapidly with the first 50 s but afterwards decreases slightly, and oscillates around a value of 0.000009 mg/mm2·s. The second way of controlling the coating thickness is to change the voltage. This way is more difficult, because coatings are mostly homogeneous only in a narrow range of voltages [18]. The investigations show that the coating weight also grows with increasing voltage (Figure 11). SEM observations of the coatings directly after deposition showed a relatively even distribution of polymeric and ceramic particles in the coating (Figure 12). Si3N4 separate nanoparticles and their small agglomerates, with a size up to 1.2 μm, were adsorbed on large PEEK particles.




3.5. Influence of Heat Treatment on Coating Microstructure and Surface Topography


The as-deposited coatings were densified by heating at 390 °C for 40 min. Two cooling rates were applied, cooling with a furnace (2 °C/min) and cooling in water at RT. SEM images of both coatings after heat treatment are shown in Figure 13. The post-heat treatment caused the formation of a dense polymer matrix as a result of heating above the melting point. The coatings exhibited a relatively high degree of open porosity related with the degradation of chitosan during heat treatment. Heating temperature and time are parameters that have decisive influence on the degradation of chitosan during heat treatment. Decomposition of chitosan occurs in a very wide temperature range of 30–340 °C [52]. Increasing the temperature or extending the heating time could reduce the degree of open porosity in the coatings. The average thickness of the Si3N4/PEEK 708 semi-crystalline coatings was 90 μm and the amorphous ones was 105 μm. XRD investigations showed a significant effect of the cooling rate after heating on the PEEK structure (Figure 14). Cooling with a furnace resulted in a change of the PEEK structure from nearly completely amorphous for PEEK powder into semi-crystalline (Figure 14a). In contrast, the coating cooled in water showed an amorphous structure (Figure 14b). Moreover, small diffraction peaks from the crystalline phase present in the XRD pattern taken from the PEEK powder also disappeared. The difficulty in identifying Si3N4 is due to the fact that the main amorphous peak coincides with a huge amorphous diffraction peak of PEEK. However, the TEM investigations of coatings carried out on FIB lamellae, imaging and EDS microanalysis, confirmed the presence of separate Si3N4 particles, as well as their small agglomerates, within the polymer matrix. The particles were located not only in the areas close to the surface of the coating (Figure 15a) but also at a greater distance from the coating surface (Figure 15b).



The results of the microanalysis of chemical composition revealed the presence of silicon and nitrogen from the reinforcement phase, as well as carbon and oxygen from the polymer matrix.



Surface topography of the coatings was examined by the use of AFM (Figure 16). Selected surface topography parameters were determined, such as root mean square roughness (Rq), average roughness (Ra), maximum vertical distance between the highest and lowest points in the image (Rmax) and image surface area difference, ISAD (difference between the image’s three-dimensional surface area and its two-dimensional footprint area) [53,54]. It was found that the semi-crystalline coating exhibited higher roughness and higher surface development evidenced by ISAD compared to the amorphous one (Table 2). This may be due to the longer presence of this coating at elevated temperature during heat treatment and PEEK crystallization. A similar behavior was observed in our previous work [47] in the polymer PEEK 708 coatings. The amorphous coating was very smooth compared to the semi-crystalline one, which was much more developed, due to the presence of spherulites in its microstructure.




3.6. Micromechanical and Tribological Properties of the Coatings


In the hardness and elastic modulus investigations, the penetration depth of the Vickers indenter, at an indentation load of 100 mN, reached average values of 4270 nm and 4630 nm for the semi-crystalline and amorphous Si3N4/PEEK 708 coatings, respectively. Differences in the penetration depth were the result of a higher load-carrying ability through the stiffer coatings with a semi-crystalline structure. There were significant differences in the micromechanical properties of the coatings. Both hardness HIT = 0.3 ± 0.02 GPa and elastic modulus EIT = 5.4 ± 0.2 GPa of the Si3N4/PEEK 708 semi-crystalline coating were higher compared to HIT = 0.24 ± 0.02 GPa and EIT = 4.8 ± 0.15 GPa for the amorphous coating.



Semi-crystalline Si3N4/PEEK 708 coatings also show greater scratch resistance and wear resistance compared to amorphous coatings. In the scratch tests, no adhesive failures were found in either of the semi-crystalline and amorphous Si3N4/PEEK 708 coatings up to the load of 30 N, the maximum load of MCT (Figure 17). However, a single crack in the semi-crystalline coating was observed at a maximum load, but this was a result of some fold formed during scratching of the porous creased surface. In the scratch tests up to the load of 30 N, the coatings undergo mainly large plastic deformation, which was higher for the amorphous coating. At a load of 15 N, the penetration depth of the Rockwell stylus was 40 µm and 50 µm for the semi-crystalline and amorphous coatings, respectively. The Si3N4/PEEK 708 coatings deposited on the Ti-6Al-4V alloy revealed the high scratch resistance and good adhesion to the substrate, despite the presence of open porosity.



Research has shown that the tribological properties of the Si3N4/PEEK 708 coatings depend on the degree of crystallinity of the PEEK 708 polymer. The lowest COF = 0.26 and specific wear rate Wv = 1.41 × 10−6 mm3/Nm were determined for the semi-crystalline coating. The coatings with the amorphous structure were considerably less resistant to wear and exhibited higher average values of Wv = 4.74 × 10−6 mm3/Nm as well as COF = 0.31. During friction of this amorphous coating, less stable cooperation with the counter-element was also observed (Figure 18). Wear of the coatings was mainly abrasive with greater intensity for the amorphous coating, where numerous small grooves occurred in the friction track (Figure 19). The wear products were located mostly outside of the wear friction track. Moreover, during friction the amorphous coating was additionally plastic deformed. Si3N4/PEEK 708 coatings had a comparable COF to polymer PEEK 708 coatings, regardless of whether the coating structure was semi-crystalline or amorphous. The wear rates of amorphous Si3N4/PEEK 708 and PEEK 708 coatings were also similar. An important difference was observed for semi-crystalline coatings, with the Si3N4/PEEK 708 coating showing a significantly lower wear rate compared to the polymer coating, for which Wv = 2.61 × 10−6 mm3/Nm.



The applied Si3N4/PEEK 708 coatings, even those with an amorphous structure, repeatedly increased the abrasion wear resistance of the coated alloy, for which the wear rate reached the value of Wv = 720 × 10−6 mm3/Nm and COF = 0.7 under identical friction conditions [47].





4. Conclusions


	
The addition of chitosan polyelectrolyte changed the surface potential of the PEEK 708 particles and increased the stability of the suspension. Coatings with the highest homogeneity were obtained from a suspension containing 25 vol % of chitosan polyelectrolyte. Zeta potential measurements and TEM observations clearly indicate the mechanisms of interactions between the ceramic nanoparticles and the polymeric micro-particles. The electrostatic interaction between Si3N4 and PEEK particles was indicated in pure ethanol. The steric stabilization of both types of particles by chitosan molecules and chains were indicated in suspensions containing chitosan polyelectrolyte.



	
Appropriate selection of the EPD parameters allows uniform coatings to be obtained with relatively even distributions of polymeric particles and ceramic particles adsorbed to them. Macroscopically homogeneous coatings were obtained using a constant voltage of 90 V and a deposition time of 90 s.



	
The post EPD heat treatment caused the formation of a dense polymer matrix as a result of heating above the PEEK 708 melting point. The coating structure was semi-crystalline or amorphous depending on the cooling rate after heating, with a furnace and in water at RT, respectively.



	
The semi-crystalline coatings exhibited higher roughness and higher surface development compared to the amorphous ones, due to the longer presence at elevated temperature during heat treatment and PEEK crystallization.



	
Both hardness and elastic modulus of the semi-crystalline coating were higher compared to the amorphous one. However, both coatings revealed high scratch resistance and good adhesion to the substrate, despite the presence of open porosity.



	
Both coatings increased the wear resistance and decreased the COF of the Ti-6Al-4V alloy. However, this improvement was more significant in the case of the semi-crystalline coating as the amorphous coating exhibited significantly poorer tribological properties.
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Figure 1. XRD pattern of the Ti-6Al-4V alloy. 






Figure 1. XRD pattern of the Ti-6Al-4V alloy.



[image: Coatings 09 00530 g001]







[image: Coatings 09 00530 g002 550] 





Figure 2. Microstructure of the Ti-6Al-4V alloy, from a SEM secondary electron image (a), and TEM micrograph as well as SAED patterns (b) taken from grains marked as 1 and 2, and their identification as 1—Tiα, 2—Tiβ, from cross-section specimens cut from the as-delivered bar. 
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Figure 3. XRD pattern of the Si3N4 powder. 
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Figure 4. Si3N4 nanoparticles used for electrophoretic deposition (EPD) and the SAED pattern taken from the area marked in the figure, as per TEM. 
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Figure 5. An SEM secondary electron image of polyetheretherketone (PEEK) 708 micro-particles used for the EPD of coatings. 






Figure 5. An SEM secondary electron image of polyetheretherketone (PEEK) 708 micro-particles used for the EPD of coatings.



[image: Coatings 09 00530 g005]







[image: Coatings 09 00530 g006 550] 





Figure 6. Zeta potential as a function of pH for the pure ethanol suspension and with the addition of different vol % of chitosan polyelectrolyte, containing 0.05 g of PEEK 708 (a) and 0.02 g of Si3N4 (b). 
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Figure 7. Agglomerates of Si3N4 nanoparticles adsorbed on the surface of large PEEK 708 micro-particles, as per TEM. 
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Figure 8. Chitosan molecules and chains adsorbed on PEEK 708 particles (a) and Si3N4 nanoparticles (b), as per TEM. 
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Figure 9. Macroscopic images of coatings deposited at the voltage of 40 V (a), 60 V (b) and 90 V (c), and a constant time of 90 s. 
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Figure 10. The relationships between deposition yield vs. deposition time (a) and deposition rate vs. deposition time (b) at a constant voltage of 90 V. 
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Figure 11. The relationship between deposition yield and voltage at a constant deposition time of 90 s. 
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Figure 12. Microstructure of as-deposited Si3N4/PEEK 708 coatings, as per the SEM plan-view specimen. 
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Figure 13. Microstructure of Si3N4/PEEK 708 coatings after heating at 390 °C for 40 min and cooling with a furnace (a) and in water at room temperature (RT) (b), as per SEM plan-view specimens. 
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Figure 14. XRD patterns of Si3N4/PEEK 708 coatings after heating at 390 °C for 40 min and cooling with a furnace (a) and in water at RT (b). 
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Figure 15. Microstructure of the Si3N4/PEEK 708 coating on the Ti-6Al-4V alloy after heat treatment observed in the area close to the coating surface (a) and in the area of the coating approx. 10 μm from the coating surface (b), as per TEM. The EDS spectrum taken from the area marked in Figure 15b is shown as an insert in Figure 15b. The Cu present in the spectrum was generated from the lamellae holder and TEM sample holder. The Fe and Cr peaks generated from the pole piece of the microscope lens are also visible. 
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Figure 16. Surface topography images of the semi-crystalline (a) and amorphous (b) Si3N4/PEEK 708 coatings, as per AFM. 
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Figure 17. Scratch tracks of the semi-crystalline (a) and amorphous (b) Si3N4/PEEK 708 coatings on the Ti-6Al-4V alloy, as per SEM. 






Figure 17. Scratch tracks of the semi-crystalline (a) and amorphous (b) Si3N4/PEEK 708 coatings on the Ti-6Al-4V alloy, as per SEM.



[image: Coatings 09 00530 g017]







[image: Coatings 09 00530 g018 550] 





Figure 18. Coefficient of friction of the semi-crystalline (1) and amorphous Si3N4/PEEK 708 (2) coatings against the Al2O3 ball at RT. 
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Figure 19. Worn tracks of the semi-crystalline (a) and amorphous (b) Si3N4/PEEK 708 coatings after the wear test at RT, as per SEM. 
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Table 1. The chemical composition of the Ti-6Al-4V alloy, manufacturer’s data.
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Element

	
Content (wt %)




	
Minimum

	
Maximum






	
Al

	
6.12

	
6.15




	
V

	
3.90

	
4.00




	
Fe

	
0.17

	
0.18




	
N

	
0.01

	
0.01




	
C

	
0.03

	
0.03




	
O

	
0.11

	
0.12




	
H

	
0.004

	
0.005




	
Y

	
0.0020

	
0.0021




	
Ti

	
Balance
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Table 2. Selected surface topography parameters of the semi-crystalline and amorphous Si3N4/PEEK 708 coatings.
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Parameter

	
Semi-Crystalline Coating

	
Amorphous Coating




	
Value






	
Rq

	
125.5 ± 26.6

	
15.4 ± 6.2




	
Ra

	
100.7 ± 20.5

	
11.9 ± 4.5




	
Rmax

	
829.1 ± 264.6

	
125.3 ± 45.1




	
ISAD

	
16.9 ± 5.1

	
0.06 ± 0.03












© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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