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Introduction: 316L stainless steel (316L SS) has poor wear and corrosion resistance compared to that of the Cp-Ti and Ti-6Al-4V implants [when studied under a physiological environment using phosphate-buffered saline (PBS)]. However, 316L SS implants are cost-effective. Their wear and corrosion properties can be improved by depositing biocompatible coatings.Method: In this research work, a polymer coating of polyetheretherketone (PEEK) and polytetrafluoroethylene (PTFE) was deposited at optimized parameters (20 V for 3 min) on 316L SS via electrophoretic deposition (EPD). We compared the performance between of the PEEK coating and hybrid PEEK/PTFE coatings for biomedical applications. The PEEK/PTFE coating was sintered at 350°C for 30 min.Results and Discussion: Scanning electron microscopy (SEM) analysis revealed that the PEEK/PTFE coating showed a uniform coating with a uniform thickness of ∼80 µm. Fourier transform infrared (FTIR) spectroscopy analysis confirmed the presence of bonds attributed to the PEEK and PTFE coatings. The PEEK/PTFE coating exhibited adequate average surface roughness (Ra) of 2.1 ± 0.2 µm with a high value of contact angle of 132.71 ± 3, indicating the hydrophobic nature of the PEEK/PTFE coating. Scratch tests evaluated that the PEEK/PTFE coating demonstrated a 7 N load, which indicated the good adhesion between the coating and 316L SS. Furthermore, the PEEK/PTFE coating demonstrated good wear resistance, capable of withstanding a 7 N load under dry conditions, and showed a specific wear rate of ∼0.0114 mm3/Nm. Electrochemical analysis conducted using the phosphate-buffered saline (PBS) solution demonstrated that the corrosion rate of 316L SS was reduced from 0.9431 mpy to 0.0147 mpy by depositing the PEEK/PTFE coating. Thus, the developed coatings present suitable wear and corrosion resistance and are thus considered for potential orthopedic applications.Keywords: polytetrafluoroethylene, polyether ether ketone, electrophoretic deposition, corrosion-resistant coatings, wear-resistant coatings
1 INTRODUCTION
Metallic implants made of AISI 316L stainless steel (316L SS) and titanium are used for orthopedic applications (Batool et al., 2021). Titanium implants offer superior wear and corrosion resistance, but their high cost is a notable disadvantage compared to 316L stainless steel (SS) implants (Atiq Ur Rehman et al., 2017). Poor wear and corrosion resistance of 316L SS implants compared to those of Cp-Ti and Ti-6Al-4V implants can result in the uncontrolled release of toxic ions (Ni and Cr) in the human physiological fluid (Rehman and Batool, 2022).
Orthopedic implants are used to restore the body’s natural function. The common cause of failure of orthopedic implants includes infection (due to wear debris, release of toxic ions, and biofilm formation), loosening of the implant due to stress shielding, and poor osseointegration due to the mismatch in the surface chemistry of the implant and physiological environment (Moskalewicz et al., 2013; Moskalewicz et al., 2018; Nawaz et al., 2021). Thus, it is imperative to control implant-associated infections and tune the surface of 316L SS to improve the wear and corrosion resistance (corrosion resistance will help prevent the release of toxic ions from the metallic substrate). Implant-associated infection can be controlled through application of antibacterial coatings (Simchi et al., 2011; Ur Rehman et al., 2020), including metallic ions/natural herbs (Pishbin et al., 2013; Pishbin et al., 2014; Ballarre et al., 2020), which can prevent the formation of biofilms. Furthermore, the implant should be biocompatible to promote the attachment of osteoblast cells (Nawaz et al., 2023; Nawaz et al., 2024).
Electrophoretic deposition (EPD) is a promising method for depositing coatings in which binders are not needed (Ahmed et al., 2020; Atiq Ur Rehman et al., 2020). It is a colloidal process in which materials can be deposited by the application of DC (Baştan et al., 2018). It is the most appropriate and cost-effective process in which the desired materials can be deposited by using low solid content (Besra and Liu, 2007). It offers excellent control of the thickness, stoichiometry, and microstructure of the deposited layers by suitably adjusting the applied voltage and treatment time (Boccaccini et al., 2010). By adjusting the deposition time and voltage, excellent control of the microstructure, thickness, and stoichiometry is achieved. EPD involves two processes: electrophoresis and deposition (Batool et al., 2021). Electrophoresis involves the movement of particles under the influence of an electric field. In the second step, the particles are deposited in the form of a dense mass (Besra and Liu, 2007; Ferrari and Moreno, 2010; Avcu et al., 2019). Polytetrafluoroethylene (PTFE) is a synthetic fluoropolymer that is synthesized from fluorspar (calcium fluoride), chloroform, and hydrofluoric acid by a complex series of reactions involving pyrolysis and fluorination. PTFE has a wide range of industrial applications (Armağan and Arıcı, 2021). Owing to the high melting point, PTFE is chemically stable against many solvents and solutions. It is also a biocompatible polymer like PEEK (Yuan and Yang, 2010). It is thermoplastic and has excellent abrasive and chemical resistance. It has a low coefficient of friction and is highly resistant to corrosion (Dhanumalayan and Joshi, 2018). PTFE has excellent sliding properties, so it has been used in many engineering applications. It is also used as a self-lubricating material. PTFE has low wear resistance and demonstrates poor adhesion to substrates (Armağan and Arıcı, 2021), so PTFE cannot be used alone in coating. PTFE coatings were deposited on the AZ31 alloy by EPD, and charge transfer resistance was increased (Xiang et al., 2022).
Polyetheretherketone (PEEK) is a high-engineering performance synthetic thermoplastic polymer. PEEK is semi-crystalline and highly resistant to heat and chemicals (Panayotov et al., 2016). The biomechanical properties of PEEK are close to those of the bone; thus, PEEK is widely accepted as an implant material. PEEK reduces the stress-shielding effects of bone, and hence the chances of bone resorption and osteolysis are reduced. Ahmad et al. (2023a) deposited PEEK coatings on 316L SS, which showed good wear and improved corrosion resistance.
Ur Rehman et al. (2020) deposited the PEEK/bioactive glass (BG) coating on 316L SS to achieve high corrosion resistance, wear resistance, and bioactivity. To gain antibacterial properties, another layer of chitosan/lawsone/BG was deposited on the PEEK/BG layer, and a controlled release of lawsone was achieved. PEEK/PTFE coatings were deposited on Ti-6Al-4V by EPD to improve scratch resistance and wear resistance (Fiołek et al., 2020b). Zhang et al. (2023a) deposited the PTFE coating on AZ31 alloys, and the corrosion current density was reduced remarkably. Thus, electrophoretic sintered PTFE coatings can significantly improve the charge transfer resistance. In another study (Ur Rehman et al., 2020), PEEK/BG coatings were deposited on 316L SS and sintered at 400°C to achieve high bioactivity and improved wear and corrosion resistance.
Chen et al. (2020) deposited PEEK and PTFE coatings to control the wear of an implant. Fiołek et al. (2020a) deposited PTFE/PEEK coatings on Ti implants by EPD and employed the sintering process to improve the adhesion strength of the coating and also investigated the tribological properties of the coating. Song et al. (2016) deposited different PEEK-based composite coatings consisting of PEEK/alumina and PEEK/silica on Ti6Al4V to modify its surface. These PEEK-based composite coatings were characterized in terms of their wear and corrosion resistance.
De Riccardis et al. (2013) deposited the PEEK/PTFE coating on 316L SS via EPD. However, in the current study, a novel approach of incorporating a newly designed sintering process of PEEK/PTFE coatings was introduced. This innovative approach significantly improved the wear and corrosion resistance of 316L SS by depositing the PEEK/PTFE coating. In this study, the author deposited PEEK coatings on 316L SS via EPD and characterized its desired properties in terms of wear and corrosion resistance. The tribological study showed that PEEK coatings can withstand a load of 7 N load (in dry sliding conditions) along with a high specific wear rate of ∼0.0961 mm3/Nm and a corrosion rate of ∼0.067 mils per year (mpy). However, after the incorporation of PTFE particles in the PEEK coating and sintering at 350°C, the specific wear rate was significantly decreased from ∼0.0961 to 0.0114 mm3/Nm, while the corrosion rate of 316L SS after the PEEK/PTFE coating also decreased from ∼0.067 to 0.014 mpy (mean improved corrosion resistance). Thus, the PEEK/PTFE coating has the potential to improve the implant’s performance. Herein, the authors reported improved corrosion and wear resistance of the PEEK/PTFE coating when compared to the previous literature. Thus, this study is a step forward for PEEK-based composite coatings to be considered for clinical applications. Finally, the successful development of a polymeric coating system through the newly developed heating cycle was also studied in terms of the wear and corrosion resistance of 316L SS-based biomedical implants.
Future research on PEEK/PTFE coatings will focus on in vivo studies, which are essential for long-term performance and efficiency in terms of improved wear and corrosion resistance of 316L SS implants after deposition of PEEK/PTFE coatings.
2 MATERIALS AND METHODS
PTFE (1 µm size), absolute ethanol, and chitosan powder were purchased from Sigma-Aldrich. The 316L SS sheet was used to prepare the PEEK/PTFE coating substrates. The composition of 316L SS was Cr-16.5%, Ni-10%, Mo-2%, N-0.10%, S-0.015%, P-0.045, C-0.03, Si-1.00%, Mn-2.00%, and Fe (balance %) (Ali et al., 2022). PEEK powder (10 µm) was purchased from Vitrex, United Kingdom (Heavens, 1990).
2.1 Methods
2.1.1 Sample preparation
A shear cutter was used to cut a 3 × 1.5 cm2 316L SS sheet. The cleaning of substrates was done using acetone and ethanol at the ratio 1:1. The samples were ultrasonicated for 10 min, rinsed in distilled water, and subsequently dried in air.
2.1.2 Suspension preparation of PEEK
First, a chitosan solution was prepared by dissolving 0.5 g/L of chitosan in the solution of 1 vol% acetic acid and 20 vol% distilled water and magnetically stirred for 30 min. Afterward, 79 vol% ethanol was added to the prepared solution; details can be found elsewhere (Atiq et al., 2019). The addition of ethanol prevented the hydrolysis of water during the EPD process. It is important to note that a 0.5 g/L concentration of chitosan was chosen based on the suspension stability because if a higher concentration of chitosan is used, it may result in inhomogeneous coatings (Avcu et al., 2018; Atiq et al., 2019). A stable suspension of 0.5 g of PEEK in 50 mL chitosan solution was prepared by stirring for 15 min on a magnetic stirring plate and, subsequently, ultrasonicated for 15 min; this process was repeated two times, and the pH of the suspension was checked.
2.1.3 Electrophoretic deposition of PEEK and PEEK/PTFE
A stable suspension of PEEK was prepared in a chitosan solution where PEEK particles were positively charged. The macromolecules of chitosan are absorbed at the surface of PEEK particles and impart a positive charge. The 316L SS substrates were immersed in the stable suspension for deposition. As the potential of 15 V with 3 min was applied to the suspension, positively charged PEEK particles were deposited on the negatively charged electrode (cathode) (Avcu et al., 2018). Under the acidic pH of ∼4.17, the protonation of the amine groups of chitosan resulted in the adsorption of these groups on the surface of PEEK particles in the suspension. Figure 1 shows the schematic representation of cathodic EPD of PEEK particles under an applied potential of 15 V with 3 min deposition time.
[image: Figure 1]FIGURE 1 | Schematic representation of cathodic EPD in which PEEK particles are deposited on the cathode.
To deposit the PEEK/PTFE coating, a mixture of 3 g/L PEEK and 1 g/L PTFE was added to 50 mL of the chitosan solution, magnetically stirred for 20 min, and then ultrasonicated for 30 min. This process was also repeated twice. Finally, the PEEK/PTFE suspension was stirred for 10 min, and the pH was set at 4.5 through the dropwise addition of acetic acid, which assisted in forming a stable suspension.
A stable suspension of PEEK/PTFE was subjected to cathodic deposition on 316L SS substrates. 316L SS substrates were immersed in the stable suspension of PEEK/PTFE for deposition. As the electric field of 20 V/cm with 3 min was applied, positively charged PEEK and PTFE particles were deposited on the negatively charged electrode (cathode). Under the acidic pH ∼ 4.5, the protonation of the amine groups of chitosan resulted in the adsorption of these groups on the surface of PEEK/PTFE particles, imparting a net positive charge to each particle in the suspension. Figure 2 shows the schematic representation of cathodic EPD of PEEK/PTFE coatings.
[image: Figure 2]FIGURE 2 | Schematic representation of cathodic EPD in which positively charged PEEK/PTFE particles were deposited on the cathode.
After the deposition of PEEK coating and PEEK/PTFE coating on 316L SS at an area of 2.25 cm2, these coatings were sintered at 350°C for 30 min at a heating rate of 10°C/min in the box furnace (KSL-1700X-A7). The sintering of the coating at 350°C resulted in a change in color from white to brown.
On visual inspection, it looked like PEEK and PTFE particles were fused. Furthermore, these sintered coatings were subjected to different characterization techniques like morphological analysis by scanning electron microscopy (SEM) and Fourier transform infrared spectroscopy (FTIR) to identify functional groups, surface properties by contact angle, and roughness measurement. These coatings were also subjected to a scratch test to evaluate the adhesion of the coatings with 316L SS. Furthermore, the electrochemical and wear resistance properties of the coatings were investigated by potentiodynamic polarization, electrochemical impedance spectroscopy, and tribological testing. We performed a comparative study between the properties of PEEK and PTFE/PTFE coatings.
2.1.4 Characterization of coatings
2.1.4.1 Morphological analysis of PEEK/PTFE coating (SEM analysis)
The morphological analysis and cross-sectional analysis of coating were carried out by SEM (Auriga 219 4750 from Carl Zeiss, Germany). Before taking SEM images, the samples were sputtered with gold–palladium (Au/Pd) to enhance the images’ quality and reduce charging effects. The thickness of the sputtering was approximately 5 nm. In the SEM images, primary electrons interacted with the surface of the PEEK/PTFE coating and ejected the low-energy electrons (secondary electrons), which generated the coating’s topographical image.
2.1.4.2 Functional group identification (FTIR analysis)
The functional groups of PEEK and PTFE were identified via attenuated total reflection (ATR)–FTIR (Nicolet 6700 device from Thermo Scientific) spectroscopy, in the wavelength of 2,500–500 cm−1 at a resolution of 4 cm−1. The FTIR results were analyzed by using the OMNIC paradigm software. The transmittance mode was used to conduct the FTIR analysis.
2.1.4.3 Surface roughness
The average surface roughness (Ra) of coatings and 316L SS was measured using a contact-type profilometer (TMR 360). The diamond stylus touched the surface of 316L SS and coatings to calculate the values of Ra. When the diamond-tipped stylus moved 5 mm back and forth along a straight line on 316L SS and coatings, the stylus traversed the surface and followed the contour, and a profilometer was used to record this movement of the stylus. The built-in profilometer software calculated the Ra of the coating and the bare 316L SS.
2.1.4.4 Contact angle
ImageJ software measured the values of CA of coatings and 316L SS. First, a droplet of 5 µL of distilled water was dispensed in a spherical shape using a 100-µL pipette on the surface of PEEK and PEEK/PTFE coatings deposited on 316L SS. The photographs of the droplet were taken using the digital camera after 5 s of dispensing on the surface of the layer and 316L SS. These photographs were imported into the software, and the values of contact angles were measured.
2.1.4.5 Scratch test
The scratch test determined the adhesion strength and mechanical properties of PEEK and PEEK/PTFE coatings deposited on 316L SS. The scratch test gave an insight into the ability of coatings to withstand mechanical stresses during implantation and usage in the human body. A 10-mm tungsten carbide hemispherical stylus of the automatic scratch tester (BEVS 2801, China) produced a linear scratch on the surface of the coating. A progressive load of 5, 7, 9, and 10 N was applied sequentially to calculate the critical load (the load at which the coating failed or delaminated from the 316L SS [10].
2.1.4.6 Electrochemical studies
Electrochemical studies of potentiodynamic polarization (PDP) and electrochemical impedance (EIS) analyses were carried out to investigate the barrier properties of PEEK, PEEK/PTFE coatings, and 316L SS. A potentiostat (Gamry Reference 600) consists of a three-electrode system that acts as a working Ag/AgCl reference and graphite counter electrode. The open circuit potential (OCP) was determined for the first 60 min. The EIS of the coating and 316L SS was determined in the frequency range of 0.01 Hz–106 Hz and 10 mV as AC perturbation. The Gamry instrument measured the resulting AC response from the coating and 316L SS. The EIS data were analyzed using ZSimpWin software) for fitting. Finally, PDP was also performed. All polarization scans were determined at 37°C ± 2°C at the 0.5 mV/s scan rate in the potential range of ±1.5 V. All the electrochemical analyses were carried out using phosphate-buffered saline (PBS) as an electrolyte to mimic the human physiological environment. The PDP data were analyzed using CorrView software to calculate the corrosion potential (Ecorr), corrosion current density (icorr), and corrosion rates of the deposited coatings and bare 316L SS.
2.1.4.7 Tribological study
The wear resistance of PEEK and PEEK/PTFE coatings was measured via the tribological test. A tribometer (MT/60/NI, Spain) and pin-on-disc test are standard tests to evaluate the wear resistance of PEEK and PEEK/PTFE coatings. Various normal loads ranging from 1 N to 9N with the increase in load of 2 N were applied on PEEK and PEEK/PTFE coatings. However, the results of the maximum load of 7 N showed that PEEK and PEEK/PTFE coatings exhibited comparable wear resistance. The normal applied load is 9N, at which the coatings delaminated during the pin-on-disc test. The wear behavior of PEEK and PEEK/PTFE coatings at 7N was investigated. The specific wear rates of PEEK and PEEK/PTFE coatings were calculated using Equation 1.
[image: image]
However, the cumulative wear volume was calculated from the tribological test data sheet.
Following our studies, the wear test was conducted under dry sliding conditions at room temperature on PEEK and PEEK/PTFE coatings (Ur Rehman et al., 2020; Ahmad et al., 2023a). The wear resistance of PEEK and PEEK/PTFE coatings was computed in terms of a specific wear rate.
3 RESULTS AND DISCUSSION
3.1 Morphological analysis of the PEEK/PTFE coating (SEM analysis)
The SEM images of the PEEK/PTFE coating at high and low magnification revealed that the coating is uniform, in which PTFE particles are uniformly infused into the PEEK matrix after sintering the PEEK/PTFE coating at 350°C for 30 min (Figures 3A, B). It is assumed that the infusion is due to the capillary action during sintering. No agglomerates of PTFE particles were observed in the PEEK/PTFE coating. It appeared that PEEK/PTFE completely covered the 316L SS substrate. Figure 3C illustrates the cross-sectional view of the PEEK/PTFE coating, revealing the coating thickness of ∼80 µm. Figure 3D shows the SEM image of the PEEK coating deposited on 316L SS via EPD and later sintered at 350°C.
[image: Figure 3]FIGURE 3 | SEM images of PEEK/PTFE coatings deposited on 316L SS via EPD at optimized parameters: (A) lower magnification image at the surface, (B) higher magnification image at the surface, (C) cross-sectional image; and (D) SEM image of PEEK coatings deposited on 316L SS via EPD and sintered at 350°C [adopted from (Ahmad et al., 2023a) with permission from Elsevier].
The white arrows marked in the PEEK/PTFE coating can potentially be PTFE. When we compared the SEM image of the PEEK coating with the PEEK/PTFE coatings, we observed that the small globules are an additional feature in the PEEK/PTFE coating.
3.2 Functional group identification (FTIR spectroscopy)
The ATR–FTIR spectra of PEEK, PTFE, and PEEK/PTFE coatings are presented in Figure 4. The characteristic aromatic ring (C–H) bands in PEEK were identified at 762, 834, and 924 cm−1. The ether linkage (C–O–C) and carbonyl (C=O) stretching vibrations were observed at 1,006 and 1,648 cm−1, respectively. The band at 1,590 cm−1 corresponded to the angular deformation of the C–H bond. The FTIR results of PEEK in this study are consistent with those of the literature (Atiq Ur Rehman et al., 2017; Baştan et al., 2018). In the FTIR spectra of PTFE, strong bands attributed to the C–F bond were observed between 1,000 and 1,300 cm−1. Specifically, the CF2 asymmetrical and symmetrical stretching bands and the weak CF2 wagging bands appeared at 1,280, 1,163, and 668 cm−1, respectively. The FTIR results of PTFE are consistent with those of the literature (Mahmoud Nasef et al., 2013; Wang et al., 2018; de Sá et al., 2021).
[image: Figure 4]FIGURE 4 | FTIR spectra of PEEK, PTFE, and PEEK/PTFE composite coating.
The FTIR spectra of the PEEK/PTFE coating confirmed the consolidation of PTFE particles in the PEEK matrix. The characteristic CF2 bands in the composite coating exhibited slight shifts, appearing at 1,282 and 1,147 cm−1. The bands corresponding to the C=O, C–O–C, and C-H of PEEK also appeared in the composite coating at 1,648, 1,008, and 1,590, respectively. The FTIR results of PEEK/PTFE coatings are in agreement with those of Mahmoud Nasef et al., 2013; Atiq Ur Rehman et al., 2017; Baştan et al., 2018; Wang et al., 2018; de Sá et al., 2021).
The summary of all bands identified is given in Table 1, which illustrates the FTIR spectra of PEEK, PTFE, and PEEK/PTFE coatings.
TABLE 1 | Characteristics of FTIR bands of PEEK, PTFE, and PEEK/PTFE coating deposited on 316L SS via EPD.
[image: Table 1]3.3 Surface roughness
Roughness is critical in the surface modification of 316L SS implants via coatings. The coating material’s nature alters the surface properties of the implant, which significantly affects the performance of the implant (Ureña et al., 2018; Ballarre et al., 2020). The surface roughness has a significant impact on protein and cell attachment. The osteoblast cells prefer surface roughness in the range of 1–2 µm (Nawaz et al., 2020). Roughness measurements in Figure 5 show that 316L SS, PEEK, and PEEK/PTFE exhibited Ra values of 0.3 ± 0.05 µm, 2.02 ± 0.09 µm, and 2.08 ± 0.06 µm, respectively. Similar values of Ra coatings have been reported in the literature for the preferred osteoblast-like cell attachment (Ureña et al., 2018; Wennerberg, 1999). It is essential to mention that the roughness alone cannot confirm the suitability of the implant for a positive cellular interaction. It is necessary to study the wettability and surface chemistry to determine the suitability of an implant for orthopedic applications. PEEK/PTFE coatings tailored the Ra values of 316L SS in the preferred range, thus establishing the suitability of the coatings for orthopedic applications.
[image: Figure 5]FIGURE 5 | Average surface roughness value (Ra) of bare 316L SS, PEEK, and PEEK/PTFE coating. Error bars indicate the standard deviation where n = 5.
To facilitate the attachment of osteoblast cells, several events should occur, for example, surface recognition, development of initial contacts, and focal contacts (involves interactions of integrins-Arg-Gly-Asp- and extracellular matrix proteins such as fibronectin), followed by the spreading of osteoblasts which govern the shape of the cell. Thus, precise control over surface roughness can provide twofold advantages, such as favorable attachment and proliferation of osteoblasts and resisting the adhesion of bacteria (Celles and dos Reis, 2024). Later, the proliferation rate will determine the speed (of bone formation), density, and quality of the bone (Matsuura et al., 2024). Accordingly, it can be hypothesized that the favorable roughness of PEEK/PTFE coatings can support the regeneration of bone, thus confirming the suitability of the PEEK/PTFE coating for orthopedic applications.
3.4 Contact angle
The nature of the surfaces of 316L SS, PEEK coating, and PEEK/PTFE coating was evaluated via contact angle measurement. The contact angle value of 316L SS was 78.06° ± 2°, which increased to 82.90° ± 1.5° upon deposition of the PEEK coating. The addition of PTFE in PEEK increased the contact angle value to 132.71° ± 3°. Thus, the hydrophobic characteristic is imparted to the developed coating. Cellular attachment is a crucial factor for an implant surface, and it depends upon the nature of the surface, whether the surface is hydrophilic or hydrophobic. To achieve anticorrosive properties, the orthopedic implants should be hydrophobic (Zhang et al., 2023b). Recently, hydrophobic surfaces have been reported to exhibit anticorrosive properties. This can be because hydrophobicity can slow down the transportation of water and corrosive ions in coatings (Chen et al., 2009). In the atmospheric environment, the microstructure on the hydrophobic surface can capture a lot of air, effectively decreasing the contact area between water and the hydrophobic surface. Thus, a hydrophobic surface can prevent atmospheric corrosion by impeding the formation of the electrolyte film (Wang et al., 2013). In an immersion environment, the air film on a hydrophobic surface can temporarily act as a physical barrier that improves corrosion resistance (Xu et al., 2021).
3.5 Scratch test
Scratch tests were conducted to evaluate the adhesion strength of the PEEK/PTFE coating and compare it with that of the PEEK coating deposited on 316L SS via EPD. Determining the effect of PTFE particles incorporated in the PEEK/PTFE coating was essential. The average load was progressively increased from 5 to 7, 9, and 10 N on the sharp tip of the diamond indentor that scratched the coating. Visual observation showed that the scratch width remained constant from 5 N to 7 N. Still, a significant increase in the scratch width was observed at 9 N and 10 N, which indicated a critical failure point of the PEEK/PTFE coating at this level of load. It was concluded that the PEEK/PTFE coating can sustain a load of 7 N without any significant damage to the coating. In comparison, the PEEK coating delaminated at 5 N. Thus, the PEEK coating has an adhesion strength of 5 N. Figures 6, 7 show the digital images of scratch tests conducted to evaluate the adhesion strength of PEEK and PEEK/PTFE coatings deposited on 316L SS, respectively. The scratch resistance of the PEEK/PTFE coating is close to the values reported in the literature (Ur Rehman et al., 2017). The suitable adhesion strength of the PEEK/PTFE coatings can be attributed to the controlled heating/sintering temperature and deposition parameters.
[image: Figure 6]FIGURE 6 | Shows the scratch test to evaluate the adhesion strength of PEEK coatings deposited on 316L SS via EPD.
[image: Figure 7]FIGURE 7 | Shows the scratch test conducted to evaluate the adhesion strength of PEEK/PTFE coatings deposited on 316L SS via EPD.
3.6 Electrochemical studies
3.6.1 EIS analysis
The EIS data of 316L SS, PEEK coating, and PEEK/PTFE coating are represented in the form of Nyquist plots and Bode plots (Bode impedance plot and Bode phase angle plot) (Hernández et al., 2020). These data show the impedance response of a system (316L SS, PEEK coating, and PEEK/PTFE coating) to a small applied alternating current (AC) voltage. Figure 8 shows the curves that provide an insight into the corrosion mechanism and protective properties of PEEK and PEEK/PTFE coatings deposited on 316L SS via EPD. EIS data were analyzed using ZSimpWin software, which provided the quantitative approach to understanding the corrosion behavior of bare 316L SS, PEEK coating, and PEEK/PTFE coating in PBS.
[image: Figure 8]FIGURE 8 | (A) Shows the electrical equivalent circuits of 316L SS, PEEK, and PEEK/PTFE coating, (B) Nyquist plot, (C) Bode impedance plot, and (D) Bode phase angle plots.
Figure 8A shows the equivalent electrical circuit (EEC) used to describe the electrochemical behavior of 316L SS, PEEK coating, and PEEK/PTFE coating (Ahmad et al., 2023b; Minhas et al., 2020; Zhang et al., 2019). The solution resistance (Rs), charge transfer resistance (R1), and coating resistance (R2), respectively. At the same time, the constant phase elements (Q1) and (Q2) described the capacitance of double layer and coatings, respectively (Zhang et al., 2019).
Nyquist plots show three capacitive arcs attributed to the 316L SS, PEEK coating, and PEEK/PTFE coating, as shown in Figure 8B. These capacitive arcs represent the impedance behavior of the 316L SS, PEEK coating, and PEEK/PTFE coating under a similar consistent corrosion condition under the PBS electrolyte. These capacitive arcs at the high-frequency range are related to charge transfer resistance (Minhas et al., 2020; Chaudry et al., 2022). The PEEK/PTFE coating exhibited enormous capacitive arcs than those related to the PEEK coating and bare 316L SS samples, which indicates the higher charge transfer resistance attributed to the PEEK/PTFE coating against the charge transportation that may occur at a specific area of the electrode (PEEK/PTFE coating)/electrolyte (PBS) interface.
This indicates that the PEEK/PTFE coating has improved barrier properties compared to the PEEK coating and bare 316L SS substrates.
Bode impedance plots also provide an insight into the barrier properties of the oxide layer on 316L SS, PEEK coating, and PEEK/PTFE coating deposited on 316L SS. Their impedance behaviors are displayed as the modulus of impedance and phase angle, which are the functions of frequency (in log scale). Figure 8C describes the Bode impedance plots for 316L SS, PEEK coating, and PEEK/PTFE coating. However, PEEK and PEEK/PTFE coatings showed almost similar behavior at the whole frequency range by displaying a linear relationship between log(f) and log lZl, demonstrating their capacitive behaviors. Still, this behavior was more prominent in the PEEK/PTFE coating than in the PEEK coating. However, the Bode impedance curve belonging to bare 316L SS showed resistive behavior at a high frequency range. The linear region of the frequency range for the PEEK/PTFE coating is more evident than that of the PEEK coating and bare 316L SS, which indicates the sound corrosion resistance of the PEEK/PTFE coating than that of the PEEK coating and bare 316L SS (Ahmad et al., 2023a; Minhas et al., 2020; De Riccardis et al., 2015).
Furthermore, the PEEK/PTFE coating exhibited a higher capacitive response in the higher frequency range, while showing a minimum value of phase angle than PEEK coating and bare 316L SS, which illustrated that the PEEK/PTFE coating exhibited higher insulating properties than those of the PEEK coating and bare 316L SS. Figure 8D shows the Bode phase angle plots of bare 316L SS, PEEK coating, and PEEK/PTFE coating. Table 2 shows that the charge transfer resistance (Rct) is much more excellent than the R1, implying that the charge transfer resistance dominates the overall protection to the corrosion resistance (Ahmad et al., 2023a; Minhas et al., 2020; Ahmad et al., 2023b; De Riccardis et al., 2015).
TABLE 2 | Illustrates the values of the equivalent circuit fitting EIS spectra acquired on bare 316L SS and PEEK and PEEK/PTFE coatings.
[image: Table 2]3.6.2 PDP analysis
The PDP analysis of 316L SS, PEEK coating, and PEEK/PTFE coating was carried out using the PBS solution, as shown in Figure 9. Tafel extrapolation was derived from the PDP curves of 316L SS, PEEK coating, and PEEK/PTFE coating. These data were analyzed in the corrosion view (CView) software, and the corrosion current density (icorr), corrosion potential (Ecorr), and corrosion rates (mills per year mpy) were calculated.
[image: Figure 9]FIGURE 9 | Potentiodynamic polarization scans of 316L SS, PEEK coating, and PEEK/PTFE coating deposited on 316L SS via EPD.
The PDP results after analysis showed that the PEEK/PTFE coating demonstrated superior corrosion resistance by exhibiting the lowest icorr of ∼ 7.2 × 10−8 A/cm2, nobler corrosion potential of ∼ − 0.164 V, and the slowest corrosion rate of ∼0.0147 mpy as compared to the PEEK coating. Table 3 illustrates the concise and clear overview of the PDP-analyzed data of three samples. Moreover, after sintering at 350°C for 30 min, the PEEK coating demonstrated enhanced corrosion resistance when deposited on 316L SS, but the PEEK/PTFE coating further improved the corrosion resistance of 316L SS. This improvement in corrosion resistance is attributed to the incorporation of PTFE particles in the PEEK coating. It might be assumed that PTFE particles provided an additional dense barrier due to the infusion of PTFE particles due to sintering in the PEEK matrix. A combination of both PEEK and PTFE particles provided an effective barrier against the corrosive species of the bulk of the solution of PBS to reach the underlying 316L SS. A similar effect was observed by Corni et al. (2009) and Kumar et al. (2024).
TABLE 3 | Illustrates the PDP analysis using PBS for 316L SS, PEEK coating, and PEEK/PTFE coating deposited via EPD.
[image: Table 3]3.6.3 Tribological study
PEEK and PEEK/PTFE coatings were subjected to the pin-on-disc tests. Both coatings showed stable behavior throughout a sliding distance of 30 m under a constant load of 7 N. Figure 10 compares the specific wear rates of PEEK and PEEK/PTFE coatings deposited on 316L SS via EPD. This stable behavior of the PEEK/PTFE coating throughout the sliding distance indicates that the PEEK/PTFE coating can maintain its frictional performance for extended times, making it a suitable candidate to improve the wear resistance of orthopedic implants [31].
[image: Figure 10]FIGURE 10 | Shows the comparison between specific wear rates of PEEK and PEEK/PTFE coatings.
The comparison between specific wear rates of PEEK and PEEK/PTFE coatings is shown in Figure 10 under the load of 7 N for a sliding distance of 30 m. Specific wear rates were calculated by calculating the cumulative wear volume and then divided by the product of the sliding distance and applied load. The specific wear rate of the PEEK coating (∼0.0961 mm3/Nm) was substantially higher than the specific wear rate (∼0.0114 mm3/Nm) of the PEEK/PTFE coating. These results of particular wear rates were in agreement with those of a previous study, which also demonstrated that the specific wear rate of PEEK decreased by incorporation of PTFE particles (Qu, 2019; Suh and Sin, 1981; Qu et al., 2016). This observation indicates that PEEK/PTFE exhibited the lowest specific wear rate. Figure 10 shows that the PEEK/PTFE coating exhibited superior wear resistance behavior compared to the PEEK coating, which is attributed to incorporation of PTFE particles in the PEEK coating. Incorporating PTFE may lower the wear rate of coatings deposited on orthopedic implants, thus increasing the life of an implant (Vail et al., 2011).
4 CONCLUSION
In this study, we compared the characteristics of PEEK and PEEK/PTFE coatings for biomedical applications. Improving the wear and corrosion properties of the 316L SS-based implants is essential. Thus, in context, we deposited PEEK/PTFE coatings on 316L SS via EPD and later sintered to achieve the densification of the coatings. SEM images distinguish between the morphology of the PEEK and PEEK/PTFE coating. PTFE was seen in the rounded form within the PEEK matrix. FTIR analysis confirmed the presence of PEEK and PTFE in the coating. PEEK/PTFE coatings demonstrated promising characteristics for adequate surface roughness and wettability for bone regeneration application. It was observed that the addition of PTFE improved the adhesion strength with the 316L SS substrate, as the adhesion strength of 7 N was observed for the PEEK/PTFE coating. Furthermore, wear studies were conducted to confirm that the addition of PTFE has improved the lubrication properties and wear resistance compared to those of the PEEK coating (the PEEK coating exhibited a specific wear rate of ∼0.0961 mm3/Nm, while the PEEK/PTFE coating exhibited a particular rate of wear of ∼0.0114 mm3/Nm). It is essential that the coating should exhibit strong wear resistance to prevent wear debris, which may cause inflammation at the site of implantation. The results of the adhesion strength and wear resistance confirmed that the PEEK/PTFE coating could sustain implantation load and is suitable for coating orthopedic implants. PEEK/PTFE coatings also exhibited significantly improved corrosion resistance compared to the 316L SS and PEEK. Thus, PEEK/PTFE coatings can act as a strong barrier and prevent the uncontrolled release of toxic ions from 316L SS substrates to the human body. Overall, PEEK/PTFE coatings exhibited suitable morphological, surface, mechanical, and electrochemical properties for orthopedic applications. However, in the future, it is suggested that detailed biological studies, including antibacterial, cell culture, biomarker, and in vivo studies, should be done to confirm the suitability of the PEEK/PTFE coatings for the intended application. In the future, an antibacterial agent can be added to the coatings to prevent biofilm formation.
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