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Abstract

:

The effect of applied voltage (400, 450, and 500 V) on the microstructure, bioactivity, and corrosion rate of plasma electrolytic oxidation (PEO) coatings on γ-TiAl alloy was investigated. The microstructure and chemical composition of the achieved coatings were studied, along with their corrosion and bioactivity behaviors in simulated body fluid (SBF). The results demonstrated that the higher the coating′s surface pore, the greater the number of suitable sites for the formation of hydroxyapatite with a spherical structure. The coatings applied utilizing 400, 450, and 500 V displayed 59.4, 96.6, and 145 Ω.cm2 as their inner layer electrical resistances, respectively. The findings of the biological examination revealed that Mesenchymal stem cells (MSCs) displayed more cytocompatibility and had a higher capacity for cell attachment in the PEO-coated sample than in γ-TiAl, as a result of better initial cell attachment made possible by the topography of the 500 V PEO coatings. The latter has significant potential to be employed in orthopedic applications.
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1. Introduction


Titanium and its alloys are extensively used as biomaterials due to their preferable biocompatibility [1,2,3,4,5,6,7]. Although Ti6Al4V is the most prevalent titanium alloy in bone regeneration and replacement applications, its usage as a biomaterial is accompanied by some serious difficulties like the possibility of toxic element release, particularly vanadium, and low wear resistance [1,5,8,9,10]. Therefore, ever-increasing attention has been paid to vanadium-free titanium alloys as biocompatible materials over the past decades [11,12,13]. New generations of the γ-TiAl alloy, developed for aerospace and automotive applications, have emerged as viable candidates. This alloy has low density (3.8 g/cm3), high mechanical strength (up to 1000 MPa for ultimate tensile strength), elevated atmospheric corrosion, and high-temperature oxidation resistance [14,15,16]. The satisfactory biocompatibility of titanium alloys is mainly related to their reactive oxide layer, whose thickness is approximately 4–6 nm [1,6]. This amorphous or low-crystallinity oxide layer provides enhanced corrosion resistance against most aggressive media due to the chemical stability of this passive layer. However, there is still a high probability of the release of metallic ions when titanium alloys are exposed to corrosive physiologic media [17,18,19]. Researchers showed that long-term usage of titanium-based implants leads to severe diseases such as osteomalacia, neuropathy, and Alzheimer′s due to aluminum and vanadium ions released into the body [9,20,21]. Various methods of modifying and coating titanium surfaces have been proposed to overcome these drawbacks, such as plasma spray, sol-gel, and physical vapor deposition [22,23].



In recent years, plasma electrolytic oxidation (PEO), also known as micro-arc oxidation (MAO), has received growing attention because of its outstanding efficiency in ceramic coating and its utilization of environmentally-benign non-acidic electrolytes [24,25]. In addition, PEO-formed coatings are thicker, denser, and harder than other surface engineering techniques, leading to superior erosion, corrosion, thermal shock, electrical resistance, and strong bond strength of the substrate [26,27,28]. PEO coatings have untapped potential to improve the biocompatibility of titanium alloys. At the same time, the type, as well as, concentration, of the electrolyte profoundly affect the properties of the coating [29,30,31]. Inorganic phosphates have been widely used as the main electrolyte in biological applications to provide a sufficiently bioactive phosphorous [31,32,33]. Although there is some possibility for titanium alloys to release ions and make compounds like titanium nickelise causing aseptic inflammation for the surrounding tissues, it is believed that new 3D coatings have considerable potential to suppress this deterioration and release and accelerate the repair process by inducing osteogenic differentiation of the recipient bed stem cells [34,35,36]. These coatings must be biocompatible by maintaining periosteal stromal stem cell differentiation and facilitating cell colonization through structural porosity [37,38]. If these coatings increase the corrosion resistance against biological fluids, they will benefit titanium body implants [39,40,41].



To the best of the authors′ knowledge, no research has yet been done to examine the interactions between the PEO process operating parameters, acquired properties, corrosion, and bioactivity behaviors of PEO-coated γ-TiAl substrates. The impact of various PEO process parameters on the phase composition, microstructure, corrosion behavior, and biological characteristics of PEO coatings was therefore assessed in this research.




2. Experimental


2.1. Material and Coatings Preparation


Using electric discharge machining, cubic specimens were extracted from a γ-TiAl alloy and cut into 10 mm × 10 mm × 2 mm dimensions. The chemical composition of the alloy employed is shown in Table 1.



Before the PEO process, the specimens were manually ground using a series of abrasive SiC papers from 100 to 2000 grit, followed by chemical cleaning to remove surface oxides through immersion in hydrofluoric acid (48% purity), nitric acid (70% purity), and distilled water at a volume fraction ratio of 4:3.3:1 for 20 s (all reagents were of analytical grade). Then, the specimens were thoroughly washed by sonication in pure ethanol, rinsed with distilled water, and dried by blowing air. A unipolar pulsed DC power supply was utilized with various voltage modes set at 400, 450, and 500 V; and 2 A, 1000 Hz, and 10% as the maximum electric current, applied frequency, and duty cycle, respectively, were employed for the PEO process over a 10 min coating time. γ-TiAl specimens connected to the positive output of the power supply served as the working electrode (anode), and two stainless steel sheets (AISI 304) served as the counter electrode (cathode). The electrolyte temperature was maintained at about 25 °C throughout the coating process using a water-recirculating cooling system. One liter of distilled water was utilized to dissolve an alkaline calcium phosphate-based solution, containing 2.0 g of disodium phosphate (Na2HPO4) and 5.0 g of calcium acetate (Ca(C2H3O2)2), which served as the electrolyte.




2.2. Coating Characterization


The surface and cross-sectional morphology of the PEO coatings were examined using a scanning electron microscope (SEM; JEOL JSM -6380LA, Tokyo, Japan). Elemental detection of the coatings was evaluated with energy-dispersive X-ray spectroscopy (EDS). The quantitative examination of the pores on the PEO coating surface was obtained from the SEM image via ImageJ software. The crystal phases were identified using X-Ray Diffraction (XRD). The radiation source of the XRD (Philips PW3040, Eindhoven, The Netherlands) was CuKα generated at 40 and 100 mA and in a 2θ range of between 10° and 80°. Thickness measurements and percent of pore calculations were carried out on a cross-section micrograph of the coating utilizing Digimizer and ImageJ 1.44p image analysis software (Wayne Rasband, USA), respectively.




2.3. Corrosion Tests


Electrochemical impedance spectroscopy (EIS) measurements made by applying a sinusoidal perturbation potential of 10 mV (peak to peak) at the open circuit potential (OCP) in the frequency range of 100 kHz to 10 mHz were used on the specimens immersed in SBF (Table 2) to investigate the corrosion behaviors of the applied PEO coating. Before the electrochemical tests, samples were allowed to stabilize at their OCP in SBF for 30 min. These tests were performed in SBF (pH = 7.4) at 37 °C using Parstat 2273 potentiostat/galvanostat (EG&G, Oak Ridge, TN, USA) and a conventional three-electrode cell. In this cell, a saturated calomel electrode (SCE) was used as a reference electrode, a graphite rod was used as the auxiliary electrode, and the prepared specimens (with an exposed area of 1 cm2) were used as the working electrode. Zview (Serial No. 2402) software was served to analyze EIS results.




2.4. Bioactivity Assessment


To evaluate the bioactivity of the calcium phosphate-based coatings applied on γ-TiAl substrates, the specimens were immersed in SBF prepared based on [42] for 28 days at 36.5 °C using an incubator (BD 23 BINDER). The specimens were taken out, rinsed, and subsequently air-dried at the end of designated periods. SBFs have been developed to better mimic the physiological conditions, i.e., the chemical composition, in the body. In this study, the fluid was prepared by dissolving various reagent-grade compounds according to Bohner′s procedure [42]. SBF, whose ion concentrations and pH were nearly equal to those of the human blood plasma, can facilitate simultaneous nucleation and growth of bone-like calcium carbonate apatite at physiological pH and temperatures. Table 2 lists the reagent-grade ingredients used for the SBF preparation. The bioactivity of the PEO coating was assessed by examining the formation of apatite layers over the course of their immersion in SBF.




2.5. Biocompatibility Experiments


Mesenchymal stem cells (MSC) were isolated from bone marrow aspirates from three healthy individuals after obtaining informed consent, according to the medical ethics committee guidelines, of the Ministry of Health I.R, Iran. In brief, 10 ml of bone marrow aspirates were diluted with an equal volume of phosphate buffer saline (PBS; Invitrogen, USA), and three parts of diluted aspirates layered on one part of ficoll-paque in 50 ml conical tubes. (1.077) (GE Healthcare, USA). Following that, tubes were centrifuged at 400 G for 30 min at room temperature. Finally, the mononuclear cells layer was transferred to a T75 cell culture flask and incubated at 37 °C, 5% CO2 in low Glucose Dulbecco′s modified Eagle′s medium (DMEM; Invitrogen, USA). The medium was changed every 3 to 4 days until a confluent monolayer was achieved. Cells were differentiated into adipocytes and osteocytes to confirm the stem cell potential of the isolated MSCs. Flow cytometry was used to confirm isolated cells for cell surface markers: FITC-conjugated CD45, CD34, CD90, and PE-conjugated CD105, CD73, and HLA-DR. All antibodies were purchased from ebiosciences and assessed using FACSCalibur flow cytometry (Becton-Dickinson, San Diego, CA, USA).



Before cell seeding, PEO-coated γ-TiAl specimens (scaffolds) were immersed in 70% ethanol for sterilization. After 24 hours, the prepared scaffolds were air-dried and incubated in a DMEM culture medium to ensure that there was no contamination. Cells were harvested using Trypsin-EDTA (0.25%) (Sigma-Aldrich, St. Louis, MO, USA) and seeded on the scaffolds at the concentration of 5 × 104 cells cm−2 and incubated at 37 °C and 5% CO2 for 72 h. After 72 hours of cell seeding, the scaffolds were assessed for cell attachment using SEM. The scaffolds were fixed with 2.5% glutaraldehyde for 2 h and washed twice with PBS. Samples were examined using a scanning electron microscope (S-4500; Hitachi, Tokyo, Japan) at an accelerating voltage of 20 kV.





3. Results and Discussion


3.1. Characterization of Current Density during the PEO Process


Figure 1 shows the current-time curves of the specimens during the treatment process. The development of the anodic film with increasing current at constant voltage consists of three stages. During the first stage, a rapid rise in current density took place through a short period to values of 1.1, 1.8, and 2 A for the pre-set voltages of 400, 450, and 500 V, respectively, which was attributed to the formation of a thin surface layer corresponding to the conventional titanium alloy anodic oxidation process [27]. Oxygen evolution reactions partly occurred on the surface of the anode just before the dielectric breakdown of the protective layer (previously created by the conventional anodic oxidation of the substrate) and subsequent plasma discharge [43]. Meanwhile, the linear ohmic increase of current corresponded to the uniform formation of the oxide film. Although ion transport controlled the current rise, this became less dominant as the oxide layer thickened and increased electrical resistance [44]. Moreover, the substrates gradually darkened and lost their brightness over this stage, which was in agreement with prior studies [45]. At the beginning of the second stage, the surfaces of the specimens were illuminated with white glossy luminescence. At the same time, porous layers formed due to fluctuations and tiny sparks (when voltage surged to the breakdown value) over the working electrode surface [46]. The breakdown voltage of the oxide film is defined as a point when the potential reaches a threshold value that is sufficient to initiate ionization at the electrode-electrolyte interface [33]. As indicated in Figure 1, these values were about 1.1 A in 10 s, 1.8 A in 13 s, and 2 A in 25 s at voltages of 400, 450, and 500 V, respectively. A stronger electric field on the coating accompanied by a faint sound ascribed to intensive gas liberation on the surface of the anode characterized the second stage [47]. As the main characteristic of the PEO process, infinitesimal blue sparks first appeared at the edge of the specimens and then quickly spread across the surfaces in line with previous results [33,46,48]. During the second stage, the sparks enlarged and turned white, and their lifespan extended, indicating that the development of the coating had mostly already occurred [31]. In addition, the electric current did not alter until the specimens reached a stable constant potential, which is visible in the coating created by the applied voltage of 400 V. Hereafter, the PEO process was carried out at constant potential and falling current density for 3-4 min, which was mostly similar for all the specimens. The recorded differences in coating time and current among the samples likely pertain to the parallel effects of applied voltage on the rates of oxide film dissociation and the sparking process [43]. The third stage was characterized by sizeable and powerful yellow-colored sparks and a stable current density at its end [49]. The measured current diminished slowly to 0.2 A in the coating created at 400 V. However, at 450 V, the rate of current fall was dramatic until 0.4 A was reached and then decelerated to 0.2 A. At 500 V, there was a drastic decline to 0.7 A and only minor changes afterward. As seen in Figure 1, as the voltage rises, the current also rises quickly. This rapid increase in current is caused by the substrate dissolving and the creation of the porous anodized coating. When the voltage rises to the constant voltage, the current achieves its maximum value. The current then gradually diminishes and stabilizes with an extension of the PEO process time [27]. It has been reported [23] that as deposition time is increased, the current density drops as a result of the substrate′s increased surface resistance. This implies that the coating develops on the substrate surface progressively. The surface resistance won′t change once the coating has deposited on the substrate. The current density, therefore, maintains a specific value. The coating size does, however, steadily grow during the duration of the deposition process. This implies that the coating develops concurrently in the vertical and lateral directions.



XRD analysis (Figure 2) indicated that the PEO-coated γ-TiAl specimens prepared under applied voltages of 400 V, 450 V, and 500 V were mainly composed of titanium oxide (TiO2), titanium aluminide (TiAl), calcium titanate (CaTiO3), and hydroxyapatite (HA). In accordance with the applied voltages utilized throughout the PEO process, the peak intensities varied. The high intensity of titanium aluminide peaks correlated to whether the coating thickness was lower than the theoretical X-ray penetration depth or its porous structure facilitated interaction between the substrate and the X-rays [50]. Due to the great depth of X-ray penetration further into the pores and the fairly thin film, the TiAl substrate peaks were detected in all samples. According to earlier studies [23], raising the voltage of the PEO process to prepare nanocomposite coating could lead to an escalation in the extent and size of pores in the PEO coating, which could cause a reduction in the intensity of the peaks associated with the TiAl substrate [23,28]. Nevertheless, it was evident that raising the voltage from 400 V to 500 V increased the HAp peak intensity. As reported previously, CaTiO3 and Ca3(PO4)2 are the main constituents, and HA and TCP are found to be the minor structural phases in the PEO coating formed in calcium phosphate-based electrolytes [51,52,53]. The required activation energy for ionization of water, calcium, and phosphorous-containing compounds in the electrolyte and formation of complex structure ceramics like CaTiO3, and HA came from local temperature rises and the intense sparks due to requisite coating creation voltage increase along with higher applied current densities [50]. In this regard, it has been demonstrated [29] that calcium, titanium, and hydroxyl ions react to generate CaTiO3 phases, whereas calcium and phosphate, which are present at lower temperatures, react with each other to generate hydroxyapatite phases in the deposited film. Studies [29,34] have shown that CaTiO3 layers can assist in strengthening the bonding between titanium and hydroxyapatite as well as slow down the hydroxyapatite dissolving process in the acidic medium that is formed by osteoclastic resorption in the body. It is consequently assumed that by enhancing its osteogenic capabilities, the inclusion of these crystalline phases on the coated surface may favorably affect Ti′s bioactivity and cell response.



Figure 3 illustrates typical EDS spectra and SEM micrographs of surface morphology, and weight fractions for the five most-abundant elements in the coatings. The abundance of titanium, aluminum, calcium, phosphorous, and oxygen proved the incorporation of the electrolyte and substrate into the coating. The accelerated movement of chelating agent ions under a charge-transfer controlled mechanism toward the anodic oxidation coatings along with higher application voltage was inferred by the abundance of measured calcium content in the 500 V applied-voltage coating [54]. Moreover, the phosphorous content in the anodic oxidation coatings directly related to its source and presence along with oxygen corresponded to the formation of the phosphate group in the obtained PEO coatings [54,55]. As the microstructure of the PEO coating is closely connected to the applied current and voltage, it was expected to observe various characteristics in terms of surface morphology, and the number and size of pores considering the different recorded I-t curves (Figure 1) and applied voltages used in preparing the specimens. All coatings had a pancake-like structure, as a typical feature of the PEO process, with a non-uniform distribution of craters (discharge channels) over the surface [56,57]. These discharge channels are presented as dark circular spots in Figure 3. The reason for the pancake-like structure formation is the rapid ejection of the superficial melt (caused by process sparks) through discharge channels and its quick solidification (as a result of reaction with oxygen), leaving pores and boundaries [58]. It is probable for as-developed discharge channels to be fabricated on their former counterparts activating the sparks over the surface haphazardly and blocking adjacent channels. Even though a tiny percent of surface pores could develop to the substrate-coating interface, they were likely to be blocked by the molten material and subsequent solidification [59,60]. There is also an apparent difference between the coating and the electrolyte temperature as they reach thousands of degrees and 30–40 °C during plasma electrolytic oxidation, respectively. So along with such thermal shock, the abrupt solidification and its related shrinkage cause micro-cracks to form on the surface of the PEO coating [50].




3.2. Pore, Weight Change, and Thickness Measurements


Figure 4a represents the percentage, and average surface pore of PEO coating prepared under different applied voltages. The results demonstrate that the decrease in the number of discharging sites through which greater anodic current can flow is responsible for the increase in the percentage and size of pores with rising voltage and time of the PEO process. Each spark-made pore is a preferred starting point for electric discharge due to its lower breakdown voltage in the coating microstructure. As previously reported, frequent electric discharge of sparks in a specific coating structure point results in greater pore formation [61]. In addition, the erratic pattern of electric discharge in terms of its location and time of occurrence triggers more intersections during PEO coating growth over the surface of the substrate [31]. Based on the results of Figure 4, the percentage of surface pores and their average size increased from 7.4 % and 3.83 µm to 7.9 % and 4.59 µm in parallel with the coating voltage increase from 400 V to 500 V, respectively. These results confirmed the variations in morphology observed in the micrographs presented in Figure 4 and can be explained by the intensification of applied current densities (Ohm′s law), leading to stronger imposed sparks. In addition, higher voltages boosted the provided energy for micro discharges, enlarging the magnitude of their channels, and increasing the coating surface roughness accordingly [62]. Similarly, the applied PEO voltage had a significant impact on the coating′s thickness and the specimen′s mass gain. In this respect, when the voltage rises, the specimen′s mass and coating thickness escalate steadily and roughly linearly (Figure 4b). Calculations based on Equation (1), as depicted in Figure 4b, proved that the induced current caused dissolution of the γ-TiAl substrate at the beginning of the process. When the accumulated electric charges on the surface of the substrate exceeded a critical value, dielectric breakdown occurred, and subsequently, plasma was discharged on the surface of the substrate [43]. Consequently, the plasma electrolytic oxidation coating started with the conversion of titanium to titanium oxides and calcium phosphate-based compounds. The main reason for the greater measured weight gain of specimens coated under higher voltages was faster conversion reactions leading to greater amounts of calcium phosphate-based compounds overcoming the accelerated substrate dissolution at the preliminary steps of PEO coating [24]. The weight change was calculated using Equation (1):


  Δ W =    M 2  −  M 1     M 2     



(1)




where M1, M2, and ΔW represent the mass of the specimen before coating (mg), the mass of the specimen after coating (mg), and the weight change of the specimen (mg), respectively.



Cross-section micrographs of the PEO coatings prepared under different voltages are presented in Figure 5. The coating thickness was measured to be 20.78 µm, 26.13 µm, and 28.5 µm for the coatings formed at 400, 450, and 500 V, respectively. Internal pores may arise from oxygen evolution and solidification shrinkage during the PEO process. It is well-defined that the extreme process pressures and temperatures are responsible for the presence of dissolved oxygen in the molten materials [63]. This evolved oxygen is likely to be entrapped due to instant discharge sparks and rapid solidification [57]. A comparison between Figure 4a,b shows that the coating thickness and specimen′s weight increased at higher voltages. The low-voltage PEO process featured weak discharge sparks (a source of heat energy) and a ponderous coating growth rate. Therefore, the surrounding electrolyte possessed a dominant cooling capability against this small low-temperature melt [24]. The resultant quick solidification created a less porous network in the microstructure of the coating prepared under 400 V (Figure 5). The obtained coatings included a partly uniform outer layer and a dense inner layer. Fine pores in the inner layer were consolidated in the boundary region (with the outer layer) and formed larger pores. It is noteworthy that such pores grew as the applied voltage was enhanced. Large pores were the main cause of the thinning of the outer layer and they were filled with the used resin in the specimen preparation treatment by ultramicrotome. Since electric discharge sparks are generated by dielectric breakdown through weak sites in the coating, it is required for the PEO processing time to be short when high current densities and voltages are used for coating.




3.3. Bioactivity and Biocompatibility Assessments


To evaluate the bioactivity of the PEO-coated specimens by the formation of apatite on their surface, XRD analysis, and SEM/EDS investigations were performed on coated specimens previously immersed in SBF for 28 days. XRD patterns of PEO coatings immersed for 28 days in SBF at 36.5 °C shown in Figure 6. Generally, forming a layer of bone-like apatite is a vital requirement for the junction of implants (artificial components) to living bones, defined as an apatite-forming ability in the body [64]. Furthermore, the apatite formation on the surface of a coating in SBF represents its bioactivity in human body conditions [24]. It was apparent that the relative intensity of the hydroxyapatite (HAp) peaks was lower for the 400 V-applied coating compared to the other two coatings. This may be due to the formation of HAp in sub-micron-sized crystalline or amorphous phases. The appetite phase with hollow spheres and plate-like structures was made by mineralizing calcium phosphate-based compounds in SBF. Apatite configuration could be considered as a thermodynamic response to enhanced activities of calcium and phosphorous ions in SBF [65,66]. The porous structure of the PEO coatings facilitates the formation of the bone-like apatite in SBF by acting as nucleation support, reducing its standard enthalpy of formation [67]. Thus, the 500 V-applied PEO coating showed more intense HA peaks at 32.31o and 33.56o 2θ due to its 3D pore-rich structure. The apatite production of PEO-coated specimens has been reported to demonstrate the possibility of interfacial interaction between the implant surface and bone cells after implantation, which could perhaps improve osseointegration [13,14].



The results gathered from EDS studies, and morphological characteristics of the coatings are shown in Figure 7. The findings demonstrate that Ti, Al, O, P, and Ca were present in the surface elemental composition of all PEO-deposited films. There was a negligible increase and decrease in aluminum and titanium ions′ content, respectively, in the PEO coatings as the applied voltage was increased. O, P, and Ca were also present across the surface of the oxide films. Therefore, it is evident that the oxide films that were developed were rich in Ca, which may indicate the existence of calcium titanates. Moreover, the highest amounts of calcium and phosphorous ions were measured for the 500 V-applied PEO coating, which fully agreed with the relative intensity of this specimen′s hydroxyapatite peaks in the XRD analysis compared to its counterparts (Figure 6). The apatite could start to nucleate and grow on the porous surface of PEO coatings after immersion in SBF for just one day. For this reason, apatite thermodynamically precipitates on the pore walls and outer surfaces due to its excessive specific surface area. The apatite can still be deposited on non-porous substrates given its high activation energy. Soaking time allows the SBF to closely contact the coating and gradually crystallize apatitic nuclei by Ca2+ and PO43- reactants. There is a direct correlation between apatitic deposits and soaking time, attributed to the growing number and size of pores and thermal cracks and the potential nucleation sites during more extended immersion. At the end of this stage, volcano-like surface features (irregularities) are filled by apatite, as shown in the SEM micrographs of Figure 7. An additional driving force was required since the solution was not sufficiently saturated to cause homogenous apatite nucleation. This was provided by the increased soaking time, which elevated the saturation index of SBF around the surface of PEO coatings [68]. Calcium phosphate-based compounds are spontaneously formed on apatite nuclei as thermodynamically favorable sites. It was expected that the more porous surface of the 500 V-applied PEO coating significantly facilitated hollow spheres-structured apatite crystallization compared to the coatings applied under 400 and 450 V (Figure 7). The corrosion behavior of the γ-TiAl specimen was dramatically impacted via the creation of more HAp phases in the specimen prepared under an applied voltage of 500 V, as shown by the XRD analysis.



Isolated cells were attached to the T75 flask. The inclination confirmed the differentiation potential of stem cells toward osteogenic and adipogenic lineages. After 21 days of differentiation, cells were stained with alizarin red and oil red. As shown in Figure 8a, a mineralized matrix of differentiated MSCs to osteogenic was observed after staining with alizarin red. Moreover, the isolated cells demonstrated stem cells′ potential to differentiate to adipocytes after three weeks. In this study, cell surface markers were evaluated to show the stem cell potential of isolated cells. Isolated MSCs were positive for CD73, CD90, CD105, and negative for CD45, CD34, and HLA-DR (Figure 8b). According to previous studies [23], higher hydrophilicity escalates cell attachment, and distinct cell responses are elicited by nano- and micro-sized surfaces. The higher wettability at the PEO-coated sample is related to surface morphology containing nano-meshes or micro-pores formed on the surface. Ti surface topography and surface oxides can impact cell signal transduction, which alters how cells attach to one another and spread. Some oxides were found on the surfaces of titanium and its alloys after physical and chemical alteration, which raised the surface activities and escalated the hydrophilicity of Ti alloy surfaces. Thus, it becomes possible to enhance cell growth and create cell adhesion on the Ti alloy surface, making it easier for bone tissue to attach to a surface [12,13]. Bordbar-Khiabani et al. [36] produced calcium phosphate employing the PEO technique on a neat zinc substrate. Their findings demonstrated that the existence of calcium-phosphate in the hydrophilic PEO coatings improved the coatings′ hydrophilicity characteristics. According to the findings, coated samples covered with titanium oxide and HAp that were generated via the PEO technique at a high applied voltage were cytocompatible and were an excellent underlayer for cell growth. Therefore, preparing titanium implants coated with PEO film might be considered an appropriate candidate for biomedical uses such as bone tissue engineering.



Cells were seeded on specimens, incubated for 48 hours, and assessed using SEM to evaluate cellular bio-compatibility. As shown in Figure 9, cells were attached to the prepared specimens. It has been shown that the highest amounts of cells were attached on the PEO-coated specimen, which demonstrated that this specimen prepared the best bio-compatible surface for the attachment of MSCs. Although PEO-coated specimens performed better than the bare specimen in cellular attachment potential, superior bio-compatibility was detected for SBF-immersed specimens. TiO2 on the surface creates suitable conditions for forming calcium phosphate apatite crystals and speeds up their deposition. PEO coatings have a rough surface with a high degree of surface area for cell adhesion and growth. The cells on the uncoated sample′s smooth surface made very close contact with the substrate thanks to its profusion of filopodia and spread erratically in all directions with disorganized orientations. The rough surface of the PEO coating placed stronger limitations on the cell morphology, leading to the spherical shape of the cells. The oxides on the surface of a material may be a significant component in escalating cell osteogenic activity in addition to the impact on the surface morphology of the attached cell [12,13,14].




3.4. Electrochemical Impedance Spectroscopy (EIS)


Figure 10 plots the EIS results of the bare and PEO-coated specimens immersed for 30 min in SBF. Such coatings modify the corrosion resistance through restrictions on charge transfer and aggressive ions absorption [69]. The coatings formed in conventional anodic oxidation include a dense inner layer and a porous outer layer. The former thickens about a few microns and could be correlated to an electrical resistance element with infinite value in the electrochemical impedance test analysis if it was defectless [1,30]. PEO coatings are prone to corrosion due to their structurally open pores acting as diffusion pathways for corrosive ions reaching the substrate [70,71]. The equivalent circuits presented in Figure 10b were used to extract electrochemical parameters considering open pores extended to the surface of the substrate. Previous studies used the same equivalent circuits to obtain EIS parameters of PEO coatings. The two capacitive semicircles in the low and high-frequency ranges of Figure 10 correspond to the two layers featuring lower resistance of the inner porous layer subjected to discharge sparks during coating [72]. In this equivalent circuit Rs, Rp, and Rb represent the resistance of the test solution, the coating defects, and the substrate-coating interface, respectively. A corroding surface′s ideally polarizable activity is influenced by its physical properties, such as surface roughness. Due to the possible deviations from pure resistance (n = 0) or pure capacitance (n = 1) behaviors, a constant phase element (CPE) is used to represent the equivalent electrical properties of the double layer, where n is a dimensionless exponent in the CPE impedance (Z) calculation formula given as Equation (2) [73].


  Z = 1 /      Y 0   j ω     n   



(2)




where Y0 is the admittance, ω is the angular frequency of the sine wave (rad/s), and j is the imaginary coefficient     − 1    . As the value of Z indicates the contact area of the coating with the surrounding corrosive solution, its reduction pointed to less contact area and fewer surface pores and improved performance against corrosion. Hence, the corrosion resistance of the coated specimens was more significant than that of the substrate due to the incorporation of the dense inner and porous outer coating layers. The lower the capacitance, the less current density is required for the capacitor to be fully charged, so the formed PEO coatings prevent electric charge flow and reduce the corrosion rate within a short time [74,75,76]. The excessive values of charge transfer resistance (Rct) verified the significant protective effect of the coating′s inner layer or defect resistance to corrosion, conforming to several previous reports. Structural parameters such as phase composition, thickness, and morphology of the coating determine the number, size, and distribution of defects. As these defects acted as the main diffusion pathways for aggressive chloride ions toward the substrate and there was a direct relationship between the size/percent of surface pores and applied voltage, it was expected that the 500 V-applied coatings showed the highest corrosion resistance [77,78,79]. The PEO coating under an applied voltage of 500 V leads to a significant escalation in the Rct compared to the uncoated TiAl substrate. Thus, the trend in the Rct of the samples was: uncoated TiAl (49.6 kΩ m2) < 400 V (280.1 kΩ m2) < 450 V (380.2 kΩ m2) < 500 V (456.7 kΩ m2). In this regard, some researchers [80,81,82,83,84,85,86,87,88,89,90,91] have suggested that the substantial corrosion resistance in PEO coatings stems from the thickness of the oxide layer. Therefore, as the voltage rose, a thicker PEO film formed, which causes the penetration rate of the corrosive solution into the substrate to decrease; hence the chemical reactions culminating in the coating formation deaccelerated kinetically and thermodynamically. Accordingly, it was reasonable to correlate the superior corrosion resistance of the 500 V-applied coating to its thick oxide layer. Furthermore, it should be considered that when an applied voltage of 500 V was used in the PEO process, a compact inner layer and greater HAp were generated, causing the capacitance to be reduced and corrosion resistance to increase. The findings demonstrate that all PEO-deposited film samples had better corrosion performances than the uncoated TiAl.



In comparison to the 400 V and uncoated TiAl, the 500 V and 450 V samples exhibited a greater impedance value (|Z|) at low frequency (10–2 Hz), according to the Bode modulus plots (Figure 10c). This suggests that 500 V and 450 V samples have better corrosion resistance than the 400 V sample and uncoated TiAl alloy. The 500 V and 450 V samples, which were distinguished by having higher resistance, have comparable phase angle values, indicating the greater corrosion protection capabilities of the surface as the higher value of the curve moves to the right. Bode phase angles of 75° and 66° were recorded by the 500 V and 450 V samples, respectively; however, a lower phase angle of 62° was seen for the 400 V sample, implying weaker corrosion resistance (Figure 10d). Due to the low voltage and, the inhomogeneous coating process, variations in film thickness were noted. It is important to note that the small difference in thickness and irregularity between the 500 V and 450 V samples merely contributed to the decrease in surface porosity. Due to the high energy of the sparks, there were gaps in the film thickness in the 500 V and 450 V samples, which most likely extended to the substrate′s surface. The 500 V sample, meanwhile, was the most homogeneous and had a favorable thickness and density. Regardless of the occurrence of microcracks, the coating corrosion resistance escalated as the applied voltage rose. This is due to a diminishing in the number of large-size micropores, as well as a decrease in surface porosity and an elevation in film thickness. Furthermore, by applying a high operating voltage, a coating with the greatest thickness and dense inner structure can be created [28,37]. This is precisely why the 500 V PEO coating has superior corrosion resistance compared to the other samples.





4. Conclusions


PEO coatings were formed on γ-TiAl alloy using 400, 450, and 500 V voltages in a calcium phosphate-based solution. Based on the current-time curves, it was found that the current density increased at the beginning of the process and gradually decreased over its course. The highest current density was recorded under 500 V as the surface sparking was initiated sooner than under other applied voltages. An elevated coating voltage increases the content of calcium phosphate-based compounds and oxide phases in the coating and substrate, respectively. All coatings had a pancake-like structure featuring a non-uniform distribution of craters over the surface. Moreover, the size and extent of surface pores were directly correlated to the applied voltage, increasing from 7.4 % and 3.83 µm to 7.9 % and 4.50 µm for 400 and 500 V, respectively. Based on the SEM micrographs of the PEO coatings prepared under applied voltages of 400, 450, and 500 V, their thicknesses were measured to be 20.78, 26.13, and 28.50 µm respectively. The positive effect of applied voltage increase on the achieved coating thickness was further confirmed through the weight gain of specimens after coating. Bioactivity assessment of formed PEO coatings demonstrated that it was thermodynamically easier for hydroxyapatite to be nucleated on the more porous and 3D structure of the coatings applied under higher voltages. Corrosion measurements indicated that the 500 V PEO-coated sample had the highest corrosion resistance due to the formation of a dense inner layer and higher HAp formation. Considering both the corrosion behavior and biological characteristics of the 500 V PEO-coated sample, it should be considered an attractive candidate for application as a biomedical implant.
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Figure 1. Current-time curves of γ-TiAl specimens during the PEO coating process under applied voltages of 400 V, 450 V, and 500 V. 
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Figure 2. X-ray diffraction (XRD) patterns of PEO-coated γ-TiAl alloy samples prepared under applied voltages of (a) 400 V, (b) 450 V, and (c) 500 V. 
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Figure 3. EDS spectra and SEM micrographs for PEO coating samples prepared under applied voltages of (a) 400 V, (b) 450 V, and (c) 500 V. 
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Figure 4. (a) Size and percentage of surface pores and (b) variation of coating thickness and specimen′s weight change for PEO coating samples prepared under applied voltages of 400 V, 450 V, and 500 V. 
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Figure 5. SEM micrographs of cross-sections of PEO-coated γ-TiAl specimens prepared under applied voltages of (a) 400 V, (b) 450 V, and (c) 500 V. 
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Figure 6. X-ray diffraction patterns of PEO coatings prepared under applied voltages of (a) 400 V, (b) 450 V, and (c) 500 V after immersion in SBF for 28 days. 
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Figure 7. EDS spectra and surface morphology of PEO coatings prepared under applied voltages of (a) 400 V, (b) 450 V, and (c) 500 V after immersion in SBF for 28 days. 
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Figure 8. (a) Differentiation potential of stem cells after 21 days toward osteogenic (Alizarin Red) and adipogenic lineages (Oil Red) and (b) Histograms of distribution of CD29+, CD34+, CD45+, CD90+, CD105+, and HLADR+ after 21 days incubation. 
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Figure 9. SEM micrographs of attached cells on (a) bare specimen (b) PEO-coated specimen, and (c) SBF-immersed sample. 






Figure 9. SEM micrographs of attached cells on (a) bare specimen (b) PEO-coated specimen, and (c) SBF-immersed sample.



[image: Metals 12 01866 g009]







[image: Metals 12 01866 g010 550] 





Figure 10. (a) Electrochemical impedance spectroscopy measurements and (b) Equivalent electrical circuit for bare γ-TiAl alloy (uncoated) and PEO-coated specimens and (c) Bode magnitude plot and (d) Bode phase plot of the bare and PEO-coated γ-TiAl alloy samples under different applied voltages of 400 V, 450 V, and 500 V. 
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Table 1. Chemical composition of the γ-TiAl used as a substrate.
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	Element
	Ti
	Al
	Nb
	Cr
	Other





	Concentration (wt. %)
	49.35
	47.00
	0.0018
	1.95
	0.02
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Table 2. Constituents of the SBF preparation.
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	Compound
	NaCl
	NaHCO3
	KCl
	K2HPO4
	MgCl2.H2O
	CaCl2
	HCl





	Amount
	7.966 g
	0.350 g
	0.224 g
	0.228 g
	0.305 g
	0.278 g
	40 mL
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