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Abstract

:

Plasma alloying technique capable of producing metallic coatings with metallurgical bonding has attracted much attention in dental and orthopedic fields. In this study, the effects of temperature and time of plasma tantalum (Ta) alloying technique on the mechanical, electrochemical, and osteoblastic properties of Ta coatings were systematically investigated. Ta coatings prepared at 800 °C possess better interfacial strengths than those prepared at 750 and 850 °C, and the interfacial strength increases with prolonged alloying time (30–120 min). At 800 °C, however, the increased proportion of the soft Ta deposition layer with alloying time in the whole coating impairs the surface mechanical properties of the entire coating, as convinced by decreased microhardness and wear resistance. Moreover, Ta coatings exhibit better corrosion resistance than the Ti6Al4V substrate in Dulbecco’s modified Eagle medium. The enhanced adhesion and extracellular matrix mineralization level of osteoblasts demonstrate the better cytocompatibility and osteogenic activity of the Ta coating. Ta30 (Ta coating prepared at 800 °C for 30 min) exhibits excellent mechanical, electrochemical, and osteoblastic behaviors and is promising in biomedical applications.
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1. Introduction


Titanium (Ti) and its alloys have been widely used in dental and orthopedic fields due to their good mechanical properties, low weight ratio, and excellent biocompatibility [1,2,3,4]. However, the poor wear resistance of Ti alloys, which originated from their sensitivity to adhesive wear, remains a major concern for their practical applications [5,6]. Moreover, Ti alloys show better corrosion resistance due to the spontaneously formed stable oxide film on the surface. However, researchers remain cautious, since the passive film is only a few nanometers thick and can be easily eroded in chloride-containing human fluids [7,8]. Excessive metallic debris/ions, caused by wear and corrosion, may lead to inflammatory osteolysis [9,10]. Furthermore, additional elements used to develop versatile Ti alloys may not always be biosafe. Taking the most-used biomedical Ti6Al4V (TC4) as an example, the detrimental effects of aluminum (Al) and vanadium (V) ions on the central nervous system, digestive system, etc., have been reported by many researchers [11]. Fortunately, appropriate coatings prepared by surface modification not only can isolate the substrate from their service environment without compromising the bulk properties, but also can make up for the shortcomings of its predecessor. Therefore, it is a promising strategy to improve the wear resistance and corrosion resistance of titanium alloys by proper surface modification.



Tantalum (Ta) has been demonstrated to be a biocompatible metal with excellent corrosion resistance in many corrosive mediums, and the good biocompatibility of Ta implants has been proved by many studies [12,13,14,15]. Plasma spray [16], magnetron sputtering [15,17], and molten-salt electroplating [18] are commonly used to fabricate Ta coatings. However, the plasma-sprayed coatings have a porous and rough surface, making them more vulnerable to corrosive mediums. Furthermore, due to the lack of sufficient diffusion between the coating and substrate, the interfacial strength of coatings prepared by the above-mentioned methods still needs to be improved by an additional annealing treatment. Plasma alloying technique has been used to prepare biocompatibility and antibacterial coatings in recent decades [19,20,21]. During the alloying process, the interdiffusion of alloy elements at high temperature is responsible for the continuous and gradient distribution of elements from the deposition layer and substrate, which eventually results in a high interfacial strength of the coating. Usually, the hardness and wear resistance of surface-modified materials can also be improved due to the solid solution strengthening effect or the second phase strengthening effect [22,23,24]. Moreover, the high temperature required for the alloying treatment is generated by glow discharge. The heated region is confined to the sample surface with a gradient temperature from top to bottom. Thus, it is generally believed that the effect of plasma alloying technique on the mechanical properties of the substrate can be ignored [25].



In this study, a series of gradient Ta coatings were prepared on TC4 substrate by plasma alloying technique. The influence of alloying temperature (750, 800, and 850 °C) and time (10, 30, 60, and 120 min) on surface morphology, the thickness of the deposition layer (DPL) and diffusion layer (DFL), and the interfacial strength of Ta coatings were systematically investigated. Furthermore, Ta coatings prepared at the optimized alloying temperature of 800 °C with superior interfacial strength were characterized in microhardness, wear resistance, corrosion resistance, and cytocompatibility. Ta coatings with high surface properties prepared by plasma alloying technique have potential applications in biomedical implants.




2. Material and Methods


2.1. Sample Preparation


TC4 plates with dimensions of Φ 12 mm × 2 mm were used as substrates. Before surface treatment, they were mirror polished, and ultrasonically cleaned in acetone, ethanol, and deionized water in sequence. The plasma Ta alloying was conducted in a double-glow plasma alloying furnace. A pure Ta plate (99.6%) with dimensions of 50 mm × 50 mm × 3 mm was used as the target (also the source electrode) to supply the Ta element. Prior to the Ta alloying process, samples were cleaned and pre-heated by argon (Ar) ion bombardment for 10 min at the target temperature. This process can also introduce many defects onto the sample surface to facilitate the formation of the Ta DFL. Ta atoms can be sputtered from the source electrode onto the specimen surface by glow discharge in Ar plasma in the alloying process. Subsequently, the nucleation and growth of the Ta coating occurs, and the interdiffusion between the Ta DPL and substrate happens due to their infinite solid solubility. In this study, Ta coatings were prepared at 750, 800, and 850 °C for 10, 30, 60 and 120 min at an Ar pressure of 40 Pa. The source electrode bias voltage was −500 to −720 V. The substrate bias voltage was −250 to −470 V. The voltage difference between the target electrode and substrate was kept at 250 V. The distance between the Ta target and specimen surface was 18 mm.




2.2. Samples Characterization


The surface and cross-sectional morphologies of the as-prepared coatings were observed by a field emission scanning electron microscopy (FE-SEM, GeminiSEM 300, Zeiss, Jena, Germany) equipped with an energy-dispersive X-ray spectrum detector (EDS, QX200, Bruker, Billerica, MA, USA). Variation of elements along the distance from the upper surface was analyzed by EDS mapping and line scan to determine the thickness of the DPL (TDPL) and DFL(TDFL). The phase compositions of the Ta coating were detected by an X-ray diffraction instrument (XRD, DX-2700, Haoyuan, Dandong, China). Average surface roughness was determined by a white-light interferometric profilometer (ContourGT-X3, Bruker, Karlsruhe, Germany). Static water contact angles of the Ta coatings were measured to evaluate their wettability. The microhardness of the Ta coating was measured by a micro-hardness tester (M-400-H1, LECO, St. Joseph, MI, USA) at a load of 500 g and a 15 s dwell time. All the samples were tested six times.




2.3. Scratch Test


The interfacial strengths of the Ta coating with substrate were determined by a scratch tester (Huijin Teer, Hangzhou, China). The load force was from 0 to 100 N at a rate of 60 N/min for samples prepared at 750 °C, and from 0 to 200 N at a rate of 120 N/min for 800 and 850 °C ones. The scratch morphologies were observed by SEM. The interfacial strengths were finally determined by acoustic emission signal and SEM images.




2.4. Electrochemical Measurement


An electrochemical station (PMC-2000, Princeton, NJ, USA) was used to test the corrosion resistance of Ta coatings by measuring the potentiodynamic polarization behavior in Dulbecco’s modified Eagle medium (DMEM), which contains 10% fetal bovine serum and 1.5 g/L NaHCO3. The electrochemical test was performed using a conventional three-electrode system with a saturated calomel electrode as the reference electrode, a platinum foil (1 cm × 1 cm) as the counter electrode, and the samples as the working electrode. Potentiodynamic polarization curves were measured from −1.6 V to 0.6 V (vs. EOCP (open circuit potential)) at a scanning rate of 1 mV/s after being immersed in DMEM solution for 60 min to reach a stable EOCP.




2.5. Wear Resistance


An MFT-R4000 reciprocating friction apparatus (Huahui, Lanzhou, China) was used to test the wear resistance of the Ta-coated samples. At ambient temperature, these specimens were reciprocally rubbed with a 5 mm Si3N4 ball for 20 min under a load of 5 N at a frequency of 2 Hz, and the reciprocating distance was 5 mm. The morphologies of the worn surface were observed by FE-SEM to analyze the wear type and mechanism. The depth and width of the wear track were measured by a white-light interferometric profilometer (ContourGT-X3, Bruker, Karlsruhe, Germany) to calculate wear volume according to the study of Lin et al. [26].




2.6. Cell Culture


New-born mouse embryos derived from MC3T3-E1 subclone osteoblasts (Cell Bank of Chinese Academy of Sciences, Shanghai, China) were used to examine the biocompatibility and osteogenic activities of Ta coatings. The osteoblasts were cultured with an α-MEM (Gibco, Thermo Fisher, New York, NY, USA) medium containing 10% fetal bovine serum, 100 units/mL penicillin, and 100 μg/mL streptomycin with 5% CO2 under a humidified atmosphere at 37 °C. The seeding density in each specimen was 4 × 104 cells per cm2 unless otherwise specified. Before inoculating, samples were sterilized in 75% ethanol for 30 min, followed by being rinsed thrice with phosphate buffer solution (PBS). In osteogenic differentiation assays, 50 mg/mL ascorbic acid, 10 mM β-glycerophosphate, and 10 nM dexamethasone were added to the complete medium to induce osteogenic differentiation.




2.7. Cytotoxicity


The LIVE/DEAD Cytotoxicity Kit for mammalian cells (Invitrogen, Thermo Fisher, Carlsbad, CA, USA) was adopted to evaluate the cytotoxicity of Ta coatings. The assay was conducted after culturing cells on Ta coatings for 3 days. Mirror polished TC4 was used as control. Under a fluorescence microscope (ECLIPSE Ts2R, Nikon, Tokyo, Japan), live cells were observed green and dead cells were stained red.




2.8. Cell Adhesion


The initial cell adhesion ability of osteoblasts on bare TC4 and Ta coatings was assayed by 4, 6-diamidino-2-phenylindole (DAPI, Beyotime) stain. The time point was set as 0.5, 1, and 4 h. After incubation, 3% paraformaldehyde was used to fix cells. Then, the fixed cells were gently rinsed thrice with PBS, and stained with 50 μL DAPI for 15 min in the dark. The stained cells were observed by a fluorescence microscope and had images taken from six random fields. Quantitative results were obtained by counting cell numbers of each field of each group.




2.9. Cell Viability


Cell Counting Kit-8 (CCK-8, Beyotime, Shanghai, China) was used to assay the osteoblastic viability cultured on Ta coatings for 1, 3, and 5 days. α-MEM containing 10% CCK-8 solution was added into each well to incubate water-soluble formazan for 4 h. The optical density was measured by a microplate reader (SpectraMax 384 Plus, Molecular Devices, San Jose, CA, USA) at 450 nm.




2.10. Cell Morphology


Osteoblasts with a density of 2 × 104 cells per cm2 were seeded on the Ta coatings for 24 h. After cultivation, all samples were gently rinsed thrice with PBS and then fixed with 2.5% glutaraldehyde for 40 min, followed by dehydration using graded ethanol. The dehydrated samples were sprayed with a Au layer and observed by SEM.




2.11. Extracellular Matrix Mineralization


Osteoblasts cultured in a complete α-MEM medium for 3 days were inducted to differentiation for 7 and 14 days, fixed in 75% ethanol for 60 min, and stained with 40 mM Alizarin Red S for 30 min. The mineralized nodules were observed by a polarizing microscope (ECLIPSE LV100N POL, Nikon, Tokyo, Japan).




2.12. Statistic Analysis


All data were presented as means ± standard deviations. PASW Statistics 18 software (IBM, Armonk, NY, USA) was utilized in statistical analysis. The significance level was obtained by one-way analysis of variance followed by the Student–Newman–Keuls test. The statistic difference was considered as significant when p < 0.05. All the tests were conducted three times.





3. Results and Discussion


3.1. Parameter Optimization of Plasma Ta Alloying Technique


Figure 1 shows the surface morphology of Ta coatings prepared with different temperatures and time. Typical cellular grains can be observed in groups with lower alloying temperatures (at 750 °C for 10, 30, 60, and 120 min) and shorter time (at 750, 800, and 850 °C for 10 min). (The abnormal grain size of the Ta coating prepared at 750 °C for 120 min will be discussed in the interfacial strength section). With the extension of alloying time (30–120 min) at 800 and 850 °C, the pronounced reverse-sputtering effect leads to the appearance of ridge-shape structures on the Ta coatings’ surfaces. With the increase in alloying temperature and time, the Ta coatings’ grain size and surface roughness increases, and the compactness decreases. The reverse-sputtering effect at 750 °C on surface morphology can be ignored, as evidenced by the cellular shape of Ta grains compared to those ridge-shape structures at 800 and 850 °C. In the plasma alloying process, the reverse-sputtering effect refers to the detachment and return of alloying atoms from the cathode (workpiece) surface to the environment or even to the source electrode surface [24]. As previously reported, higher voltages of both the anode and cathode can lead to a higher alloying temperature and intensified reverse-sputtering effect, accelerated deposition and diffusion rates, and eventually the remolded surface morphology [22,24].



A representative cross-sectional image of the Ta coating (800 °C, 30 min) is depicted in Figure 2a. A compact and homogeneous Ta coating without cracks is observed on TC4 substrate. An EDS line scan was performed to reveal the variation tendency of elements content. According to Figure 2b, the Ta alloyed sample can be roughly divided into the DPL (I), DFL (II), and substrate (III) from outside to inside. The DPL and DFL together constitute the coating. The thickness of the DPL (TDPL) of the Ta coating prepared at 800 °C for 30 min is ~1.7 μm. The DFL is a transitional region with a gradient Ta content, and the thickness of the DFL (TDFL) is up to ~1 μm thick. It is worthy to note that Al exhibits uphill diffusion behavior different from the V element in the Ta coating, which was also found in coatings with other fabrication parameters (not shown). The uphill diffusion of Al may be explained by the higher affinity of Al with Ta than that of Ti. The gradient distribution of alloying elements in the coating not only improves the interfacial strength between the coating and substrate, but also exerts solid solution strengthening and/or second phase strengthening effects.



The statistic results of variation of TDPL and TDFL with alloying temperatures and time are exhibited in Figure 2c. At the same alloying temperature, the TDPL and TDFL of Ta coatings all increase with the extension of alloying time. Similar results can be found in Ta coatings with the same alloying time. Figure 2d intuitively plots the variation of TDFL/(TDPL + TDFL), which decreases with the alloying temperature and time. This decline tendency could be explained by different growth mechanisms of the DPL and DFL. The growth of the DPL is controlled by the spurting of particles of alloying elements from the source electrode, and the subsequent adsorption, nucleation, and growth of these particles on the substrate surface. The TDPL increases linearly with alloying time. In contrast, the diffusion process is dominated by the chemical potential difference of elements between the coating and substrate. Meanwhile, many defects pre-introduced into the substrate surface also contribute to the interdiffusion [27]. Generally, the TDFL increases parabolically with alloying time. Hence, the deposition rate is always much faster than the diffusion rate.



The interfacial strengths of the Ta coating are determined by the critical loads when delamination becomes dominant on the trackside [28]. As summarized in Figure 3, both higher (850 °C) or lower (750 °C) alloying temperatures lead to poor interfacial strength, and the alloying temperature for optimal interfacial strength of the Ta coating is 800 °C. The interfacial strengths of Ta coatings prepared at 800 and 850 °C increase continuously with alloying time, while those at 750 °C increase first and then decrease at 120 min. Irrespective of the alloying temperature, coatings prepared with a shorter alloying time (10 min) are too thin and can be easily punctured when contacting with the slipper. The Ta coating prepared at 750 °C for 120 min was peeled from the substrate, which may be the main reason for the abnormal grain growth (Figure 1). Even though no areas were being peeled continuously with load increase, such a coating is difficult for engineering applications. The corresponding scratch morphology and acoustic emission signal of Ta coatings are depicted in Figure S1 (Supplementary Materials). The empirical formula proposed by Hogmark et al. [29] shows that the minimum critical loading of coatings for engineering use should not be less than 30 N when using Rockwell diamond indenter scratches. Except for coatings prepared for 10 min at different alloying temperatures, other Ta coatings’ interfacial strengths are roughly greater than 50 N, which fully meets the practical requirement. The high interfacial strength of plasma alloyed coatings is attributed to the gradient strengthening layer [30]. Higher alloying temperature (≥850 °C) will generally cause coating peeling due to the difference of thermal expansion coefficient between the substrate and coating [31]. In comparison, a lower alloying temperature (≤750 °C) leads to reduced density and energy levels of alloying particles; thus, reducing the mechanical locking effect on interfacial strength [30].



In summary, alloying temperature and time have significant effects on the morphology, deposition and diffusion speed, and interfacial strength of the coatings. Ta coatings prepared at 800 °C exhibit regular micromorphology with higher interfacial strength than those prepared at 750 and 850 °C. The alloying time can also be extended to prepare thicker coatings at 800 °C with enough interfacial strengths (compared with 750 °C). Therefore, Ta coatings prepared at 800 °C with different alloying time (30, 60 and 120 min) were chosen for further characterization and performance tests in the follow-up work, and they were denoted as Ta30, Ta60, and Ta120, respectively.




3.2. Characterization of Ta Coating


XRD patterns of Ta coatings prepared at 800 °C are depicted in Figure 4a. Except for the diffraction peaks of hexagonal α-Ti and cubic β-Ti in TC4 substrate, peaks at 2θ angles of 38.2°, 39.2° and 40.2° corresponding to tetragonal β-phase Ta (PDF #25-1280); and peaks at 2θ angles of 38.5° and 69.6° corresponding to cubic α-phase Ta (PDF #04-0788) were also detected, confirming that Ta coatings were fabricated on the TC4 substrate. Peaks of tetragonal Al3Ta (32.9° and 59.2°, PDF #02-1128) appearing in Ta30 further corroborate that the Al element diffuses outwards from the TC4 substrate and forms a compound with the Ta element. Interestingly, Ta exists in a tetragonal crystalline form in Ta30 and transforms into a cubic crystalline form when the alloying time exceeds 60 min. The crystalline transformation of the Ta coating with alloying time could be explained by the sensitivity of β-Ta to impurity gas. Tetragonal β-Ta is an impurity stable phase capable of dissolving massive impurity atoms such as O and N [32]. Although high purity argon was used in this study, the ultimate vacuum of the alloying cavity is still limited. The impurity gas will interact with the coating at the initial period of the alloying process, and the impurity gas will be consumed and diluted within the coating with the extension of alloying time [33]. Hence, the phase transformation of Ta from β to α occurs with the prolongation of alloying time. Figure 4b shows the static water contact angle of Ta coatings prepared at 800 °C. There are no significant differences between bare TC4 (49.9° ± 4°), Ta30 (46.8° ± 5.2°), Ta60 (42.5° ± 4.6°), and Ta120 (49.3° ± 4°). These results demonstrate that the hydrophilia of Ta coatings are roughly comparable to that of mp TC4. With the increase in alloying time, the surface roughness of Ta coatings increases continuously, as shown in Figure 4c. The Ta30 group shows the minimum value (230 ± 26.5 nm), and the Ta120 group has the maximum one (542.5° ± 66.5 nm). The increase in Ta coatings` surface roughness with alloying time may be explained by the grain growth and a growing number of defects caused by the reverse-sputtering effect [24]. As shown in Figure 4d, Vicker’s hardness of Ta coatings prepared at 800 °C is significantly improved than that of TC4 substrate. Ta30 has a maximum hardness of 540.6 ± 13.8 HV0.5. The hardness of Ta coatings decreases slightly with alloying time. By comparing with Figure 2d, the hardness of the Ta coating is positively correlated with the ratio of TDFL/(TDPL + TDFL). The DPL is mainly composed of pure Ta with lower hardness than the TC4 substrate [34], which weakens the hardness of the overall coating; the DFL is a solid solution strengthened region, and the Ta element incorporating into TC4 increases the resistance of dislocation movement; thus, leading to an increased hardness of the coating [35]. Moreover, newly formed Al3Ta may also have a finite strengthening effect on Ta coatings. In addition, the second phase strengthening effect could be impaired with alloying time extension due to the limited diffusion of Al (especially after 60 min, as confirmed by the disappearance of Al3Ta in Figure 4a). Overall, the rapidly increasing percentage of TDPL is the main reason for the hardness decrease in Ta coatings with alloying time. Implants with sufficient hardness can weaken, or even eliminate, external damages such as scratch and wear, which is beneficial for prolonging the implant’s service life.




3.3. Wear Resistance


The wear scare profiles and SEM images of the Ta coating and TC4 substrate are shown in Figure 5a,b, respectively. The wear width, depth, and wear volume are listed in Table 1. The TC4 substrate has the largest wear width and the minimum wear depth among all groups. The wear width and depth of Ta coatings all increase with the extension of alloying time. Ta coatings prepared with shorter alloying time possess a lower wear volume. Ta30 shows the best wear resistance than other groups, and Ta60 shares a closer wear volume level than the TC4 substrate. Ta120 reaches the worst wear resistance of Ta coatings in this study. Figure 5b displays the wear morphologies of the TC4 substrate and Ta coatings. Severe adhesive wear and abrasive wear can be observed on the TC4 surface, which is confirmed by large pieces of wear debris re-cold welded to the wear scare. The wear morphology of Ta30 is the smoothest among all the Ta coating groups, and the wear debris is smaller in size with less amount. The size and debris amount increases, and the ground surfaces become coarser gradually from Ta30 to Ta120. The wear behavior of Ta coatings with different thicknesses is a combination of adhesive wear and abrasive wear. However, the adhesive wear increases with the thickening of the Ta coating. The wear resistance of metallic materials is strongly influenced by their hardness and surface roughness [36,37,38]. Although the hardness of Ta coatings is much higher than that of the TC4 substrate, high friction is caused by the increase in roughness along with the coating thickening, eventually aggravating the wear performance of the Ta coating.




3.4. Corrosion Behavior


The potentiodynamic polarization curves and detailed electrochemical parameters of bare TC4 and Ta coatings are displayed in Figure 6 and Table 2, respectively. The more noble Ecorr values of Ta coatings indicate their better thermodynamic stability and low corrosion tendency than the bare TC4. In addition, there is little difference in Ecorr between the Ta coating groups. The lower Icorr of Ta coatings than that of the TC4 substrate also implies their higher corrosion resistance. By comparison, Ta30 and Ta60 possess close Icorr (2.63 × 10−2, and 2.05 × 10−2 μA cm−2, respectively), while the Icorr of Ta120 shows a slight increase. The chemical property and surface status of the coating can influence the corrosion resistance of materials. Many researchers have reported the corrosion resistance of Ta. The high chemical stability of the passive oxide on the surface contributes to the excellent corrosion resistance of Ta coatings [15]. Moreover, although the thickness of the Ta coating increases with the prolonging of alloying time, the compactness of the Ta coating decreases gradually, evidenced by the SEM images and surface roughness results. The looser holes on the coating act as channels for corrosive media to enter and accelerate corrosion, and lead to decreased Ecorr and increased Icorr than the compact coatings.




3.5. Cell Behavior


Osteoblasts were used as in vitro models to evaluate the cytocompatibility of TC4 and Ta coatings. Figure 7a,c present the cytotoxicity and proliferation activity of osteoblasts. Figure 7b,d are the qualitative and quantitative results of initial osteoblastic adhesion, respectively. The LIVE/DEAD assay, conducted for 3 days, in Figure 7a indicates that Ta coatings possess no cell toxicity. Proliferation activity results in Figure 7c show no significant difference between the substrate and Ta coatings at the same interval, demonstrating the well osteoblasts viability on Ta coatings. Ti, Ta and their alloys have been reported to be biocompatibility materials and have been clinically used in dental and bone replacement applications [3,12]. Fluorescent images of osteoblasts after culturing for 4 h are depicted in Figure 7b, and the cell nuclei are stained blue. Cells are distributed evenly on all sample surfaces. Cellular densities on Ta coatings are higher than the control group and increase with surface roughness. The quantitative results of cell adhesion are presented in Figure 7d. After 0.5 h, the number of cells adhered to Ta coatings is roughly equal (Ta60) or lower (Ta30 and Ta120) than that of the control. After 1 h, the cell number on Ta30 is higher than that on the control group, while the other groups are at the same level as the control. After 4 h, the adhesion capacity of osteoblasts in each group is consistent with that in Figure 7b. Ta coatings show a higher cell adhesion ability than the TC4 substrate and it is pronounced with surface roughness. It has been demonstrated that surface roughness influences the synthesis of focal adhesion protein and the interfacial stress when cells contact with the surrounding extracellular matrix [39,40]. Results here indicate that cell adhesion ability is improved within the surface-roughness scope of our study (<0.6 μm or so).



The morphologies of osteoblasts on Ta coatings after culturing for 24 h are shown in Figure 8. At low magnification (first line), cells distribute uniformly in each group. Cells on the TC4 and Ta coatings are all in a polygonal shape, but those on Ta120 seem hampered (second line). By comparing the spreading area of cells in each group, no significant difference between Ta coatings and the substrate (except Ta120) could be found. At high magnification (last line), an intimate interaction of osteoblastic pseudopodium with Ta grains can be observed on Ta coatings. A smooth surface is more favorable in upregulating focal adhesion morphology, size and, consequently, the cellular spreading area [41,42]. Compared with bare TC4, Ta coatings within the accepted surface roughness range (346.7 ± 66.5 nm of Ta60) do not compromise the cell spreading. Beyond this range, however, the spreading ability is inhibited.



The extracellular matrix mineralization levels of osteoblasts on different groups are shown in Figure 9. Ta coatings show an apparent increase in the density of mineralized nodules and darkened color after osteoinduction for 7 days and intensified after 14 days, indicating the better osteogenic activity of Ta coatings. The increased surface roughness of implants within the appropriate range can increase the surface area of implants and upregulate initial matrix deposition and earlier bone ingrowth [43,44]. The good extracellular matrix mineralization behavior of osteoblasts highlights the clinical potential of Ta coatings.





4. Conclusions


Gradient Ta coatings were prepared on TC4 substrate by plasma alloying technique with different alloying temperatures and time. Ta coatings prepared at 800 °C possess the optimum interfacial strength, and it increases with alloying time. At 800 °C, the declined proportion of the solid solution strengthened diffusion layer with alloying time weakens the hardness and wear resistance of Ta coatings. Moreover, the corrosion resistance of Ta coatings in DMEM is significantly improved with about one order of magnitude increase in Icorr. In vitro assays demonstrate better cytocompatibility and osteogenic activity of the Ta coating, as evidenced by the enhanced cell adhesion and extracellular matrix mineralization level of osteoblasts. The excellent interfacial strength, wear resistance, corrosion resistance, and cytocompatibility of Ta30 indicate its promising potential in dental and orthopedic applications.
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Figure 1. SEM images of Ta coatings prepared at 750, 800, and 850 °C for 10, 30, 60, and 120 min. 
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Figure 2. (a) Cross-sectional SEM image of the Ta coating prepared at 800 °C for 30 min. (b) A corresponding EDS line scan of the yellow dotted line in (a). (c) The thickness of the deposition layer and diffusion layer prepared at 750, 800, and 850 °C for 10, 30, 60, and 120 min. (d) Variation of TDFL ratio with alloying time and temperature. 
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Figure 3. Variation of interfacial strength of Ta coatings with alloying temperatures and time. The asterisk represents the estimated value. 
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Figure 4. The XRD pattern (a), static water contact angle (b), average surface roughness (c) and Vicker’s hardness (d) of Ta coatings prepared at 800 °C for 30, 60 and 120 min. * p < 0.05 and ** p < 0.01, compared to TC4, & p < 0.05 and && p < 0.01 compared to Ta30, @ p < 0.05 and @@ p < 0.01 compared to Ta60. 
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Figure 5. The wear scars’ profile curves (a) and the corresponding SEM image morphologies (b) of TC4 and Ta coatings prepared at 800 °C with different alloying time. 
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Figure 6. The Potentiodynamic polarization curves of Ta coatings in DMEM at 37 °C. Mirror polished TC4 was used as control. 
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Figure 7. (a) Fluorescence images of LIVE/DEAD staining of osteoblasts cultured on Ta coatings for 3 days. (b) Fluorescence images of cells adhered on Ta coatings for 4 h. (c) Viability of osteoblasts after culturing for 1, 3, and 5 days. (d) Quantitative results of osteoblasts adhesion after culturing for 0.5, 1 and 4 h. Mirror polished TC4 was used as control. * p < 0.05 and ** p < 0.01 compared to TC4, & p < 0.05 and && p < 0.01 compared to Ta30, @@ p < 0.01 compared to Ta60. 
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Figure 8. SEM images of osteoblasts after culturing on Ta coatings for 1 day. Mirror polished TC4 was used as control. Figures at higher magnification were taken from the area enclosed by a white square in the figures taken at lower magnification. 
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Figure 9. The extracellular matrix mineralization level of Ta coatings after osteogenic induction for 7 and 14 days. Mirror polished TC4 was used as control. 
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Table 1. Wear width, depth, and volume of Ta coatings after grinding against Si3N4 balls with a load of 5 N for 20 min.
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	Sample
	Wear Width

b/mm
	Wear Depth

h/10−3 mm
	Wear Volume

Wv/10−3 mm3





	TC4
	0.88
	19.87
	58.66



	Ta30
	0.73
	20.54
	50.24



	Ta60
	0.77
	22.72
	58.45



	Ta120
	0.82
	28.55
	80.68
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Table 2. Electrochemical parameters of Ta coatings with different alloying time. The tests were conducted in a DMEM solution at 37 °C.
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	Sample
	Ecorr/mV
	Icorr/(μA cm−2)
	βc/(mv decade−1)





	TC4
	−1.08
	1.06 × 10−1
	210.72



	Ta30
	−0.62
	2.63 × 10−2
	168.12



	Ta60
	−0.71
	2.05 × 10−2
	147.21



	Ta120
	−0.67
	7.54 × 10−2
	204.46
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