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Abstract

:

In the present work the electrochemical deposition of hydroxyapatite using simulated body fluid (SBF) as an electrolytic medium was carried out on Ta and Ta/TaN coatings on BIOLINE stainless steel SS316LVM (SS). The electrochemical deposition performed on each substrate for 3000 and 6000 s, at different potentials were determined from cyclic voltammetry. The best conditions found were −1.4 V for bare SS and −1.7 V for Ta/TaN coating. The structural characterization was carried out by SEM, FTIR, XRD, and contact angle measurements. The electrochemical characterization was done by electrochemical impedance (EIS), which allowed us to know the capacitive and resistive character of the substrates. The substrate (Ta/TaN)/SS at −1.7 V 6000 s presented the largest formation of a nonstoichiometric hydroxyapatite with a uniform distribution on the substrate, implying that Ta–OH is formed on the tantalum metallic surface, due to formation of the passivation layer of tantalum oxide. These groups attract Ca2+ ions and PO43− ions absorbed on the surface will form the precursors of the apatite crystals that finally transform to hydroxyapatite. The electrodeposition of HAp the double layer Ta/TaN resulted in a more uniform and denser layer than SS alone.
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1. Introduction


The fundamental requirements of metals for implants are concerned with biocompatibility, resistance to corrosion, and wear to prevent release of potentially dangerous ions in the body. The most widely used metals for this purpose are stainless steel and titanium and its alloys; however, these materials, especially steel, do not present a good osseointegration in orthopedics and dentistry implants [1]. On the other side, these alloys have been proven to behave poorly in friction, since wear particles were often detected in the tissues and organs associated with titanium implants. This affects the type of bonding with the bone tissue and determines the stability of the biomaterial. The severe environment of body fluids can cause corrosion in the implants, affecting the chemical stability and mechanical integration of the biomaterial, which can result in implant failure and/or degradation [2,3,4].



The mechanical and chemical characteristics of the implant surface affect the cellular attachment and determine the chemical stability and reactivity of the biomaterial. The severe body can cause corrosion on the biomaterials [2,4]. Therefore, altering the chemical stability and mechanical integrity of the implant that could result in a catastrophic failure. The chemical carboxyl groups (-COOH), hydroxyl (-OH), amine (-NH2), and metil (-CH3), formed around the biomaterial, affect the absorption of proteins and interaction cel-protein [3]. The deposition of different coatings could prevent corrosion, improve wear resistance, and increase biocompatibility. Tantalum and tantalum nitride have also shown excellent biocompatibility and effective integration to the bone [5,6,7]. Tantalum show excellent anticorrosive properties, due to the natural formation of Ta2O5, which forms a passivation layer and has an excellent biocompatibility [5,7,8]. TaN is well-known for his high wear resistance, good mechanical an anticorrosive property, and biocompatibility [6,9,10]; this has also been reported for the bilayer Ta/TaN [11].



The main criteria for biocompatibility is concerned with the need to minimize the release of any degradation, wear particles, or corrosion products and maximize the rate and efficiency of bone adaptation. Additionally, the enhancement of bioactivity, to increase bone bonding, is important [12]. The surface treatment of implant metals is also important, in order to protect the material from the biological environment (improving wear and corrosion resistance) and enhance bioactivity through the deposition of hydroxyapatite (HAp); favoring osseointegration is the aim of this study. Hydroxyapatite coatings, deposited by different methods, have been shown to not only provide a mechanism to enhance osseointegration [8,13,14,15], but function to seal the interface from wear particles and macrophage-associated periprosthetic osteolysis [16]. Among the principal methods to form HAp on different substrates, the biomimetic method has been widely used to also monitor the bioactivity of different substrates [17,18,19], recently the effect of a magnetic field on HAp deposition, using the biomimetic method, has been studied by Uribe et al. [20].



Electrochemical deposition of HAp has unique advantages, due to the formation of a uniform coating, independent of the sample morphology, easiness of processing, and control of parameters. The electrochemical deposition of HAp on Ti and Ti-based alloys has been widely studied by different authors changing electrochemical potential and electrolyte composition and concentration [21,22,23,24,25,26,27]; additionally, deposition on steel has been reported [28], and different electrolyte concentrations were studied. The optimal conditions were determined for a potential range from 0 to −1.6 V/SCE and temperature of 70 °C [29]. Furthermore, the electrochemical deposition of HAp has been studied on biodegradable materials under different synthesis parameters [30]. Ban et al. [31] used a combined electrochemical–hydrothermal method for deposition of HAp on different metals (Ti, Ni, Zn, Fe, and steel) using a similar solution to simulated body fluid (SBF). They obtained the formation of very large crystals on all the substrates at high temperature (100–200 °C), but different compounds, apart from HAp, were also formed. Recently, fine reviews were published on the performances of the electrodeposited HAp coating on different substrates (Ti, NiTi, 316SS, graphene oxide, and chitosan), in terms of electrodeposition parameters that affect topography, chemical component, surface roughness, and degree of crystallinity. These properties were fairly correlated with biocompatibility, osteo-inductivity, corrosion resistance efficiency, and adhesive strength [32,33]. Few studies have used simulated body fluid (SBF) as an electrolyte solution for the electrodeposition of HAp [34,35,36,37]. Peng et al. [34] used a modified SBF on Ti, applying periodic pulsed potentials. Ca/P ratio of 1.65 and pore sizes in the range of a few nano meters to 1 μm was obtained.



In spite of the large number of published works on the processing of titanium and titanium alloys, the electrochemical deposition of HAp on Ta and/or TaN, has not been published as far as we know. Furthermore, studies using simulated body fluid (SBF) as an electrolyte on these substrates are very scarce. Therefore, in the present work, we study the electrochemical deposition of hydroxyapatite on a new generation of metal coatings, with multifunctional purposes, formed by multilayer thin films of Ta and Ta/TaN on BIOLINE stainless steel SS316LVM (SS) as substrate, using SBF as an electrolyte solution.




2. Materials and Methods


2.1. Ta and Ta/TaN Coating Deposition


BIOLINE stainless steel SS316LVM (SS) from Sandvik (SANDVIK BIOLINE 316LVM: Austenitic Stainless Steel for Implants substrates) [38] was used and coated with thin films of Ta and TaN by RF sputtering. Prior to coating, the substrates were prepared by grinding and polishing to final finishing of 0.05 μm and, finally, ultrasonic cleaning with distilled water and acetone was used and dried under compressed air. The physical vapor deposition (PVD) coating process is described in [39]. In summary, Ta thin film deposition was carried out for 30 min, under Ar atmosphere, with a pressure of 6.5 Pa. TaN thin films were deposited using Ar/N2 atmosphere with a N2 partial pressure of 2%. The bilayer Ta/TaN was deposited in two steps: first the Ta thin film deposition, following the procedure described above; then, without breaking the vacuum, an Ar flow of 50 sccm and nitrogen flow of 0.2 sccm were kept constant, while the pressure in the chamber was controlled at 6.5 Pa (48.5 mTorr). The thickness of the Ta and TaN thin films was 300 nm each and 600 nm for the bilayer.




2.2. Microstructural Characterization


The materials were characterized by X-ray diffraction, with Cu Kα radiation, using a PANalytical X-Pert Pro MPD diffractometer (PANalytical, Malvern, United Kingdom), operating at 45 kV and 30 mA and a step of 0.02°/s. Additionally, grazing incidence X-ray diffraction was performed in a PANalytical X-Pert MRD θ-2θ, operating at 45 kV and 20 mA, with a 7° offset angle and estimated penetration depth of 250 nm. High resolution scanning electron microscopy (HRSEM) was carried out in a FEI Inspec F50 and Phenom ProX desktop SEM, with Fourier transform infrared spectroscopy (FTIR), the latter using a Perkin Elmer Spectrum 100 spectrophotometer and a wavenumber range of 4000–500 cm−1. In addition, hydrophilicity tests by contact angle were carried out on the substrates that showed a better formation of HAp films.




2.3. Preparation of Simulated Body Fluid (SBF)


The simulated body fluid (1.5 SBF) is a supersaturated solution was prepared at 37 ± 1 °C, at pH 7.1 and in a water bath, according to a typical procedure proposed by Kakubo et al. [17]. This is an acellular solution with inorganic ions concentrations, similar to blood plasma, using the following salts: (g/L) NaCl: 11.994; KCl: 0.336; CaCl2·2H2O: 0.438; MgCl2·6H2O: 0.458; NaHCO3:0.525; K2HPO4·3H2O: 0.347; and Na2SO4: 0.107 [40]. This solution is used for evaluating in vitro bioactivity and apatite coating under biomimetic conditions. The preparation steps consist of a very careful cleaning of the container, where the solution is going to be prepared and stored. The chemicals must be added to ultra-pure water at 37 ± 1 °C one-by-one, in the order listed above, until each one is completely dissolved. The pH must be carefully adjusted.




2.4. Impedance Characterization


Electrochemical impedance spectroscopy (EIS) was carried out for each of the materials, coated and uncoated (etched SS, Ta/SS, and (Ta/TaN)/SS), over a frequency range of 100 Kz to 0.1 Hz, employing an excitation signal of 10 mV peak-to-peak, using a BioLogic SP-50 potentiostat.




2.5. Potentiodynamic Polarization


Potentiodynamic polarization was carried out at a scan rate of 0.3 mV/s (0.05 mV/min), 20 mV/min, using a large cell, with a volume of 1400 cm3; the working electrode was the test specimen, the counter electrode was a Pt mesh, and the reference electrode was Ag/AgCl. The electrolyte solution was SBF pH de 7.2 at 37 °C.




2.6. Electrochemical Deposition


Electrochemical deposition was performed using a simulated body fluid solution, with electrolytes at 37 °C, pH 7.2–7.4, and a CHI660C electrochemical potentiostat, with a three-electrode configuration. The working electrode was the test specimen with an exposed area of 7.54 mm2. The reference electrode was Ag/AgCl and counter electrode was a large area stainless steel spiral. A 1.5 SBF solution was employed [40], with ion concentrations that nearly reproduce the composition of blood plasma at 37 °C and pH = 7.4. The chronoamperograms were carried out at −1.2 and −1.4 V for periods of 3000 and 6000 s.





3. Results and Discussion


The capacitive characteristics of the different bare substrates (SS, Ta/SS, and Ta/TaN/ SS) were analyzed by electrochemical impedance spectroscopy and polarization curves, before the electrochemical deposition of HAp, in order to obtain the best conditions for the HAp electrochemical coating deposition through a cyclic voltammetry test. These results are described below.



3.1. Characterization by Electrochemical Impedance Spectroscopy


Electrochemical impedance spectroscopy (EIS) characterization has a tremendous importance in the study of materials. Analysis of the system response contains information about the interface, its structure, and the reactions taking place there. The data obtained is presented in the Nyquist diagrams that relate the imaginary component of the impedance (Z”) vs. the real component (Z’), as well as the base diagrams that plot the modulus of impedance |Z (m)| and phase angle φ vs. log of frequency [41]. The slopes obtained from the Nyquist diagrams (Figure 1) show the capacitive behavior of the different substrates in the following order: etched stainless steel (etched SS), Ta coated stainless steel (Ta/SS), and stainless steel coated with the double layer ((Ta/TaN)/SS). The Bode diagrams (Figure 2) support this result, indicating that the etched SS is the most resistive material. In the range of low and medium frequency, log Z keeps a constant angle near 90° characteristic and capacitive behavior and decreases for high frequencies [17]. Furthermore, this substrate shows a higher Log Z vs. frequency in the linear range and plateau of the phase angle than the coated material. This result is attributed to the isolating effect of the coating [8]. The Ta film on SS would not be an effective protective coating, due to the delamination observed. According to Jara et al. [39] and Gladzuk et al. [42], α-Ta film deposited on SS316LVM presents delamination, due to the very high strain at the interface. The delamination problem could be overcome by the deposition of an underlayer of TaN [43,44].



The polarization plots obtained for the etched SS and double layer (Ta/TaN)/SS substrates are presented in Figure 3. The cathodic current density can be attributed to the reduction of the oxygen dissolved in the solution, while the anodic branch does not show the typical passivation value. However, the Tafel relation is in agreement with the anodic polarization of the alloys in the presence of calcium and seric proteins [45].



The cyclic voltammetry of the different substrates for the etched SS and double layer on steel (Ta/TaN)/SS, taken in a SBF solution at 37 °C, pH de 7.2–7.4, are shown in Figure 4. The electrodeposition process of HAp on the substates surface occurs at potentials between −0.5 and −1.8 V, through a combination of several equilibrium chemical reactions [29,46,47,48]:


   O 2  + 2  H 2  O + 4  e −  →   4  OH −   



(1)






   H 2   PO 4 −    ↔  HPO 4  2 −   +  H +   



(2)






  2  H 2  O + 4 e =  H 2  + 2  OH −   



(3)






   Ca  2 +    HPO 4  2 −   + 2  H 2  O =     CaHPO  4  ·   2  H 2  O  



(4)
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Figure 1. Nyquist diagram of stainless steel substrates of the following types: etched SS, Ta/SS coating, and (Ta/TaN)/SS. 
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Figure 2. Bode diagram of stainless steel substrates of the following types: etched SS, Ta/SS coating, and (Ta/TaN)/SS. 
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Currents at powers less negative than −0.5 V are associated with equilibrium (1) and equilibrium (2), with those currents at potentials between −0.5 and −1.5 V, while an increase in the current at potentials more negative than −1.5 V are associated with balance (3). Electrochemically-generated OH− ions in equilibrium (3) and HPO42− ions in equilibrium (2) react with the Ca2+ ions present in the electrolyte solution, equilibrium (4), to form the HAp coating on the substrate surface, where the formation of OH− in the reaction medium favors the equilibrium (2), towards the production of HPO42−. Therefore, on those substrates that catalyze the electroreduction of H2O, a higher yield of HAp could be achieved; however, the production of H2 gas could mechanically destabilize the HAp coating, resulting in detachment from the substrate surface. In our case, the growing process of HAP on etched SS is between the −0.3 and −1.6 V potentials, with −1.3 and −1.8 V for the (Ta/TaN)/SS. According to this, the etched SS substrate would be more efficient as an electrocatalyst for the generation of OH− ions from O2 and H2O and, therefore, would favor the formation of HAp on its surface. However, a greater potential window for the evolution of H2 was obtained for the (Ta/TaN)/SS, which could delay the mechanical destabilization of the coating, due to the production of this gas at higher potentials. Table 1 presents the potentials selected for the HAp growth on the different substrates by the chronoamperometry method, using deposition times of 3000 and 6000 s, according to the results shown by cyclic voltammetry.
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Figure 3. Polarization curves of the Bode diagram of etched SS and (Ta/TaN)/SS. 
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Figure 4. Cyclic voltammetry of etched SS and (Ta/TaN)/SS in SBF solution, at 37 °C, pH de 7.2–7.4. 
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Table 1. Applied potentials for chronoamperometry.
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	Sample
	Potential 1 (V)
	Potential 2 (V)





	Etched SS
	−1.2
	−1.4



	(Ta/TaN)/SS
	−1.4
	−1.7











3.2. Characterization of Substrates


Figure 5 shows SEM images of the different surface-modified stainless steel substrates. Figure 5a shows the sample after etching with NaOH. A sodium chromate layer can be formed after a reaction with NaOH, which could favor the formation of phosphates on the surface [49,50]. Figure 5b shows the microstructure of the tantalum film deposited on SS, evidencing a column-like growth, as previously reported by Jara et al. [39]. The grain size of the Ta layer formed on the steel’s surface is about 50 nm. Figure 5c show the deposition of the bilayer Ta/TaN layers on SS, where the microstructure of the Ta film that was deposited on TaN on SS can be observed. A change in the grain size can be observed, which is attributed to the influence of the TaN underlayer.



Figure 6a corresponds to the diffractogram of the SS substrate, showing a mixture of gamma (γ) austenite at 44.1 and 50.8 2θ° [JCPDS 33-0945] and (α) phase at 44.8 and 66.1 2θ° [JCPDS 35–1375]. Figure 6b is the grazing angle XRD of (Ta/TaN)/SS sample, apart from the SS phases, the formation of β-tantalum center at 37.5 2θ° [JCPDS 25-1280] and TaN at 35.8 and 41.6 2θ° can be observed.




3.3. Characterization of Layers Formed on the Different Substrates by Electrodeposition


The FTIR results of the layer formed on the SS by electrodeposition is shown in Figure 7. When a potential of −1.4 V for 6000 s was applied, the presence of the characteristic PO4−3 groups corresponding to HAp were observed between 1110 and 1020 cm−1, OH− at 630 cm−1, and HPO42− at 870 cm−1. For the same potential, −1.4 V and a lower period of 3000 s, the formation of a phosphate is seen at 1031 cm−1. For lower potentials (−1.2 V), the structures did not form. This could be due to the low generation of OH− ions that could contribute to the displacement of equilibrium, disfavoring the formation of HAp. The SEM images of the electrodeposited layer of HAp on etched SS, when a potential of −1.4 V was applied for 3000 and 6000 s, are shown in Figure 8. The formation of HAp is obtained with the characteristic spherical morphology after 6000 s, consistent with the FTIR results (Figure 7).



When the electrodeposition was carried out on the bilayer, (Ta/TaN)/SS, the formation of HAp is favored after 6000 s for both potentials (Figure 9). For the latter condition, the characteristic phosphate PO4−3 bands of HAp are observed in the region 1110–1020 cm−1 and HPO42− at 865–877 cm−1 [51].



The SEM images of the layer electrodeposited on (Ta/TaN)/SS (Figure 10) show similar morphologies for both potentials (−1.4 V and −1.7 V), with a formation of agglomerates and larger formation of the product for longer periods (6000 s); this is in good agreement with the measured mass deposition (Table 2). The Ca/P was determined by EDS, indicating that, for 6000 s, this ratio corresponded to non-stoichiometric HAp (Table 2).



The morphology of HAp electrochemically-deposited depends on many different parameters, such as pH, temperature, time, current density, distance between working and counter electrodes, topography and roughness of the substrates, and composition of the electrolyte. Cell adhesion is affected by the morphology and composition of the layer. However, the morphology obtained in the present work is similar to the reported morphology reported by electrochemically using SBF as electrolyte with similar voltages than the used in the present work [34,37].



The Ca/P ratio determined from EDS and the average mass formed is shown in Table 2 for the different potentials and time applied on substrates SS and (Ta/TaN)/SS. The best condition was −1.7 V for 6000 s, with the highest deposition and a Ca/P ratio of 1.65.



The chronoamperometric results, chosen in the region of nucleation and growth of HAp, determined from cyclic voltammetry, indicated that higher potential and longer periods of deposition favor the formation of a uniform Hap layer. It has been reported that high current density and relatively high overpotential results in high depositional resistance and, therefore, small HAp crystals are obtained. Low overpotential helps the ionic aggregation caused by the slow charge transfer process near the cathode; as a result, high crystal growth was observed [52]. The deposition of HAp on the double layer material for the higher potential and longer periods on Ta/TaN/SS was more homogeneous than on steel, and a Ca/P ratio characteristic of nonstoichiometric HAp was obtained. This behavior is in good agreement with the Nyquist diagrams (Figure 1), which shows that the double layer Ta/TaN presents higher electrochemical resistance, suggesting a protective coating for the corrosion processes. Hydroxyapatite coatings have been grown on Ta samples by plasma electrolytic oxidation, using calcium and phosphorus-containing electrolytic solutions [53]. These authors evaluated the influence of polarization voltage and treatment time. They reported that the HAp coatings produced, using voltages of 500 V, for times over 300 s, were denser, composed of more than 80% crystalline HAp.



The electrochemical formation of HAp films, using SBF as an electrolyte, was a successful method, with the formation of a homogenous film in a very short time, compared to more conventional methods of immersion Uribe et al. [20].



The grazing angle XRD of the hydroxyapatite layer, formed on the double layer Ta/TaN/SS, is presented in Figure 11. The diffractogram presents the (002), (211), and (213) reflexions of HAp and those corresponding to the double layer: nanocrystalline β-Ta phase and TaN, as well as the steel substrate austenitic γ phase. For the deposition of HAp on steel lower intensity, the HAp reflexions were obtained, indicating that lower amount of coating.




3.4. Mechanism of Formation of Hydroxyapatite


During the process of the formation of apatite on the different surfaces, an amorphous precursor phase of calcium phosphate is formed [54,55,56,57,58]. The primary and secondary nucleation is induced by the ion charges at the surfaces and under conditions of supersaturation of the SBF solution. Electrostatic interactions, van der Waals, and hydration forces are present, being the electrostatic interaction, and the main factor present at the initial nucleation, due to the negative electric charges present at the surface [23,24,25,54,55,56]. During electrodeposition, the electrostatic migration of OH− groups adsorb to the surface and react at the interface, conforming the Ca2+ nucleation sites. As a result, hydrogen phosphate and phosphate increase in concentration, as proposed in Equation (2), while Ca2+ ions interact with phosphate groups to form hydroxyapatite (Equation (4)). Experimental results suggest that more complex routes could be followed before the formation of hydroxyapatite crystals. The scheme presented in Figure 12 is a proposal of the formation mechanism. Many parameters, such as substrate topography, roughness, crystal structure, surface energies, and morphology, affect the formation of the apatite phase. Moreover, in the double layer, Ta/TaN/SS, the formation of the Ta–OH group on the external layer tantalum surface is obtained, due to formation of the passivation layer of tantalum oxide [8]. These Ta–OH groups will attract Ca2+ ions, and a non-stoichiometric tantalum calcium hydroxide could form. In the next stage the phosphate ions bind to the calcium ions, and the nucleation of the amorphous phase takes place [36,54,55,56,57,58]. The Ca2+ and PO43− ions absorbed on the surface will form the precursors of the apatite crystals that, finally, transform to hydroxyapatite. In the SBF, other ions are also present that form part of the layer, as has been shown in the EDS results.



One problem of electrochemical deposition of HAp is the formation of bubbles, since these could hamper the nucleation and growth of HAp, as well as adhesion to the substrate. Therefore, the control of bubbles, during electrochemical deposition, is extremely important to obtain a very homogeneous coating, the parameters temperature, pH, deposition time, and current density should be controlled very carefully [23,25,28].
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Figure 12. Scheme of HAp mechanism of formation. 
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3.5. Contact Angle Measurements


Contact angle measurements are shown in Table 3 for both substrates, before and after HAp deposition. A hydrophilic characteristic is obtained for all the surfaces, but a large increase in the hydrophilic character after HAp deposition was especially observed for (Ta/TaN)/SS [59,60]. The latter is a condition desirable for cellular adhesion [61], corroborating the beneficial effect of these coatings on SS, protecting against corrosion and promoting the HAp deposition.





4. Conclusions


The formation of apatite was successfully obtained by electrochemical deposition on steel and Ta/TaN double coating on steel, using simulated body fluid as an electrolyte. The deposition on Ta/TaN was much more effective than on etched steel. The chronoamperometric results, chosen in the region of nucleation and growth of HAp, determined from cyclic voltammetry, indicated that higher potential and longer periods of deposition favor the formation of a uniform HAp layer on both substrates. Furthermore, the deposition on the double layer material Ta/TaN/SS is more homogeneous and with a Ca/P ratio characteristic of nonstoichiometric HAp. The electrochemical method resulted in the formation of a homogenous film in a very short time, compared to more conventional biomimetic methods of immersion. Furthermore, an increase in the hydrophilic character after HAp deposition was particularly observed for Ta/TaN/SS material. This condition is desirable for cellular adhesion.



Additionally, it was found that the double layer Ta/TaN has bioactive behavior and protects against corrosion in the presence of the simulated body fluid aggressive electrolyte, implying that it could be a potential coating for metallic implants.
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Figure 5. SEM images of substrates: (a) etched SS; (b) Ta/ SS [26], and (c) (Ta/TaN)/ SS [26]. Reprinted with permission from [26], 2017 Elsevier. 
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Figure 6. XRD of: (a) SS sample and (b) (Ta/TaN)/SS. 
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Figure 7. FTIR spectra electrodeposited layer on etched SS at different potentials and time. 
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Figure 8. SEM images of electrodeposited layers on SS at −1.4 V: (a) 3000 and (b) 6000 s. 
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Figure 9. FTIR spectra of HAp deposition on (Ta/TaN)/SS at different potential and time. 
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Figure 10. SEM images of HAp deposition on (Ta/TaN)/SS: (a) −1.4 V 3000 s, (b) −1.4 V 6000 s, (c) −1.7 V 3000 s, and (d) −1.7 V 6000 s. 
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Figure 11. Grazing angle XRD of HAp deposited on Ta/TaN/SS. 
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Table 2. The ratio of Ca/P and mass of HAp, formed at the different conditions of potential and time, on substrates of SS and (Ta/TaN)/SS.






Table 2. The ratio of Ca/P and mass of HAp, formed at the different conditions of potential and time, on substrates of SS and (Ta/TaN)/SS.





	
Substrate

	
Potential

(V)

	
Time

(s)

	
Ca/P

	
Mass of Deposition of HAp (mg/mm2)






	
SS

	
−1.20

	
3000

	
1.20

	
0.056




	
−1.20

	
6000

	
1.27

	
0.064




	
−1.40

	
3000

	
1.41

	
0.105




	
−1.40

	
6000

	
1.61

	
0.170




	
(Ta/TaN)/SS

	
−1.40

	
3000

	
1.25

	
0.021




	
−1.40

	
6000

	
1.55

	
0.286




	
−1.70

	
3000

	
1.62

	
0.267




	
−1.70

	
6000

	
1.65

	
0.288
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Table 3. Contact angle measurements on the different substrates with HAp deposition.
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Substrate

	
Before

HAp Deposition

	
Applied Potentials (V)

	
After

HAp Deposition




	
Angle (°)

	
6000 s

	
Angle (°)






	
Ta/TaN/SS

	
48.65 ± 0.93
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−1.7

	
31.00 ± 1.53
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SS

	
46.73 ± 1.00
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−1.4

	
40.35 ± 1.29
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