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Abstract:



The implant osseointegration rate depends on the surface’s topography and chemical composition. There is a growing interest in the anodic oxidation process to obtain an oxide layer with a nanotube morphology on beta titanium alloys. This surface treatment presents large surface area, nanoscale rugosity and electrochemical properties that may increase the biocompatibility and osseointegration rate in titanium implants. In this work, an anodic oxidation process was used to modify the surface on the Ti35Nb10Ta alloy to obtain a titanium nanotubes topography. The work focused on analyzing the influence of some variables (voltage, heat treatment and ultraviolet irradiation) on the wettability performance of a titanium alloy. The morphology of the nanotubes surfaces was studied by Field Emission Scanning Electron Microscopy (FESEM), and surface composition was analyzed by Energy Dispersive Spectroscopy (EDS). The measurement of contact angle for the TiO2 nanotube surfaces was measured by a video contact angle system. The surface with the non photoinduced nanotubes presented the largest contact angles. The post-heat treatment lowered the F/Ti ratio in the nanotubes and decreased the contact angle. Ultraviolet (UV) irradiation of the TiO2 nanotubes decrease the water contact angle.
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1. Introduction


The main reason for surgical revisions is bone deterioration, and low osseointegration rates that end in implant failure. Improving this rate depends on the material’s composition and surface topography [1]. Titanium alloys must display mechanical compatibility with substituted bone, which is achieved through a combination of low a Young’s Modulus and high flexural and fatigue strength [2]. Efforts made in the past years have focused on developing β titanium alloys with a high content of refractory elements, such as Nb, Ta, Mo or Zr, to improve the bone compatibility and long-term performance of biomedical implants [3]. These new alloys present lower density and Young’s Modulus than the stainless steels and Co-Cr alloys employed as biomaterials [4]. The elastic modulus of the implant material is decisive to control the load transfer. This phenomenon is related directly to prosthesis loosening. The closer the elastic modulus of the implant material is to bone, the better the load transfer between the implant and bone [5]. Powder metallurgy technology (PM) allows beta titanium alloys to be produced with non-soluble phases, where the microstructure is achieved through solid-state diffusion.



Of the several commercial surface treatments employed to modify the roughness and topography of the titanium implants, sandblasting and acid etching are the most widely used in the industry. The combination of both treatments has been demonstrated to improve osseointegration rates compared with machined implants, or by using just with one of them [6,7]. Titanium and refractory elements, employed as β-stabilizing elements, can be subject to anodic oxidation and may form an oxide layer on their surfaces [8,9]. Nelson et al. showed that the anodized implants present a higher removal torque (83 N·cm) than the machined implants (57 N·cm), which means greater torque required to remove implants may be interpreted as an increase in the strength of bone integration [10]. The anodic oxidation process in electrolytes with fluorine content attracts researchers’ interest because it allows a nanotube morphology on titanium surfaces to be obtained [11,12]. This nanoscale modification has been demonstrated to enhance protein adsorption and cell-implant interaction, and to improve osteoblast proliferation compared with the commercial surface treatments currently employed in implants [11]. Sista et al. (2013) observed that the titanium anodized surfaces presented a high expression of fibronectin and collagen genes compared with polished acid etched surfaces [12]. Both proteins mediate the adhesion of osteoblasts onto the implant surface, and the anodized surface supports greater cell adhesion strength to the underlying surface which improves osseointegration rates.



The factors that influence cell attachment to the surface layers of nanotubes are wettability of a hydrophilic or hydrophobic nature, surface roughness that increases surface energy and chemical composition, and oxide layer properties that enhance the material’s corrosion resistance [13]. The biocompatibility of titanium alloys results from a thin titanium oxide layer that is present on the metal surface. This native oxide layer, which is 1–5 nm thick, lowers metal ion release rates and plays a key role toward osseointegration at the interface between bone and the titanium implant. The corrosion resistance of the surface oxide layer’s is influenced by the material’s composition and by the parameters employed during the anodization process [14,15,16]. The nanotube oxide thickness layer increases with anodization time [9]. The nanotube diameter grows by applying an increasing voltage applied during the anodic oxidation process [17].



The objective of the present work is to study the effect of the anodic oxidation process on the wettability, topography and roughness of a Ti35Nb10Ta surface obtained by conventional P/M technology.




2. Materials and Methods


2.1. Powder Metallurgy Process


A beta titanium alloy with nominal composition Ti35Nb10Ta, was prepared by a powder metallurgy process using blending elemental (BE) powder, which was provided by Atlantic Equipment Engineers (AEE, Iselin, NJ, USA): Ti 99.7%, Nb 99.8% and Ta <48 μm 99.8% purity and 1–5 μm, <8 μm particle size respectively. The Ti35Nb10Ta alloys were pressed at 700 MPa. The ternary titanium alloys were heated in a vacuum sintering furnace (<10−4 mbars, Carbolite Gero GmbH & Co., Neuhausen, Germany) to 800 °C at 15 °C/min, were held at that temperature for 30 min, and were finally heated to 1350 °C at 10 °C/min. Finally, they were held for 180 min and cooled at 10 °C/min.




2.2. Surface and Chemical Characterization


A microstructural analysis was carried out to identify phases, morphology, homogeneity and distribution by optical microscopy under a Nikon (Nikon Inc., Tokyo, Japan) LV100 optical microscope. Metallographic preparation was carried out by acid etching with Kroll solution (3 mL HF, 6 mL HNO3, 100 mL H2O) to reveal Ti35Nb10Ta microstructures.



The effect of the anodic oxidation process on the topography of the Ti35Nb10Ta titanium alloy was qualitatively analyzed by Field Emission Scanning Electron Microscopy (FESEM ULTRA 55, ZEISS, Oberkochen, Germany). The inner diameter, wall-thickness and nanotubes density were determined by the ImageJ image analysis software (Image J 1.50b, National Institutes of Health, Bethesda, MD, USA).



Surface roughness was analyzed by a Confocal Microscopy (FRT CFM, FRT GmbH, Gladbach, Germany). Three measurements were taken for each specimen according to ISO 4287:1997. The 100X NA0.9 objective was employed, with 1 nm resolution on the “z” axis, and one at 0.4 µm on the “x” and “y” axes. The surface analysis area was 134 µm × 178 µm. A data analysis and 3D topography were performed with FRT Mark III® (FRT GmbH, Gladbach, Germany). The mean roughness (Ra), peak to valley roughness (Rz), quadratic average roughness (Rq) and maximum roughness height (Rmax) were calculated as the typical height parameters. Space descriptive parameters were calculated, including the medium roughness value of the peaks above a profile plane (Rpk), the medium roughness value of the valleys below the profile plane (Rvk), and the biggest difference between the maximum and average surface heights (Rp). This range of parameters was selected in order to include the relevant parameters capable of describing and explaining the surface topography of the studied titanium alloys. The microchemical surface analysis was run with an Energy Dispersive Spectroscopy (EDS, Oxford Instruments, Abingdon, UK).




2.3. Anodic Oxidation Surface Treatment


The Ti35Nb10Ta powder metallurgy samples were wet-ground with 220–1500 grit silicon carbide (SiC) paper before starting the anodic oxidation process. The anodizing experiments were performed in the electrolyte composed of 1 M H3PO4 and 0.8 wt % of NaF, in a DC Power Supply SM 400-AR-8 (Delta Elektronica, Zierikzee, Netherlands). Anodic oxidation was performed in a two-electrode cell by using the titanium sample as a working electrode (anode) and the 316 L stainless steel as a counter electrode (cathode), at room temperature, and not under mild stirring conditions. The anode and cathode were maintained in parallel with a separation distance of 20 mm. The anodization voltages employed to grow nanotubes were 15 and 35 V, which were applied for 45 min. After the anodic oxidation process, samples were cleaned in a sodium bicarbonate solution for 30 min to neutralize the electrolyte. Then samples were immersed in batches with purified water for 20 min and were dried in a warm air stream. Heat treatment was carried out in a vacuum sintering furnace (<10−4 mbars) at 320 °C for 30 min at the heating rate of 5 °C/min. After the heat treatment, the samples were cooled in a vacuum to room temperature.




2.4. Wettability Characterization


Contact angle measurements were taken by the sessile drop method. The images were captured using a contact angle video based system “Easydrop Standadrd FM140” (KRÜSS GmbH, Hamburg, Germany). The contact angle between the drop and the substrate was analyzed by the “Drop Shape Analysis SW21” commercial software (DSA Version 1.90.0.14, KRÜSS GmbH, Hamburg, Germany).



At least 10 measurements were taken of each sample and the average values were calculated. The maximum error did not exceed 5%. To determine surface energy, four different liquids were used as test liquids: diiodomethane (stabilized, 99% purity) supplied by Acros Organics (Acros Organics, Geel, Belgium), formamide (reagent grade ACS), and glycerol (99% purity) supplied by Scharlau Chemie S.A. (Scharlab S.L., Barcelona, Spain); and double-distilled water. The contact values of the four used test liquids for the contact angle measurements are observed in Table 1. The surface free energies of the different alloys were calculated by the Owens-Wendt Equation (1), which takes into account the nonpolar and polar contributions to the total surface free energy value. The Owens-Wendt model gives the long-range dispersion (γd) and the short-range polar (γp) components of surface free energy, where γs is the surface free energy of the surface (SFE) of the surface and γL the SFE of the liquid.



Table 1. Characteristics of the different employed test liquids.







	
Liquid

	
[image: ] (mJ/m2)

	
[image: ] (mJ/m2)
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Water

	
22.0

	
50.2

	
72.2




	
Glycerol

	
34.0

	
30.0

	
64.0




	
Diiodomethane

	
48.5

	
2.3

	
50.8




	
Formamide

	
32.3

	
26.0

	
58.3
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(1)
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3. Results


A microstructure is a relevant property that influences the tensile strength, corrosion and fatigue resistance of titanium alloys. Figure 1 presents the tested alloy’s microstructures. The microstructure showed a heterogeneous phase composition, which was composed predominantly of a β equiaxial grain with a remaining α + β phase due to poor diffusion during the sintering process. The α + β regions with lower contents of refractory elements presented high chemical heterogeneity. As the studied alloys presented a retained β phase of more than 20%, they were classified at room temperature as β alloys [18].


Figure 1. Microstructure of the P/M Ti35Nb10Ta alloy (a) Heterogenous phase composition; (b) α + β region.
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The mechanical characteristics of the Ti35Nb10Ta alloy have been published in a previous article and are summarized in Table 2 [19]. The P/M Ti6Al4V and Ti CP Grade 2 properties are also reported in this table for comparison purposes. A large amount of β stabilizing elements decreases diffusion during sintering. This effect implies lack of diffusion, which results in high residual porosity (Figure 1b) that enhances the stress concentration effect and decreases mechanical properties. A higher content of beta stabilizer elements on the studied titanium alloy, compared with Ti6Al4V and Ti CP, had a significant effect by lowering Young’s Modulus. Lower Young’s Modulus values could minimize bone atrophy due to the stress shielding effect, which increases the implant durability [2,3,4].



Table 2. Characterization of the Ti35Nb10Ta alloy.







	
Alloy

	
UTS (MPa)

	
E (GPa)

	
ρr (%)






	
Ti35Nb10Ta [19]

	
827 ± 29

	
80 ± 4

	
97.4 ± 0.1




	
Ti6Al4V [18]

	
960

	
110

	
99




	
Ti Cp Grade 2 [18]

	
414

	
103

	
96








Note: UTS: Ultimate Tensile Strength; E = Young’s Modulus; ρr = Relative density.








The FESEM results confirmed the presence of nanotubes on the Ti35Nb10Ta substrates fabricated by the anodic oxidation process (Figure 2). Based on these FESEM images, the inner diameter was estimated. The nanotubes inner diameter increased with the higher voltages employed during anodization process [20]. Nanotubes were uniformly distributed over the entire surface. The nanotubes average diameter was 38 nm for 15 V and 55 nm for 35 V employed on the anodization process [20].


Figure 2. The Field Emission Scanning Electron Microscopy (FESEM) image surface topography of the Ti35Nb10Ta alloy after the anodic oxidation process.
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Chemical composition and topographical features are some of the most relevant surface properties for implants because they influence the osteoblastic response and enhance the osteoconductive process [21,22]. For this reason, the elemental composition of the oxide layer and the surface topography of the anodic oxidized samples were studied. The energy dispersive X-ray analysis results of the studied titanium alloys are summarized in Table 3.



Table 3. Surface chemical composition obtained with Energy Dispersive Spectroscopy (EDX).







	
Surface Treatment

	
Chemical Composition (Weight %)




	
Ti

	
Nb

	
Ta

	
O

	
F






	
Polished

	
51

	
30

	
11

	
7

	
0




	
Nanotubes 15 V 45 min

	
29

	
26

	
6

	
33

	
5




	
Nanotubes 15 V 45 min HT

	
32

	
23

	
7

	
37

	
0.8








Note: HT: Heat treatment carried out in a vacuum sintering furnace at 320 °C for 30 min.








After performing the anodic oxidation treatment, the EDS analysis detected a thicker stable oxide formation on all the titanium alloys surfaces. The amount of detected oxygen was around 30% wt. for the anodic oxidized samples. The anodic oxidation process did not only increase the amount of oxygen on the surface of the studied alloys, but also added a fluorine element to its chemical composition. Macak et al. (2007) [23] and Puckett et al. (2010) [24] have reported the presence of fluorine on the titanium nanotubes, which thus corroborates the results obtained herein. Electrolyte fluorine ions react with titanium to form a water-soluble (TiF6)2− complex [23]. This element may affect the osteoblast proliferation and differentiation [25], and could enhance the hydrophobic nature of the surface due to the low surface energy of the Ti-F bond. The heat treatment carried out at 320 °C for 30 min in a vacuum reduced the nanotube fluorine weight content from 5% to 1% (Table 3). The main nanotube structure was preserved after heat treatment, and no visible changes in the diameter and shape of the TiO2 nanotubes were observed in FESEM.



The osseointegration process depends on the interaction between the cell and the implant surface. The topography, chemical composition and surface energy plays a significant role in the adhesion, differentiation and proliferation of cells [21]. Surface wettability depends on the interaction between the liquid and the titanium surface. Table 4 shows the contact angles for the four liquids used on all the tested surfaces. This table also reports the acid etching surface treatment done with the Ti6Al4V casting alloy for comparison purposes. This acid etched surface treatment is currently employed in commercial implants to improve cell adhesion [26,27,28]. The acid-etching samples were obtained in two separate stages; first, the samples were immersed in HF and then they were immersed in a mixture of HCl and HF. In order to study the influence of the fluorine content on the surface energy of the beta titanium alloy, heat treatment was carried out after nanotube formation by the anodic oxidation process.



Table 4. Nanotube geometric characterization.







	
Surface Treatment

	
Water (°)

	
Glycerol (°)

	
Diiodomethane (°)

	
Formamide (°)






	
Polished

	
47 ± 1

	
77 ± 8

	
39 ± 6

	
30 ± 5




	
Acid etched Ti6Al4V

	
111 ± 5

	
94 ± 1

	
42 ± 2

	
89 ± 1




	
Nanotubes 15 V 45 min

	
140 ± 5

	
105 ± 6

	
34 ± 2

	
71 ± 5




	
Nanotubes 35 V 45 min

	
140 ± 5

	
125 ± 7

	
38 ± 2

	
61 ± 3




	
Nanotubes 15 V 45 min HT

	
109 ± 2

	
76 ± 6

	
31 ± 6

	
36 ± 8




	
Nanotubes 35 V 45 min HT

	
132 ± 1

	
87 ± 7

	
31 ± 4

	
35 ± 2








Note: HT: Heat treatment carried out in a vacuum sintering furnace at 320 °C for 30 min.








Roughness and topographical features are some of the most relevant surface properties that modify the wettability behavior of the surfaces. A conventional acid-etched surface treatment is capable of modifying titanium surfaces within a microroughness range from 1 to 10 µm [1]. The increased microroughness in the Ti6Al4V acid etched sample has increased the contact angle in the studied four liquids compared to the polished Ti35Nb10Ta surface (Table 4).



Nanotubular surfaces had much higher contact angles for each liquid used to determine the surface energy compared with the polished sample (Table 4), which indicates the nanotubular morphology that the highest surface energy had. The nanotube that formed after running the anodic oxidation process for 45 min and without heat treatment exhibited the biggest contact angle in water (140°) compared to the 47° value obtained for the polished surface or the one of 109° for the nanotubes obtained at 15 V and with heat treatment (Figure 3).


Figure 3. Water contact angles for the different titanium surface treatments. (a) Polished Ti6Al4V; (b) Acid etched Ti6Al4V; (c) Nanotubes in Ti35Nb10Ta obtained at 15 V 45 min; (d) Nanotubes in Ti35Nb10Ta obtained at 15 V 45 min with heat treatment; (e) Nanotubes in Ti35Nb10Ta obtained at 35 V 45 min; (f) Nanotubes in Ti35Nb10Ta obtained at 35 V 45 min with heat treatment.
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Nanotubular morphology and the fluorine content are considered two factors that increase the surface’s hydrophobic nature [29,30,31,32,33]. Contact angles substantially increase for the nanotube surface; the layers with large contact angles display hydrophobic properties. After heat treatment the fluorine weight content lowered (Table 3), the contact angle in the studied four liquids reduced and surface wettability increased. The fluorine atoms displayed low polarizability and high electronegativity (3.98) compared to hydrogen (2.20) and titanium (1.54) [33]. The titanium-fluorine bonds are polarized due to the high electronegativity of fluorine. The lack of a permanent dipole moment contributes to increase the liquid surface hydrophobicity on the nanotube surfaces. The wettability of a solid surface by a liquid is determined by the liquid’s surface tension, the solid surface’s roughness and the solid’s surface energy. The higher contact angle values found for the dark-stored nanotubes can be explained mainly by the hydrophobicity due to the Cassie-Bexter state where the liquid does not penetrate into the hollows of the nanotube surface and, consequently, faces a composite interface consisting of both solid and vapor; and also to the non-photoinduced hydrophilicity of TiO2 [32,33,34,35,36,37]. The nanotube morphology allowed the air still trapped inside the nanotubes and the behavior to become substantially hydrophobic [32,33].



As previously described, the use of four liquids allows us to obtain the surface free energy values by the Owens-Wend method. Table 5 shows the values for the dispersive and polar component parts of the SFE. The dispersive component of the Ti35Nb10Ta alloy increased after the anodic oxidation process was applied, which initially took values of 26 mJ/m2 for the polished samples, and increased to exceed 60 mJ/m2 for the nanotubular surfaces. However, the polar component values lowered for the nanotubular surfaces compared with the polished samples. All the nanotubular surfaces displayed significantly higher surface free energy than the unmodified and polished Ti35Nb10Ta surfaces, and the microrough surfaces obtained in conventional acid etched Ti6Al4V alloys.



Table 5. Surface free energy for the different surfaces.







	
Surface Treatment

	
Total Surface Free Energy mJ/m2

	
Dispersive Component mJ/m2

	
Polar Component mJ/m2






	
Polished

	
50.2

	
26.2

	
23.9




	
Acid etched Ti6Al4V

	
41.9

	
40.8

	
1.1




	
Nanotubes 15V 45min

	
80.1

	
66.3

	
13.9




	
Nanotubes 35V 45min

	
76.9

	
62.7

	
14.1




	
Nanotubes 15V 45min HT

	
65.9

	
64.6

	
1.3




	
Nanotubes 35V 45min HT

	
86.5

	
76.1

	
10.5










The nanotube formed in the Ti35Nb10Ta alloy had a smaller contact angle after being irradiated with UV light. The water contact angle for the polished Ti35Nb10Ta surfaces obtained an average value of 47°. After the samples had been stored in the dark for 2 weeks, the water contact angle increased to values that exceeded 100°, but the water contact angle reduced to 59° after 30 min of UV irradiation. A smaller water contact angle for the UV-irradiated samples corresponded to a much higher wettability or hydrophilic property (Figure 4). Wang et al. [34] reported the same behavior for compact TiO2 surfaces. The anodic oxidized compact surfaces presented a water contact angle of 15°, the water contact angle increased to 72° after been stored in the dark, and the contact angle reduced to 0° after UV irradiation [34]. UV irradiation creates oxygen vacancies due to the formation of two coordinated bridging sites, which converts the corresponding Ti4+ sites to Ti3+ sites that enhance the amount of absorbed dissociated water and increase the surface free energy [35]. A gradual reversion of this hydrophilicity has been observed during dark storage [36].


Figure 4. The water contact angle of the Ti35Nb10Ta 15 V 45 min. nanotubes modified by UV irradiation.
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The values of the roughness parameters for the polished and nanotubes Ti35Nb10Ta alloy studied herein are shown in Table 6. The anodic oxidation process modified the topography of the Ti35Nb10Ta surface by increasing the mean roughness and the quadratic average roughness values. These changes can be explained by the nanoscale modification of the titanium surface by the mechanism of chemical dissolution of Ti, Nb and Ta metals due to the etching effect of the fluorine ions, and by oxidation due to the difference in the applied voltage. This phenomenon was also observed in the 2D and 3D profiles (Figure 5), obtained by employing the FRT Mark III® software, when the nanotube surface presented a nanoroughness that increased the surface area. Similar values of peak to valley roughness (Rz) values were obtained on the polished and nanotube surfaces. These values can be explained by the residual porosity of the powder metallurgy samples, and are clearly observed in Figure 5b,c. Several studies have demonstrated that nanotubes topography is beneficial for the biomechanical anchorage of implants [8,9,11,12,21].


Figure 5. The surface roughness of the Ti35Nb10Ta alloy by confocal microscopy. (a) The 2D topographic roughness of the polished sample. (b) Roughness line profile of the polished sample. (c) The 3D topographic roughness of the polished sample. (d) The 2D topographic roughness of the 15 V 45 min nanotube sample. (e) Roughness line profile of the 15 V 45 min nanotube sample. (f) The 3D topographic roughness of the 15 V 45 min nanotube sample.
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Table 6. The roughness parameters for the Ti35Nb10Ta alloy.







	
Roughness Parameters

	
Ra (µm)

	
Rq (µm)

	
Rz (µm)

	
Rmax (µm)

	
Rp (µm)

	
Rpk (µm)

	
Rvk (µm)






	
Polished

	
0.017

	
0.079

	
2.540

	
5.993

	
3.907

	
0.065

	
0.659




	
Nanotubes

	
0.200

	
0.252

	
2.174

	
2.339

	
1.317

	
0.250

	
0.248











4. Discussion


The obtained Ti35Nb10Ta samples presented porosity that lowered the long-term mechanical performance, such as fatigue properties, which can make them unsuitable to be used as biomaterials if the recommendations of ASTM F136-02a are followed [18]. Mechanical Alloying (MA), Hot Isostatic Pressing (HIP) and Equal Channel Angular Pressing (ECAP) are alternative processing routes that can be employed to reduce or eliminate the residual porosity of powder metallurgical parts, and to increase chemical and phase homogeneity of the β titanium alloys [38].



Modifying the wettability of TiO2 nanotubes is very interesting to increase cell adhesion, proliferation, differentiation, secretion of proteins and bone mineralization [10,11,21,25]. To date, the effect on the wettability and surface free energy of prolonged dark storage periods has not been reported for the TiO2 nanotubes. Our research showed how TiO2 nanotubes displayed a hydrophobic character after been stored in the dark for two weeks. This behavior can be attributed to both the Cassie-Bexter effect and the presence of retained fluorine ions inside the nanotubes. The contact angle measurements also indicated that the nanotube surface after heat treatment displayed a more hydrophilic character as compared to nanotubes surfaces. The water contact angle of the TiO2 nanotubes can be modified by the UV induced photocatalytic effect. Nanotube photoinduced hydrophilicity can be applied to biomaterials to increase the surface wettability of the implants after being stored for long periods and immediately before the implantation, which may increase bone anchorage and regeneration. Our research showed that the topography of beta titanium alloys can be modified on the nanoscale range through electrochemical process; this topography increased the surface area and consequently the probability for cell interlocking. Surface hydrophilicity is desired for cell attachment and osseointegration because it may increase the efficiency of nutrient delivery, gas exchange and waste excretion.



Apart from differences in topography, wettability and surface energy, the anodic oxidation process in an electrolyte that presents fluorine ions increased the oxide layer of the Ti35N10Ta alloy. Previous works have supported the hypothesis that these types of surface with nanotubes allow better cell adhesion compared to implants with roughened surfaces that have been obtained by grit-blasting followed by acid-etching [21,22]. Das et al. have demonstrated that anodic oxidation treatment with an anodized nanotube surface increases the osteoblast proliferation and enhances osteoblast-material interactions [21]. Salou et al. have reported how the removal torque of nanotubes surfaces is greater than grit-blasting and acid-etched implants, which implies that the osseointegration mechanism on nanotubes’ surfaces is faster [22].



Several reports have shown that a stable nanotube titanium oxide layer, obtained after a heat treatment, improves long-term implant performance due to greater corrosion resistance and oxide layer stability, which translates into a lesser metal ion release from a titanium implant into the human body [17,39,40,41,42]. Mohan et al. reported an anatase phase for nanotubes after being annealed at 450 °C. Nanotubes morphology obtained on this research present higher oxide thickness than the single passive layer formed on titanium alloys when exposed to air, improving the material corrosion resistance. Potentiodynamic polarization and electrochemical impedance studies have shown that the nanotubes surfaces exhibited better passivation behavior compared with a Ti6Al7Nb substrate [40]. Monetta et al. demonstrated that nanotubes present higher OCP values and a lower passive current in Hank’s solution than an untreated Ti CP 2 material, which suggests better corrosion behavior of the nanotube surfaces [42].



The results of the present research indicate that anodic oxidation, heat treatment and UV irradiation processes are feasible treatments to obtain and modify the wettability and surface free energy of nanotubes on β titanium alloys. Further research into hydroxyapatite grit blasting and double acid-etching processes is required to increase the roughness profile and to study the effect of nanotube formation on microroughness surfaces. The aim of these surface treatments is to enhance the mechanical interlocking between β titanium implant surfaces and bone.




5. Conclusions


The studied Ti35Nb10Ta alloy was synthesized by a conventional powder metallurgy process, and presented a microstructural heterogeneity, composed predominantly of a β phase with small α + β areas due to lack of diffusion of the refractory elements during sintering.



The anodic oxidation process, run with electrolyte composed of H3PO4 and NaF, changed the topography and the chemical composition of the surface. This surface treatment created a nanotube oxide layer that added fluorine to its composition, and also increased the contact angle and surface free energy. This phenomenon is explained mainly by the Cassie-Bexter state and the by polarized titanium-fluorine bonds.



Heat treatment is a feasible post-treatment to remove the fluorine ions present in the nanotubes by preserving their structure, as appears in the FESEM images and EDX results taken on this research. The lower F/Ti ratio of nanotubes reduces the surface water contact angle. UV irradiation is a feasible treatment to increase the hydrophilicity of the nanotubes that have been stored in the dark for prolonged periods; this effect is explained by the photocatalytic effect of TiO2.



The surface roughness of the Ti35Nb10Ta was enhanced after the anodic oxidation process, which increased the surface area. Further in vitro and in vivo studies are required to study the effect of post-treatments (heat treatment and UV irradiation) on the nanotube osseointegration properties.
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