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Abstract

:

Although titanium (Ti) alloys have been widely employed as biomedical materials, they cannot achieve satisfactory osseointegration when implanted in the human body due to their biologically inert nature. Surface modification can enhance both their bioactivity and corrosion resistance. The present study employed a Ti–5Nb–5Mo alloy with a metastable α″ phase. This alloy may undergo phase changes after conventional high-temperature heat treatment, which can deteriorate its properties. This study heat-treated the anodized Ti–5Nb–5Mo alloy by using a low-temperature hydrothermal or vapor thermal method to analyze the effects of heat treatment on its apatite induction. The results revealed that the porous nanotube structure on the surface of the alloy was transformed into anatase nanoparticles after hydrothermal or vapor thermal treatment at 150 °C for 6 h. After immersion in simulated body fluid (SBF) for 7 days, the amount of apatite deposited on the surface of the vapor thermal-treated alloy exceeded that on the hydrothermal-treated alloy. Therefore, post-heat treatment of anodized Ti–5Nb–5Mo by using the vapor thermal method can enhance its apatite inductivity without altering its structure.
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1. Introduction


Ti–6Al–4V ELI is the most common clinical titanium (Ti) alloy implant, with its elastic modulus (114 GPa) [1] being much higher than that of the cortical bone (20–40 GPa) [2]. If the elastic modulus of an implant material exceeds that of the human bone, it can cause a stress shielding effect, resulting in bone loss and the loosening of the implant [3,4]. Therefore, researchers have developed several new Ti alloys with low elastic moduli in the past few decades. Ti–Nb-based alloys have attracted much research attention due to their lower elastic moduli and enhanced biocompatibility; furthermore, they exhibit shape memory behavior and superelasticity [5]. In recent years, our research group has developed a Ti–5Nb–5Mo alloy with an α″ phase. This alloy has a lower modulus of elasticity (62 GPa), and its bending strength to elastic modulus ratio is as high as 24.7, which is higher than those of commercially pure Ti (8.5) and the developed Ti–5Nb alloy (15.4) by 191% and 60%, respectively [6]. In this study, Mo was primarily added given its nontoxicity, non-allergenicity, and strong β-stabilizing effect [6,7,8].



A crucial obstacle is associated with the use of Ti alloys in implant applications. Ti alloys are bioinert and do not bond well to bones after implantation into the human body [9]. In recent years, researchers have adopted multiple surface modification methods, including electrospinning [10], sol–gel [11], sputtering [12], electrophoretic deposition [13], plasma electrolytic oxidation (PEO) [14,15,16], and anodic oxidation [17] methods. Among them, the anodization method can produce ordered TiO2 nanotubes, which have a large specific surface area [18]. Additionally, nanotubes provide sites with superior apatite-forming ability and cell activity, which facilitates bone tissue growth and enhances bone formation [19]. Generally, amorphous TiO2 on anodized Ti alloys is transformed into the anatase or rutile phase through subsequent thermal annealing [20]. Rutile and anatase are the most widely used phases in many fields of applications. Rutile is the most thermodynamically stable form, while anatase is the low temperature form. Moreover, heat treatment can increase the hydrophilicity of the surface of Ti alloys, which can effectively enhance their bioactivity [21]. However, excessively high-temperature heat treatment causes phase changes of the Ti–5Nb–5Mo alloy with a metastable α″ phase, which should be avoided because such phase changes can cause its mechanical properties to deteriorate [22]. The crystallization temperature of the anatase phase is lower than that of the rutile phase. Additionally, the anatase phase has a more compatible lattice match with hydroxyapatite (HA); therefore, it facilitates the nucleation and growth of apatite more effectively than the rutile phase [23].



Yu et al. [24] calcined TiO2 nanotube array films by using vapor thermal and hydrothermal methods. Their results indicated that the vapor thermal-treated sample maintained its nanotubular morphology with higher crystallinity and larger crystal size; therefore, that sample exhibited the highest photocatalytic activity. However, few studies have examined the apatite induction of nanotubes treated with the vapor thermal method. The present study subjected an anodized Ti–5Nb–5Mo sample to post-heat treatment by using hydrothermal or vapor thermal methods to investigate its morphology, microstructure, and apatite induction. Through low-temperature heat treatment, the nanotubes on the surface of the alloy can not only develop a crystalline film, but it can avoid the phase change of the metastable α″ phase and the deterioration of the mechanical properties of the alloy. Additionally, this study is the first to investigate the apatite induction on the surface of the nanotubes after hydrothermal or vapor thermal treatment. Therefore, this investigation exhibits scientific and practical significance for the development of surface modification technology for biomedical Ti alloys.




2. Materials and Methods


This study prepared a Ti–5Nb–5Mo alloy (wt %) by using arc melting and a casting system (A-028, DAWNSHINE, Taoyuan, Taiwan) with an Ar atmosphere. The alloy was composed of Ti (99.7% pure), Nb (99.95% pure), and Mo (99.95% pure) in accordance with their weight percentages. All the metals were purchased from Ultimate Materials Technology Co., Ltd., Taiwan. The weight of each ingot was approximately 15 g, and the alloy sample was obtained by casting after repeated smelting for five times. The size of the specimen after cutting was 15 × 15 × 1 mm3. The sample was first ground to #1200 with sandpaper and then chemically etched with 4 wt % HF (Union Chemical, Hsinchu, Taiwan) + 5 M HNO3 (Showa, Tokyo, Japan) solution for 30 s. Next, the sample was cleaned using ethanol three times and deionized water twice alternately in an ultra-sonic bath for 10 min each time. Finally, the sample was dried at 45 °C for 2 h.



A three-electrode potentiostat (BP-4002, Beam, Taichung, Taiwan) was employed for anodization, with platinum as the auxiliary electrode, the Ti alloy sample as the working electrode, and a saturated calomel electrode as the reference electrode. The anodic potential was set at 10 V, and 0.15 M NH4F (Carlo Erba, Val de Reuil, France) was used as the electrolyte under magnetic stirring for 90 min at room temperature. After anodization, the sample was placed in deionized water, washed in an ultra-sonic bath (DC200H, DELTA, New Taipei City, Taiwan) for 10 min, and finally dried at 45 °C for 2 h.



This study placed the anodized sample in a Teflon bottle for post-treatment by using the hydrothermal or vapor thermal method. For the hydrothermal method, the anodized sample was placed in a Teflon bottle containing deionized water; after locking the Teflon lid, the sample was placed in an autoclave for hydrothermal treatment. For vapor thermal treatment, the anodized sample was placed in a Teflon bottle without deionized water with the lid unlocked; the bottle was then placed in an autoclave filled with deionized water up to 80% of its capacity. The experimental conditions of the hydrothermal and vapor thermal reactions are listed in Table 1.



The surface morphology of the specimens after hydrothermal or vapor thermal treatment were observed through scanning electron microscopy (SEM; S-3000N, Hitachi, Japan). Element analysis was conducted through energy-dispersive X-ray spectroscopy (EDS) in SEM. Phase analysis was completed using X-ray diffraction (XRD; MXP-III, Brukers, Leipzig, Germany); the operating voltage was fixed at 40 V, the operating current was fixed at 40 mA, and low grazing-angle diffraction was employed.



The hydrophilicity of the sample surface was measured using a goniometer (model 100SB, Sindatek, Taipei, Taiwan) with automated pipetting and imaging systems (1 μL deionized water). Three specimens were used for each experimental condition, and the average value was then calculated. Statistical significance was set at * p < 0.05, ** p < 0.005 and assessed using one-way analysis of variance and Tukey’s test for multiple comparisons.



The aforementioned hydrothermal- or vapor thermal-treated samples were soaked in simulated body fluid (SBF) to evaluate their apatite induction. This study used SBF in accordance with the ion concentrations proposed by Kokubo and Takadama [25], which resembles that in the human plasma; the pH value was adjusted to 7.4 by using 1 M HCl (Showa, Tokyo, Japan). The SBF was prepared by dissolving reagent grade NaCl (Daejung, Siheung, Korea), NaHCO3 (Showa, Tokyo, Japan), KCl (Showa, Tokyo, Japan), K2HPO4·3H2O (Acros Organics, Geel, Belgium), MgCl2·6H2O (Showa, Tokyo, Japan), CaCl2 (Showa, Tokyo, Japan), and Na2SO4 (Showa, Tokyo, Japan) into distilled water. The samples were immersed in 50 mL of SBF for 2 and 7 days, respectively, at 37.5 °C in a water tank. The solution was changed every 2 days to maintain the ion concentrations of the SBF. After soaking for the specified durations, the samples were rinsed with deionized water for 30 s and finally dried at 45 °C for 2 days. The surfaces of the samples were analyzed using XRD, SEM, and EDS after soaking in SBF to evaluate their apatite inductivity.




3. Results and Discussion


The XRD patterns of anodized Ti–5Nb–5Mo after hydrothermal or vapor thermal treatment under various conditions are illustrated in Figure 1. The sample that was hydrothermal-treated at 80 °C for 0.5 and 6 h (H80t0.5 and H80t6) had no crystalline phase, except for the α” phase of the alloy substrate, indicating that the titania nanotubes on the surface of the sample remained amorphous. When hydrothermal or vapor thermal treatment was conducted at 150 °C for 0.5 h (H150t0.5 and V150t0.5), titania diffraction peaks of the nanotubes were not observed. However, when hydrothermal or vapor thermal treatment was conducted at 150 °C for 6 h (H150t6 and V150t6), distinct diffraction peaks were detected in the anatase phase, which indicated the crystalline phase of titania nanotubes. This study employed the full width at half maximum intensity of the (101) diffraction peak of anatase to calculate the crystallite size [26]; the results revealed that the crystallite sizes of H150t6 and V150t6 were 25.38 nm and 25.28 nm, respectively. Additionally, the crystallinity of V150t6 was 1.21 times greater than that of H150t6 when the (101) diffraction peak was used to calculate the relative crystallinity of the titania nanotubes [27]. Fischer et al. [27] reported that the crystallite size and crystallinity of anatase increase as the hydrothermal or vapor thermal time increase. Furthermore, as the crystallinity of titania increases, the apatite-forming ability of the Ti sample soaked in SBF also increases [28,29]. Therefore, the apatite inductivity of the vapor thermal-treated sample is superior to that of the hydrothermal-treated sample.



The SEM photographs of the Ti–5Nb–5Mo sample after anodization and hydrothermal or vapor thermal treatment under various conditions are presented in Figure 2. After hydrothermal treatment at 80 °C for 0.5 h (H80t0.5), the nanotube morphology remained intact, with no obvious precipitate on its surface (Figure 2a). After 6 h of treatment (H80t6), precipitates were observed along the orifice edges of the nanotubes (Figure 2b). Moreover, the observed nanotube structure was not continuous but rather had a discrete structure with gaps between adjacent nanotubes and a thickened tube wall. After the hydrothermal reaction conducted at 150 °C for 0.5 h (H150t0.5), some granular precipitates with a diameter of approximately 49 μm covered the underlying nanotubes, but nanotubes were still observed in some areas (Figure 2c). After hydrothermal treatment for 6 h (H150t6), the nanotube surface was completely covered by anatase titania particles with a diameter of approximately 54 μm (Figure 2d). After the sample was annealed through vapor thermal treatment at 150 °C for 0.5 h (V150t0.5), the surface of the sample exhibited still-intact nanotube morphology with a continuous wall between the nanotubes (Figure 2e), resembling the morphology of H80t0.5 (Figure 2a). After 6 h of vapor thermal treatment (V150t6), many granular anatase titania particles with a diameter of approximately 58 μm appeared on the surface; however, many small poles could also be observed on the surface (Figure 2f).



Some studies have revealed that amorphous titania nanotubes begin to transform to the anatase phase above 300 °C through calcination in air [30,31,32]. In the present study, small anatase nanoparticles appeared on the tops and walls of the nanotubes at 150 °C due to hydrothermal or vapor thermal reactions; they then gradually expanded to cover the entire surface of the nanotubes (Figure 2d,f). Low-temperature hydrothermal and vapor thermal treatments are more efficient methods for the preparation of highly crystallized thin titania films [24]. Because the total Gibbs free energy of a titania particle includes the free energy of its bulk and surface, the nucleation process is primarily dominated by surface Gibbs free energy [33]. Thus, the phase transformation to anatase nanoparticles occurs due to the nucleation and nuclei growth of anatase crystallites. Yu et al. [21] hypothesized that the presence of water in the reaction system catalyzes the crystallization process and strongly influences the morphology of amorphous titania nanotubes.



Figure 3 is cross-sectional SEM photos of H150t6 and V150t6. It can be observed that after hydrothermal and vapor thermal treatment, both the samples presented granular titania particles, and the morphology of nanotubes obtained by anodic oxidation treatment had completely disappeared.



The contact angles of water droplets on anodized samples after hydrothermal or vapor thermal treatment under various conditions are illustrated in Figure 4. The results revealed that the contact angle decreased as the heating time increased, regardless of the method. The samples undergoing hydrothermal or vapor thermal treatment at 150 °C for 6 h (H150t6 and V150t6) had low contact angles of 34.1° and 18.0°, respectively. Because the surface area of Ti alloys increases after anodization, it provides a greater area for the absorption and interaction of water molecules. Enhanced hydrophilicity after heat treatment primarily results from an increase in the crystallinity of titania and changes in surface morphology. Heat treatment promotes the migration of oxygen and oxygen vacancy sites in the titania lattice, and many vacancy sites are generated on the titania surface. These vacancy sites are conducive to the absorption of OH groups, thereby increasing hydrophilicity [34]. In addition, the crystallinity of nanotubular titania affects the hydrophilicity of the annealed surfaces [35]. When a Ti alloy possesses a greater hydrophilic surface, its surface absorbs protein more easily, which greatly enhances its apatite induction. Fibroblasts exhibit better attachment and spreading on hydrophilic surfaces than on hydrophobic surfaces [36].



Figure 5 presents the SEM photographs of anodized specimens (as-anodized) that underwent hydrothermal or vapor thermal treatment at 150 °C for 6 h (H150t6 and V150t6) and were then immersed in SBF for 2 or 7 days. The as-anodized samples (Figure 5a) constituted the control group. Inspection of Figure 4a reveals that the as-anodized sample had only a small amount of apatite precipitates, and the nanotube remained clearly observable on the sample surface. However, after immersion in SBF for 2 days, a large amount of apatite formed on the surfaces of hydrothermal-treated (Figure 5b) and vapor thermal-treated (Figure 5c) specimens, indicating that the post-treated alloy possessed excellent apatite induction. After soaking in SBF for 7 days, the as-anodized sample (Figure 5d) was completely covered with apatite. However, the apatite particles on the surface of the samples (Figure 5e,f), treated with the hydrothermal or vapor thermal method, grew even larger. Consequently, after hydrothermal or vapor thermal treatment, nanotubular titanate exhibited superior apatite induction to that of the as-anodized sample. Xiao et al. [37] compared the apatite induction of titania nanotubes with and without hydrothermal treatment in a saturated Ca(OH)2 solution. Their results indicated that anatase titanate exhibited superior apatite inductivity because it can be hydrolyzed to produce more Ti-OH in SBF, which enhances apatite precipitation. Furthermore, the amount of apatite deposited on hydrothermal-treated or vapor thermal-treated specimens cannot be clearly distinguished using SEM images; therefore, EDS and XRD were employed to analyze the surfaces of the specimens soaked in SBF.



Figure 6 presents the SEM/EDS mapping mode of the anodized Ti–5Nb–5Mo alloy (as-anodized), which underwent hydrothermal or vapor thermal treatment at 150 °C for 6 h (H150t6 and V150t6) after soaking in SBF for 7 days. The results revealed greatly elevated intensities of Ca and P on the surfaces of the samples after hydrothermal or vapor thermal treatment, indicating a greater amount of apatite deposits. Relatively lower intensities of Ca and P and a greater intensity of Ti were detected in the as-anodized sample, which indicated that less apatite was formed. Additionally, the hydrothermal- or vapor thermal-treated samples exhibited a low-intensity Ti peak, indicating that the thick apatite layer weakened the signal of the X-ray emission. According to the SEM/EDS results, the Ca/P molar ratios of the three sample types (as-anodized, H150t6, and V150t6) were 1.48, 1.62, and 1.66, respectively. A Ca/P molar ratio of apatite close to 1.67 (stoichiometric HA) indicates good apatite inductivity on the surface of the Ti sample [38]. After immersion in SBF for 7 days, the surfaces of both H150t6 and V150t6 were completely covered by apatite (Figure 5e,f), and their Ca/P molar ratios were close to 1.67, indicating enhanced apatite induction, particularly in the vapor thermal-treated sample (V150t6).



Figure 7 shows the XRD patterns of the anodized samples (as-anodized) that underwent hydrothermal or vapor thermal treatment at 150 °C for 6 h (H150t6 and V150t6) after soaking in SBF for 7 days. The results demonstrated that the peak intensities of the α”-Ti phase for the as-anodized sample were much higher than those of the other two heat-treated samples (H150t6 and V150t6). The decrease in the diffraction peak intensities of the α”-Ti phase for H150t6 and V150t6 can be attributed to the thicker apatite layers that formed on their surfaces. Additionally, the surface of the vapor thermal-treated sample (V150t6) had a sharp diffraction peak of apatite (31.76°), indicating its high crystallinity. This result is consistent with the EDS results, which revealed that V150t6 had a greater Ca/P molar ratio (1.66) than the other sample types. The present study results indicated that amorphous nanotubular titanate can be transformed into the anatase crystalline phase through hydrothermal or vapor thermal treatment; furthermore, the surface of the anodized Ti–5Nb–5Mo alloy exhibited favorable apatite-forming ability. Among the study sample types, the vapor thermal-treated sample exhibited superior apatite inductivity.



After hydrothermal or vapor thermal treatment, the nanotubes on the surface of the Ti–5Nb–5Mo alloy were hydrated to form significantly high amount of Ti–OH groups. Ti–OH groups can absorb Ca2+, OH−, PO43−, and HPO42− ions in SBF through electrostatic bonding, and promote the deposition of apatite. For all types of heat treatment of Ti alloys, the mechanism of apatite formation on the surface is the same. However, Tsuchiya et al. [39] indicated that crystal structure and surface morphology are more effective factors than OH groups for the formation of apatite. Therefore, V150t6 had a better apatite inductivity in this study, probably due to the higher crystallinity of the anatase (Figure 1).




4. Conclusions


This study prepared nanotubular titanate on the surface of a Ti–5Nb–5Mo alloy with low elastic moduli through anodization and subsequent hydrothermal or vapor thermal treatment. Additionally, the apatite induction of the thermal-annealed samples was evaluated after soaking in SBF. The results revealed amorphous nanotubes on the surface of as-anodized samples, and significant diffraction peaks of anatase titania were observed after hydrothermal or vapor thermal treatment at 150 °C for 6 h (H150t6 and V150t6). Moreover, the anatase phase of the V150t6 sample had higher crystallinity than that of the H150t6 sample; the water contact angle test also demonstrated that the V150t6 sample had superior hydrophilicity to the H150t6 sample. After immersion in SBF for 7 days, apatite deposits formed on the surfaces of all specimens, but the SEM, EDS, and XRD results indicated that the V150t6 sample exhibited the best apatite-forming ability. Therefore, both hydrothermal and vapor thermal treatment (H150t6 and V150t6) enhanced the apatite induction of nanotubular titanate on the surface of the Ti–5Nb–5Mo alloy after anodization, but vapor thermal treatment yielded superior apatite inductivity.
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Figure 1. XRD patterns of anodized Ti–5Nb–5Mo under various hydrothermal or vapor thermal treatments. 






Figure 1. XRD patterns of anodized Ti–5Nb–5Mo under various hydrothermal or vapor thermal treatments.



[image: Nanomaterials 13 01296 g001]







[image: Nanomaterials 13 01296 g002 550] 





Figure 2. SEM images of anodized Ti–5Nb–5Mo under various hydrothermal or vapor thermal treatments: (a) H80t0.5, (b) H80t6, (c) H150t0.5, (d) H150t6, (e) V150t0.5, and (f) V150t6. 
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Figure 3. Cross-sectional SEM images of anodized Ti–5Nb–5Mo under various hydrothermal or vapor thermal treatments: (a) H150t6 and (b) V150t6. 
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Figure 4. Water contact angles of anodized Ti–5Nb–5Mo under various hydrothermal or vapor thermal treatments. Statistical significance (*) was set at a p-value of < 0.05, and highly significant (**) as p < 0.005. 
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Figure 5. SEM images of anodized Ti–5Nb–5Mo under hydrothermal or vapor thermal treatments at 150 °C for 6 h after soaking in SBF for 2 or 7 days: (a) as-anodized, 2 days, (b) H150t6, 2 days, (c) V150t6, 2 days, (d) as-anodized, 7 days, (e) H150t6, 7 days, and (f) V150t6, 7 days. 
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Figure 6. EDS results (mapping mode) of anodized Ti–5Nb–5Mo under hydrothermal or vapor thermal treatments at 150 °C for 6 h after soaking in SBF for 7 days: (a) as-anodized, (b) H150t6, and (c) V150t6. 
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Figure 7. XRD patterns of anodized Ti–5Nb–5Mo under hydrothermal or vapor thermal treatments at 150 °C for 6 h after soaking in SBF for 7 days. 
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Table 1. Sample code and experimental conditions under hydrothermal or vapor thermal treatments.
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	Sample Code
	Hydrothermal
	Vapor Thermal





	H80t0.5
	80 °C, 0.5 h
	



	H80t6
	80 °C, 6 h
	



	H150t0.5
	150 °C, 0.5 h
	



	H150t6
	150 °C, 6 h
	



	V150t0.5
	
	150 °C, 0.5 h



	V150t6
	
	150 °C, 6 h
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