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            Abstract
          
        

        
          In this study, in order to form a micropore oxide film containing (Mg/Si)-hydroxyapatite on the surface of a Ti-29Nb-xHf alloy, pores were formed on the surface of the alloy by plasma electrolytic oxidation (PEO) and the morphology of the surface was studied. For this, Ti-29Nb, Ti-29Nb-3Hf, Ti-29Nb-7Hf, and Ti-29Nb-15Hf alloys were prepared by arc melting. Micropores were formed on the surface in an electrolyte solution containing Mg and Si ions using PEO. Surface characteristics and mechanical properties of all specimens were investigated using OM, FE-SEM, XRD, EDS, Vickers hardness and nanoindenter. Bone formation was performed in SBF solution, and the following results were obtained. Ti-29Nb, Ti-29Nb-3Hf, and Ti-29Nb-7Hf showed mainly needle-like martensitic structures, and Ti-29Nb-15Hf alloys showed mainly equiaxed structures. From the result of the mechanical property analysis, the elastic modulus and hardness of the Ti-29Nb alloy decreased, as the Hf content increased. Under the condition of same applied voltage, as the content of Mg ions increased, the diameter of the micropores became smaller and uniform pores were formed. The Ca/P and (Ca+Mg)/(Si+P) ratios decreased, as the Mg content increased, and at 5% Mg, the ratio was similar to that of natural bone. Bone growth was nucleated around the pore.

        

        
          
            초록
          
        

        
          본 연구에서는 Ti-29Nb-xHf 합금표면에 (Mg/Si)-hydroxyapatite 코팅된 마이크로 포어 산화막을 형성하기 위하여 플라즈마 전해 산화법(PEO)으로 합금표면에 포아를 형성하여 표면의 형태를 연구하였다. 이를 위하여 아-크용해법을 이용하여 Ti-29Nb, Ti-29Nb-3Hf, Ti-29Nb-7Hf, 및 Ti-29Nb-15Hf 합금을 제조하고, 플라즈마 전해 산화법을 이용하여 Mg, Si 이온이 함유된 전해액에서 표면에 마이크로 포아를 형성하였다. 모든 시편의 표면특성과 기계적특성은 OM, FE-SEM, XRD, EDS, 비커스경도계 및 나노인덴터를 이용하여 조사하였으며, 뼈의 형성을 SBF용액에서 수행하여 다음과 같은 결과를 얻었다. Ti-29Nb, Ti-29Nb-3Hf, 및 Ti-29Nb-7Hf에서 주로 층상과 침상의 마르텐사이트구조를 보였으며 Ti-29Nb-15Hf 합금에서는 주로 등축구조가 관찰되었다. 기계적 특성의 분석 결과, Ti-29Nb 합금에 Hf 함량이 증가함에 따라 탄성계수와 경도가 감소하였다. 인가전압이 동일한 환경에서 Mg 이온의 함량이 높아질수록 마이크로 기공의 직경이 작아지고 균일한 기공이 형성되었다. Ca/P 및 (Ca+Mg)/(Si+P)비율이 Mg의 함량이 증가할수록 감소하였으며 5%의 Mg에서 자연뼈와 비슷한 비율을 나타냈다. 뼈의 성장은 그 기공주변에서 핵생성이 되었다.
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      Introduction
      Commercial pure titanium (CP-Ti) and titanium (Ti) alloys have been used as an implant material from orthopedics and dental field. Because, its alloys have low elastic modulus, mechanical properties, good corrosion resistance, and excellent biocompatibility (1, 2). However, CP-Ti and Ti alloys have some problems such as high modulus of elasticity and toxicity. Especially, Ti-6Al-4V alloy has toxic elements such as Alzheimer’s disease of Al element and toxicity of V element, it can create harmful environment (3-5). So, some researchers have studied on problems of Ti alloys. They have focused on nontoxic element such as niobium (Nb), hafnium (Hf), tantalum (Ta), and zirconium (Zr) for controlling the contents. Especially, Nb and Hf element are effective titanium β-stabilizers and complete mutual solubility in Ti phases (6-9). Therefore, Nb and Hf element will have superior properties of alloys and biocompatibility such as the Ti-Nb-Hf alloy.

      Many researchers have studies various surface modifications of Ti alloys to improve their bioactivity due to insufficient adhesion of cells on bulk Ti surface. The plasma electrolytic oxidation (PEO) is one of various process, it can occur very quickly to anodic spark oxidation from TiO2 again. Micro-arc oxidation and anodic spark oxidation are created based on PEO process. The micro-arc oxidation shows many advantages, such as adhesion of substrate metal, corrosion of Ti alloy and biocompatibility of Ti alloy surfaces to improve a surface property (10, 11). From previous reports, anodized TiO2 surface provided higher cell adhesion, proliferation, and cells cultured on anodized TiO2 surfaces, it leads to higher ALP activity, compared with the control surface such as a physical change (12, 13). In particular, the PEO process can control the electrolyte composition, applied voltage, current density, and application time, which are the conditions for doping Ca and P ions on the TiO2 surface (10, 14-16). The PEO process for bioactive surfaces can be performed in electrolytes containing Ca and P ions and other ions. Natural bone is composed of mineral elements such as magnesium (Mg), silicon (Si), zinc (Zn), strontium (Sr), and manganese (Mn), etc. Especially, Mg is closely related to indirectly affect mineral metabolism and calcification of bone tissue. Also, role of Si deficiency has been reported to affect bone formation and growth after clinical implantation of bio-implants (17-19). Although these elements improve biocompatibility, there were a little researches focused on morphology changes of PEO-treated Ti alloy in electrolyte containing Ca, P, Mg, and Si ions for improvement of biocompatibility.

      Therefore, the purpose of this study is to observe the surface behavior and morphology change after coating with HA containing Mg and Si using the PEO method on the Ti-29Nb-xHf alloy surface.

    

    

  
    
      Materials and Methods
      The CP Ti (Grade 4, G&S Titanium, Wooster, OH, USA), Nb, and Hf (99.95 wt.% purity, Kurt J. Lesker Company, Jefferson Hills, PA, USA) were used for making the Ti-29Nb-xHf (×= 0, 3, 7 and 15) alloys. And prepared alloys were cleaned by ultrasonic cleaner with acetone and ethanol. After cleaning, all alloys were dried thoroughly.

      The Ti-29Nb-xHf alloys were prepared by using the vacuum arc melting furnace (Vacuum arc melting system, SVT, Gyeonggi-do, Korea) at high-purity Ar gas. The gas was filled up to water cooling copper hearth in vacuum atmosphere. For keeping vacuum, atmosphere was controlled by fine gage. To avoid inhomogeneity of Ti-29Nb-xHf alloys, ingots were remelted at least 10 times in Ar atmosphere and then homogenization treatment was carried out using tube furnace at 1050 ℃ (MSTF-1650, MS Eng, Busan, Korea) for 12 hrs, and then 0 ℃ water quenching. The ingots were cut off by using diamond wheel cutting system (Accutom-5, Struers, Ballerup, Denmark) with a thickness of 3.0 mm and diameter of 10 mm for PEO experiments, and then ultrasonically cleaned in acetone and finally dried in air.

      Microstructures of the Ti-29Nb-xHf alloys were analyzed by optical microscopy (OM; BM60 M, Olympus, Tokyo, Japan) after etching in Keller’s reagent (2 mL HF + 3 mL HCl + 5 mL NHO3 + 190 mL H2O). The compositions of each alloys were identified by X-Ray fluorescence (XRF; Analyzer serial number-581331, Olympus, Tokyo, Japan). The phase and composition of each alloy were observed by using X-ray diffractometer (XRD; X’pert PRO, Philips, Amsterdam, Netherland). A JCPDS file was used to identify each peak in this study.

      The washed Ti-29Nb and Ti-29Nb-15Hf alloys were used as anode and a carbon rod was used as the cathode in different electrolytes containing Mg concentration of 0% (CaP), 5% (5Mg), 10% (10Mg), and 20% (20Mg), as shown in Table 1. The micro-pore formation was carried out using by DC power supply (KDP-1500, Unicorn, Korea) at 270 V for 3 min as shown in Table 2. The current density was applied to 70 mA in anodizing process. The morphologies of micro-pore formed Ti-29Nb and Ti-29Nb-15Hf were observed by a FE-SEM, EDS, and XRD. The Image J analyzer (http://rsb.info.nih.gov/ij/, NIH, Bathesda, MA, USA) and Image analyzer software (Image Pro Plus, Media Cybernetics, Rockville, MA, USA) were used for measuring the surface fraction of porosity and pore size from FE-SEM image of micro-pore formed alloy.

      
        Table 1. 
				
        

        
          The compositions of different electrolytes for plasma electrolytic oxidation.
        
        

      

      
        
          
            	Experimental
Condition
            	Composition of Electrolyte
          

          
            	Specimen
            	Calcium Acetate
(mol L-1)
            	Calcium
Glycerophosphate
(mol L-1)
            	Magnesium acetate
tetrahydrate
(mol L-1)
            	Sodium Metasilicate
(mol L-1)
          

        
        
          	Cap
          	0.15
          	0.02
          	0
          	0
        

        
          	5Mg/5Si
          	0.1425
          	0.02
          	0.0075
          	0.001
        

        
          	10Mg/5Si
          	0.132
          	0.02
          	0.015
          	0.001
        

        
          	20Mg/5Si
          	0.12
          	0.02
          	0.03
          	0.001
        

      

      

      
        Table 2. 
				
        

        
          The condition of plasma electrolytic oxidation.
        
        

      

      
        
          	Working equipment
          	KDP-1500, KOREA
        

        
          	Working electrode
          	Samples (Ti-29Nb and Ti-29Nb-15Hf alloys)
        

        
          	Counter electrode
          	High dense carbon
        

        
          	Electrolyte
          	Si and Mg ions containing calcium acetate monohydrate
+ calcium glycerophosphate at room temperature.
        

        
          	Applied voltage
          	270
        

        
          	Current density
          	75 mA/cm2
        

        
          	Time
          	3 min.
        

      

      

      The elastic modulus (E) and the hardness (H) of the Ti-29Nb-xHf alloy were measured by using nano-indentation tester (TTX-NHT3, Anton Paar, Graz, Austria) and Vickers hardness tester (DM-2D, AFFRI, Induno Olona VA, Italy). The nano-indentation test was performed at allowable load range of 500 mN, a pulling speed of 25 mN/min, depth range (min.=40 µm, and max.=200 µm). At least five measurements were obtained for each alloy in the nano-indentation test.

      The PEO-treated Ti-29Nb and Ti-29Nb-15Hf specimens in solution containing Ca, P, Mg, and Si ions were prepared to examine the bioactivity in simulated body fluid (SBF) for 1 day. The ion concentrations of the SBF were listed in Table 3. Each specimen was placed in a beaker with SBF solution. The pH condition of SBF solution was kept in an incubator at 36.5 ℃.

      
        Table 3. 
				
        

        
          Composition of SBF in comparison with human blood plasma.
        
        

      

      
        
          
            	lons
            	Concentration (mm)
          

          
            	Blood plasma
            	SBF
          

        
        
          	Na+
          	142.0
          	142.0
        

        
          	K+
          	5.0
          	5.0
        

        
          	Mg2+
          	1.5
          	1.5
        

        
          	Ca2+
          	2.5
          	2.5
        

        
          	CI-
          	103.0
          	103.0
        

        
          	HCO3-
          	27.0
          	10.0
        

        
          	HPO42-
          	1.0
          	1.0
        

        
          	SO42-
          	0.5
          	0.5
        

      

      

    

    

  
    
      Results and Discussions
      Figure 1 shows optical microscopy (OM) images of Ti-29Nb-xHf alloys with different Hf contents (0, 3, 7, and 15 wt. %) after chemical etching in Keller’s solution. Figure 1(a) is Ti-29Nb, (b) is Ti-29Nb-3Hf, (c) is Ti-29Nb-7Hf, and (d) is Ti-29Nb-15Hf alloy, respectively. The micro- structure of the Ti-29Nb alloy showed needle-like structure in grain. And needle-like structure changed to an equiaxed grain structure with increasing Hf content. The needle-like structures were gradually disappeared as shown in Figure 1(d) as Hf content increased. The elements that mainly form the beta structure are known to be Ta and Nb. The reason for the change to the beta structure as Hf increases in is thought to be that Hf and Nb have similar chemical properties in Ti-29Nb-xHf alloys (6, 10).

      
        
        

        Figure 1. 
				
        

        
          OM images of Ti-29Nb-xHf alloys after heat treatment at 1050 ℃ for 12 hrs in Ar atmosphere, followed by 0 ℃ water quenching: (a) Ti-29Nb, (b) Ti-25Nb-3Hf, (c) Ti-29Nb-7Hf, and (d) Ti-29Nb-15Hf.
        
        

        

      

      Figure 2 shows the XRD peaks of Ti-29Nb-xHf alloy. Figure 2(a) is Ti-29Nb, (b) is Ti-29Nb-3Hf, (c) is Ti-29Nb-7Hf, and (d) is Ti-29Nb-15Hf alloy, respectively. The peaks of α″phase showed higher intensity such as (100), (020), (101), and (021) in Ti-29Nb alloy compared to alloys containing Hf element in Figure 2(a). Especially, From Figure 2(b-c), Ti-29Nb-3Hf and Ti-29Nb-7Hf alloys showed the α″+ β phases. However, in the case of Ti–29Nb-15Hf alloys in Figure 2(d), the β phase peaks such as (110), (200), and (211) have higher intensity compared to other alloys, change with increasing Hf content. From the previous study, Hf content of above 15 wt.% in Ti-Nb binary alloys was changed needle-like to equiaxed microstructure and α″to β-phase (19). It is confirmed that needle-like microstructure is mainly composed of α″-phase and equiaxed microstructure mainly consists of β-phase as shown in Figure 1.

      
        
        

        Figure 2. 
				
        

        
          XRD analysis results of Ti-29Nb-xHf alloys after heat treatment at 1050 ℃ for 12 hrs in Ar atmosphere, followed by 0 ℃ water quenching: (a) Ti-29Nb, (b) Ti-29Nb-3Hf, (c) Ti-29Nb-7Hf, and (d) Ti-29Nb-15Hf.
        
        

        

      

      Figure 3 shows the Vickers hardness results of Ti-29Nb-xHf alloys. Figure 3 is (a) Ti-29Nb, (b) is Ti-29Nb-3Hf, (c) is Ti-29Nb-7Hf, and (d) is Ti-29Nb-15Hf. The Vickers hardness results of water quenched Ti-29Nb-xHf alloys are shown in Table 4. The Vickers hardness for Ti-29Nb alloy was 200.4±5.66 Hv, while the hardness for the Ti-29Nb-3Hf, Ti-29Nb-7Hf, and Ti-29Nb-15Hf alloys were 189±7.96 Hv, 186±3.19 Hv, and 185±4.24 Hv, respectively. From these values, the hardness value tends to decrease as Hf is added to the Ti-Nb alloy because the phase transformation to the β-phase occurs as discussed in the previous observation of the alloy structure. That is, the hardness decreased slightly and phase transformation occurred from α″-phase (hexagonal structure) to the β-phase(body centered cubic), as the Hf element increased. This phase transformation reduces the elastic modulus of the material and its hardness (19, 20).

      
        
        

        Figure 3. 
				
        

        
          Vicker’s hardness graph of Ti-29Nb-xHf alloy: (a) Ti-29Nb, (b) Ti-29Nb-3Hf, (C) Ti-29Nb-7Hf, and (d) Ti-29Nb-15Hf.
        
        

        

      

      
        Table 4. 
				
        

        
          Vicker’s hardness values of Ti-29Nb-xHf alloy.
        
        

      

      
        
          
            	Samples / Properties
            	Young’s Modulus (E) [GPa]
            	Vickers Hardness [Hv]
          

        
        
          	Ti-29Nb
          	99.29±2.00
          	200.4±5.66
        

        
          	Ti-29Nb-3Hf
          	94.71±2.36
          	189.2±7.96
        

        
          	Ti-29Nb-7Hf
          	94.36±2.31
          	186.2±3.19
        

        
          	Ti-29Nb-15Hf
          	88.04±1.92
          	185.7±4.24
        

      

      

      Figure 4 shows the nano-indentation test results of Ti-29Nb-xHf alloys. The elastic modulus was measured using by nano-indentation. The nano-indentation test results of water quenched Ti-29Nb-xHf alloys are shown in Table 4. The results of elastic modulus for Ti-29Nb alloy was 99.29±2.00 GPa, while hardness for the Ti-29Nb-3Hf, Ti-29Nb-7Hf, and Ti-29Nb-15Hf alloys were 94.71±2.36, 94.36±2.31, and 88.04±1.92, respectively. The elastic modulus of Ti-29Nb-15Hf alloy was the lower than those of samples with high content of Hf. It has been reported that a decrease in the value of the modulus of elasticity is associated with an increase in the β phase (10, 20). If the modulus of elasticity is controlled to solve the stress shielding effect, it is thought that bone resorption and bone fracture around the implant can be prevented. Therefore, in this study, the value of the modulus of elasticity can be reduced by adding the Hf element to the Ti-29Nb alloy.

      
        
        

        Figure 4. 
				
        

        
          Nano-indentation test results of Ti-29Nb-xHf alloy.
        
        

        

      

      Figure 5 shows the FE-SEM morphologies of PEO treated Ti-29Nb alloy (a, b, c, and d) and Ti-29Nb-15Hf alloy (a-1, b-1, c-1, and d-1) with different electrolytes containing various concentrations of (a and a-1) 0 Mg (b and b-1) 5 Mg, (c and c-1) 10 Mg, and (d and d-1) 20 Mg ions, respectively. PEO treatment was performed at 270 V for 3 min on Ti-29Nb and Ti-29Nb-15Hf alloys in the electrolyte containing Ca, P, Mg, and Si ions. From the FE-SEM observation, the various types of micro-porous oxide layers were formed as shown in Figure 5. The number of micro-pore increased with increasing Mg concentration, whereas, the size of micro-pore decreased with increasing Mg concentration. Also, the number and the size of micro-pore formed Ti-29Nb-15Hf alloy were occurred with the tendency like Ti-29Nb alloy with increasing Mg concentration. And chemical composition of oxide layer was investigated by EDS analysis. It was confirmed that the oxide films on Ti-29Nb and Ti-29Nb-15Hf alloy were in good on the composed of the alloying elements, including O, Ca, P, Mg, and Si elements. In the PEO process, Mg and Si ions in electrolyte are drawn into discharge channel due to electric fields, and competition of Mg and Si ions in the solution are occurred for substitution with Ca and P. In the case of Mg2+ ions, the dehydration of aqueous ions, which needs to occur before incorporation into the crystalline structure, is slow. Also, it thought that the smaller ionic radius of Mg2+ (0.0069 nm) might also affect the substitution for Ca2+ (0.099 nm) in apatite (14, 21, 22). Therefore, it is thought that these ions were doped into the surface of the alloy during the PEO treatment, and these elements were detected together with the alloying elements on the surface.

      
        
        

        Figure 5. 
				
        

        
          FE-SEM morphologies of PEO-treated Ti-29Nb alloy(a, b, c, and d) and Ti-29Nb-15Hf alloy(a-1, b-1, c-1, and d-1) with different electrolytes containing Mg concentration of (a and a-1) 0 Mg (b and b-1) 5 Mg, (c and c-1) 10 Mg, and (d and d-1) 20 Mg.
        
        

        

      

      Figure 6 shows the FE-SEM and images of micro-pore distribution formed Ti-29Nb and Ti-29Nb-15Hf alloy by PEO treatment with different electrolytes containing various concentrations of (a and a-1) 0 Mg (b and b-1) 5 Mg, (c and c-1) 10 Mg, and (d and d-1) 20 Mg ions. The summarized values for the micro-pore formed on Ti-29Nb and Ti-29Nb-15Hf alloy were obtained using by Image J software and Image analyzer software. Figure 6(a) is 0 Mg, (b) is 5 Mg, (c) is 10 Mg, and (d) is 20 Mg for Ti-29Nb alloy. And Figure 6(a-1) is 0 Mg, (b) is 5 Mg, (c) is 10 Mg, and (d) is 20 Mg for Ti-29Nb-15Hf alloy, respectively. The change in the number of pores and pore size according to the Mg concentration of the electrolyte is shown in the figures. The average numbers of micro-pore formed on Ti-29Nb alloy with the Mg ion concentration were 22.98±1.77 for 0 Mg, 31.35±1.75 for 5 Mg, 54.33±1.34 for 10 Mg, and 59.45±0.15 for 20 Mg, respectively. The average numbers of micro-pore formed on Ti-29Nb-15Hf alloy with the Mg ion concentration were 23.43±2.11 for 0 Mg, 31.66±2.32 for 5 Mg, 55.67±1.54 for 10 Mg, and 60.77±0.23 for 20 Mg, respectively. It is confirmed that the numbers of micro-pore depends on the composition of electrolyte with added ions and the chemical composition of the alloy. In the case of the Ti-29Nb alloy, as the Mg concentration increased from 0 Mg to 20 Mg for a constant alloy composition, the mean pore size decreased drastically from 1.35±0.09 to 0.83±0.29. It is thought that the activation energy depend on the increasing Mg concentration in the solution to attack on the alloy surface leading to the a small size of micro-pore formation gradually. In the case of the Ti-29Nb-15Hf alloy, as the Mg concentration increased from 0 Mg to 20 Mg for a constant alloy composition, the mean pore size decreased drastically from 1.51±0.08 to 0.89±0.34. The area of occupied by micro-pore for Ti-29Nb alloy with increasing Mg concentration was 10.59±0.33, 11.02±0.47, 12.17± 0.55, and 13.15±0.32 and the area of occupied by micro-pore for Ti-29Nb-15Hf alloy with increasing Mg concentration was 9.83±0.29, 10.99±0.44, 12.38±0.51, and 13.11±0.41, respectively. The summarized values of the micro-pore number and pore sizes for the Ti-29Nb and Ti-29Nb-15Hf alloy with Mg concentration are shown in Table 5. From these changes, it can be seen that the size of pores and the number of pores change according to the Mg concentration is because the concentration of ions affected the spark discharge during the PEO treatment process, and the component and composition of the alloy have an effect.

      
        
        

        Figure 6. 
				
        

        
          Pore distribution images of micro-pore formed Ti-29Nb and Ti-29Nb-15Hf alloy by PEO processing with different electrolytes containing Mg concentration of (a and a-1) 0 Mg, (b and b-1) 5 Mg, (c and c-1) 10 Mg, and (d and d-1) 20 Mg.
        
        

        

      

      
        Table 5. 
				
        

        
          The summarized data from image analysis for the micro-pore formed on Ti-29Nb and Ti-29Nb-15Hf alloy after PEO treatment.
        
        

      

      
        
          
            	
            	Numbers of micro-pore (N/102-um2)
          

          
            	(Ca+OMg/P+5Si)
            	(Ca+5Mg/P+5Si)
            	(Ca+10Mg/P+5Si)
            	(Ca+20Mg/P+5Si)
          

        
        
          	
            Ti-29Nb
          
          	22.98±1.77
          	31.35±1.75
          	54.33±1.34
          	59.45±0.15
        

        
          	
            TI-29Nb-15H
          
          	23.43±2.11
          	31.66±2.32
          	55.67±1.54
          	60.77±0.23
        

        
          	
          	Mean pore size (um)
        

        
          	(Ca+OMg/P+5Si)
          	(Ca+5Mg/P+5Si)
          	(Ca+10Mg/P+5Si)
          	(Ca+20Mg/P+5Si)
        

        
          	
            Ti-29Nb
          
          	1.35±0.09
          	1.21±0.13
          	0.93±0.19
          	0.83±0.29
        

        
          	
            TI-29Nb-15H
          
          	1.51±0.08
          	1.27±0.10
          	1.04±0.15
          	0.89±0.347
        

        
          	
          	Area ratio of occupied by micro-pores (%/102-um2)
        

        
          	(Ca+OMg/P+5Si)
          	(Ca+5Mg/P+5Si)
          	(Ca+10Mg/P+5Si)
          	(Ca+20Mg/P+5Si)
        

        
          	
            Ti-29Nb
          
          	10.59±0.33
          	11.02±0.47
          	12.17±0.55
          	13.15±0.32
        

        
          	
            TI-29Nb-15H
          
          	9.83±0.29
          	10.99±0.44
          	12.38±0.51
          	13.11±0.41
        

      

      

      Figure 7 shows the EDS mapping analysis results of PEO-treated (a) Ti-29Nb and (b) Ti-29Nb-15Hf alloys in electrolytes containing Ca, P, Mg, and Si ions, respectively. As a result of the EDS mapping analysis, Ca/P ratio was obtained on PEO-treated alloy surface and Ca, P, Mg, and Si elements were well distributed on the sample surface. In Figure 7, Ca/P ratios were calculated on the oxide film surface, and summarized in Table 6. The Ca/P ratios of Ti-29Nb and Ti-29Nb-15Hf alloy were 1.62 and 1.64, respectively. Also, as the Mg content increase, the Ca/P ratio tends to decrease. This is because Mg replaces Ca in the HA structure to decrease the Ca/P ratio. Although it is judged that there is little change in the value by substituting Si with P, the Ca/P ratio was eventually decreased because the Mg content was increased to 20%.

      
        
        

        Figure 7. 
				
        

        
          Variation of Ca/P molar ratio with different electrolytes of Mg ion concentration: (a) Ca/P ratio and (b) (Ca+Mg/P+Si) ratio.
        
        

        

      

      
        Table 6. 
				
        

        
          EDS mapping results of PEO-treated Ti-29Nb and Ti-29Nb-15Hf alloy in various electrolytes with Mg ion concentration.
        
        

      

      
        
          
            	Samples
            	Composition (wt. %)
            	Ca/P
ratio
            	(Ca+Mg/
P+5Si)
ratio
          

          
            	O
            	Mg
            	Ca
            	Si
            	P
            	Ti
            	Hf
            	Nb
            	Total
          

        
        
          	
            PEO 270-treated
          
        

        
          	T-29Nb (0MG)
          	41.33
          	-
          	6.80
          	-
          	4.49
          	31.17
          	-
          	16.20
          	100.00
          	-
          	1.51
        

        
          	TI-29Nb (5Mg)
          	36.29
          	0.14
          	11.30
          	0.50
          	6.52
          	36.29
          	-
          	11.14
          	100.00
          	1.73
          	1.62
        

        
          	T-29Nb (10MG)
          	37.97
          	0.24
          	6.51
          	0.22
          	4.13
          	35.76
          	-
          	15.18
          	100.00
          	1.57
          	1.55
        

        
          	TI-29ND (20Mg)
          	38.58
          	0.47
          	6.60
          	0.22
          	4.46
          	35.28
          	-
          	14.39
          	100.00
          	1.47
          	1.51
        

        
          	
            PEO 270-treated
          
        

        
          	T-29Nb-15Hf (0MG)
          	36.32
          	-
          	6.08
          	-
          	4.20
          	33.29
          	9.27
          	10.84
          	100.00
          	-
          	1.44
        

        
          	T-29Nb-15Hf (5MG)
          	38.40
          	0.09
          	6.99
          	0.30
          	4.00
          	28.98
          	7.01
          	14.53
          	100.00
          	1.74
          	1.64
        

        
          	T-29Nb-15Hf (10MG)
          	35.17
          	0.40
          	6.3
          	0.31
          	4.14
          	31.48
          	8.93
          	13.55
          	100.00
          	1.45
          	1.44
        

        
          	T-29Nb-15Hf (20MG)
          	38.77
          	0.82
          	5.69
          	0.11
          	4.61
          	31.16
          	4.10
          	14.74
          	100.00
          	1.23
          	1.38
        

      

      

      Therefore, Mg and Si ions, which are bioactive ions on the PEO-treated implant surface, are thought to have a favorable effect on biocompatibility and cell and bone bonding (23, 24).

      Figure 8 shows the TF-XRD patterns of PEO treated Ti-29Nb (A) and Ti-29Nb-15Hf (B) alloy with electrolytes containing various concentration of (a) 0 Mg, (b) 5 Mg, (c) 10 Mg, and (d) 20 Mg ions, respectively. The peaks of TiO2 consisted predominantly of anatase with small amount of rutile, which was mixture structure as shown in the surface of the micro-pore formed Ti-29Nb and Ti-29Nb-15Hf alloys. Regarding with this result, the hydroxyapatite and anatase phases are believed to have more efficient nucleation and growth than the rutile layer because of their good lattice match (25, 26).

      
        
        

        Figure 8. 
				
        

        
          TF-XRD patterns of PEO-treated Ti-29Nb (A) and Ti-29Nb-15Hf (B) alloy with different electrolytes of Mg ion concentration: (a) 0 Mg, (b) 5 Mg, (c) 10 Mg, and (d) 20 Mg.
        
        

        

      

      Figure 9 shows the FE-SEM images morphology of bone-like apatite formed Ti-29Nb and Ti-29Nb-15Hf alloys with Mg ion concentration after PEO treatment at 270 V for 3 min. Figure 9(a) is 0 Mg, (b) is 5 Mg, (c) is 10 Mg, and (d) is 20 Mg for micro-pore formed Ti-29Nb surface, and Figure 9(a-1) is 0 Mg, (b-1) is 5 Mg, (c-1) is 10 Mg, and (d-1) is 20 Mg, respectively. From the bone-like apatite formed results, bone-like apatite is well formed on the surface of PEO-treated Ti-29Nb-15Hf alloy in electrolyte containing 5 Mg and 5 Si ion concentration compared to the other specimen after SBF immersion. In general, these reactions are thought to be affected by the action of Mg and Si ions in the human body. Mg and Si ions are closely related to the calcification of human tissues and are known to indirectly affect mineral metabolism (27).

      
        
        

        Figure 9. 
				
        

        
          FE-SEM images showing morphology of bone-like apatite: Ti-29Nb alloy: (a) 0 Mg, (b) 5 Mg, (c) 10 Mg, and (d) 20 Mg, and Ti-29Nb-15Hf alloy: (a-1) 0 Mg, (b-1) 5 Mg, (c-1) 10 Mg, and (d-1) 20 Mg.
        
        

        

      

    

    

  
    
      Conclusion
      The microstructure of the Ti-29Nb-xHf alloys showed α″-and β-phase. As the Hf content increased, the needle-like structure decreased and the equiaxed structure with β-phase increased. The hardness of Ti-29Nb-xHf alloy decreased slightly, and elastic modulus decreased, as the Hf content increased. The PEO-treated alloy showed the uniform micro-pore formation on the surface. In the case of PEO-treated Ti-29Nb-xHf alloys in electrolytes containing Mg ion, pore size decreased and numbers increased compared to PEO-treated Ti-29Nb-xHf alloys in electrolytes without Mg ion. From the XRD analysis, in the case of Mg ion addition to electrolyte, the anatase peak on the Ti-29Nb-xHf alloy was shifted slightly to left side with a lower diffraction angle. The Ca/P and (Ca+Mg)/(Si+P) ratios were the closest to the ideal value for PEO-treated Ti-29Nb and Ti-29Nb-15Hf in solution containing 5 Mg ion. Also, these ratios of PEO-treated Ti-29Nb-xHf alloys in solution containing Mg and Si ions decreased as Mg ion increased. The PEO-treated Ti-29Nb-15Hf alloy in electrolytes containing 5 Mg ion was a good bone formation around the pores and surfaces.
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