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국 문 초 록

마이크로 포아와 나노튜브 형성 된 생체용 Ti-25Nb-7Hf 

합금의 표면특성

김 성 환  

지도교수: 최한철, 공학/치의학박사

                광기술공학과(광응용공학전공)

조선대학교 대학원

본 논문에서는, 두 단계 양극산화법을 이용하여 표면에 마이크로 포아와 나노튜

브를 형성 하여 합금표면에 마이크로와 나노구조의 거칠기를 부여함으로써 뼈와의 

골 융합성을 극대화시키는 연구를 진행하였다. Ti-25Nb-7Hf 삼원계 합금은 

Ti-25Nb 이원계 합금을 기본으로 하여 Hf 함량을 7 wt.% 가 되도록 아크용해법을 

이용하여 합금을 설계하였다. 제조된 합금은 균질화 처리를 위해 1000 ℃에서 12

시간동안 열처리한 후 급냉하여 준비하였다. 표면에 두 가지 구조를 형성하기 위

해 먼저 200 V 전위에서 3분 동안 1 M H3PO4의 용액에서 마이크로 포아를 형성 후 

1 M H3PO4용액에 소량의 NaF를 첨가한 전해질 용액에서 30 V, 2시간 동안 나노튜브

를 형성하였다, 모든 시험편의 표면은 OM, FE-SEM, EDS, XRD, 및 STEM 등으로 분

석하였다. 표면의 전기화학적 부식 거동은 동전위 분극시험으로 분석하였고, 두 

단계로 마이크로 포아 형성 후 나노튜브를 형성 한 Ti-25Nb-xHf 합금 표면의 접촉

각을 측정하여 표면 젖음성을 평가하여 다음과 같은 결과를 얻었다.

1. X 선 회절 분석 결과, Ti-25Nb 이원계 합금에서는 α″상으로 구성되었고, 

Ti-25Nb-7Hf 합금의 미세조직은 α″ + β상이 관찰되었다. 또한, Hf함량이 첨

가됨으로써 마르텐사이트 α″구조에서 α″ + β상을 갖는 등축정 구조를 나타

내었다. 

2. 마이크로 포아 형성 후 표면 관찰 결과 Hf가 첨가됨에 따라 포아수가 감소하고 
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포아 크기가 증가하였으며 anatase와 rutile상의 산화막이 형성되었다.  

3. 나노튜브의 형성은 Hf함량이 첨가되면 튜브의 길이가 증가하고, 튜브의 배열이 

불규칙에서 규칙적으로 변화되었다. 인가전위가 증가할수록 나노튜브의 직경이 

증가되었으며, 나노튜브형성 시간이 증가할수록 튜브 길이가 증가하였다.

4. 마이크로 포아 형성 후 나노튜브를 형성 한 경우 마이크로 포아 속에 나노튜브

가 형성되었다.  

5. 양극 분극 곡선으로부터, 두 단계로 마이크로 포아 형성 후 나노튜브 형성한 

Ti-25Nb-7Hf 합금은 아무처리 하지 않은 합금과 마이크로 포아만 형성한 합금보

다 낮은 부식전위와 높은 부식전류밀도를 보였다. 

6. 접촉각 측정으로부터, 두 단계로 마이크로 포아 형성 후 나노튜브 형성 한 표

면이 가장 우수한 젖음성을 나타내었다.

결론적으로, 두 단계로 마이크로 포아 형성 후 나노튜브를 형성한 Ti-25Nb-7Hf 

합금은 마이크로와 나노 구조를 형성하여 넓은 비표면적을 제공함으로서 생체적합

성이 우수한 표면처리로 응용될 수 있을 것으로 생각된다.
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Ⅰ. INTRODUCTION

Titanium (Ti) and its alloys have been studied an implant material from 

1940s. Because, it show many advantages, such as good biocompatibility, 

corrosion resistance, low elastic modulus and mechanical properties to have 

an application for biomaterials fields [1]. Ti-6Al-4V alloy is widely used 

for implant parts. However, there are some problems of the alloy such as 

toxicity of V element and Alzheimer's disease of Al element [2]. According 

to the studies on cytotoxicity of pure metals, Ti alloys consisting of 

niobium (Nb), zirconium (Zr), tantalum (Ta), and hafnium (Hf) elements would 

be recommended. So, some researchers have focused on Ti-Nb-Zr, Ti-Ta-Zr, 

Ti-Nb-Hf, and Ti-Ta-Hf alloy system with controlling the contents as 

recommended elements [3-5]. Especially, Nb is one of the most effective Ti 

β-stabilizers and the atoms occupy the Ti sites resulting in solid-solution 

strengthening. Also, Ti alloyed with Hf will likely to have good corrosion 

resistance and Hf shows complete mutual solubility in both α and β 

structured Ti phases [6]. Therefore, the superior properties of Nb and Hf 

are the forces driving the introduction of Ti–Nb–Hf alloy into biomaterials.

Various surface modifications on Ti implants have been carried out to 

improve their bioactivity. The phenomena of anodization occurs at the moment 

of dielectric breakdown, Ti ions in the Ti alloy and OH ions in the 

electrolyte move in opposite directions very quickly to from TiO2 again, this 

process is referred to as micro-arc oxidation or anodic spark oxidation. The 

micro-arc oxidation has been increased attractive attentions to improve a 

surface property, that is the adhesion to substrate metal, including 

corrosion, and biocompatibility of alloy surfaces [7-9]. The applications of 

micro-arc oxidation to the surface characteristics of Ti alloys has been 

proposed in order to improve their adhesive properties when used with 

organic adhesives and improvement of their biocompatibility [10]. From 

previous report, anodized TiO2 surface provided higher cell adhesion, 
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proliferation, and cells cultured on anodized TiO2 surfaces demonstrated 

higher ALP activity, compared with the Ti control surface [11].  

Titanium oxide (TiO2) nanotubes are of considerable interests for their 

applications due to their unique physical and chemical properties. 

Self-organized TiO2 nanotube has been produced in fluoride-containing 

electrolytes, chromic acid–HF mixtures and H3PO4–NaF mixtures [12]. It is 

reported in the literature that nanotubes of morphologies on Ti alloys can 

be achieved by changing the applied potential, time, and alloying elements 

[13, 14]. From previously reported research, as the anodizing potential 

increased, the diameter and thickness of the nanotube increased. As the 

anodization time increased, the nanotube thickness increased [4, 15, 16]. 

Also, nanotubes have been used to improve bone tissue integration and the 

size is important in cell adhesion [17, 18].

Related information on the surface morphology and characteristics of the 

micro-pore and nanotube formed Ti-Nb-Hf alloy by two step anodization method 

is very limited. Therefore, the purpose of the present study was to 

investigate the surface characteristics of the micro-pore and nanotube 

formed Ti-25Nb-7Hf alloy for biomaterials.
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Ⅱ. BACKGROUND

2.1. Titanium [19] 

Ti is widely distributed in the universe. It is abundant on earth and has 

been detected in meteorites and other stars. Its concentration within the 

earth's crust of about 0.6% makes it the fourth most abundant of the metals 

after aluminium (Al), iron (Fe) and magnesium (Mg). There are 20 times more 

in quantity than chromium (Cr), 30 times more than nickel (Ni), 60 times 

more than copper (Cu), 600 times more than molybdenum (Mo). Some of the 

physical properties of Ti are listed in Table 1.

Table 1. Physical properties of Ti [20]
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2.1.1 Classification of Ti alloy [19]

Ti exists in two crystallographic forms. At room temperature, commercially 

pure titanium (CP-Ti) has a hexagonal close-packed (hcp) crystal structure 

referred to as α-phase. At 883 ℃, this transforms to a body-centered cubic 

(bcc) structure known as β-phase. The manipulation of these 

crystallographic variations through alloying additions and thermochemical 

processing is the basis for the development of a wide range of alloys and 

properties. The alloying elements have different influences on the 

properties of Ti. Some of the most common alloying elements and their 

stabilizing effect are shown in Table 2. On the other hand, elements such as 

nitrogen, carbon and especially oxygen have a strong α-stabilizing effect 

and thereby raise the α→β transition temperature (β-transus), whereas 

hydrogen, which has a β-stabilizing effect, lowers the transus temperature. 

Increasing the amount of interstitial elements leads to a drastic increase 

in strength (Fig. 1), but at the same time, leads to a sharp drop in 

ductility and with an increased risk of embrittlement. Based on the phases 

present, Ti alloys can be classified as α alloys, β alloys or α+β 

alloys. Within the last category are the subclasses near-α and near-β, 

referring to alloys with compositions which place them near to α/(α+β) or 

(α+β)/β-phase boundaries, respectively. The α alloys contain elements 

such as Al. These α-stabilizing elements increase the phase transformation 

temperature. They are characterized by satisfactory strength, toughness and 

weldability but poorer forgeability than β alloys. The absence of a ductile

– brittle transformation, a property of the bcc structure, makes a alloys 

suitable for cryogenic applications. α+β alloys have a composition that 

supports a mixture of α and β phases. α+β alloys generally exhibit good 

fabricability as well as high room temperature strength and moderate 

elevated-temperature strength. The most commonly used α+β alloy is 

Ti-6Al-4V. The β alloys contain elements such as V, Mo, Fe and Cr, which 
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decrease the temperature of the α to β phase transition. β alloys are 

extremely formable. They are also prone to ductile–brittle transformation, 

and along with other bcc-phase alloys, are unsuitable for low-temperature 

application. The most commonly used titanium alloys are presented in 

phase-diagram format, Fig. 2, to show the interactions between the alloys's 

α- and β-stabilizing components.
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Table 2. Common alloying elements and their stabilizing effect [21]
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Fig. 1. Effect of interstitial alloying elements on strength and reduction 

in area of Ti [22].
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Fig. 2. Compositions of U. S. technical alloys mapped onto a pseudobinary β

-isomorphous phase diagram [23].
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2.1.2. Ti-Nb-Hf system

About the alloying element of Ti alloys for dental application, many 

studies have focused on the development of Al and V fee Ti alloys. So, 

current research on metallic biomaterials has focused on Ti alloys composed 

of non-toxic elements like Ta, Hf, Nb and Zr [24]. The Ti-Nb alloy has 

demonstrated a great potential for implant material. For example, the 

Ti-25Nb had a bending strength of 1650 MPa and bending moulus of 77 GPa 

[25]. Also, the Ti-Nb alloys have presented superior corrosion resistance 

when compared with the Ti-6Al-4V alloy. Assis [26] has reported a slightly 

improved corrosion resistance associated to the Ti-13Nb-13Zr compared with 

the Ti-6Al-4V alloy. Hf shows complete mutual solubilities in both α and β 

structured Ti phases, the same as Zr elements. Also Ti alloyed with Hf will 

likely to have good corrosion resistance [16]. From previously reported 

research [27], the Ti-22Nb-Hf alloy passivated spontaneously in 0.9% NaCl 

solution. The Icorr and Ipp slightly decreased with increasing the Hf 

contents. 
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2.2 Titanium oxide surface [28]

TiO2 is known that a native oxide film grows spontaneously on the surface 

upon exposure to air. The excellent chemical inertness, corrosion 

resistance, repassivation ability, and even biocompatibility of Ti and most 

other Ti alloys are thought to result from the chemical stability and 

structure of the titanium oxide film that is typically only a few nanometers 

thick. The composition and oxide thickness of mechanically polished CP-Ti 

surfaces characterized by X-ray photoelectron spectroscopy (XPS) are 

summarized in Table 3. The characteristics of films grown at room 

temperature on pure titanium are schematically shown in Fig. 3 and 

summarized as follows:

1. The amorphous or nanocrystalline oxide film is typically 3–7 ㎚ thick and 

mainly composed of the stable oxide TiO2. 

2. The TiO2/Ti interface has an O to Ti concentration ratio that varies 

gradually from 2 to 1 from the TiO2 film to a much lower ratio in the bulk.

3. Hydroxide and chemisorbed water bond with Ti cations leads to weakly 

bound physisorbed water on the surface. In addition, some organic species 

like hydrocarbons adsorb and metal-organic species, such as alkoxides or 

carboxylates of titanium also exist on the outmost surface layer whose 

concentrations depend on not only the surface conditions, such as  

cleanliness but also the exposure time to air as well as the quality of 

the atmosphere during storage.
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Table 3. Typical XPS oxide film composition and oxide layer thickness of 

mechanically polished CP-Ti surface [28]
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Fig. 3. Schematic view of the oxide film on pure Ti [28].
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2.3. Electrochemical anodization process [29]

Anodization is an electrolytic process that creates a protective or 

decorative oxide film over metallic surface.  Anodization increases both the 

thickness and density of the oxide film. To accomplish it, the conducting 

piece undergoing anodization is connected to the positive terminal of a de 

power supply and placed in an electrolytic bath where it serves as the 

anode. The cathode is commonly a plate or rod of platinum. When power is 

applied, electrons are forced from the electrolyte to the positive anode. 

The process leaves surface metal atoms exposed to oxygen ions within the 

electrolyte. The atoms react and become an in situ integral part of the 

oxide layer. The electrons travel through the power source and return to the 

cathode. A depiction of an electrochemical anodization cell is shown in Fig. 

4.
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Fig. 4. Schematic diagram of a electrochemical cell in which the Ti samples 

are anodized [29].
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2.4. Microporous oxide formation [30, 31]

The main reactions leading to oxidation at the anode are as follows:

At the Ti/TiO2 interface:

Ti ↔ Ti
2+ + 2e

-.

At the TiO2/electrolyte interface:

2H2O ↔ 2O2- + 4H
+,

2H2O ↔ O2  + 4H
+ + 4e-.

At both interfaces:

Ti2+ + 2O2- ↔ TiO2 + 2e
-.

The Ti and oxygen ions formed in these redox reactions are driven through 

the oxide by the externally applied electric field resulting in the 

formation of the oxide film. Anodic TiO2 have high resistivity relative to 

the electrolyte and the metallic parts of the electrical circuit. The 

applied voltage drop mainly occurs across the oxide film of the anode. If 

the anodizing process is carried out at voltages above the breakdown limit, 

the oxide will no longer be resistive enough to prevent further current 

flow. At such high voltages, the process will lead to increased gas 

evolution and frequently sparking. This type of anodizing is often referred 

to as spark anodizing that typically leads to less uniform and more porous 

oxide films.

Surgical insertion of many implants such as cortical bone screws and some 

artificial tooth roots involves significant abrasion. These applications 

prefer the implant surfaces to have high adherence and surface hardness.  
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Anodic plasma oxidation of Ti was developed to meet these requirements. When 

a positive voltage is applied on Ti, it drives Ti atoms to ionize at the 

metal–oxide interface and oxygen to diffuse through the oxide layer; they 

combine and the oxide thickens. With the growing oxide thickness, the 

resistance also increases and this layer takes most of the voltage drop. 

Surface modification of Ti implants typically uses voltages at hundreds of 

volts. These are higher than the breakdown voltage of the oxide layer and 

cause micro-arcs to form locally. The breakdown process creates a local 

temperature high enough to melt the oxide and an intense O2 gas evolution. 

The surface therefore becomes full of crater-like pores. In addition, the 

micrometer-scale porosity and topography may contribute to the implant 

fixation by mechanical interlocking. 
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2.5. Nanotube formation mechanism [32]

It is generally agreed that TiO2 nanotubes form in F
- containing 

electrolytes by two competing electric field-assisted processes (Fig. 5). 

The first process involves the active dissolution of the Ti metal to form a 

passive TiO2 layer:

Ti + 2H2O → TiO2 + 4H
+ + 4e

-  (1)

The second process is related to the chemical dissolution of the newly 

formed oxide by the following reaction:

TiO2 + 4H
+6F- → [TiF6]

2- + 2H2O   (2)

The evolution of the TiO2 microstructure can be described by four stages 

which are shown schematically in Fig. 6 and described below;

1st step:

The initial steps of anodization are characterized by a large decrease in 

the current density with time due to the formation of a dense oxide layer by 

the dissolution of Ti (Eq. (1)). In the absence of F- the growth of the oxide 

is self-limiting and eventually the current density and thickness stabilize 

at a constant value.

2nd step: 

In the presence of F-, chemical dissolution of TiO2 is possible, as 

described by Eq. (2). Thus, 2nd step is characterized by the formation of 

nanopores across the surface of the TiO2 layer. Pore formation is driven by 

local dissolution of TiO2, which reduces the film thickness, locally, and 

increases the electric field intensity at the bottom of the pore. The 
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increased current density drives the formation of new oxide at the 

metal/oxide interface while also increasing the rate of chemical dissolution 

at the oxide electrolyte interface.

3rd step:

As the nanopores continue to grow into the oxide layer there is an abrupt 

transition from nanopores to nanotubes. As a result, 3rd step is 

characterized by the presence of a bi-layered structure. The top layer 

consists of the nanoporous region and the bottom layer consists of the 

nanotube layer. During this step, nanotubes grow deeper into the substrate 

due to the competition of oxide growth and dissolution at the bottom of the 

nanotube. As nanotubes continue to grow, the nanoporous layer is subjected 

to chemical dissolution, resulting in thinning and eventual disappearance.  

As the thickness of the oxide layer increases, the current density 

decreases. The mechanistic explanation for the transition from nanopores to 

nanotubes is somewhat unclear. Thus, by this proposed mechanism, the 

nanotubes are the result of simultaneous growth of gaps and pores. 

4th step:

Once the nanoporous layer has undergone complete dissolution the coating 

consists of an ordered array of TiO2 nanotubes. With continued anodization 

the nanotubes continue to grow in length, and the current density continues 

to drop, until the so-called "equilibrium thickness”is established and both 

the current density and coating thickness stabilize.
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Fig. 5. Schematic representation of the Ti anodization (a) in absence of 

fluorides (results I flat layers) and (b) in presence of fluorides (result 

in the tube growth) [33].
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Fig. 6. Schematic diagrams showing the mechanism for TiO2 nanotube formation 

[32].
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Ⅲ. MATERIALS AND METHODS

3.1. Ti-25Nb and Ti-25Nb-7Hf alloy preparation

The Ti-25Nb and Ti-25Nb-7Hf alloys were prepared using CP Ti (G&S 

Titanium, Grade 4, USA), Nb, and Hf (Kurt J. Lesker Company, 99.95 wt.% 

purity, USA). All materials were cleaned by ultrasonic cleaner in acetone 

and dried in air.

The  Ti-25Nb and Ti-25Nb-7Hf alloys were prepared by using the vacuum arc 

melting furnace. The weighed charge materials were prepared in the vacuum 

arc furnace (vacuum arc melting system, SVT, KOREA), the high-purity Ar gas 

was filled up to water cooling copper hearth chamber in vacuum atmosphere of 

0.133 Pa. The atmosphere in chamber was controlled by method to keep vacuum 

by fine gage. The  Ti-25Nb and Ti-25Nb-7Hf alloys ingots were remelted at 

least 10 times in order to avoid inhomogeneity. The ingots of Ti-25Nb and 

Ti-25Nb-7Hf alloys were homogenized in Ar atmosphere at 1000 ℃ (MSTF-1650, 

MS Eng, KOREA) for 12h and then, 0 ℃ water quenching. The ingots were cut 

off by diamond wheel cutting system (Accutom-5, Struers, Denmark) by way of 

a thickness of 2.5 mm for experiments, and then ultrasonically cleaned in 

acetone and finally dried in air.
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3.2. Analysis of surface characteristics for the alloy

The phase and composition of the Ti-25Nb and Ti-25Nb-7Hf alloys were 

determined by using X-ray diffractometer (XRD, X`pert PRO, Philips). 

Ni-filtered Cu Kα radiation was used in this study. Phase was identified by 

matching each characteristic peak with JCPDS files. The Ti-25Nb-7Hf alloy, 

micro-pore and nanotube formed surfaces were observed by optical microscopy 

(OM, oympus, BX 60M, Japan), field-emission scanning electron microscopy 

(FE-SEM, Hitachi, 4800, Japan), X-ray diffractometer (XRD, X`pert PRO, 

Philips), and energy dispersive x-ray spectroscopy (EDS, Oxford ISIS 310, 

England). The etching treatment was performed in Keller's reagent (2 ml HF + 

3 ml HCl + 5 ml HNO3, + 190 ml H2O). 
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3.3. Micro-pore formation on the alloy surface

Anodization treatments on Ti-25Nb and Ti-25Nb-7Hf alloys were carried out 

in electrolyte containing 1M H3PO4 at room temperature for experiments. The 

electrolyte was stirred surfing anodizing process, anodization was carried 

out using by DC power supply (KDP-1500, KOREA) at 200 V for 3 min. The 

current density during anodizing process was 0.25 A/cm2 and counter electrode 

was platinum. The morphology of the porous Ti oxide was characterized by a 

FE-SEM, EDS, and XRD. To measure the fraction of surface precent for pores 

and pore walls from FE-SEM image of micro-pore formed the alloy, the Image J 

(http://rsb.info.nih.gov/ij/, NIH, USA) software and image analyzer (Image 

Pro Plus, Media Cybernetics, PA, USA) was applied.

Fig. 7. Schematic diagram of the apparatus for anodizing.
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3.4. Nanotube formation on the alloy surface

The electrochemical experiment consisted of two electrode configuration 

with platinum as the counter electrode and the working electrode as anode 

was used for anodization. The samples was embedded in epoxy resin, leaving a 

square surface area of 10mm
2 exposed to a 1M H3PO4 electrolytes containing 

0.8 wt. % NaF as anodizing electrolyte. All nanotube formation experiments 

were carried out at constant potential (20 ~ 40 V) for (30 ~ 120) min 

(potentiostat 362, EG&G Company, USA). After the anodization, the samples 

were rinsed in distilled water and subsequently in acetone, and dried in 

air. The morphology of the nanotube formation on the alloy surface 

characterized by a FE-SEM.
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3.5. Micro-pore and nanotube formation on the alloy surface

The electrochemical experiment consisted of a two electrode configuration 

with platinum as the counter electrode and the working electrode as anode 

was used for anodization. Micro-pore and nanotube formation of Ti-25Nb-7Hf 

alloy was carried out in each different solution at room temperature by two 

step anodization method. Micro-pore formation was performed in 1M H3PO4 

electrolytes at 200 V at 3 min, and then nanotube formation was carried out 

in 1M H3PO4 electrolytes containing 0.8 wt. % NaF at 30 V 120 min. After the 

anodization treatments, the samples were rinsed in distilled water and 

subsequently in acetone, and dried in air. The morphology of the micro-pore 

and nanotube formation on the alloy surface characterized by a FE-SEM, EDS, 

and scanning transmission electron microscope (STEM, JEM-2100F, JEOL, 

Japan).
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3.6. Corrosion test of the alloy surface

Corrosion behaviors were investigated using a standard three-electrode 

cell having the specimen as a working electrode and a high dense carbon 

counter electrode. The potential of the working electrode was measured 

against a saturated calomel electrode (SCE) and all specimen potentials were 

referenced to this electrode. The corrosion properties of the samples were 

first examined by a potentiodynamic polarization test (scanning range from 

-1500 to 2000 mV) at scan rate of 1.667 mV/s in 0.9 % NaCl electrolyte at 

36.5 ± 1 ℃. (PARSTAT 2273, EG&G Company, USA). Using an automatic data 

acquisition system, the potentiodynamic polarization curves were plotted and 

both corrosion rate and potential were estimated by tafel plots by using 

both anodic and cathodic branches. The conditions of electrochemical 

corrosion test were shown in Table 4.

Table 4. The conditions of electrochemical corrosion test

Potentiodynamic test

Working electrode Samples

Reference electrode Saturated calomel electrode

Counter electrode High dense carbon

Electrolyte 0.9% NaCl

Working temperature 36.5 ± 1 ℃

Gas purging Ar gas

Scan rate 1.667 ㎷/sec

Scanning range -1500 ~ +2000 ㎷
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3.7. Wettability test of the alloy surface

Surface wettability test was performed on the surface and anodized surface 

using a water contact angle goniometer (Kruss DSA100, Germany) in sessile 

drop mode with 5 ㎕ drops.
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Ⅳ. RESULTS AND DISCUSSION

4.1. Microstructures of Ti-25Nb and Ti-25Nb-7Hf alloys

Fig. 8 shows the microstructures of the Ti-25Nb-xHf alloys with different 

Hf content (0 wt.% and 7 wt.%) after homogenization treatment at 1000 ℃ for 

12 h in argon atmosphere and then water quenching. The Ti-25Nb binary alloy  

had only needle-like martensitic structure with α" phase as shown in Fig. 8 

(a) [34]. It was corresponded with previous research results; the Ti-Nb 

alloys with 17.5 wt.% ~ 25 wt.% Nb were the primarily comprised an 

orthorhombic α" phase [25]. But, the Ti-25Nb-7Hf alloy have less 

needle-like trace than Ti-25Nb alloy surface and showed equiaxed structure 

with β phase in Fig. 8 (b) [34]. This means, Ti-25Nb-xHf alloy surface 

could be suppressed occurring of metastable phase like an α" by addition of 

Hf contents, which could be act as a β phase stable element [5, 16].

Fig. 9 shows the XRD patterns of Ti-25Nb-xHf alloys. All kind of peaks 

were identified by referring to the JCPDS file. The Ti-25Nb alloy showed 

only orthorhombic α" phase crystal structure whereas the Ti-25Nb-7Hf alloy 

showed α"+ β phases as shown in XRD patterns of Fig. 9. These results 

could be confirmed with FE-SEM images from Fig. 8 (a) and (b) which was 

composed of needle-like martensitic structures of α" phase on binary 

Ti-25Nb alloy but Ti-25Nb-7Hf alloy showed equiaxed structure of β phase. 

It is assumed that the addition of Hf element also suppresses the 

precipitation of the metastable α" martensitic phase and stabilized the β 

phase during the water quenching process [27].
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Fig. 8. OM images showing Ti-25Nb-xHf alloys after heat treatment at 1000 ℃ 

for 12 h in Ar atmosphere and then, 0 ℃ water quenching: (a) Ti-25Nb (b) 

Ti-25Nb-7Hf.
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Fig. 9. XRD peaks of Ti-25Nb-xHf alloys after heat treatment at 1000 ℃ for 

12 h in Ar atmosphere, followed by 0 ℃ water quenching: (a) Ti-25Nb (b) 

Ti-25Nb-7Hf [34]. 
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4.2. The micro-pore surface morphologies of Ti-25Nb and 

Ti-25Nb-7Hf alloys

Fig. 10 shows the voltage-time and current-time displacement for 

micro-pore forming of Ti-25Nb-xHf alloys. The oxide film formation was 

performed by anodic oxidation on Ti-25Nb and Ti-25Nb-7Hf alloy, for which, 

the voltage initially decreased, whereas current decreased for 10sec, but, 

it swiftly increased to setting range of 200 V, it could be maintained with 

constant voltage. Whereas, the current initially decreased from 25 mA/cm2 to 

close of 0.25 mA/cm2, but, it was having a arrhythmic transform to act or not 

act which due to dielectric breakdown of the oxide films with anodic spark 

depositions at high voltages [35]. There was no differences for applying 

current between the Ti-25Nb and Ti-25Nb-7Hf alloy.

Fig. 11 shows the surface morphology and chemical composition of 

micro-pore formed Ti-25Nb and Ti-25Nb-7Hf alloy. Anodization treatment was 

performed at 200 V for 3 min on the Ti-25Nb and Ti-25Nb-7Hf alloys. The 

porous oxide layers were formed as shown in Fig. 11 (a), (b). Well 

fabricated pores were distributed homogeneously over the surface of both 

alloys as shown in Fig. 11. (a), (b) and the pore sizes of Ti-25Nb and 

Ti-25Nb-7Hf alloy were around 500 nm and 1 μm for respectively. That is, 

the number of micro-pore decreased with presence of Hf content added, 

whereas, the size of micro-pore increased with presence of Hf content added. 

And it was confirmed from chemical composition of oxide layer by EDS 

analysis. It was considered that the oxide films on Ti-25Nb and Ti-25Nb-7Hf  

alloy were composed of the alloying elements including oxygen [35].

Fig. 12 shows images analysis results of Fig. 11 (a) and (b). The occupied 

pore ratio (white color) on the TiO2 layer. The results of the analyses are 

listed in Table 5, which shows that the fraction of the surface area 

occupied by pores decreases with added Hf content, with a corresponding 

increase in the fraction of surface area occupied by the pore walls, 
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slightly. Also, the number of pores decrease with added Hf content from 26 /

㎛
2 to 14 /㎛

2. These results indicate that due to corrosion resistance of 

the alloy increase with Hf content added [11].

Fig. 13 shows the phase structures of micro-pore formed Ti-25Nb-xHf alloys 

were analyzed by XRD. Fig. 13 (a) shows the peaks from Ti-25Nb alloy, and 

Fig. 13 (b) shows peaks from Ti-25Nb-7Hf alloy, respectively. From the Ti 

peaks, the peaks were similar with non micro-pore formed surface as shown in 

Fig 9, which have α" and β phase for Ti-25Nb and Ti-25Nb-7Hf alloys, 

respectively. While the peaks of TiO2 consisted predominantly of anatase with 

small amount of rutile, which was mixture showed on the micro-pore formed  

surface of Ti-25Nb and Ti-25Nb-7Hf alloys. Regarding with this result, the 

amount of the anatase phase is considered to have a role in the efficient 

nucleation and growth of hydroxyapatite compared with the rutile phase 

because of its better lattice match with hydroxyapatite [35, 36, 37].
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Fig. 10. Voltage-time and current-time displacement for micro-pore forming 

of Ti-25Nb-xHf alloys: (a) Ti-25Nb and (b) Ti-25Nb-7Hf [34].
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Fig. 11. FE-SEM images and EDS analysis showing micro-pore formed on 

Ti-25Nb-xHf alloys by anodization in 1M H3PO4 at 200 V for 3 min: (a) 

Ti-25Nb and (b) Ti-25Nb-7Hf; chemical composition on anodized (a-1) 

Ti-25Nb and (b-1) Ti-25Nb-7Hf.
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Fig. 12. Images analysis results of Fig. 11 (a) and (b): (a) Fig. 11(a) and 

(b) Fig. 11(b). 
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Table 5. The fraction of surface area percent for pores and pore walls of 

micro-pore formed on the alloys

samples
Fraction of area 

occupied by pores (%)

Fraction of area occupied 

by pore walls (%)

Number of pores 

(/㎛2)

Ti-25Nb 10.33 89.67 26

Ti-25Nb-7Hf 9.17 90.83 14
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Fig. 13. XRD peaks of micro-pore formed Ti-25Nb-xHf alloys by anodization in 

1M H3PO4 at 200 V for 3 min: (a) Ti-25Nb and (b) Ti-25Nb-7Hf [34].
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4.3. The nanotube surface morphologies of Ti-25Nb and 

Ti-25Nb-7Hf alloys

Fig. 14 shows the nanotubes morphologies of Ti-25Nb and Ti-25Nb-7Hf alloys 

in electrolyte containing 1 M H3PO4 + 0.8 wt. % NaF for 1 h at applied anodic 

potential of 30V. FE-SEM images are showing the nanotubular top, bottom, and 

cross-section as shown in Fig. 14 (a, b, c) for Ti-25Nb and Fig. 14 (d, e, 

f) for Ti-25Nb-7Hf alloy, respectively. At the bottom of the alloys, the 

smaller nanotubes appeared and more regularly arranged as the Hf contents 

increased in Fig. 14 (b) and (e). As the Hf content added, the average 

length of the nanotubes increased in the order of approximately 3 μm and 

3.25 μm in Fig. 14 (c) and (f). It is evident that the nanotube thickness 

could be controlled by Hf content in the Ti–25Ta–xHf alloys. From previous 

report by Choe et al. [14, 15], ZrO2 and Ta2O5 films on the Ti–Ta–Zr alloy 

can hold off their growth in NaF contained electrolyte. It is considered 

that the two sized nanotubes were formed in F-ion contained electrolyte on 

the Ti–25Nb–xHf alloys with increasing of Hf contents. These results 

indicate to have these phenomena with the reason of the HfO2 formation on the 

nanotube films. These investigations can be suggested that Hf has a role in 

the formation of a stable film that resists to be attacked from the F-ion 

which has devoid of nanotubes formation as subsequent nucleation sites for 

the smaller tubes [38]. 

Fig. 15 and Fig. 16 shows FE-SEM images of cross-section of nanotube and 

the variation of nanotube thickness with anodization on the Ti-25Nb-7Hf 

alloy at different times in 1M H3PO4 + 0.8 wt.% NaF at 30 V. The thickness of 

the nanotube layers increased from about 0.75 ㎛ to 4 ㎛, when the 

anodization time was increased from 30 min to 120 min. The thickness of the 

nanotube layers could also be varied by changing the anodization time. From 

previous report by Kim et al. [15], the thickness of the nanotube layer on 

Ti-35Ta-15Zr gradually increased with increasing anodization time from 4 ㎛ 
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to 9.5 ㎛. This means that the process of nanotube growth was governed by 

competition between anodic oxide film formation and chemical dissolution of 

the oxide by F
- ion. It is consistent that the thickness of the nanotube 

layers increased with time in our study. 

Fig. 17 and Fig. 18 shows FE-SEM images of cross-section of nanotube and 

the variation of small and large diameter of nanotube on the Ti-25Nb-7Hf 

alloy at different potentials in 1M H3PO4 + 0.8 wt.% NaF for 1h. As the 

applied potential increased, the small nanotubes were more irregularly 

arranged and diameters of small and large nanotubes increased compared with 

nanotube formed at low applied potential. Generally, if the applied 

potential increased, the diameter of the ordered nanotubes on surface 

increased [15]. By the controlled the applied potential, the diameter of the 

nanotube layers could be controlled for improving tissue adhesion. 
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Fig. 14. FE-SEM images showing the top, bottom and cross-section view of 

nanotube on (a, b, c) Ti-25Nb and (d, e, f) Ti-25Nb-7Hf alloy in 1M H3PO4 + 

0.8 wt.% NaF for 1h at 30V.
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Fig. 15. FE-SEM images showing cross-section of nanotube on the Ti-25Nb-7Hf 

alloy at different times in 1M H3PO4 + 0.8 wt.% NaF at 30V.
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Fig. 16. The variation of nanotube thickness with anodization on the 

Ti-25Nb-7Hf alloy at different times in 1M H3PO4 + 0.8 wt.% NaF at 30V.
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Fig. 17. FE-SEM images showing top (a, b, c) and bottom (d, e, f) view of 

nanotube on the Ti-25Nb-7Hf alloy at different potentials in 1M H3PO4 + 0.8 

wt.% NaF for 1h.
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Fig. 18.The variation of small and large diameter of nanotube on the 

Ti-25Nb-7Hf alloy at different potentials in 1M H3PO4 + 0.8 wt.% NaF for 

1h.
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4.4. The micro-pore and nanotube surface morphologies of 

Ti-25Nb and Ti-25Nb-7Hf alloys

  Fig. 19 shows FE-SEM images of nanotube formed in the micro-pore on 

Ti-25Nb and Ti-25Nb-7Hf alloy. The micro-pore and nanotube were well formed 

on the alloy surface by two step anodization method as shown in Fig. 19 (a) 

and (d). Especially, nanotubes were formed in the micro-pore as shown in 

Fig. 19 (c) and (f), but, nanotubes were not formed on Ti oxide surface. The 

multi structures with various sizes from micro to nano were obtained through 

two step anodization surface treatment. From previous report by Jiang et al. 

[39], in vitro apatite formation was an important sign to evaluate the 

bioactivity of biomedical implants. These results of apatite precipitation 

showed that the surface with a micro/nano-network structure possessed the 

best ability of biomineration. Therefore, we confirm that surface morphology 

structures with micro-pore and nanotube formed by two step anodization can 

improve the biomineration and bioactivity of implant.

  Fig. 20 shows STEM and EDS peaks of micro-pore and nanotube formed Ti-25Nb 

alloy. It was confirmed that nanotube was formed in the area of micro-pore 

formation from cross-sectioned image (STEM) and EDS analysis results. Also, 

the thickness of anodization was about 4 ㎛.

  Fig. 21 shows FE-SEM images of porous surface formed Ti-25Nb-7Hf alloy at 

edge area of micro-pore. The nanotube was formed in the area of micro-pore 

formation, whereas, nanotube was not formed on the one step anodized surface 

without micro-pore in Fig. 21. This means that the  mixed (TiO2 + Nb2O5 + 

HfO2) oxide layer by anodization for micro-pore formation is more stable than 

TiO2 oxide layer [14, 38]. 
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Fig. 19. FE-SEM images showing nanotube formed in the micro-pore on 

Ti-25Nb-xHf alloys : (a, b, c) Ti-25Nb and (d, e, f) Ti-25Nb-7Hf. 
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Fig. 20.  STEM and EDS peaks showing micro-pore and nanotube formed on the 

Ti-25Nb alloy.
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Fig. 21. FE-SEM images showing porous surface formed Ti-25Nb-7Hf alloy at 

edge area of micro-pore.
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4.5. Electrochemical characteristics of the alloy with 

surface treatments

Fig. 22 shows the potentiodynamic polarization curves of Ti-25Nb-7Hf alloy 

with various surface treatments in 0.9% NaCl solution at 36.5 ± 1 ℃. The 

results of corrosion potential (Ecorr), corrosion current density (Icorr), and 

current density at 300 mV (I300mV) and primary passivation potential (Epp) from 

the potentiodynamic polarization curve are given in Table 6. In case of 

micro-pore formed Ti-25Nb-7Hf alloy surface, Ecorr value is -560 mV and Icorr 

value is 2.81×10-7 A/cm2. The Ecorr decreased from -400 mV to -560 mV and also 

Icorr decreased slightly from 9.06×10-7 A/cm
2 to 2.81×10-7 A/cm

2 compared with 

bulk surface. It is confirmed that porous surface serves the corrosive sites 

and increases dissolution rate in 0.9% NaCl electrolyte [40]. And the 

passive region of micro-pore surface shifted from the right side to the left 

side compared with bulk surface. It is thought that the thick oxide film 

plays role in inhibitor against corrosive chloride ions in the electrolyte 

[40]. In case of micro-pore and nanotube formed Ti-25Nb-7Hf alloy surface by 

two step anodization, Ecorr value is -750 mV and Icorr value is 1.08×10-5 

A/cm2. the Ecorr decreased from -400 mV to -750 mV and Icorr increased from 

9.06×10-7 A/cm
2 to 1.08×10-5 A/cm

2 compared with bulk surface. However, the 

EPP value of micro-pore and nanotube formed the alloy surface by two step 

anodization showed lowest (-430 mV) rather than those of bulk and micro-pore 

surfaces. Also, the passive region of micro-pore and nanotube formed the 

alloy surface by two step anodization showed more stable and wider compared 

with bulk surface. It is thought that ion release is occurred in micro-pore 

and nanotube formed surface area by two step anodization compared with bulk 

surface [37, 38]. 



- 50 -

Fig. 22. Potentiodynamic polarization curves of Ti-25Nb-7Hf alloy with 

surface treatments.
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Table 6. Corrosion potential (Ecorr), current density at 300 mV (I300mV), 

corrosion current density (Icorr), primary passivation potential (Epp), of 

Ti-25Nb-7Hf alloy with surface treatments from potentiodynamic test

Ecorr (mV) I300mV (A/cm
2) Icorr (A/cm

2) Epp (mV)

Bulk -400 1.30×10-5 9.60×10-7 10

Micro-pore -560 5.86×10-7 2.81×10-7 -470

Micro-pore and nanotube -750 2.34×10-5 1.08×10-5 -540
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4.6. Wettability of the alloy with various surface 

modification

Fig. 23 shows contact angles as an indication of surface wettability and 

surface biocompatibility with different surface treatment. In Fig. 23 (a) 

and (d), the contact angles are average 31 ± 2° and 25 ± 2°, 

respectively. Fig. 23 (b) and (e) shows the improved wettability, and reduce 

significantly the contact angles, (average 7 ± 2°and 10 ± 2°) due to 

micro-pore formation. Fig. 23 (c) and (f) shows slightly the lower value of 

average 2.4 ± 2°and 3.1 ± 2°compared with Fig. 23 (b) and (e) due to 

micro-pore and nanotube formation by two step anodization. Therefore, 

micro-pore formed oxide surface and micro-pore and nanotube formed oxide 

surface shows a hydrophilic behavior, due to complete spreading of water on 

the entire and into the pores [16, 41, 42].
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Fig. 23. Contact angle measurements of Ti-25Nb and Ti-25Nb-7Hf surfaces: (a, 

d) non treated, (b, e) micro-pore formed, (c, f) micro-pore, and nanotube 

formed.
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Ⅴ. CONCLUSIONS

In this study, surface characteristics of the micro-pore and nanotube 

formed Ti-25Nb-7Hf alloy by two step anodization have been researched. 

The results were as follows;

1. Microstructures of the alloys were transformed form α" phase to β 

phase, and a needle-like to an equiaxed structure as Hf content added. 

The Ti-25Nb alloy showed only orthorhombic α" phase whereas, the 

Ti-25Nb-7Hf alloy showed α"+ β phases.

2. The peaks of anatase and rutile showed on the micro-pore surface of the 

alloys. The number of micro-pore decreased as Hf content added, whereas 

size of micro-pore increased. 

3. The diameter of the nanotube increased, as the applied potential 

increased. As the Hf content added, the average length of the TiO2 

nanotubes increased and nanotubes were more regularly arranged. As 

anodization time increased, the nanotube thickness increased.

4. Nanotube was formed in micro-pore, but, not formed on the area of 

non-formed micro-pore. 

5. Micro-pore and nanotube formed Ti-25Ta-7Hf alloy showed lower Ecorr and 

higher Icorr than those of bulk and micro-pore surfaces. 

6. Contact angle of micro-pore and nanotube formed surface showed lower 

than those of bulk and micro-pore surface.

In conclusion, it is concluded that micro-pore and nanotube formed on the 

Ti-25Nb-7Hf alloy by two step anodization have arrays of micro and nano 

structure. Therefore, surface morphology of micro-pore and nanotube 

structure by two step anodization can enhance the osseointegration and cell 

adhesion.
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