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| . 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-6AlI-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-No-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
B-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 a and B
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 TiO, 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 TiO, surface provided higher cell adhesion,
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proliferation, and cells cultured on anodized TiO, surfaces demonstrated
higher ALP activity, compared with the Ti control surface [11].

Titanium oxide (Ti02) nanotubes are of considerable interests for their
applications due to their unique physical and chemical properties.
Self-organized TiO, nanotube has been produced in fluoride-containing
electrolytes, chromic acid-HF mixtures and HsPOs-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.



Il . 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. |ts 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]

Name of Atomic Atomic Atomic Density Boiling Melting
clement symbol number weight (glem’) point (“C) point ("C)
Titanium Ti 22 4790 45 3130 1812




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 a-phase. At 883 C, this transforms to a body-centered cubic
(bcc)  structure known as  B-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 a-stabilizing effect
and thereby raise the a—B transition temperature (B-transus), whereas
hydrogen, which has a B-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 o alloys, B alloys or o+P
alloys. Within the last category are the subclasses near—-a and near-8,
referring to alloys with compositions which place them near to a/(a+B) or
(atB)/B-phase boundaries, respectively. The a alloys contain elements
such as Al. These a-stabilizing elements increase the phase transformation
temperature. They are characterized by satisfactory strength, toughness and
weldability but poorer forgeability than B alloys. The absence of a ductile
- brittle transformation, a property of the bcc structure, makes a alloys
suitable for cryogenic applications. a+B alloys have a composition that
supports a mixture of a and B phases. a+B alloys generally exhibit good
fabricability as well as high room temperature strength and moderate
elevated-temperature strength. The most commonly wused a+B alloy is

Ti-6A1-4V. The B alloys contain elements such as V, Mo, Fe and Cr, which
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decrease the temperature of the a to B phase transition. B 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 wused titanium alloys are presented in
phase-diagram format, Fig. 2, to show the interactions between the alloys's

o— and B-stabilizing components.



Table 2. Common alloying elements and their stabilizing effect [21]

Alloying element

Range (wt.%)

Effect on structure

Aluminium
Tin
Vanadium
Molybdenum
Chromium
Copper
Zirconium
Silicon

to 7
to 6
to 20
to 20
to 12
to 6
to 8
).2 to |

SO S0 T S T SO T 0 I S I )

—

o-stabilizer

a-stabilizer

[>-stabilizer

[>-stabilizer

[>-stabilizer
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Improves creep resistance
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Fig. 1. Effect of interstitial alloying elements on strength and reduction
in area of Ti [22].
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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, No 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-6Al1-4V alloy. Assis [26] has reported a slightly
improved corrosion resistance associated to the Ti—-13Nb—13Zr compared with
the Ti-6A1-4V alloy. Hf shows complete mutual solubilities in both a and B
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 lerr and |y slightly decreased with increasing the Hf

contents.



2.2 Titanium oxide surface [28]

Ti0> 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
summar ized as fol lows:

1. The amorphous or nanocrystalline oxide film is typically 3-7 nm thick and
mainly composed of the stable oxide TiO,.

2. The Ti0,/Ti interface has an 0 to Ti concentration ratio that varies
gradually from 2 to 1 from the TiO> 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

mechanical ly polished CP-Ti surface [28]

|ayer

thickness of

Element Mechanically Plus organic Plus HNO; Plus O3
polished (at%) solvent (at%) passivation (at%) plasma (at%)
Ti 148+ 16 215+ 1.1 26.1+ 09 278+ 08
(0] 468+19 515+ 20 544+ 20 588+ 15
C 309+2.1 251 +22 19.0 + 29 12.8 + 1.8
N 0602 0301 05+0.1 0.6 =02
Si 1.0+=04 Not detected Not detected Not detected
Ca 09+03 0.2+ 0.1 Not detected Not detected
Ph 03+02 03+02 Not detected Not detected
Zn 0.7=06 0.6+03 Not detected Not detected
Cu 04401 0.5+0.1 Not detected Not detected
O/Ti atomic ration 254+ 0.14 2394+ 012 208 £ 0.03 212+ 0.04
Oxide layer thickness (nm) 43+02 43+02 43 +02 5.1 =0.1

-1
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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 fol lows:
At the Ti/TiO, interface:

Ti © Ti% + 2¢".
At the TiO»/electrolyte interface:

O2H,0 < 207 + 4,
2HO < 0, + 4H" + 4e.

At both interfaces:
Ti?" + 20° < Ti0, + 2¢.

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 TiO, 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 0, 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.

_16_



2.5. Nanotube formation mechanism [32]

[t is generally agreed that TiO, 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 Ti0. layer:

Ti + 2H:0 — Ti0z + 4H + 4 (1)

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

formed oxide by the following reaction:

Ti0p + 4H'6F — [TiFs]® + 2H0  (2)

The evolution of the Ti0, 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 Ti0, is possible, as
described by Eq. (2). Thus, 2nd step is characterized by the formation of
nanopores across the surface of the TiO. layer. Pore formation is driven by
local dissolution of Ti0Oz, 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 s
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 TiO, 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 | flat layers) and (b) in presence of fluorides (result
in the tube growth) [33].

_19_



1st step

«— Barrier Laver

7/ Substrate

2nd step
.

_ Nanoporous Layer
E Manoporous Layer
| 770, Nanotubes
ri

3rd step

4th step

b 7ig, Nanotubes
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IIl. 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 C (MSTF-1650,
MS Eng, KOREA) for 12h and then, O C 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 Ka radiation was used in this study. Phase was identified by
matching each characteristic peak with JCPOS 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 SIS 310,
England). The etching treatment was performed in Keller's reagent (2 ml HF +
3 ml HCI + 5 ml HNOs, + 190 ml Hx0).
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3.3. Micro—pore formation on the alloy surface

Anodization treatments on Ti-25Nb and Ti-25Nb—/Hf alloys were carried out
in electrolyte containing 1M HsPOs at room temperature for experiments. The
electrolyte was stirred surfing anodizing process, anodization was carried
out using by OC power supply (KDP-1500, KOREA) at 200 V for 3 min. The
current density during anodizing process was 0.25 A/cm” 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.

(a) DC power supply
l (b) Voltage control ler
( ] (c) Hot plate
(d) Stirrer
(e) Cathode: platinum
(f) Anode: sample
(@) Electrolyte
(9) (h) Stirrer speed control ler

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° exposed to a 1M HiPO, 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 HsPOs
electrolytes at 200 V at 3 min, and then nanotube formation was carried out
in IM HsPOs 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
3.5 + 1 C. (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 6 5+17T

Gas purging Ar gas

Scan rate 1.667 W/sec

Scanning range -1500 ~ 42000 mvV
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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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V. 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 (O wt.% and 7 wt.%) after homogenization treatment at 1000 C for
12 h in argon atmosphere and then water quenching. The Ti-25Nb binary alloy
had only needle-like martensitic structure with a" 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 a" phase [25]. But, the Ti-25Nb-7Hf alloy have less
needle-like trace than Ti-25Nb alloy surface and showed equiaxed structure
with B phase in Fig. 8 (b) [34]. This means, Ti-25Nb-xHf alloy surface
could be suppressed occurring of metastable phase like an a" by addition of
Hf contents, which could be act as a B phase stable element [5, 16].

Fig. 9 shows the XRD patterns of Ti-25Nb—xHf alloys. All Kkind of peaks
were identified by referring to the JCPOS file. The Ti-25Nb alloy showed
only orthorhombic a" phase crystal structure whereas the Ti-25Nb-7Hf alloy
showed a '+ B 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 a" phase on binary
Ti-25Nb alloy but Ti-25Nb—7Hf alloy showed equiaxed structure of B phase.
It is assumed that the addition of Hf element also suppresses the
precipitation of the metastable a" martensitic phase and stabilized the B

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 C
for 12 h in Ar atmosphere and then, 0 C 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 T for
12 h in Ar atmosphere, followed by 0 T 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 al loys

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/cm® to
close of 0.25 mA/cm?, 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 pm 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 Ti0, 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 /
um? to 14 /. 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 a" and B phase for Ti-25Nb and Ti-25Nb-7Hf alloys,
respectively. While the peaks of Ti0, 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. 11. FE-SEM images and EDS analysis showing micro—pore formed on
Ti-25Nb-xHf alloys by anodization in 1M HsP0, 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

Fraction of area Fraction of area occupied Number of pores
samples . 2
occupied by pores (%) by pore walls (%) (/pm*)
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
IM HsP04 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 al loys

Fig. 14 shows the nanotubes morphologies of Ti-25Nb and Ti-25Nb—/Hf alloys
in electrolyte containing 1 M HPOs + 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 pm and
8.25 um 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], Zr0, and Ta0s 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 Fion 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 HfO, 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 IM HsPOs + 0.8 wt.% NaF at 30 V. The thickness of
the nanotube layers increased from about 0.75 um to 4 um, 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 um
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to 9.5 um. 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 HPOs + 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, ¢) Ti-25Nb and (d, e, f) Ti-25Nb—7Hf alloy in 1M HsPOs +
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 HsPOs + 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 H3P04 + 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 HsPOs + 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 al loys

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 um.

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 (TiO, + NbOs +
Hf0,) oxide layer by anodization for micro-pore formation is more stable than
Ti0, 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, ¢) Ti-25Nb and (d, e, f) Ti-25Nb—7Hf.
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Instats. O

1 Yes 3153 231 4866 1751 100.00
2 Yes 2539 0.00 5151 2309 100.00
3 Yes 2344 0.00 5517 2139 100,00
4 Yes 2742 256 4686 2316 100.00
] Yes 2275 157 4993 2575 100.00
] Yes 2265 2.56 5170 2309 100,00
7 Yes 104 0.00 7145 2751 100,00

Fig. 20. STEM and EDS peaks showing micro—pore and nanotube formed on the
Ti-25Nb al loy.
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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 C. The
results of corrosion potential (Ec), corrosion current density (ler), and
current density at 300 mV (lsm) and primary passivation potential (E) from
the potentiodynamic polarization curve are given in Table 6. In case of
micro-pore formed Ti-25Nb—7Hf alloy surface, Ecor value is —560 mV and lcorr
value is 2.81x 107 A/cm?. The Eerr decreased from —400 mV to —560 mV and also
lcorr decreased slightly from 9.06x 107 A/cm® to 2.81x 107" A/cm” 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 ler value is 1.08x107
A/cnf. the Eeorr decreased from —400 mV to =750 mV and le increased from
9.06x 107 A/em’ to 1.08x10™ A/cm® compared with bulk surface. However, the
Er 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].
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Fig. 22. Potentiodynamic polarization curves of Ti-25Nb-7Hf alloy with

surface treatments.
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Table 6. Corrosion potential (Eerr), current density at 300 mV (lsom),
corrosion current density (leorr), primary passivation potential (Eyp), of

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

Ecorr (V) 300w (A/cm’®) leorr (A/cm?) Epp (mV)
Bulk -400 1.30x 107 9.60x 107 10
Micro—pore -560 5.86% 107 2.81x107 -470
Micro—pore and nanotube -750 2.34x107 1.08x 107 -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 fol lows;

1. Microstructures of the alloys were transformed form o' phase to B
phase, and a needle-like to an equiaxed structure as Hf content added.
The Ti-25Nb alloy showed only orthorhombic a" phase whereas, the
Ti-25Nb-7Hf alloy showed a "+ B 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 TiO.
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 lerr than those of bulk and micro-pore surfaces.

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

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 cel |l

adhesion.

_54_



— Reference -

1. M. A. Khan, R. L. Williams, D. F. Williams, Biomaterials 20 (1999) 631.

2. D. M. Brunette, P. Tengvall, M. Textor, P. Thomsen, Titanium in Medicine,
Springer, Berlin, 2001.

3. H. C. Choe, W. G. Kim, Y. H. Jeong, Surf. Coat. Technol. 205 (2010) S305.

4. B. H. Moon, Y. H. Jeong, H. C. Choe, J. Nanosci. Nanotechnol. 11 (2011)
7428.

5. J. U. Kim, Y. H. Jeong, H. C. Choe, Surf. Interface Anal. 44 (2012) 1468.

6. R. Zhang, V. L. Acoff, Mater. Sci. Eng. A 463 (2007) 67.

7. A. L. Yerokhin, X. Nie, A. Leyland, A. Matthews, S. J. Dowey, Surf. Coat.
Technol. 122 (1999) 73.

8. X. Liu, P. K. Chu, C. Ding, Mater. Sci. Eng. R 47 (2004) 49.

9. T. H. The, A. Berkani, S. Mato, R. Skeldon, G. E. Thompson, H. Habazaki,
K. Shimizu, Corroso. Sci. 45 (2003) 2757.

10. T. Kakubo, Acta Mater. 46 (1998) 2519.

11. T. €. Park, H. C. Choe, W. A. Brantley, Surf. Coat. Technol. 235 (2013)
706.

12. H. Tsuchiya, J. M. Macak, A. Ghicov, L. Taveira, P. Schmuki, Corros.
Sci. 47 (2005) 3324.

13. H. C. Choe, Mater. Sci. Forum 654 (2010) 2061.

14. H. C. Choe, Y. H. Jeong, W. A. Brantley, J. Nanosci. Nanotechnol. 10
(2010) 4684.

15. W. G. Kim, H. C. Choe, W. A. Brantley, Thin Solid Films 519 (2011) 4663.

16. J. U. Kim, Y. H. Jeong, H. C. Choe, Thin Solid Films 520 (2011) 793.

17. J. Park, S. Bauer, K. V. D. Mark, P. Schmuki, Nano Lett. 7 (2007) 1686.

18. H. C. Choe, Thin Solid Films 519 (2011) 4652.

19. A. Zhecheva, W. Sha, S. Malinov, A. Long, Surf. Coat. Technol. 200
(2005) 2192.

20. W. Smith, Structure and Properties of Engineering Alloys, 2nd ed.,
McGraw—Hill, New York, 1993.

_55_



21. R. Pederson, Microstructure and Phase Transformation of Ti-6Al-4V,
Licentiate Thesis, Lulea University of Technology, 2002.

22. S. Seagle, H. Kessler, in: Principles of Alloying Titanium, 3, ASM

Battelle Memorial Institute, Columbus, OH, 1968.

23. T. Nishimura, T. Mizoguchi, Y. Itoh, Kobe Res. Dev. 34 (3) (1984) 63.

24. S. G. Steinemann, surface performance of Titanium, TMS, Warrendale,
Pennsylvania, 1996.

25. C. M. Lee, W. F. Ho, C. P. Ju, J. H. C. Lin, J. Mater. Sci.: Mater. Med.
13 (2002) 695.

26. S. L. Assis, |. Costa, Mater. Corros. 58 (2007) 329.

27. B. L. Wang, Y. F. Zheng, L. C. Zhao, Mater. Corros. 60 (2009) 330.

28. X. Liu, P. K. Chu, C. Ding, Mater. Sci. Eng. R 47 (2004) 49.

29. C. A. Grimes, G. K. Mor, Ti0O> nanotube arrays, 2009.

30. Y. T. Sul, C.B. Johansson, Y. Jeong, T. Albrektsson, Med. Eng. Phys. 23
(2001) 329.

31. K. Duan, R. Wang, J. Mater. Chem. 16 (2006) 2309.

32. G. A. Crawford, N. Chawla, Acta Materialia 57 (2009) 854.
33. J. M. Mack, H. Tsuchiya, A. Ghicov, K. Yasuda, R. Hahn, S. Bauer, P.
Schmuki, Current Opinion in Solid State and Materials Science 11 (2007) 3.
34. S. H. Kim, Y. H. Jeong, H. C. Choe, J. Nanosci. Nanotechnol. (2013), to
be published.

35. H. J. Song, M. K. Kim, G. C. Jung, M. S. Vang, Y. J. Park, Surf. Coat.
Technol. 201 (2007) 8738.

36. Y. H. Jeong, H. C. Choe, W. A. Brantley, Appl. Surf. Sci. 258 (2012)
2129.

37. Y. H. Jeong, H. C. Choe, J. Mater. Sci: Mater. Med. 22 (2011) 41.

38. S. H. Jang, H. C. Choe, Y. M. Ko, W. A. Brantley, Thin Solid Films 517
(2009) 5038.

39. P. Jiang, J. Liang, C. Lin, Appl. Surf. Sci. 280 (2013) 373.

40. K. Lee, H. C. Choe, B. H. Kim, Y. M. Ko, Surf. Coat. Technol. 205 (2010)

_56_



S267 .

41. Y. H. Jeong, H. C. Choe, W. A. Brantley, |. B. Sohn, Surf. Coat.
Technol. 217 (2013) 13.

42. J. U. Kim, Y. H. Jeong, H. C. Choe, J. Nanosci. Nanotechnol. 13 (2013)
1876.

_57_



all

ZHALS

b

[m]
—

S|

0 Ys M2 2 2U 2

ZAE 2 A4

=

otH A 0l

Ot=2

[ o )
— e =

Ul
100
10

OH

g

o’

[0

ot

or

0l

-l

2H0] 1)

0l

LICt.

b

PALS] 22 & E

2
[=]

Al & HILHOH

Ul

Rr
R0
ol

-

<0
00

[—L

Al

oo

0l ¢

i[E

SRE ME

[e13
s

OBJIX

g

KD

o]

o)
]

0t
s

a0
3+
E

R0

<]

ol
B2
Kk

il

ol

g

o

==

)
un

<0

ild
H

]

0k

B
nO

<

U
0
3+
E

<
E
ol
N
=
K

0J

—_

()

= X

Mg HOIJUA A
Jdell ot ¢g=22

o &

(BN

&0l

L+OIXEOI Dt

’

ni

ESFA

I.

A
(=]

00

a0
180
or

I

1

==}
=

O == FA D0HA.

Mg

ol

ilo]

-

z
Liorerar 2

x5t

L SJ101H IOt

Ck.

K

=
1o

ol
X0

<N
160
<N

_

(HO

oJ

t

J

L=

)

Ol

H

0l

<A

KILHKH
TH 1O

20

oF)

or
e

00

ol

OlAl 1

Hiot

e

Ol X

CH!

b

ol

Ch 1

53

H

00
H

0l

e
o’

T

o3

PNIN[el i)

ol
[
-

i0J

b

HOHl

H
KO
(@)
]
0]

J
1}

0

OI-O}\|__j|_

s —

= Y)IPN

20/¢

At
S

00

Ul

)

ki

LICt.

oo =
==0

F 0il A

=
=

O=F

MIOH RUA XILHKH!

OlgH &

At
S

00

B
o)
Kir
ol
RF

o

D

o]

u
()

2014. 02.

of

o
X0

_58_



M&E= 0l o5 A

_ Z2)|=sst _
S st ¥ 20127164 | Bt B =N
(HsEs3s8d38)
Hd ¥ 5322 4 & G242 F B, AS - Kim Sung-Hwan
= A |[EFEEGAN =27 €8s A3Ile OtHE 1023 5053
HAetx E-MAIL : eyecent86@naver .com
st=2 Ol3AZ ZOte U=EE &4 & MIs Ti-25Nb-7Hf &322 =
HEH
=M= o .
A : Surface Characteristics of the Micro—pore and Nanotube Formed
Ti-25Nb-7Hf Alloy for Biomaterials
=010 M&st /2o MEAZ20 ot G &2 XAH0te S W It
MESS 0|28 & USE 5t SoIELIC.
- Ct = -
ME=S2 BBR=E Y CIHUYZE st E2SATN SHE ¢t HE=S2
=M, JI9EX0e MNE, 885 2 o=
2. 12 =HZ2 ot Zst HR WUHAS HE - JAAM9 HHHEZ G&E.
Ciet, HEEZ22 HsHE=2 A E.
3. BHE - BSE HEZ2C Feld s82 /st =M, A, 88 s2 =XE.
4. HEZ0 UGSt 0120122 hECZ 6t0, JI2VEZ 3HE OlUN B2 oA}
A gl2 ER0= AE=2 0/2J(2t2 HSs HAEE.
5. oiled M&E=Z2 MEAZ EIIWAH LEotAHLE E= ESE2 SIS o2
d20= 19HE OILHO CHE OIE SE2&.
6. = ﬂEHéI'DLL NEZ29 Olﬁo+EF 0l oY M&EZ22Z Qe ZMst= EFRIO
Olst 2| ool CHotd el 88 MUuZ XA L2
7. A=50ES EEIIZ0 XP‘“:'OI MEs ¥ oYl 5 F2S4aYE 0|88t
NEEC NME - =282 e,
SR : s( 0 ) BHOH( )
2014 &8 02 & 25 ¢«
SESPAE A (M® T£= 2)
A0St & Aot

_59_



	Ⅰ. INTRODUCTION  
	Ⅱ. BACKGROUND  
	2.1. Titanium  
	2.2. Titanium oxide film 
	2.3. Electrochemical anodization process 
	2.4. Microporous oxide formation 
	2.5. Nanotube formation mechanism 

	Ⅲ. MATERIALS AND METHODS  
	3.1. Ti-25Nb and Ti-25Nb-7Hf alloys preparation  
	3.2. Analysis of surface characteristics for the alloy
	3.3. Micro-pore formation on the alloy surface  
	3.4. Nanotube formation on the alloy surface 
	3.5. Micro-pore and Nanotube formation on the alloy surface 
	3.6. Corrosion test of the alloy surface 
	3.7. Wettability test of the alloy surface 

	Ⅳ. RESULTS AND DISCUSSION 
	4.1. Microstructures of Ti-25Nb and Ti-25Nb-7Hf alloys 
	4.2. The Micro-pore surface morphologies of Ti-25Nb and Ti-25Nb-7Hf alloys 
	4.3. The nanotube surface morphologies of Ti-25Nb and Ti-25Nb-7Hf alloys 
	4.4. The micro-pore and nanotube surface morphologies of Ti-25Nb and Ti-25Nb-7Hf alloys  
	4.5. Electrochemical characteristics of the alloy with surface treatments  
	4.6. Wettability of the alloy with various surface modification  

	Ⅴ. CONCLUSIONS  
	REFERENCES 


<startpage>13
¥°. INTRODUCTION   1
¥±. BACKGROUND   3
  2.1. Titanium   3
  2.2. Titanium oxide film  10
  2.3. Electrochemical anodization process  13
  2.4. Microporous oxide formation  15
  2.5. Nanotube formation mechanism  17
¥². MATERIALS AND METHODS   21
  3.1. Ti-25Nb and Ti-25Nb-7Hf alloys preparation   21
  3.2. Analysis of surface characteristics for the alloy 22
  3.3. Micro-pore formation on the alloy surface   23
  3.4. Nanotube formation on the alloy surface  24
  3.5. Micro-pore and Nanotube formation on the alloy surface  25
  3.6. Corrosion test of the alloy surface  26
  3.7. Wettability test of the alloy surface  27
¥³. RESULTS AND DISCUSSION  28
  4.1. Microstructures of Ti-25Nb and Ti-25Nb-7Hf alloys  28
  4.2. The Micro-pore surface morphologies of Ti-25Nb and Ti-25Nb-7Hf alloys  31
  4.3. The nanotube surface morphologies of Ti-25Nb and Ti-25Nb-7Hf alloys  38
  4.4. The micro-pore and nanotube surface morphologies of Ti-25Nb and Ti-25Nb-7Hf alloys   45
  4.5. Electrochemical characteristics of the alloy with surface treatments   49
  4.6. Wettability of the alloy with various surface modification   52
¥´. CONCLUSIONS   54
REFERENCES  55
</body>

