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Chapter 1 General introduction

1.1 Anodization

Anodization is one of the most investigated electrochemical processes due to ease of
operation and low cost. In anodization metal surface is electrochemically oxidized to form
oxide layers. Anodic oxide layers can improve corrosion resistance and provides superior
design to metal surface. It is well-known that anodization in suitable electrolytes forms
nano-structured oxide layers on the surface of metal substrate. Two examples of
nano-structured oxide layer formed by anodization are presented in Fig. 1-1; nanoporous
oxide on Al and nanotubular oxide on Ti*'?. Anodic nanoporous oxide layers on Al possess

longer history compared to nanotubular oxide layers on Ti.

Fig. 1-1 Different morphologies of nanostructures obtained by electrochemical
anodization : (a) Aluminum and (b) Titanium® ?.



The fundamental model for nanoporous oxide layers was reported already in 1953 by
Keller et al.®). Significant progress of pore arrangement in nanoporous oxide layer was
achieved by Masuda et al. in 1995%. They successfully fabricated highly ordered
nanoporous oxide layers on Al. It was reported that these structures can be used as
templates for the fabrication of nanostructures such as nanowires, nanorods and nanotubes.

On the other hand, the formation of nanotubular oxide layers on Ti and Ti alloys was
firstly reported by Assefpour-Dezfuly et al. in 1984 and Zwilling et al. in 1999% . Since
then, numerous research efforts have been dedicated for anodic TiO, nanotubular layer as
TiO, can be used in various fields such as photocatalyst, dye-sensitized solar cells, gas
sensors and electrochromic devices®™?.

So far, in addition to Al and Ti, the formation of nanoporous and nanotubular oxide

layers has been reported for various valve metals such as Zr'?™, Np®1), w820 142129

Hf?4%®) 2" as well as several different Ti-based alloys?=3.

1.2 Growth of nanotubular oxide layer on Ti
It is reported that nanoporous Al,O3 layer is often formed in “fluoride-free” acidic
electrolytes such as phosphoric®, chromic® and sulfuric acid®”. On the other hand,
anodization in the acidic electrolytes forms a flat compact oxide layer on Ti as illustrated in
Fig. 1-2 (a)®. The formation of TiO, layer can be described by the following anodic
reactions;
Ti + 2H,0 — TiO, + 4H* + 4e” (1-1)
The corresponding cathodic reaction occurs at the counter electrode;
4H,0 + 4e" — 4H, + 40H (1-2)
The applied potential builds an electric field across the oxide, which causes inward

transport of O® ions and outward transport of Ti*" ions in the oxide. This leads to the



formation of compact TiO; layer.

TiO, nanotubular layer is essentially formed in fluoride-containing electrolytes such
as HF and NH4F. With fluorides, water-soluble [TiFs]* complex is formed in addition to
the above-mentioned anodic reaction as illustrated in Fig. 1-2 (b). The complexation occurs
with ejected Ti*" ions at the interface between oxide and electrolyte;

Ti** + 6F — [TiFg]* (1-3)

The chemical dissolution of formed oxide also occurs;

TiO, + 6HF — [TiFe]* + 2H,0 + 2H* (1-4)
Electrolyte
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Fig. 1-2 Growth of TiO, layer (a) without fluoride ions and (b) in presence of fluoride
. 38)
ions™,

A typical current-time curve for nanotube formation is illustrated in Fig. 1-3 (a)*® as



the red solid line. The curve can be devided into three stages. In the first stage, a compact
TiO, layer is formed according to a classic high field model. The current exhibits
significant decay due to increasing TiO, layer. In the second stage, nanoscopic pores are
formed in the initial compact TiO, layer and form nanotubes from the initial compact TiO;
layer (defined as initiation layer and described in the chapter 2). In the third stage a steady
state situation is established where TiO, nanotubular layer continuously grows with a
certain speed. The formation and growth of TiO, nanotubular layer are affected by
electrochemical parameters. More detail information on the parameters is provided in the

next section.
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Fig. 1-3 (a) Characteristic of current-time curves for Ti anodization with and without
fluoride ions in the electrolyte, (b) corresponding variation of TiO,
morphology®®.



1.3 Effect of anodization parameters
1.3.1 Applied voltage

One of the most straightforward electrochemical parameters that are variable for
anodization is applied voltage. As mentioned above anodic oxides formed in fluoride-free
electrolytes exhibit flat and compact structure. It is well-known that the thickness of
compact oxide layers formed on Ti increases with increasing applied voltage and the color
of anodizaed surfaces changes depending on the thickness of compact oxide layer, as listed
in Table 1-139. The color of the surface is attributed to the interference of light through the
oxide layer. On the other hand, the thickness of TiO, nanotubular layer also increases with
increasing applied voltage. Macak et al. reported the effect of applied potential on the
growth of TiO, nanotubular layer*®. Figure 1-4 shows the thickness of TiO, nanotubular
layers formed in a glycerol based electrolyte. The thickness of the layer clearly increases
with increasing applied potential upto 20 V and then remains constant for higher potentials.
They ascribed non-potential dependence of the thickness to significant thinning of
nanotube walls due to chemical dissolution of the oxide. On the one hand, the chemical
dissolution of formed TiO; is one of the important factors for nanotube formation as
explained above. On the other hand, the chemical dissolution strongly restricts the
thickness of TiO, nanotubular layers. Both chemical dissolutions continuously take place
during anodization and affect the morphology of TiO, nanotubular layer. In other words,
the morphology of TiO, nanotubular layer can be affected by chemical reaction. The effect

is discussed in terms of anodization time.



Table 1-1 Color of oxide layers formed by anodization at different voltages. The data are
taken from Ref [39] and re-arranged.

Applied voltage (V) Color
2 Silver
6 Light brown
10 Golden brown
15 Purple blue
20 Dark blue
25 Sky blue
30 Pale blue
35 Steel blue
40 Light olive
45 Greenish yellow
50 Lemon yellow
55 Golden
60 Pink
65 Light purple
75 Blue
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Fig. 1-4 Variation of tube diameter and thickness in dependence of the anodization
potential in a glycerol containing 0.27 M NH4F and deionized water??,

1.3.2 Anodization time

Figure 1-5 shows the thickness of TiO, nanotubular layer formed in glycerol



containing water and ammonium fluoride® as a function of anodization time. The
thickness steeply increases with time until 8 hours. Then it levels off at a constant value,
that is, extended anodization does not increase the thickness of TiO, nanotubular layer.
This can be explained in terms of the chemical dissolution of formed TiO;, nanotubular
layer. As described in 1.2, the chemical dissolution of formed TiO, layer at the bottom of
nanotubes by fluorides is prerequisite for the growth of nanotubes. As the chemical
dissolution occurs not only at nanotube bottoms but also at nanotube walls, the thickness of
nanotube wall becomes thinner with time. After a certain time, nanotube walls near the top
surface of nanotubular layer is dissolved completely, implying that the nanotube layer
thickness is determined by the competition between the nanotube growth rate at nanotube
bottom and the chemical dissolution rate at the top surface of nanotube layer. That is, in the
early stage of anodization, the nanotube growth rate is faster compared to the chemical
dissolution, leading to the steady growth of nanotubes that increases the thickness of TiO,
nanotubular layer. On the growth process of nanotubes, the growth rate becomes decreased
due to the increasing diffusion path of fluoride species to the nanotube bottom, causing the
increase in layer thickness slower and slower. The increase in layer thickness becomes
terminated when a steady-state situation — the nanotube growth rate and the chemical
dissolution rate are balanced — is established. As described here, the chemical dissolution
strongly affects the growth and morphology of TiO, nanotubular layer. The finding

provides the strategy to control the morphology of nanotubular layer that is discussed next.
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Fig. 1-5 Thickness evolution of TiO, nanotubular layer formed in glycerol containing
0.27M NH,4F and deionized water with time*?.

1.3.3 Effect of electrolytes

As described in 1.3.2, the chemical dissolution is the important factor to control the
morphology of TiO, nanotubular layer. The present section reviews how the chemical
dissolution has been controlled. As described in 1-1, the formation of TiO, nanotubular
layer was firstly reported by Assefpour-Dezfuly et al. and Zwilling et al.>". They anodized
Ti and Ti alloy in fluoride-containing aqueous electrolytes. Then Gong et al*V. and
Beranek et al*?. also showed anodization of Ti in fluoride-containing aqueous electrolytes
to form nanotubular oxide layers. In all cases, however, the thickness of TiO, nanotubular
layer was limited upto several hundred nanometers. The electrolytes used for the
anodization are in acidic state. Figure 1-6 demonstrated how pH of electrolyte affects the

) 1t is clear that the

chemical dissolution of TiO, in fluoride-containing electrolyte
dissolution rate decreases with increasing pH. Therefore using electrolyte with high pH can
suppress the dissolution, which can result in the increase of layer thickness. Figure 1-7

presents SEM image of a TiO, nanotubular layer formed in neutral ammonium sulfate



electrolyte containing ammonium fluoride*”. It is noted that the anodization was carried
out at the same potential as that performed in an acidic sulfuric acid electrolyte containing
a small amount of hydrofluoric acid where TiO, nanotubular layer with the thickness of

approximately 500 nm was grown.
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Fig. 1-6 Variation of chemical dissolution rate of TiO, layer in fluoride-containing
43)

electrolyte™.

It is obvious that TiO, nanotubular layer formed in the neutral electrolyte show in Fig.
1-7 is around 2.5 um thick, that is, the nanotubular layer in the neutral electrolyte is thicker
compared to that in the acidic electrolyte. In neutral electrolyte, the chemical dissolution at
the top surface of TiO, nanotubular layer is suppressed due to high pH of bulk electrolyte.
At nanotube bottoms, on the other hand, pH of electrolyte becomes lower due to formed
H" according to equations (1-1). This creates pH gradient within nanotubes as shown in Fig.
1-8; higher pH is kept near nanotube mouth while lower pH is established near nanotube
bottom. Therefore the dissolution of TiO, at nanotube bottoms occurs at a relatively higher
rate, which helps to keep barrier layer at nanotube bottom at a moderate thickness. This
contributes the continuous growth at nanotube bottom in neutral electrolyte.

For both cases as acidic and neutral electrolytes, the important key to grow

nanotubular oxide layers on Ti is the diffusion of fluoride ions to the bottom of nanotubes.



Macak et al. achieved higher aspect ratio of nanotubes in viscous glycerol containing
ammonium fluoride compared to in the neutral ammonium sulfate electrolyte containing
ammonium fluoride*®. Albu et al. also reported the growth of 250 pm long TiO, nanotubes

) These results

under an optimized condition in ethylene glycol based electrolyte
demonstrate the importance of the diffusion of fluoride species. The authors also
investigated the influence of the type of organic electrolyte on the growth of TiO,
nanotubes*” and revealed that the growth rate of nanotubes is strongly affected by the type
of ethylene glycol, that is, the growth is significantly suppressed in diethylene glycol,
triethylene glycol, tetraethylene glycol and polyethylene glycol compared to ethylene
glycol. Furthermore, the authors carried out anodization of Ti in ethylene glycol containing
ammonium hexafluoro-titanate or ammonium hezafluoro-zirconate instead of ammonium
fluoride and showed that the type of fluoride also strongly affects the growth of TiO,
nanotubes. As the author has described in the present section, the electrochemistry has the
great impact on the growth of TiO, nanotubes.

As mentioned above, the electrochemical parameters affect the growth of nanotubular
oxide layers. However, electrochemical reactions occurred during the anodization are the
interaction between electrolyte and metallic substrate. Therefore, substrates used for

anodization can affect the growth of nanotubes. In the next section, the researches that

examined the effect of substrate are reviewed.

10
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Fig. 1-7 Cross-sectional SEM image of TiO, layers formed on Ti at 20 V for 2 hours in 1
M (NH.),SO4 and 0.5 wt. % NH4F*.
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Fig. 1-8 Schematic illustration on oxidation and dissolution reactions occur at the tube
bottom (left), the pH variation in a tube (middle) and dissolution rates in the tube
wall*?,
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1.4 Effect of alloying element in Ti-based alloys

The fabrication of nanotubular oxide layers in fluoride-containing electrolytes has
been achieved not only on Ti but also the other metals such as Zr'?™¥, Np™™"), W&,
Ta?t?, HF*?) Fe®® %9 and Co®. On the other hand, alloys are also concerned as
substrates for anodization. Alloy anodization was carried out by Macak et al. for
commercial TiBAI4V and Ti6AI7Nb®Y. They reported that inhomogeneous oxide layers are
formed on the alloys due to selective dissolution of one phase or different reaction rates on
different phases. Since then, the alloy anodization has been tried using commercial and
designed Ti alloys.

Tsuchiya et al.>?

studied nanotubular oxide layers formed on Ti-Zr alloys with various
Zr contents. The tube diameter decreases with increasing Zr content whereas the length of
tube increases with Zr content. Jang et al.>® reported nanotubular oxide layers formed on
Ti-Nb alloys with different Nb contents. In the Ti-Nb alloy the crystal structure changed
from a-phase to B-phase with increasing Nb content, which led to the inhomogeneous
growth of oxide layer™ although nanotubular oxide layers were formed on all substrates.
Furthermore, it was reported that the thickness of nanotubular oxide layer on Ti-Nb alloy
increased with increasing Nb content in substrate. Alloy anodization has been considered
not only to examine how the chemical composition of alloy affect the morphology of
anodic oxide layer but also to improve the properties of TiO, nanotubular layer by doping
of secondary element. Nah et al.>¥ reported the formation of W-doped TiO, nanotubular
layers on Ti-W alloys. The nanotubular oxide layer thickness did not significantly increase
with increasing W content from 0.2 at.% to 9 at.%. However, W-doped TiO, nanotubular
layer improved electrochromic properties of TiO, nanotubular oxide layers with increasing

W content.

Although nanotube oxide growth has been investigated mainly for alloys consisting of

12



titanium and the other valve metal, recently the alloys consisting of titanium and transition
metal have also been used for anodization.

Mohapatra et al.>® studied the nanotubular oxide layers formed on Ti-8Mn alloy in
various electrolytes. The Ti-Mn alloy consisted of two different phases; o-phase and
B-phase. Anodization of the alloy in fluoride-containing ethylene glycol resulted in the
formation of nanotubular oxide layer on both phases whereas in the other electrolytes no
nanotubes were formed. Ma et al.*® reported that anodization of binary Ti-Cu alloy led to
different nanotubular structures; highly ordered nanotube array on Cu-rich phase and
disordered nanotube bundles on Ti-rich phase. Compared to alloys consisting of valve
metals, however, the anodization of the alloys that contain transition metal has not been

fully examined yet.

1.5 The purpose and structure of this thesis
Research on nanotubular oxide layers has been developed around TiO, nanotubular
layer due to various applications, such as photocatalysis, dye-sensitized solar cells, gas

sensors, electrochromic devices and surface coatings on biomedical implants® 57, |

n
order to improve the properties, the control of the morphology of TiO, nanotubular layer
should be desired. Therefore electrochemical parameters have been extensively tailored to
optimize the morphology. Instead, the effect of substrate microstructure on the morphology
and growth of nanotubular oxide layer has not been fully focused. Furthermore, although
alloy anodization is often examined recently, almost all works target alloys consisting of
valve metals. In other words, alloys containing transition metal have not been studied well.
In the present work the author examined the effect of substrate microstructure and

composition on the growth of anodic oxide layers on pure Ti and various Ti alloys that

contain the transition metals such as Fe, Co and Ni.

13



This thesis consists of 7 chapters.

Chapter 1 gives the background and purpose of this study.

In chapter 2, the effects of substrate microstructure on the growth of TiO, nanotubular
layer are examined.

Chapter 3 shows how Ni content in Ti-Ni alloy strongly affects the growth and
morphology of anodic oxide layers.

Chapter 4 provides the growth behavior of anodic oxide layers on Ti-Fe alloys and
demonstrates how electrochemistry has strong influences on the growth and morphology of
anodic oxide layers.

Chapter 5 give a comparison on the morphology of anodic oxide layer on Ti alloys
with different alloying elements.

Chapter 6 presents the effect of Ti-Ni alloy microstructure on the growth of anodic
oxide layers.

In chapter 7 the findings of this thesis are summarized.

14
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Chapter 2 Growth of TiO, nanotubular layers on Ti substrates with

different microstructures

2.1 Introduction
Nanoporous aluminum oxide layers formed by anodization have been widely studied
for more than a half century™? and used as templates for the fabrication of nanostructured

3, 4

materials such as nanowires, nanorods, nanotubes, nanodots™ ™. More recently the

formation of self-organized anodic nanotubular oxide layers on Ti and Ti alloys in fluoride
containing electrolytes was reported by Assefpour-Dezfuly et al and Zwilling et al®™".
Since then, nanotubular oxide layers have been formed on various valve metals such as
Zr¥, Nb?, W19, Ta'P, Hf'?, Co™ as well as several Ti alloys***® and various applications
of the nanotubular oxide layers have been proposed due to their excellent physical and
chemical properties. Extensive research efforts have revealed that anodization parameters
such as temperature, applied voltage and electrolyte can strongly affect the growth and
morphology of anodic nanotubular oxide layers. For examples, the thickness and diameter
of nanotubular oxide layers increased with increasing anodization temperatures. The
increased H,O concentration in organic electrolytes decreased the thickness of oxide layers
while it increased the diameter of nanotubular oxide layers. Additionally, it was reported
that the tube diameter and thickness have increased with increasing applied voltage.
Recently not only the anodization parameters but also microstructures of substrate have
attracted much attention®® 2,

In the present chapter, the author examined the morphology and growth of anodic

oxide layers on pure Ti with different microstructures controlled by accumulative

roll-bonding (ARB) process and various heat-treatments in order to clarify the effect of
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substrate microstructure on the growth of TiO, nanotubular layer.

2.2 Experimental

Materials used were pure Ti sheets (purity : 99.5%). Prior to the ARB process or
heat-treatment, all samples were homogenized at 500 °C for 12 hours under an air
atmosphere. Figure 2-1 schematically presents the ARB process??. As proposed in the
literature, two Ti sheets were ground and then degreased with acetone. The Ti sheets were
stacked and rolled with 50% reduction in thickness at room temperature by a conventional
rolling process. After the 50% reduction, the roll-bonded sheet was cut in half-length. The
sectioned samples were again surface-treated, stacked and roll-bonded. This process was
repeated upto 6 cycles. On the other hand, some samples were heat-treated at 500 °C and

900 °C for various durations in different atmospheres after the homogenization.

1
1. Surface treatment .
[ | 4. Cutting
Degreasing

- :> - l | | -

L ] Wire brushing

3. Roll-bonding

2. Stacking _J

S
L

Fig. 2-1 Schematic illustration of the accumulative roll-bonding (ARB) process?.

After the ARB process or heat-treatment, all samples were ground with SiC abrasive

paper and then, mirror-finished with diamond paste. Prior to electrochemical anodization,
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the samples were ultra-sonicated in acetone, isopropanol and methanol, successively,
finally followed by rinsing with deionized water. The electrochemical setup consisted of a
two-electrode configuration with the treated Ti substrate as a working electrode and a
platinum plate as a counter electrode. The anodization was carried out in an ethylene glycol
electrolyte containing 0.05 M NH4F and 2.0 wt.% H,0 at 50 V for 3 hours. For anodization
voltage increased from 0 V to a desired voltage with the voltage ramp rate of 1 Vs™ and
then was kept at the voltage. After the anodization, the samples were washed with ethanol.
The surface morphology of anodized samples was investigated with field-emission
scanning electron microscope (FE-SEM, JEOL JSM-7001FA). Cross-sectional images
were taken from mechanically scratched samples where several pieces of formed oxide

layers lifted off at the interface between the substrate / oxide layer.

2.3 Results and discussion
2.3.1 Growth of anodic oxide layer on heat-treated Ti substrate

In the present work, TiO, nanotubular oxide layers were formed in a
fluoride-containing ethylene glycol electrolyte by anodization of Ti substrates with
different microstructures that were controlled by the heat-treatment or the ARB process.
The author describes the effects of heat-treatment in different atmospheres on the
morphology and growth of TiO, nanotubular layers in the present section. Figure 2-2
exhibits the microstructures of Ti substrates heat-treated in an air atmosphere at 500 °C and
900 °C for various durations. It is clear that at 500 °C the average grain size slightly
increased with heat-treatment duration while at 900 °C the grain growth clearly occurred,

that is, the average grain size drastically increased at 900 °C with time.
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Fig. 2-2 Microstructures of Ti substrates after heat-treatment in an air atmosphere at (a, b, ¢)
500 °C and (d, e, f) 900 °C. The heat-treatment durations were (a, d) 3 h, (b, e) 12
hand (c, f) 48 h.

Figure 2-3 shows the current-time curves recorded for the air heat-treated Ti
substrates at 50 V for 3 hours in the ethylene glycol containing 0.05 M NH4F and 2.0 wt.%
H,0. As apparent from Fig. 2-3, similar current behavior is observed for all Ti substrates;
the current drastically decreases in the early stage of anodization, then increases once and

finally decreases again to a steady state current. This current behavior is typical for
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nanotubular anodic oxide formation®®). Furthermore, the current varies depending on the
heat-treatment conditions, indicating that the growth of anodic oxide layer is affected by

the heat-treatment conditions.
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Fig. 2-3 Current-time curves recorded at 50 V for 3 h in the ethylene glycol containing
0.05 M NH4F and 2.0 wt.% H,O on air heat-treated Ti substrates.

Top-view and cross-sectional morphologies of resulting oxide layers are presented in
Figs. 2-4 and 2-5, respectively. It is obvious from the cross-sectional images that the oxide
layers exhibit nanotubular morphology although such nanotubular structure is not observed
from the top-views due to the remaining initiation layer as described in the chapter 1. The
pore diameter on the initiation layers is slightly different depending on the heat-treatment
conditions. However, much larger difference can be observed in the thickness of anodic
oxide layer. The thickness of the oxide layers is estimated from the cross-sections and
summarized in Fig. 2-6. The thickness of nanotubular oxide layers formed on Ti substrates
heat-treated at 500 °C is larger compared to those heat-treated at 900 °C. Furthermore, the

thickness decreases with increasing the heat-treatment duration for both cases. The
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thickness variations follow the electric charge generated during anodization; higher charge

leads to higher thickness.

Fig. 2-4 Top-view SEM images of oxide layers formed on air heat-treated Ti substrates in
the ethylene glycol containing 0.05 M NH4F and 2.0 wt.% H,0O; (a, b, ¢) 500 °C
for 3h, 12 hand 48 h, (d, e ,f) 900 °C for 3 h, 12 h and 48 h.
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Fig. 2-5 Cross-sectional SEM images of oxide layers formed on air heat-treated Ti
substrates in the ethylene glycol containing 0.05 M NH4F and 2.0 wt.% H,0; (a,
b, ¢) 500 °C for 3 h, 12 h and 48 h, (d, e ,f) 900 °C for 3 h, 12 h and 48 h.

In order to examine the effect of heat-treatment atmosphere, some Ti substrates were
subjected to the heat-treatment in Ar. Figure 2-7 presents the microstructures of Ti
substrates heat-treated in the Ar atmosphere at 500 °C and 900 °C for various durations.
Similar to the heat-treatment in the air atmosphere, the heat-treatment in the Ar atmosphere

increases slightly the grain size with heat-treatment duration at 500 °C while at 900 °C
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grains drastically grow with time.
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Fig. 2-6 Variation of oxide layer thickness estimated from nanotubular oxide layers on Ti
substrates heat-treated in the air with different conditions.

Fig. 2-7 Microstructures of Ti substrates after heat-treatment in Ar ; (a, b, ¢) 500 °C for 3 h,
12 hand 48 h, (d, e, f) 900 °C for 3 h, 12 h and 48 h.
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Figure 2-8 shows current behavior during the anodization of the substrates
heat-treated in the Ar atmosphere. The anodization for the Ar heat-treated substrates was
carried out under the same condition as the air heat-treated substrates. The current behavior
obtained for Ti substrates heat-treated in the Ar atmosphere is similar to that for substrates

treated in the air atmosphere.
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Fig. 2-8 Current-time curves recorded at 50 V for 3 h in the ethylene glycol containing
0.05 M NH4F + 2.0 wt.% H,0 on Ar heat-treated Ti substrates.

Figures 2-9 and 2-10 show SEM images of resulting anodic oxide layers and the
thickness of the oxide layers is summarized in Fig. 2-11. It is clear from Fig. 2-10 that
nanotubular oxide layers were formed on all substrates. Similar to the heat-treatments in
the air atmosphere, for the heat-treatment in the Ar atmosphere, obtained nanotubular oxide
thickness for the substrates heat-treated at 500 °C is larger compared to that for the
substrates treated at 900 °C and furthermore, the thickness decreases with increasing
heat-treatment time. In addition, it is indicated that the nanotubular oxide thickness

obtained on the air heat-treated Ti substrate is thicker than that obtained for the Ar
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heat-treated Ti substrate.

Fig. 2-9 Top-view SEM images of oxide layers formed on Ar heat-treated Ti substrates in
the ethylene glycol containing 0.05 M NH4F and 2.0 wt.% H,0O; (a, b, c) 500 °C
for3h,12hand 48 h, (d, e, ) 900 °C for 3 h, 12 h and 48 h.

From these results one may deduce the microstructure of Ti substrates clearly affects
the growth of nanotubular oxide layers although the effect of the heat-treatment
atmosphere is not clear at the moment; the electric charge generated during anodization of

the air heat-treatment Ti substrates is higher compared to the Ar heat-treated substrates,
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leading to higher thickness of TiO, nanotubular layer on the air heat-treated substrates as

indicated in Figs. 2-6 and 2-11.

Fig. 2-10 Cross-sectional SEM images of oxide layers formed on Ar heat-treated Ti
substrates in the ethylene glycol containing 0.05 M NH4F and 2.0 wt.% H,0; (a,
b, ¢) 500 °C for 3 h, 12 hand 48 h, (d, e, f) 900 °C for 3 h, 12 h and 48 h.

29



[
(%)

[
o)

T T
1

Thickness of oxide layer / um

(%)

0 10 20 30 40 50
Heat treatment duration / h

Fig. 2-11 Variation of oxide layer thickness formed on Ti substrates heat-treated in Ar with
different conditions.

2.3.2 Growth of anodic oxide layer on ARB processed Ti substrate

In the present section, the microstructure of Ti substrate was controlled with the ARB
process. The microstructure of Ti substrate subjected to the ARB process was already
examined by Terada at al?”. It was reported in the literature that after 2 cycles, initial
grains were elongated with complex deformation microstructures and after 4 cycles
elongated grains became very fine with many shear bands. Therefore, the different
microstructures achieved by the ARB process will affect anodization behavior and
resulting anodic oxide layers.

Figure 2-12 shows the current-time curves of ARB processed Ti substrates in an
ethylene glycol containing 0.05 M NH4F and 2.0 wt% H,O. “0 cycle” indicates
as-homogenized Ti substrate, which was used as a starting substrate for the ARB process.
In the ARB process, as already explained, 50% reduction in thickness was performed in
each cycle, meaning that for ARB 6 cycles, the 50% reduction was repeated 6 times. This
indicates that more defects such as dislocation are introduced with increasing ARB cycle. It

is clear from Fig. 2-12 that the current-time curves obtained for ARB-processed substrates
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are similar to those shown in Figs. 2-3 and 2-8 for the heat-treated substrates, but the
steady state current slightly increased with increasing ARB cycle. Figures 2-13 and 2-14
show top-view and cross-sectional SEM images of anodic oxide layers formed on ARB
processed samples. It is clear that similar structures were obtained to those formed on the
heat-treated substrates; nanotubular oxide layers were grown also on ARB-processed
substrates. This means that the microstructure of Ti substrate does not change the
morphology of anodic oxide layer under the present anodization condition, that is,
nanotubular oxide layers were formed on all Ti substrates that possess different
microstructures. Fig. 2-15 summarizes the layer thickness as a function of ARB cycle. It is
obvious that the thickness increases with increasing ARB cycle. This indicates that the
introduction and increment of defects into Ti substrate facilitates the growth of nanotubular

oxide layers.
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Fig. 2-12 Current-time curves recorded at 50 V for 3 h in the ethylene glycol containing
0.05 M NH4F + 2.0 wt.% H,0 on the ARB treated Ti substrates.
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Fig. 2-14 Cross-sectional SEM images of oxide layers formed on ARB treated Ti substrates;
(@) 0 cycle, (b) 2 cycles, (c) 4 cycles and (d) 6 cycles.
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Fig. 2-15 Variation of oxide layer thickness obtained from Fig. 2-14.

2.3.3 Effect of defects on the growth of TiO, nanotubular oxide layer

In general, heat-treatment decreases defect in metallic substrates while cold work
increases defect. Results presented in 2.3.1 and 2.3.2 indicate that heat-treatment decreases
defects in Ti substrate, which leads to the decrease of current during anodization and the
decreased thickness of resulting TiO, nanotubular layers. On the other hand, increased
defects by cold work such as the ARB process enhance anodic current, resulting in the
increased thickness of TiO, nanotubular layer.

In order to confirm the effect of defect on the growth of TiO, nanotubular layer, the
following experiment was performed. In the experiment the amount of defect was varied
on a single Ti substrate. First the growth of nanotubular oxide layer was examined on
as-homogenized Ti substrate. Then in order to examine the effect of the decrease of defect
in the substrate, the as-homogenized substrate was heat-treated in an Ar atmosphere at
500 °C for 12 hours. Prior to the heat-treatment the nanotubular oxide layer formed on the
as-homogenized substrate was removed by polishing. After the heat-treatment, the Ti

substrate was re-anodized to investigate the growth of nanotubular oxide layer. Finally the
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heat-treated substrate was subjected to cold work with the reduction of 50% in order to see
the effect of the increase of defect achieved by cold work. After the cold work the Ti
substrate was anodized again. From the series of experiments, one can see the effect of
defect in one single Ti substrate on the growth of nanotubular oxide layer. The result is

presented in Fig. 2-16.

Fig. 2-16 Top-view and cross-sectional SEM images of oxide layers formed on Ti
substrates with various conditions; (a, b) as-homogenized Ti sample at 500 °C
for 12 h, (c, d) after homogenization, heat-treated at 500 °C for 12 h, (e, f) after
homogenization and heat-treatment, cold-rolled with 50% reduction.
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It is clear that the oxide layers exhibit nanotubular structure for all cases. Compared to
the oxide layer on the as-homogenized substrate (Fig. 2-16(b)), apparently the layer
thickness obtained for the heat-treated substrate is relatively thin. On the other hand, the
cold work to the heat-treated substrate results in the increased thickness of tubular oxide
layer from approximately 9.2 pm to 14.9 um. This is also in accordance with the
above-mentioned findings, that is, it can be concluded the defects that can be decreased by
heat-treatment and increased by cold work strongly affect the growth of tubular oxide

layer.

2.4 Conclusion

In the present chapter the author examined the growth of oxide layers on Ti substrates
with different microstructures controlled by the ARB process and various heat-treatments.
Nanotubular oxide layers were formed on the ARB-processed and heat-treated substrates
by anodization. In the case of heat-treated substrates, however, the thickness of oxide
layers was slightly decreased with increasing heat-treatment duration in all conditions (in
air and Ar). On the other hand, the thickness of tubular oxide layer was significantly
increased with the ARB process. Therefore, it is found that the oxide layer thickness can be
decreased by heat-treatment and increased by cold work, which indicates that the substrate

property strongly affects the growth of nanotubular oxide layer.
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Chapter 3 Morphology and growth of nanotubular oxide layers on

Ti-Ni alloys with different Ni contents

3.1 Introduction

Assefpour-Dezfuly et al. and Zwilling et al.*® firstly reported the formation of
self-organized nanotubular oxide layers on Ti and Ti alloys by anodization in fluoride-
containing electrolytes. On a variety of metals such as Zr®, Nb®, W®, Ta”, Hf® as well as
several Ti alloys, since then, self-organized nanotubular and nanoporous oxide layers have
been found®*?. In particular, owing to their various potential applications, in photocatalyst,
dye-sensitized solar cells, gas sensors, electrochromic devices and surface coatings on
biomedical Ti-based implants™>'” self-organized nanotubular oxide layers on Ti and Ti
alloys have attracted a great deal of attention.

In order to improve and enhance the properties relevant to the applications mentioned
above, the morphology of the nanotubular oxide layers on Ti has been tailored by tuning
anodization condition. It was reported that the thickness and tube diameter of nanotubular
oxide layers increase with the increase of applied voltage®®. Furthermore, the thickness of
nanotubular oxide layers increased as anodization time proceeded, until equilibrium
between oxide growth and oxide dissolution was established'®. Extensive studies on the
nanotube growth have revealed that the electrolyte composition also strongly affected the
thickness of the oxide layer®® 2V, Therefore, it is apparent that the anodization conditions
clearly influence the morphology and growth of nanotubular oxide layers.

Recently, the effects of microstructure and alloy composition of substrate on the
morphology and growth of nanotubular oxide layers have been also examined. For

example, it was reported that the microstructures of Ti substrates varied by heat-treatment
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or cold-work affect the growth rate of nanotubular oxide layers®* *® as also described in the
chapter 2. The chemical composition of substrate also affects the anodic nanotubular oxide
layer. So et al. demonstrated that the morphology of oxide layers formed by anodization of
Ti-Ru alloy significantly changed depending on the Ru content of the alloy??.

Ti-Ni alloy is one of the most investigated alloys due to its favorable mechanical
properties, such as its superelasticity and shape memory effect®® %, Therefore, anodization
of Ti-Ni alloys has also been examined for the modification of their surfaces to fabricate
functional materials®>?. These studies revealed that anodization conditions affect the
morphology of oxide layers. It is well-known that the microstructures and mechanical
properties of Ti-Ni alloys are strongly dependent on the Ni content of the alloys®Y. In the
present chapter, the author presents the growth of anodic nanotubular oxide layers on Ti-Ni
alloys with various Ni contents. Furthermore, the effect of the alloy crystal structure on the

formation of anodic oxide layers is also described.

3.2 Experimental

Materials were various Ti-Ni alloys with different Ni contents. These alloys used were
fabricated by melting Ti sheets (purity : 99.5%) and Ni sheets (purity : 99%) in an arc
melting furnace. The alloys ingots obtained after the arc melting were homogenized at
1000 °C for 24 hours under a high vacuum condition and then cold-rolled with a reduction
ratio of 20%. The chemical composition and crystal structure of the fabricated Ti-Ni alloys
were examined using electron probe micro analyzer (EPMA, JEOL JXA-8800R) and X-ray
diffraction (XRD, Philips PW3040/60 X Pert Pro), respectively. The homogenized ingots
were cut into sheets with dimensions of 15x15x2mm?. The samples were ground with SiC
abrasive papers, and then mirror-finished. Prior to anodization, the mirror-finished samples

were degreased by sonicating in acetone, ethanol, and methanol, successively, followed by
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rinsing with deionized water. The electrochemical setup consisted of a two-electrode
configuration with the fabricated Ti-Ni alloy as a working electrode and a platinum plate as
a counter electrode. The electrochemical anodization was carried out in an ethylene glycol
electrolyte containing 0.06 M NH4F and 1.5 wt.% H,O at different voltages for various
anodization times using a high-voltage potentiostat (Hokuto Denko HA-3001A). After the
anodization, the samples were rinsed with ethanol.

The morphology of anodic oxide layers was investigated using a field-emission
scanning electron microscope (FE-SEM, JEOL JSM-7001FA). The cross-sectional views
of the oxide layers were taken from mechanically scratched samples where oxide layers
were lifted off. The compositions of the oxide layers and the substrate after anodization
were examined by EPMA and energy dispersive X-ray analysis (EDX, NORAN model 500

analyzer) attached to a transmission electron microscope (TEM, Hitachi, HF-2000).

3.3 Results and discussion
3.3.1 Fabrication and characterization of Ti-Ni alloys

In the present work, the author prepared four Ti-Ni alloys with different Ni contents to
investigate the effect of alloy composition on the growth of anodic oxide layer. The Ni
content in the alloys was evaluated by EPMA. Although some small precipitates were
observed as reported previously in literature®* ¥, the compositions of the four alloys were
constant across the alloy surfaces, and the Ni content in the alloys was estimated as 49.0 at.%
Ni, 51.1 at.% Ni, 52.2 at.% Ni and 52.5 at.% Ni. As reported previously, the crystal
structure of Ti-Ni alloy depends on the Ni content®®. Therefore, the crystal structures of the
four Ti-Ni alloys were examined using XRD. Figure 3-1 presents XRD patterns of the
Ti-Ni alloys. All diffraction peaks obtained on the Ti-49.0 at.% Ni alloy are ascribed to the

B19’ martensitic phase whereas for the Ni-rich alloys of Ti-51.1 at.% Ni, Ti-52.2 at.% Ni
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and Ti-52.5 at.% Ni, all peaks are attributed to the B2 austenitic phase. Therefore, the

effect of crystal structure of the alloy substrates on the formation of anodic oxide layer is

also investigated.
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Fig. 3-1 XRD patterns of Ti-Ni alloys produced in the present study.

3.3.2 Anodization of Ti-49.0 at.% Ni at different applied voltages

Figure 3-2 shows the current-time curves obtained for the Ti-49.0 at.% Ni alloy
during anodization at 20, 35 and 50 V for 5 min in the ethylene glycol based electrolyte
containing 0.06 M NHsF and 1.5 wt.% H,O. At all applied voltages, similar current
behavior is observed; the current density drastically decreases in the early stage of
anodization, then increases, and finally decreases again to a steady state value. However,
the current density is clearly different depending on the applied voltage, that is, higher

currents are generated at higher applied voltages.
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Fig. 3-2 Current-time curves of the Ti-49.0 at.% Ni alloy substrate recorded at various

voltages for 5 min in the ethylene glycol electrolyte containing 0.06 M NH,4F and
1.5 wt.% H,0.

The top-view and cross-sectional images of the oxide layers formed on the Ti-49.0 at.%
Ni alloy at different applied voltages for 5 min are presented in Fig. 3-3. The top-views
exhibit porous morphology, and the average pore diameter slightly increases with
increasing applied voltage. However, it is apparent from the cross-sectional views that the
oxide layer formed at 50 V shows distinct nanotubular structures, whereas at the other
voltages of 20 V and 35 V the formation of such nanotubular structures is not recognized

and instead irregular-shaped porous structures are visible.
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Fig. 3-3 Top-view and cross-sectional SEM images of oxide layers formed on the Ti-49.0
at.% Ni alloy at (a, b) 20 V, (c, d) 35 V and (e, f) 50 V for 5 min in the ethylene
glycol electrolyte containing 0.06 M NH4F and 1.5 wt.% H,0.

Figure 3-4 shows SEM images of the oxide layers formed on pure Ti under the same
conditions. It is clear that nanotubular structures are observed at all applied voltages.
Therefore, one can find that a suitable voltage range for nanotube formation in the ethylene
glycol based electrolyte is quite limited for Ti-Ni alloys, different from pure Ti. EPMA

analysis on the oxide layers shown in Fig. 3-3 revealed that the oxide layers on the Ti-49.0

43



at.% Ni alloy at 20 V and 35 V exhibited similar cation ratios to the Ti-49.0 at.% Ni
substrate, whereas the oxide layer at 50 V showed higher Ti content. This indicates that the
selective oxidation of Ti occurred at 50 V. It was reported that self-organized nanoporous
structures are formed on pure Ni under a very limited potential range®”. For these reasons,
nanotubular oxide layers could only be formed at 50 V on the present alloys. Therefore the

following experiments were carried out at 50 V.

Fig. 3-4 Top-view and cross-sectional SEM images of oxide layers formed on pure Ti at (a,
b) 20 V, (c, d) 35 V and (e, f) 50 V for 5 min in the ethylene glycol based
electrolyte.
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3.3.3 Effect of Ni concentration in Ti-Ni alloy and anodization time on the growth of
nanotubular oxide layers

Figure 3-5 shows SEM images of the oxide layers on the Ni-rich Ti-Ni alloys at 50 V

for 5 min. Self-organized nanotubular oxide layers are obviously formed on all Ni-rich

Ti-Ni alloys examined, implying that the morphology of the oxide layers on the Ni-rich

Ti-Ni alloys is similar to that of the Ti-rich Ti-49.0 at.% Ni alloy as shown in Figs. 3-3 (e)
and (f).

Fig. 3-5 Top-view and cross-sectional SEM images of oxide layers formed on (a, b)
Ti-51.1 at.% Ni, (c, d) Ti-52.2 at.% Ni and (e, f) Ti-52.5 at.% Ni alloys at 50 V
for 5 min in the ethylene glycol electrolyte containing 0.06 M NH4F and 1.5 wt.%
H,0.

45



Extended anodization leads to the morphological change of the oxide layers on the
Ti-Ni alloys. SEM images of the oxide layers formed on the Ti-Ni alloys for 20 min are
shown in Fig. 3-6. It is clear that for Ti-49.0 at.% Ni, Ti-51.1 at.% Ni and Ti-52.2 at.% Ni
alloys, the formation of a nanotubular oxide layer is recognized from the top-view images
shown in Figs. 3-6 (a), (c) and (e). However, as displayed in the cross-sections in Figs. 3-6
(b), (d) and (f), an irregular-shaped porous oxide layer was grown underneath the
nanotubular oxide layer. For Ti-52.5 at.% Ni alloy, on the other hand, the oxide layer
exhibits only the irregular-shaped porous structure. After further anodization such as 60
min, the oxide layers on all Ti-Ni alloys were observed by SEM and the results are shown
in Fig. 3-7. It is evident from top-view and cross-sectional images that an irregular-shaped

porous oxide layer was formed regardless of the Ni concentration in alloy substrate.
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Fig. 3-6 Top-view and cross-sectional SEM images of oxide layers formed on (a, b)
Ti-49.0 at.% Ni, (c, d) Ti-51.1 at.% Ni, (e, f) Ti-52.2 at.% Ni and (g, h) Ti-52.5

at.% Ni alloys at 50 V for 20 min in the ethylene glycol electrolyte containing
0.06 M NH4F and 1.5 wt.% H,0.
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Fig. 3-7 Top-view and cross-sectional SEM images of oxide layers formed on (a, b)
Ti-49.0 at.% Ni, (c, d) Ti-51.1 at.% Ni, (e, f) Ti-52.2 at.% Ni and (g, h) Ti-52.5
at.% Ni alloys at 50 V for 60 min in the ethylene glycol electrolyte containing
0.06 M NH4F and 1.5 wt.% H,0.

Figures 3-8 (a) and (b) exhibit the bottom-view images of the oxide layers formed on

the Ti-49.0 at.% Ni alloy at 50 V for 5 min and 20 min, respectively. It is clear that the
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morphology of the bottom-view of the oxide layer significantly changes from distinctly
ordered circular to irregular-shaped porous structures as the anodization time is increased.
Similar bottom structures were obtained also for the Ti-51.1 at.% Ni and Ti-52.2 at.% Ni
alloys after anodization for 20 min. These observations indicate that the oxide layers
formed on the Ti-49.0 at.% Ni, Ti-51.1 at.% Ni and Ti-52.2 at.% Ni alloys for 20 min, are
composed of layered structure, outer tubular structures and inner irregular-shaped porous
structures. On the other hand, for the Ti-52.5 at.% Ni alloy, the oxide layer formed after 20
min shows only the irregular-shaped porous structures. Further anodization for 60 min
results in irregular-shaped porous structure on all Ti-Ni alloys examined in the present

work.

Fig. 3-8 Bottom-view SEM images of oxide layers formed on a Ti-49.0 at.% Ni alloy at 50
V for (a) 5 min and (b) 20 min.
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3.3.4 Morphological transition from nanotubular to irregular-shaped porous
structures

The results presented in 3.3.2 and 3.3.3 indicate that the morphology of formed oxide
layers is affected by the chemical composition of the Ti-Ni alloy rather than the crystal
structure of the substrate, and that the morphological transition of oxide layers from tubular
to irregular-shaped porous structure proceeds as anodization time is increased. Although
nanotubular oxide layers on the Ti-50.8 at.% Ni alloy was reported by several groups, this
morphological transition has not been recognized®®>%. As presented in Fig. 3-6, even when
nanotubular oxide layers are confirmed from top-view images, irregular-shaped porous
oxide layers are grown underneath the nanotubular layers. Thus, the detailed
cross-sectional observations carried out in the present work reveal the morphological
transition of anodic oxide layers on Ti-Ni alloy.

As mentioned above, the nanotubular oxide layers on the Ti-Ni alloys at 50 V are
Ti-rich, which is in accordance with previously published observations®”. The preferential
anodization of Ti can lead to changes in chemical composition of the alloy substrates
adjacent to the oxide layer, which can be considered to be related to the morphological
transition. Therefore, the chemical composition of the alloy substrate was measured using
EDX for the samples where the layered structures of nanotubular and irregular-shaped
porous oxides were formed.

Figure 3-9 shows the depth distribution of Ni content in the Ti-49.0 at.% Ni alloy
from the interface between the alloy substrate and the oxide layer formed by anodization at
50 V for 20 min. It is clear that Ni content away from the interface (more than 10 nm) is
equivalent to that of the bulk level (49.0 at.%), while Ni content in the vicinity of the
interface (less than 10 nm) drastically increases upto 58.8 at.% at 2 nm from the interface.

This demonstrates that Ni accumulation occurred during anodization due to the preferential
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anodization of Ti. The accumulation of alloying elements at the interface between substrate

and oxide layer was also reported for Al-W alloys that formed compact oxide layers*>.
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Fig. 3-9 Depth distribution of Ni content in the Ti-49.0 at.% Ni alloy substrate from the
interface between the alloy substrate and the anodic oxide layer.

As shown in Fig. 3-6, the higher the Ni concentration of the alloy substrate, the more
rapid the formation of irregular-shaped porous oxide layers. One can conclude from these
findings, that once the Ni concentration in the vicinity of the interface reaches a threshold
amount due to the preferential anodization of Ti, nanotubular oxide layers cannot be grown,
and irregular-shaped porous oxide layers are instead formed underneath the nanotubular
layers. Furthermore, after long-term anodization (60 min), the irregular-shaped porous
oxide layers are visible from a top-view, as the nanotubular oxide layers on the top are

completely dissolved.
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3.4 Conclusion

In the present chapter the author examined the growth of anodic oxide layers on four
Ti-Ni alloys with different Ni contents in the ethylene glycol containing 0.06 M NH4F and
1.5 wt.% H,0. The morphology of resulting oxide layers was not influenced by the crystal
structure of the alloy substrates, but clearly affected by Ni content in the substrates and
anodization time. Anodization of all Ti-Ni alloys for a short time resulted in the formation
of nanotubular oxide layers. Extended anodization formed irregular-shaped porous layers
underneath the nanotubular layers. After further longer anodization, only the
irregular-shaped porous layers remained due to the dissolution of the nanotubular layers.
This morphological transition occurred faster for higher Ni content alloy. The
morphological transition was attributed to Ni enrichment in the vicinity of the interface
between the alloy substrates and formed oxide layers due to the preferential anodization of

Ti.
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Chapter 4 Formation of anodic nano-structured oxide layers on

Ti-Fe alloys

4.1 Introduction

The formation of self-organized nano-structures and nano-patterns has attracted
much attention due to not only the scientific interests to self-organizing phenomena but
also the technological impacts for the production of functional devices. Therefore, a variety
of synthesis routes have been proposed and demonstrated. Electrochemical anodization is
one of the highly promising routes to form self-organized nano-structures. A
well-established example achieved by anodization is highly ordered nanoporous oxide

layers on Al substrate™ 2

. It has been reported that the morphology of nanoporous
aluminum oxide layers can be varied by controlling anodization parameters and many
applications of the ordered structures have been proposed, such as photonic crystal and a
template for the secondary material depositions™".

In the last decades, on the other hand, the formation of self-organized nanoporous or
nanotubular oxide layers has been reported on the other metals than Al; Ti®®, zr** 19,
Hf'®, Nb'" 18 Ta® 20 and W2V, In particular extensive researches have been carried out
for TiO, nanotubular layer due to a wide range of applications of TiO,. TiO, nanotubular
layer was firstly reported by Assefpour-Dezfuly et al. and Zwilling et al. in electrolytes
containing a small amount of fluoride species® 2. In the electrolytes the thickness of TiO,
nanotubolar layers was reported to be several hundred nanometers. TiO, nanotubular oxide
layers are grown further by tailoring electrolyte composition — in neutral electrolytes the

thickness reached a few micrometers™ and furthermore in organic electrolytes TiO,

nanotubular oxide layers with the thickness of several micrometers were reported*?.
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Recently the thickness reached a few hundred micrometers by optimizing electrolyte
composition™?.

TiO, nanotubular layers have been applied for various applications such as

22-24) 25 26)

photocatalyst , dye-sensitized solar cel , other functional and biomedical

devices?’ %

. Among the applications photocatalyst is one of the most examined
applications of TiO, nanotubular layer. To enhance and improve photocatalytic efficiency
of TiO, nanotubular oxide layers, in addition to the increased surface area by controlling
the morphology, several surface modifications have been proposed, for examples, the
decoration of metal or other semiconductor particles by different methods such as
photoreduction, sputter deposition and wet chemical precipitation®*3?. Other unique route
to modify TiO, nanotubular layer is alloy anodization. Paramasivam et al. reported that
TiO, nanotubular layers containing WOj3 prepared by anodization of Ti-W alloys exhibited
higher photocatalytic activity compared to bare TiO, nanotubular layers®®, indicating that
the photocatalytic activity of TiO, nanotubular layer can be tuned by alloy anodization.
Therefore, other elements that can improve the photocatalytic activity of TiO, are expected
to be examined. Fe is the one of the candidates as it has been reported that porous oxide
layers are formed on Fe surface by anodization and furthermore its oxides exhibit
photocatalytic activity in visible light region, different from TiO,* 3.

The present chapter reports the formation of nano-structured oxide layers by
anodization of Ti-Fe alloy with a wide range of Fe content and especially addresses how

substrate composition and anodization conditions affect the morphology of anodic oxide

layers.

4.2 Experimental

Materials were Ti-x at.% Fe alloys (x = 10, 50 and 70). The Ti-Fe alloys were
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fabricated by melting high purity Ti and Fe sheets in an arc melting furnace. Specimens
were cut into sheets with a dimension of 15x15x3 mm?® from the alloy ingots by spark
machining. Some of the specimens were homogenized at 1000 °C for 24 hours and then
water-quenched. The crystal structure of the Ti-Fe alloys was examined using X-ray
diffraction (XRD, Philips PW3040/60 X Pert Pro). Prior to anodization all specimens were
mirror-finished, followed by sonicating successively in aceton, methanol and deionized
water. The electrochemical cell consisted of a two-electrode configuration with a platinum
plate as a counter electrode. The sheet specimens were pressed against an O-ring on the
electrochemical cell, leaving the surface area of 0.785 cm? exposed to an electrolyte. The
electrolyte used in the present work was an ethylene glycol containing 0.05 M NH4F and 2
vol.% H,0. For anodization applied voltage increased from 0 V to a desired voltage with
the ramp rate of 1 Vs™ and then was kept at the voltage for various anodization times. After
the anodization the specimens were rinsed with ethanol and then dried with N, stream.
Morphological characterization of resulting oxide layers was carried out using a
field-emission scanning electron microscope (FE-SEM, JEOL JSM-7001FA).
Cross-sectional SEM images were taken from mechanically scratched samples, where a

partial lift-off of oxide layers occurred.

4.3 Results and discussion
4.3.1 Fabrication and characterization of Ti-Fe alloys

Figures 4-1 (a)-(c) shows XRD patterns of as-cast Ti-Fe alloys that were prepared by
the arc melting. It is clear from the figures that peaks detected from as-cast Ti-50 at.% Fe
and Ti-70 at.% Fe alloys are ascribed to peaks originated from TiFe and TiFe,, respectively.
On the other hand, peaks obtained for as-cast Ti-10 at.% Fe alloy are assigned to those

from o-Ti or B-Ti, indicating that Ti-10 at.% Fe alloy consisted of the binary phases. It was
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reported that anodization of the binary phase alloys such as Ti6Al4V and Ti6AI7Nb
resulted in the growth of inhomogeneous oxide layers due to the selective dissolution of
less stable phase and different reaction rates depending on phases whereas homogenous
surface structures were obtained on single phase alloys®® ”. This result indicates that
single phase alloy is required to form homogeneous oxide layers by anodization. Therefore,
in the present work, the heat-treatment was carried out for Ti-10 at.% Fe alloy. XRD
pattern of the heat-treated Ti-10 at.% Fe alloy is presented in Fig. 4-1 (d). All peaks are
assigned to those for B-Ti, meaning that a single phase alloy was obtained after the

heat-treatment. These single phase alloys were subjected to anodization experiments.
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Fig. 4-1 XRD patterns of Ti-Fe alloys; (a) as-cast Ti-10 at.% Fe, (b) as-cast Ti-50 at.% Fe,
(c) as-cast Ti-70 at.% Fe alloy and (d) heat-treated Ti-10 at.% Fe alloy.
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4.3.2 Growth of anodic oxide layers formed on Ti-Fe alloys

From a set of preliminary anodization experiments, an ethylene glycol containing 0.05
M NH4F and 2 vol.% H,O was determined as anodization electrolyte for the Ti-Fe alloys.
Figure 4-2 shows current-voltage curves from 0 V to 30 V and subsequent current-time
curves at 30 V obtained on the Ti-Fe alloys for 3 hours in the electrolyte. The one obtained
for pure Ti was also included as comparison. For pure Ti and Ti-10 at.% Fe alloy, the
current density steeply increases until the applied voltage reaches 10 V and then exhibits
gradual increase with increasing applied voltage. On the other hand, the current density
obtained on Ti-50 at.% Fe and Ti-70 at.% Fe alloys significantly increases upto the
anodization voltage of 30 V. After switching to the constant voltage of 30 V, the
current-time curves of all substrates exhibit drastic decrease in the very early stage, then
slight increase once and finally gradual decrease to a steady state value. The steady state
currents for the Ti-10 at.% Fe and Ti-50 at.% Fe alloys are found to be similar to that for
pure Ti. However, the current obtained for the Ti-70 at.% Fe alloy is clearly much higher

compared to those for pure Ti and the Ti-Fe alloys with lower Fe content.
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Fig. 4-2 Current transients during the anodization of pure Ti, Ti-10 at.% Fe, Ti-50 at.% Fe
and Ti-70 at.% Fe alloys at 30 V in the ethylene glycol containing 0.05 M NH4F
and 2 vol.% H,0. The arrows indicate the current density defined as the initial
current.
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Figures 4-3 and 4-4 show top-view and cross-sectional images of resulting oxide
layers, respectively. Nanotubular oxide layers were grown of pure Ti, Ti-10 at.% Fe and

%) still remain even after anodization for 3

Ti-70 at.% Fe alloy although the initiation layers
hours. On the other hand, it is obvious from Figs. 4-3 (c) and 4-4 (c) that totally different
morphology is observed for the oxide layer formed on the Ti-50 at.% Fe alloy — an
irregular-shaped porous oxide layer is formed on the alloy. Furthermore the thickness of

the oxide layer on the Ti-50 at.% Fe alloy is quite thinner compared to those for pure Ti,

the Ti-10 at.% Fe and Ti-70 at.% Fe alloy.
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Fig. 4-3 Top-view SEM images of anodic oxide layers formed on (a) pure Ti, (b) Ti-10 at.%
Fe, (c) Ti-50 at.% Fe and (d) Ti-70 at.% Fe alloys at 30 V for 3 h in the ethylene
glycol containing 0.05 M NH,4F and 2 vol.% H,0.



Fig. 4-4 Cross-sectional SEM images of anodic oxide layers formed on (a) pure Ti, (b)
Ti-10 at.% Fe, (c) Ti-50 at.% Fe and (d) Ti-70 at.% Fe alloys at 30 V for 3 h in the
ethylene glycol containing 0.05 M NH4F and 2 vol.% H,0.

4.3.3 Effect of applied voltage on the growth of anodic oxide layers on Ti-Fe alloys

As presented in Figs. 4-3 and 4-4, the morphology of anodic oxide layer clearly
depends on the chemical composition of substrate when anodized at 30 V. The effect of
applied voltage on the morphology of anodic oxide layer was examined and SEM images
of anodic oxide layers formed on pure Ti and the Ti-Fe alloys at 50 V are shown in Fig. 4-5.
As apparent from the images, nanotubular oxide layers were formed on pure Ti and the
Ti-10 at.% Fe alloy at 50 V as similar to 30 V, whereas on Ti-50 at.% Fe and Ti-70 at.% Fe
irregular-shaped porous oxide layers were grown. However, the effect of applied voltage
on the oxide morphology observed for the specimens anodized at 10 V is strongly different
compared to those presented at the higher applied voltages. Figure 4-6 shows SEM images
of anodic oxide layers formed on the Ti-Fe alloys with different Fe contents at 10 V. It is

clear that the anodic oxide layers exhibit nanotubular structure on all substrates at this
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voltage.

Fig. 4-5 Top-view and cross-sectional SEM images of anodic oxide layers formed on
pure Ti ((@) and (b)), Ti-10 at.% Fe ((c) and (d)), Ti-50 at.% Fe ((e) and (f)) and
Ti-70 at.% Fe ((g) and (h)) at 50 V for 3 h in the ethylene glycol containing 0.05
M NH4F and 2 vol.% H,0; (a), (c), (e) and (g) top-view image, (b), (d), (f) and (h)
cross-sectional image.
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Fig. 4-6 Top-view and cross-sectional SEM images of anodic oxide layers formed on
pure Ti ((@) and (b)), Ti-10 at.% Fe ((c) and (d)), Ti-50 at.% Fe ((e) and (f)) and
Ti-70 at.% Fe ((g) and (h)) at 10 V for 3 h in the ethylene glycol containing 0.05
M NH4F and 2 vol.% H,0; (a), (c), (e) and (g) top-view image, (b), (d), (f) and (h)
cross-sectional image.

64



Therefore it was found that nanotubular oxide layers were formed on pure Ti and the
Ti-10 at.% Fe alloy at various applied voltages ranged from 10 V to 50 V. For the Ti-50 at.%
Fe and Ti-70 at.% Fe alloy, on the other hand, significant changes in the oxide morphology
were recognized, that is, the morphological transition from nanotubular structure to an
irregular-shaped porous structure occurred although the threshold applied voltage for the

transition was different according to Fe content in the alloys.

Fig. 4-7 Top-view and cross-sectional SEM images of anodic oxide layers formed on Ti-50
at.% Fe alloy at 10 V for 18 h ((a) and (b)) and at 30 V for 1 h ((c) and (d)) in the
ethylene glycol containing 0.05 M NH4F and 2 vol.% H,0; (a) and (c) top-view
image, (b) and (d) cross-sectional image.

As mentioned above the anodic oxide layers on the Ti-50 at.% Fe and Ti-70 at.% Fe
alloys exhibit different morphologies — nanotubular or irregular-shaped porous structures —

depending on applied voltage. Similar morphological transition was observed on Ti-Ni
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alloys where the transition in the oxide morphology form nanotubular to irregular-shaped
porous structures occurred as the anodization time was increased as described in chapter
3%, Therefore, it may be considered that the anodization time of 3 hours is long enough to
reach the situation where irregular-shaped porous oxide layers are grown on the Ti-50 at.%
Fe at 30 V whereas at 10 V longer anodization time than 3 hours may be required to grow
irregular-shaped porous structures. In order to get this point clear, anodization experiments
were carried out for different anodization times. Figures 4-7 (a)-(b) and (c)-(d) shows SEM
images of oxide layers formed on the Ti-50 at.% Fe at 10 V for 18 hours and at 30 V for 1
hour, respectively. A nanotubular oxide layer is clearly formed on the alloy after
anodization at 10 V for 18 hours. On the other hand, the morphology of the anodic oxide
layer after anodized at 30 V for 1 hour exhibits irregular-shaped porous structure.
Therefore, it is found that the morphological transition is not affected by anodization time

for the Ti-Fe alloy.

4.3.4 Effect of anodic reaction rate on the morphology of anodic oxide layers

The results presented in 4.3.2 and 4.3.3 were obtained by potentiostatic anodization
where anodic oxide layers were grown on the Ti-Fe alloys at constant voltage. In order to
examine the effect of anodic reaction rate on the morphology of anodic oxide layers
galvanostatic anodization of the Ti-Fe alloys was also preformed, that is, constant current
was applied. Figure 4-8 shows SEM images of anodic oxide layers formed on the Ti-50 at.%
Fe at different constant current densities for 3 hours.

It is clear that the anodic oxide layers formed at the smaller current densities such as
0.12 mA cm™? and 0.35 mA cm™ exhibit nanotubular structures while irregular-shaped
porous structure is obtained for the oxide layer formed at the larger current density as 0.63

mA cm™ as shown in Fig. 4-8 (f). This indicates that the current density can be responsible
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for the formation of the irregular-shaped porous oxide layers. Therefore, the morphology
of anodic oxide layers is discussed in terms of current density. As presented in Fig. 4-2, the
amplitude of current density obtained during anodization varied depending on alloy
composition. On the other hand, the current transient is almost similar for all substrates,
that is, the current density generated at constant voltage significantly decrease in the early
stage, slightly increases and then gradually decreases to a steady state value. In the present
work, hereafter, the current density after the initial decay as pointed by the arrows in Fig.
4-2 and the current density obtained just before the termination of anodization are defined
as the initial current and the final current, respectively. Figure 4-9 (a) summarizes the
morphology of anodic oxide layers formed on the Ti-50 at.% Fe alloy using the initial
current and the final current. It is note that for the galvanostatic anodization the initial
current is equivalent to the final current. It is clear from the figure that the morphology of
anodic oxide layers on the Ti-50 at.% Fe alloy is found to be determined by the initial
current rather than the final current. Similar explanation can be adopted for the Ti-10 at.%
Fe and Ti-70 at.% Fe as shown in Figs. 4-9 (b) and (c), respectively. Therefore, one can
deduce that the initial current strongly affects the morphology of anodic oxide layers, that
is, lower initial current is required for the formation of nanotubular oxide layers whereas
irregular-shaped porous oxide layers are formed when higher initial current is generated or
applied although the threshold from nanotubular to irregular-shaped porous structures
strongly differs depending on the alloy composition. In order to demonstrate that the initial
current strongly affects the nanotube formation, two-step galvanostatic anodization was
performed on Ti-50 at.% Fe alloy. In this experiment the anodization was divided into
successive two processes. For one specimen a lower current than the threshold current for
the Ti-50 at.% Fe alloy was applied for 1 hour as the first step and then a larger current

than the threshold was applied for the same period as the second step. For the other, the
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constant current was applied in the reverse procedure, that is, the larger current was applied
first, then switched to the lower current. SEM images of the resulting oxide layers are
presented in Fig. 4-10. For the experiment the constant current density of 0.35 mA cm™
and 0.63 mA cm™ were selected as a smaller current and a larger current than the threshold

current density.

Fig. 4-8 Top-view and cross-sectional SEM images of anodic oxide layers formed on Ti-50
at.% Fe alloy at at 0.12 mA cm™ ((a) and (b)), 0.35 mA cm™ ((c) and (d)) and
0.63 mA cm™ ((e) and (f)) for 3 h in the ethylene glycol containing 0.05 M NH4F
and 2 vol.% H0; (a,) (c) and (e) top-view image, (b), (d) and (f) cross-sectional
image.
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Fig. 4-9 Relationship between the initial current density, the final current density and the
morphology of resulting oxide layers formed on (a) Ti-50 at.% Fe alloy, (b) Ti-10
at.% Fe and (c) Ti-70 at.% Fe alloy in the ethylene glycol containing 0.05 M
NH4F and 2 vol.% H,0 under various anodization conditions. “Gal.” and “Pot.”in
the inset table indicate anodization was carried out galvanostatically and
potentiostatically, respectively. “Irr.” and “Tube” mean that irregular-shaped
porous layer and nanotubular layer were formed after anodization, respectively.

Figure 4-10 (a) shows the cross-section of the oxide layer formed on the Ti-50 at.% Fe
alloy by a two-step galvanostatic anodization where the larger current density first and then
the smaller current density were applied. It is clear that the anodic oxide layer exhibits
irregular-shaped porous structure. On the other hand, when the constant currents were

applied in the reverse procedure, the formation of nanotubes was confirmed as shown in
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Fig. 4-10 (b). From these results one can deduce that the formation of the irregular-shaped
porous oxide layers at higher voltage is attributed to the generation of large current in the
initial stage of anodization, in other words, it can be required to suppress initial current

density during anodization in order to form nanotubular oxide layers on the Ti-Fe alloys.

Fig. 4-10 Cross-sectional SEM images of anodic oxide layers formed on Ti-50 at.% Fe
alloy by the two-step galvanostatic anodization in the ethylene glycol containing
0.05 M NH.F and 2 vol.% H,0; (a) the larger current (0.63 mA cm™) in the 1st
step and the smaller current (0.35 mA cm™) in the 2nd step were applied
successively, (b) the two different currents were applied in the reverse
procedure.

4.4 Conclusion
In the present work the author examined the morphology of anodic oxide layers on the

Ti-Fe alloys at various applied voltages in the ethylene glycol containing 0.05 M NH,F and
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2 vol.% H;O. The morphology of anodic oxide layers was affected by substrate
composition as well as applied voltage. On pure Ti and Ti-10 at.% Fe alloy, nanotubular
oxide layers were formed at all applied voltages examined. In the case of Ti-50 at.% Fe, a
nanotubular oxide layer was grown only at 10 V. At the higher voltages as 30 V and 50 V,
on the other hand, irregular-shaped porous structures were obtained; the morphological
transition from nanotubular to irregular-shaped porous structures was observed on the
Ti-50 at.% Fe alloy. Similar transition occurred also on the Ti-70 at.% Fe, but the threshold
voltage was higher compared to the Ti-50 at.% Fe alloy. It was found that the current
density generated in the early stage of anodization strongly affected the morphology of
anodic oxide layer on the Ti-Fe alloys, that is, lower initial current density could be

required to form nanotubular oxide layers on the Ti-Fe alloys.
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Chapter 5 Growth of anodic oxide layers on Ti-based alloys with

different alloying elements

5.1 Introduction

The fabrication of TiO, nanotubular layers by the electrochemical anodization process
has been studied extensively over the last decades. The electrochemical parameters such as
applied voltage, anodization time and electrolyte are tuned to control the tube diameter,
thickness, and morphology®™®. Furthermore, the doping of other elements into TiO,
nanotubular layer or the decoration of TiO, nanotubular layers with other metal oxide has
attracted much attention for improving the various characteristics of TiO, nanotubular
layers. For example, TiO, nanotubular layers with a minor amount of V,0s formed by
anodization of Ti-V alloy exhibit significantly enhanced capacitive properties compared
with bare TiO, nanotubular layers. These characteristic can be ascribed to the V**/\/°*
redox reaction of the V,0s phase”. Roy et al. reported that a strong and stable
enhancement of the photoelectrochemical water splitting activity for RuO,-decorated TiO,
nanotubular layers formed on the Ti-Ru alloys®.

In chapters 3 and 4, the author reported the morphology and growth of anodic oxide
layer on Ti-Ni alloy and Ti-Fe alloys that consist of Ti and transition metal. The results
clearly indicate that the morphology and growth of the layers are strongly affected by the
species and amount of the alloying element in the Ti alloys. In the present chapter, the
author examined the effect of other transition metal, Co, on the morphology of anodic
oxide layers and compared results obtained for Ti-Co alloy with those for Ti-Ni and Ti-Fe

alloys.
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5.2 Experimental

Materials examined were Ti-50 at.% Fe, Ti-49.5 at.% Co and Ti-49 at.% Ni alloy.
These alloys were fabricated by melting in an arc melting furnace. Some of alloys ingots
were homogenized at 1000 °C for 24 hours in a high vacuum. The crystal structure of the
alloys was examined using X-ray diffraction (XRD, Philips PW3040/60 X’Pert Pro). The
ingots were cut into sheet substrates with dimensions of 15x15x2mm?®. The samples were
ground with SiC abrasive papers, and then mirror-finished with diamond paste and
colloidal silica suspension. Prior to anodization, the samples were cleaned by successively
sonication in acetone, ethanol, and methanol, followed by rinsing with deionized water.
The electrochemical setup consisted of a two-electrode configuration with the alloys as the
working electrode and a platinum plate as the counter electrode. The electrochemical
anodization was carried out in an ethylene glycol electrolyte containing 0.06 M NH,F and
1.5 wt.% H,O at different voltages for various times using a high-voltage potentiostat
(Hokuto Denko HA-3001A). After the anodization, the samples were rinsed with ethanol.

The morphology of oxide layers formed by anodization was investigated using a
field-emission scanning electron microscope (FE-SEM, JEOL JSM-7001FA). The
cross-sections of the oxide layers were observed from mechanically scratched samples.
The chemical compositions of the oxide layers and the substrate were evaluated by EPMA.
After the anodization, the concentration of dissolved cations into the electrolyte was

measured by atomic absorption spectroscopy (AAS, SHIMADZU AA-6600G).

5.3 Results and discussion
In the chapters 3 and 4, the author reported the growth of nanotubular oxide layers on
Ti-Ni and Ti-Fe alloys. The results revealed that the morphology and growth of anodic

oxide layers was affected by the amount of alloying element in the substrates and
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anodization parameters such as applied voltage and anodization time. Furthermore the
author found that the morphological transition from nanotubular structures to
irregular-shaped porous structures occurs on Ti-Ni and Ti-Fe alloys.

In the present chapter, the effect of cobalt in Ti-Co alloy on the morphology and
growth of anodic oxide layers is examined and the results obtained for the Ti-Co alloy are

compared with those for Ti-Ni and Ti-Fe.

5.3.1 Crystal structure and microstructure of Ti-based alloys

In the present chapter, three Ti-based alloys with different alloying elements such as
Fe, Co and Ni were prepared in order to examine the effect of alloying element on the
growth of anodic oxide layers. Figure 5-1 shows XRD patterns obtained for the Ti-Fe,
Ti-Co and Ti-Ni alloys. It is clear that the diffraction peaks detected from (a) Ti-50 at.% Fe
alloy and (b) Ti-49.5 at.% Co alloy are attributed to the TiFe and TiCo phase, respectively.
As already mentioned in chapter 3, all diffraction peaks detected for (c) Ti-49 at.% Ni alloy
correspond to peaks originated from the B19’ martensitic phase. Figure 5-2 shows
backscattered electron micrographs of the each alloy. Although peaks assigned to
precipitates are not detected by XRD, relatively small precipitates still remain. EPMA
revealed that the chemical composition of the alloys on the rest of the surface is almost

constant independent of location.
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Fig. 5-1 XRD patterns of Ti-based alloys; (a) Ti-50 at.% Fe, (b) Ti-49.5 at.% Co and (c)
Ti-49 at.% Ni alloy.

(2)

Fig. 5-2 Back scattered images of (a) Ti-50 at.% Fe, (b) Ti-49.5 Co alloy and (c) Ti-49 at.%
Ni alloy.
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5.3.2 Growth of anodic oxide layers on Ti-49 at.% Ni and Ti-50 at.% Fe

In the present chapter, all anodization experiments were performed in an ethylene
glycol containing 0.06 M NH4F and 1.5 wt.% H,0. Figure 5-3 shows SEM images of
anodic oxide layers formed on Ti-49 at.% Ni at 50 V for various anodization time in the
electrolyte. As described in chapter 3, the morphology of anodic oxide layer changes from
nanotubular to irregular-shaped porous structures. This morphological transition is
explained by the selective anodization of Ti and resulting Ni accumulation. In the chapter 4,
anodization of Ti-50 at.% Fe was already examined in details. However, the electrolyte
used in the present work is slightly different from that used in the previous chapter 4.
Figure 5-4 shows current-time curves obtained for the Ti-50 at.% Fe in the ethylene glycol
containing 0.06 M NH,4F and 1.5 wt.% H,0O at different applied voltages. It is clear that the
current transients are quite similar to those shown in chapter 4; the current drastically
decreases in the early stage of anodization, once increases at a certain time and then
decreases to steady-state values. As discussed in chapter 4, the initial current strongly
affects the morphology of anodic oxide layers (the definition of the initial current can be
referred in chapter 4). The initial current slightly increases with increasing the applied
voltage, indicating that irregular-shaped porous oxide layers will be formed at higher

applied voltage.
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Fig. 5-3 Top-view and cross-sectional SEM images of oxide layers formed on Ti-49 at.%
Ni alloy at 50 V for (a) 5 min, (b) 20 min and (c) 60 min in the ethylene glycol
containing 0.06 M NH4F and 1.5 wt.% H,0.
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Fig. 5-4 Current-time curves recorded at various voltages and times in the ethylene glycol
containing 0.06 M NH4F and 1.5 wt.% H,0 on Ti-50 at.% Fe alloy.

Top-view and cross-sectional SEM images of resulting anodic oxide layers are
presented in Figs. 5-5 and 5-6, respectively. It is clear that after some period at 20 V
nanotubular oxide layers were formed on the alloy surface. At the higher applied voltages
such as 35 V and 50 V, however, irregular-shaped porous oxide layers were grown as
expected from the current behavior. That is, the morphological transition occurs also in this
electrolyte when the initial current becomes beyond a threshold. The threshold current is

slightly difference from that reported in chapter 4 due to the different electrolyte condition.
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Fig. 5-5 Top-view SEM images of anodic oxide layers on Ti-50 at.% Fe alloy at (a, b, ¢) 20
V for 5, 20, 60 min, (d, e, f) 35 V for 5, 20, 60 min and (g, h, i) 50 V for 5, 20, 60
min in the ethylene glycol containing 0.06 M NH4F and 1.5 wt.% H,0.
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Fig. 5-6 Cross-sectional SEM images of anodic oxide layers on Ti-50 at.% Fe alloy at (a, b,
c) 20 V for 5, 20, 60 min, (d, e, f) 35 V for 5, 20, 60 min and (g, h, i) 50 V for 5,
20, 60 min in the ethylene glycol containing 0.06 M NH,4F and 1.5 wt.% H,0.

5.3.3 Effect of cobalt in Ti-Co alloy on the morphology of anodic oxide layer

Figure 5-7 shows current-time curves obtained during the anodization of Ti-49.5 at.%
Co in the ethylene glycol containing 0.06 M NH4F and 1.5 wt.% H,O. It is clear that the
current behavior exhibits the typical sequence for the nanotube formation, that is, the
current significantly decreases in the early stage of the process, then increases once and
finally decreases to a steady state current. As apparent, higher steady state current is
observed at higher applied voltage on Ti-49.5 at.% Co and furthermore, the steady state
current is relatively higher for the Ti-49.5 at.% Co compared to those obtained for the

Ti-49 at.% Ni and Ti-50 at.% Fe.
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Fig. 5-7 Current-time curves recorded at various voltages and times in the ethylene glycol
containing 0.06 M NH4F and 1.5 wt.% H,0O on Ti-49.5 at.% Co alloy.

Morphology of resulting oxide layers is summarized in Fig. 5-8 for top-views and in
Fig. 5-9 for cross-sections. Obviously nanotubular oxide layers formed on the Ti-Co alloy
under all anodization conditions, that is, the completely different behavior in the case of
the Ti-Co alloy from the cases of the Ti-Ni and the Ti-Fe is observed. Nanotube diameter
and layer thickness of nanotubular oxide layer on the Ti-Co alloy slightly increase with
increasing applied voltage as similar to pure Ti. However, detailed observation on the
oxide layers reveals that the nanotubular structures become disordered as anodization time
proceeds although the framework of the nanotubular structures still remains. Furthermore

despite relatively high anodic current on the Ti-Co alloy compared to those on the other
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alloys, the thickness of nanotubular oxide layers on the Co-containing Ti alloy is not so
different from those for Ti-Fe and Ti-Ni alloy.

EPMA analysis revealed that the nanotubular oxide layers formed on the Ti-Co alloy
consists of a mixture of titanium oxide and cobalt oxide. It is known that cobalt oxides are
electrocatalytically active. Therefore, it is found that some part of the anodic current shown
in Fig. 5-7 may contribute for water oxidation. The oxygen evolution due to the water
oxidation reaction may be related to the disordering of nanotubular structure with
anodization time. In the present work the dissolution of cation into electrolyte during
anodization was examined with AAS. Figure 5-10 presents dissolved cation into the
electrolyte during anodization of the Ti-Co alloy at 50 V for different anodization times. It
Is evident that the total amount of dissolved cations with increasing anodization time, in
particular the dissolution of Co significantly increases with anodization time. This rapid
dissolution can be related to the disordering of nanotubular structure with time. Therefore,
it is concluded that the reactivity of constituent oxide in anodic oxide layers also affects the

morphology of the layers.

85



Fig. 5-8 Top-view SEM images of anodic oxide layers on Ti-49.5 at.% Co alloy at (a, b, ¢)
20 V for 5, 20, 60 min, (d, e, f) 35 V for 5, 20, 60 min and (g, h, i) 50 V for 5, 20,
60 min in the ethylene glycol containing 0.06 M NH4F and 1.5 wt.% H,0.
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Fig. 5-9 Cross-sectional SEM images of anodic oxide layers on Ti-49.5 at.% Co alloy at (a,
b, ¢) 20 V for 5, 20, 60 min, (d, e, f) 35 V for 5, 20, 60 min and (g, h, i) 50 V for 5,
20, 60 min in the ethylene glycol containing 0.06 M NH,4F and 1.5 wt.% H,0.
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Fig. 5-10 The total amount of dissolved cations during the anodization of the Ti-49.5 at.%
Co alloy at 50 V for various time.
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5.4 Conclusion

In the present chapter, the author examined the morphology and growth of anodic
oxide layers formed on the Ti-based alloys containing different transition metals by
anodization in the ethylene glycol containing 0.06 M NH4F and 1.5 wt.% H,0O. The
morphology of anodic oxide layer on Ti-Ni and Ti-Fe alloy is changed from nanotubular
structures to irregular-shaped porous structures. This is attributed to the selective
anotization of Ti in Ti-Ni substrate and initial current density during the anotization of
Ti-Fe (as discussed in chapters 3 and 4). In the case of Ti-Co alloy, on the other hand, the
morphology of nanotubular structures also changed to disordered-shaped structures
although the framework of nanotubular structures still remains. This transition is attributed
to the preferential dissolution of cobalt oxide in the nanotubular oxide layers formed on
Ti-Co alloy. Therefore, it is concluded that the reactivity of constituent alloying element in

Ti-based alloys strongly affects the morphology of the anodic oxide layers.
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Chapter 6 Effect of microstructure on the growth of anodic oxide

layers on Ti-Ni alloy

6.1 Introduction

Ti-Ni shape memory alloys (SMA) exhibit two unique properties; a shape memory
effect and superelasticity’ ?. Owing to these properties, Ti-Ni alloys have been extensively
studied for various applications in actuators, sensor and in biomedical devices®®. Amongst
them, eager demand comes from medical applications. However, the Ni ion release from
Ti-Ni alloy induced by corrosion would induce allergenic reaction and toxic responses if its
concentration in the human body exceeds a certain limit®. In order to circumvent the
problem, anodization was examined to form protective compact oxide layers on the alloy
surface” ®. More recently, a different morphology of anodic oxide layer has been reported
for a Ti-Ni alloy, so-called nanotubular oxide layers. The formation of nanotubular oxide
layer was firstly realized by Assefpour-Dezfuly et al and Zwilling et al for Ti and its alloy
and then have been formed for a wide range of metals and alloys®%. Numerous researches
have targeted not only practical applications of nanotubular oxide layer but also
fundamental studies on nanotube formation. So far various electrochemical parameters for
anodization as well as metallurgical factors have been examined mainly for pure Ti. The
effect of electrochemical parameters on the morphology and growth of nanotubular oxide
layer on a Ti-Ni alloy were also studied. However, metallurgical factors on the growth of
nanotubular oxide layer on Ti-Ni alloy have not been clear yet. Therefore, the author
examined the effect of Ni content in Ti-Ni alloy on the morphology and growth of anodic
oxide layer and found peculiar growth behavior, that is, morphological transition from

nanotubular structures to irregular-shaped porous structures occurs as described in chapter
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3. The present chapter reports the growth of anodic oxide layers on Ti-Ni alloys with

different microstructures.

6.2 Experimental

Ti-xNi alloys (x = 49.0 and 52.2 at.% Ni) used in the present study were fabricated in
an arc melting furnace from Ti sheets of 99.5% purity and Ni sheets of 99% purity. The
alloy samples fabricated were subjected to homogenization at 1000 °C for 24 hours under a
high vacuum atmosphere. After the homogenization, samples were cold-worked with a
reduction rate of 20% and some of the samples were subsequently heat-treated at 500 °C
for 1 hour. Prior to anodization, all samples were ground with SiC abrasive papers, then
mirror-finished with diamond paste and colloidal silica, finally followed by
ultra-sonication in acetone, ethanol, and methanol, successively, and rinsing with deionized
water. The electrochemical setup consisted of a two-electrode configuration. A platinum
plate was used as the counter electrode. The samples were pressed against an O-ring on the
electrochemical cell, leaving the area of 0.785 cm? to an electrolyte. The electrolyte used
for anodization was an ethylene glycol electrolyte containing 0.06 M NH4F and 1.5 wt.%
H,O. The anodization was carried out at 50 V for different anodization times using a
high-voltage potentiostat (Hokuto Denko HA-3001A). After the anodization, the anodized
samples were rinsed with ethanol. Top-view and cross-sectional images of oxide layers
formed on the samples were investigated using a field-emission scanning electron
microscope (FE-SEM, JEOL JSM-7001FA). The crystal structure and chemical
composition of as-rolled and heat-treated Ti-Ni alloys were characterized by X-ray
diffraction (XRD, Philips PW3040/60 X’Pert Pro) and electron probe micro analyzer

(EPMA, JEOL JXA-8800R), respectively.
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6.3 Results and discussion

In the chapter 3, the author reported the growth of nanotubular oxide layers on various
Ti-Ni alloys. The results revealed that the morphology and growth of anodic oxide layers
were affected by Ni content in the substrates and anodization time rather than the crystal
structure of the substrate. Furthermore the author found that the morphological transition
from the nanotubular structures to the irregular-shaped porous structures occurs on Ti-Ni
alloys due to the selective anodization of Ti and resulting Ni accumulation at the interface
between the alloy substrate and the formed oxide layer.

In chapter 2, on the other hand, the author clearly demonstrated that the
microstructure of Ti substrate strongly changes the growth of TiO, nanotubular layer. In the
present chapter, the effect of microstructure on the morphology and growth of anodic oxide

layers on Ti-Ni alloy is examined and discussed.

6.3.1 Characterization of as-rolled and heat-treated Ti-Ni alloys

Figure 6-1 shows XRD patterns of as-rolled and heat-treated Ti-49.0 at.% Ni and
Ti-52.2 at.% Ni alloy. As described in 6.2 the as-rolled samples were prepared by the
homogenization at 1000 °C for 24 hours, and subsequent cold-work with the reduction
ratio of 20 %. On the other hand, the heat-treated samples were additionally subjected to
the heat-treatment at 500 °C for 1 hour after the cold-work. From Fig. 6-1 (a), it is evident
that the all diffraction peaks obtained from the Ti-49.0 at.% Ni are attributed to the B19’
martensitic phase whereas the Ni-rich alloy (Fig. 6-1(b)) of the Ti-52.2 at.% Ni exhibits
peaks ascribed to the B2 austenitic phase, indicating that the crystal structure of the Ti-Ni

alloys is not influenced by heat-treatment of substrate.
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Fig. 6-1 XRD patterns of as-rolled and heat-treated (500 °C 1h) Ti-Ni alloys; (a) Ti-49.0 at.%
Ni alloy and (b) Ti-52.2 at.% Ni alloy.

Figure 6-2 shows backscattered electron micrographs of the Ti-49 at.% Ni and Ti-52.2
at.% Ni alloys. From Fig. 6-2, two distinct areas are observed in the micrographs. It was
revealed from EPMA analysis that the dark areas are found to be Ti;Ni precipitates and the
bright areas are Ti-Ni matrix. No peaks assigned to the Ti,Ni were observed in the XRD
patterns as shown in Fig. 6-1 due to the small volume fraction of the precipitates. The
volume fraction and average size of precipitate in the Ti-49.0 at.% Ni increase from 0.96%
and 1.8 pm to 4.80% and 5.6 pum after heat-treatment at 500 °C for 1 hour, respectively.
Those of the Ti-52.2 at.% Ni alloy also increased from 0.54% and 1.5 um to 1.0% and 1.6
um. That is, the volume fraction and size of precipitate increase after the heat-treatment.
The microstructure of as-rolled and heat-treated samples is presented in Fig. 6-3. The
average grain sizes observed in Fig. 6-3 (a)-(d) were estimated at 11.2, 7.1, 8.2 and 5.1 um,
respectively. It is clear that the grain size of the as-rolled samples is larger than that of the

heat-treated samples, in order words, the heat-treatment decreased the grain size.
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Fig. 6-2 Back scattered images of (a) as-rolled and (b) heat-treated (500 °C, 1h) Ti-49.0
at.% Ni and (c) as-rolled and (d) heat-treated (500 °C, 1h) Ti-52.2 at.% Ni alloy.

Fig. 6-3 Microstructures of (a) as-rolled and (b) heat-treated (500 °C, 1h) Ti-49.0 at.% Ni
and (c) as-rolled and (d) heat-treated (500 °C, 1h) Ti-52.2 at.% Ni alloy.
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6.3.2 Growth of nanotubular oxide layers on Ti-Ni alloys with different
microstructures
Figure 6-4 shows the current-time curves recorded for the as-rolled and heat-treated

Ti-Ni alloys at 50 V for 20 min in the ethylene glycol containing 0.06 M NH,4F and 1.5 wt.%
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Fig. 6-4 Current-time curves recorded at 50 V for 20 min in the ethylene glycol electrolyte
containing 0.06 M NH4F and 1.5 wt.% H,O on (a) as-rolled and heat-treated
Ti-49.0 at.% Ni and (b) as-rolled and heat-treated Ti-52.2 at.% Ni alloy.

As apparent from Fig. 6-4, similar current behavior is observed for as-rolled and
heat-treated Ti-Ni alloys. In addition, the current density of heat-treated Ti-Ni alloys is
larger than that of the as-rolled Ti-Ni alloys. Top-view and cross-sectional SEM images of
the oxide layers formed on the Ti-49.0 at.% Ni and Ti-52.2 at.% Ni alloys at 50 V for 5 min
in the ethylene glycol electrolyte containing 0.06 M NH4F and 1.5 wt.% H-0O are presented
in Fig. 6-5. It is obvious from the cross-sectional images that the oxide layers exhibit
tubular structure, although such tubular structure is not observed from the top-views due to
the remaining initiation layer. The thickness of nanotubular oxide layers formed on the

heat-treated Ti-Ni alloy substrates is slightly larger compared to that for the cold-worked
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samples. This is clearly attributed to larger electric charge generated during the anodization

of the heat-treated alloys for 5 min.

Fig. 6-5 Top-view and cross-sectional SEM images of oxide layers formed on (a) as-rolled
and (b) heat-treated Ti-49.0 at.% Ni and (c) as-rolled and (d) heat-treated Ti-52.2
at.% Ni alloy at 50 V for 5 min in the ethylene glycol containing 0.06 M NH4F
and 1.5 wt.% H,0.
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Furthermore, the morphology of nanotubular oxide layers on the Ti-Ni alloys has
changed with increasing anodization time. Figure 6-6 presents SEM images of anodic
oxide layers on the alloys after 20 min. It is found that all samples exhibited the formation

of irregular-shaped porous oxide layers underneath the nanotubular oxide layers.

AR NGk

Fig. 6-6 SEM images of oxide Iéyers formed on (a) as-rolled and (b) heat-treated Ti-49.0
at.% Ni and (c) as-rolled and (d) heat-treated Ti-52.2 at.% Ni alloy at 50 V for 20
min in the ethylene glycol containing 0.06 M NH4F and 1.5 wt.% H,0.
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Although after the heat-treatment the thickness of irregular-shaped porous oxide
layers formed on the heat-treated Ti-Ni alloys is similar to that on the as-rolled Ti-Ni alloys,
the thickness of nanotubular oxide layers is significantly higher for the heat-treated alloys
than that for the as-rolled alloys. That is, the heat-treatment of substrate accelerated the
growth of nanotubular layers, which are related to the generated current density during
anodization. As mentioned above, higher current was generated for the heat-treated alloys
compared to for the as-rolled alloys, leading to the enhanced growth of nanotubular oxide
layer observed for the heat-treated alloys. In addition, precipitate size and volume fraction
of precipitate increased after the heat-treatment. From the result it might be deduced that
the migration of defects might be inhibited during the heat-treatment by precipitate, which
implies that defects could be stacked near precipitates. Therefore, it is found that stacked
defects in Ti-Ni alloys may contribute to the higher current for the heat-treated alloys,
leading to the enhanced growth of nanotubular oxide layer. Further experiments are

required to clarify this point.

6.4 Conclusion

In the present chapter the author examined the effect of microstructure on the growth
of anodic oxide layers formed on Ti-Ni alloys by anodization in the ethylene glycol
containing 0.06 M NH4F and 1.5 wt.% H,O. The microstructure of alloys was controlled
by heat-treatment. The volume fraction and size of precipitate in the Ti-Ni alloys increased
after the heat-treatment. The increased size and fraction of precipitate may cause the
accumulation of defect near precipitate, which will contribute the higher current generated
for the heat-treated alloys. As a result, the enhanced growth of nanotubular oxide layer

would be achieved on the alloys.
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Chapter 7 Conclusions

In the present study, the author has investigated the effect of substrate microstructure
and composition on the morphology and growth of anodic oxide layers on the pure Ti and

its alloys. As a result, the following conclusions have been derived.

Chapter 1

The author has introduced the overview of the growth of anodic oxide layers,
particularly focusing on the effect of various anodization parameters such as applied
voltage, pH of electrolyte, anodization time, the chemical composition and microstructure

of substrate, followed by the purpose of the present thesis.

Chapter 2

The chapter 2 reports the growth of anodic oxide layers formed on pure Ti with
different microstructures. The microstructure of Ti substrate was changed by the
heat-treatment in different atmosphere (in air or Ar) and the ARB process. Nanotubular
oxide layers were formed on all Ti substrates regardless of the microstructure. In the case
of heat-treated specimens, the thickness of nanotubular oxide layers decreased with
increasing the heat-treatment duration and temperature in both atmospheres (Air and Ar).
The atmosphere also affected the growth of TiO, nanotubular layer, that is, the nanotubular
layer formed on the air heat-treated substrates was thicker compared to that on the Ar
heat-treated substrates. On the other hand, in the case of ARB treated substrates, the
thickness of nanotubular oxide layers increased with increasing ARB cycle. These indicate
that the growth of nanotubular oxide layer is affected by the microstructure of substrate,

that is, the increased defect in Ti substrate results in the enhanced growth of nanotubular

101



oxide layer whereas the growth of the layer becomes slower when the defect in the

substrate is decreased by heat-treatment.

Chapter 3

In the chapter 3, the effect of Ni content in Ti-Ni alloy on the growth of anodic oxide
layers is investigated using Ti-Ni alloys containing different Ni contents. The Ti-49.0 at.%
Ni alloy is in the martensitic phase whereas Ti-51.1 at.% Ni, Ti-52.2 at.% Ni and Ti-52.5
at.% Ni alloys are in the austenitic phase. Nanotubular oxide layers are formed on all Ti-Ni
alloys for a short time (5 min). However, for further anodization (20 min), the
irregular-shaped porous oxide layers are grown underneath the nanotubular oxide layers.
After 60 min, only the irregular-shaped porous oxide layers remain due to the dissolution
of the nanotubular layers. This morphological transition is observed on all Ti-Ni alloys
examined and occurs faster for higher Ni content alloy. These results indicate that the
morphology of anodic oxide layer on the Ti-Ni alloys is affected by the chemical

composition of substrate rather than the crystal structure.

Chapter 4

The chapter 4 reports the growth of anodic oxide layers on the Ti-Fe alloys with
different Fe content. Anodization of pure Ti, the Ti-10 at.% Fe and Ti-70 at.% Fe alloys at
30 V for 3 hours results in the formation of nanotubular oxide layers, whereas on the Ti-50
at.% Fe alloy an irregular-shaped porous oxide layer is formed under the same anodization
condition. On the Ti-50 at.% Fe alloy, nanotubular oxide layer is formed at the lower
voltage of 10 V and furthermore irregular-shaped porous oxide layer is grown on the Ti-50
at.% Fe alloy at the higher voltage of 50 V, indicating that the morphology of anodic oxide

layers depends on applied voltage. These morphological transitions are related to the initial
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current during the anodization, that is, nanotubular oxide layers are formed at low initial
current whereas irregular-shaped porous oxide layers are formed when higher initial
current is applied or generated. Therefore, it can be required to suppress initial current

density during anodization in order to form nanotubular oxide layers on the Ti-Fe alloys.

Chapter 5

The chapter 5 the author examines the effect of alloying elements on the growth of
anodic oxide layers formed on Ti-based alloys, especially the effect of Co is focused. The
morphological transition from nanotubular structures to irregular-shaped porous structures
is observed on the anodic oxide layers on Ti-Ni and Ti-Fe alloys, which is attributed to the
preferential oxidation of Ti in the Ti-Ni alloy substrate and the generated initial current
during the anodization, respectively. On the other hand, the morphology of anodic oxide
layer on Ti-Co alloy exhibits the different transition — from ordered nanotubular to
disordered nanotubular structure — although the framework of nanotubular structures still
remains even after extended anodization of 60 min. This morphology transition is
explained based on the preferential dissolution of cobalt oxide from the nanotubular oxide
layer. Therefore, it is concluded that the reactivity of constituent element in Ti-based alloys

strongly affects the morphology of the anodic oxide layers.

Chapter 6

In the chapter 6, the growth of anodic oxide layers formed on the Ti-Ni alloys with
different microstructure is investigated. The microstructure of the alloys is changed by the
heat-treatment of as-rolled substrates at 500 °C for 1 hour. After the heat-treatment, the size
and volume of precipitate in the alloys are slightly increased. The change of microstructure

affects current behavior during anodization. Higher current is generated for the heat-treated
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alloys compared to as-rolled alloy. The increased size and fraction of precipitate may cause
the accumulation of defect near precipitate, which would contribute to generate the higher
current for the heat-treated alloys. As a result, the growth of nanotubular oxide layer is

found to be enhanced on the heat-treated alloys.

Additionally, the author hopes that the knowledge on the effect of substrate
microstructure and composition on the growth of anodic oxide layers obtained in this study
will be useful for the alloy design for functional electrodes based on TiO, nanotubular

oxide layers
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