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ABSTRACT

EFFECTS OF ANODIZING PARAMETERS ON THE
FORMATION OF TITANIUM DIOXIDE NANOTUBE ARRAYS
ON Ti6Al4V ALLOY

Bolukoglu, Zeynep Ayca
M.S., Department of Metallurgical and Materials Emgring
Supervisor: Prof. Dishak Karakaya
August 2015, 65 pages

Titanium dioxide thin films with nanoporous struets recently gained great interest
due to their large surface area and high reactpioperties in their applications. One
of the methods used to form titanium dioxide nanastres is anodizing the surface
of titanium and its alloys in F- ion containing ei®lytes. Effects of hydrofluoric
acid (HF) concentration (0.1 to 0.5 wt.%), anodizpotential (10 to 30 V) and time
(30 to 180 minutes) on the titanium dioxide nanetédrmation were investigated by
anodically oxidizing Ti6Al4V alloy in this study. c&nning electron microscopy
(SEM) images were used to detect and monitor tlpaanof different experimental
conditions. In addition, photovoltaic effects fraanwell-defined cell were used to
infer comparative information on the total surfaame@a of nanotubes. The results
indicated insignificant effects of HF concentratiamd anodizing duration on
nanotube diameters but direct proportionality todiring potential.

Keywords: Titanium Dioxide Nanotubes, Anodic Oxidat Nanotube Diameter



Oz

Ti6AI4V ALA SIMI UZER iINDE ANODIK OKSITLEME
YONTEM 1 iLE OLU STURULAN T ITANIYUM OKSIT
NANOTUPLER iNi ETKiLEYEN OKSIiTLEME DE GiSKENLER i

Bolukoglu, Zeynep Ayca
Yuksek Lisans, Metalurji ve Malzeme MuhendisBolimu
Tez Yoneticisi: Prof. Drishak Karakaya
Agustos 2015, 65 sayfa

Nanog6zenekli yapiya sahip titanyum oksit ince t@moldukca yuksek ylzey
alanina sahip olmalari ve yiksek reaksiyona ginebiyetenekleri sayesinde buyuk
ilgi ceken bir argtirma konusudur. Titanyum oksit nanotip gluma
yontemlerinden biri F- iyonu iceren elektrolit lkadlarak yapilan anodik
oksitlemedir. Bu cajmada Ti6Al4V alaimi tzerinde titanyum oksit nanotip ince
film olusumundaki HF konsantrasyonunun (0,1 ile O,pirlk¢ca %), anodik
potansiyelin (10 ile 30 V) ve zamanin (30 ile 18&ki#a) etkileri incelenmstir.
Deney kaullarinin etkileri taramali elektron mikroskop gdtileri ile
deserlendirilmitir. Ek olarak, nanotuplerin toplam yuzey alaninrbbi ile
kiyaslanmasi icin, Uretilen ince filmlerin fotoelek ozellikleri incelenmgtir.
Sonugclar, HF konsentrasyonunun ve anodik oksitleiimesinin olgan TiG, nanotip
caplarina 6nemli etkisinin olmatini ve oksitleme potansiyelinin ghurulan TiQ
nanotup caplariyla dou orantili oldgunu gosternstir.

Anahtar Kelimeler: Titanyum OKksit, Titanyum Oksiahbtip, Anodik Oksitleme
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CHAPTER 1

INTRODUCTION

Structural size reduction to the nanometer restalses increment of materials and
methods which have unrivaled physical and chenpcaperties in many scope of
science and technology [1, 2]. Nanostructured metdde materials of different
physical and chemical properties have been usetyénsensitized solar cells [3],
water electrolysis [4], and photocatalysis [5]. 3&@pplications are environmentally
friendly where sunlight is converted to electricityolar energy, chemical fuel
(hydrogen) and organic pollutants are degradedtmless species.

There are various kind of oxide nanotube formatib@, nanotube structure can be
achieved by three main fabrication routes nameadpate method, hydrothermal
method and electrochemical anodization methodJéYeral investigations involving
carbon nanotube formation took place after 1990pr&viously mentioned template
type of nanotube formation was conducted at 1996 lydrothermal approach of
oxide nanotube formation was investigated aften tbther formation techniques.
Until 1999 nanotube formation by anodization is notvestigated. The first
electrochemical generation of self-organized oxmd@otubes by anodization was
informed in 1999 [7]. A timeline describing the edypment of nanotubular

structures is shown in Figure 1.1.

In anodization of titanium, a sufficient potential applied between a anode and a
cathode in F containing aqueous electrolyte. After electricaltgmtial applied,
compact titanium dioxide layer on the surface efanode took place immediately.



Carbon Template || Hydrothermal
Nanotub: Synthesis|| Approach Anodizing
199(C 1991 199¢ 199¢ 199¢

»

Figure 1.1 A simplified timeline describing the edapment of metal oxide nanotube
synthesis techniques [8].

After initiation, which means compact oxide layerrhation at the surface of the
base material, ion migration figure out increasehef thickness of the oxide layer.
The expansion of anodic oxide portion is resolvgdthe field-aided transport of
mobile ions through the oxide layer. Dependinglenmigration rate of the involved
ionic species, the growth of new oxide either pemse at the metal/oxide or
oxide/electrolyte interface. In the presence ofd#-in the electrolyte, Ti4+ and F-
ions form a water soluble hexafluorotitanate §JiFspecies according to equation
(1.12).

TiO, + 6F~ + 4H* - TiF? + 2H,0 [9] (1.1)

Porous titanium dioxide growth mechanism causes oapetition between
dissolution and formation of oxide layers. This dexilayers leads to a regular
columnar structure growth of Tiilm until the steady state condition is achieved.

Generally, the pore or tube radius of Ti metalubstrate systems are known as
directly proportional to the applied anodic potahtin addition, it is claimed that the
effect of fluoride ion amount in the electrolyte tube and pore geometry is minor

and almost no dimensional change observed [7].

Anodizing duration is an important factor for tlrhation of nanotubes aridF2-
water soluble ion. Previous investigations showed,thanotube formation was not
detected within 30 min. anodizing duration indéntaining electrolytes [8-10]. For

longer anodization processes, there is no limitinge for the growth of nanotubes
2



reported in literature. A 24 h. anodizing duratwithout retrogradation in nanotubes
was reported [8].

At low anodizing voltages like 3 V and in only HBalance water) containing
electrolytes, etching and pore formation occurnedhe surface of titanium. Up to 20
V anodic oxidation potential nanotube structurenfation occurs. However, when
potential increase from 20 V, titanium dioxide naube layer stars to dissolved.
Dissolution of oxide layer cause thinning and dmsgrance of formed nanotube
structure. [10].

Among titanium alloys, Ti6Al4V is investigated ersvely due to its
biocompatibility. A wide range of nanostructured temals are being used in
biological applications, to enhance the growthisgues or stop infection. However,
most of the studies on TiOnanotube formation involved the use of pure Ti
substrates [1, 3, 7, 8 — 11]. Information on anadiciation of Ti6AI4V alloy is very
limited and uses high concentration HF electrolyteshout HSO, [6, 10].
Therefore, titanium dioxide nanotube growth on Ti#®Aalloy by anodizing in low
concentration HF electrolytes in the presence ¢5® was investigated in this
study. The aim of this study was to investigatedfiects of the anodizing potential,
duration and HF addition to 1 M,B0O; containing electrolyte on the titanium
dioxide nanotube diameter and obtain comparatifenmation for the surface areas
of the oxide nanotubes by photovoltaic measurements






CHAPTER 2

LITERATURE REVIEW

In this chapter, anodization definition, its mecdkan specific reaction of TiD
anodization, nanotube formation mechanism, the mpaters that effects the
formation of TiQ nanotubes and their diameters, thicknesses ancltried
properties of TiQ nanotubes will be given. In addition, its applicas and
photoelectrical behavior of the Ti@vere briefly mentioned to enlighten the purpose
of the investigation of the effects of anodizingrgraeters on the formation of
titanium dioxide nanotube arrays on Ti6Al4V alloy.

2.1 Anodization

Anodization is an electrochemical passivation pdoce, which makes increment of
naturally formed oxide layer thickness of the netdlhe process performed in the
existence of an electrical circuit where the megatt treated forms the anode.
Anodizing is a widely used process in industryoréase the corrosion resistance
and wear resistance of metals. Anodized parts aigqu easier than bare metals.
Anodic films mostly applied to aluminum alloys. Adioally oxidized films on the
surface of the metals are stronger and more atiatiae other coating, plantings and
paints [11].

Anodization is a very useful technique to form &alprotective and dense oxide
layer on Al, Fe, Ti or Zr kind of valve metals atieeir alloys. During anodization
process ion migration occurs through the solid gilpromoted by an electric field.
Electrochemical method is preferred to be usedhethighly ordered parallel porous
oxide morphology or ordered pure of oxide nanotyb2s



2.2 Anodizing Mechanism

Electrochemical anodization method of transitiortateeto form congruently coarse
oxide layers has been full filed for many decadsslf-organized oxide nanotube
layer or ordered nanopore assemblies have beeledtoly recently [7]. Most valve
metals have naturally formed oxide layer at micopsc level. Anodization under
high field mechanism leads to increase the thické®xide layer. There are mainly
four different oxide morphologies that can be atedi by anodization process as

shown in Figure 2.1.

m— V=X X=X
= oo oo o

RS-

: By all Hl,l'
Oxide Random porous Oriented porous Oriented tubular
oxide oxide Oxide

AT TS

Figure 2.1 Morphologies of oxides which can be oiatéh by electrochemical
anodization of metallic titanium (a) a compact @&idm, (b) a disordered
nanoporous layer, (c) a self-ordered nanoporoid)a self-ordered nanotube layer

[6].

During formation of thick metal oxide, water comiag electrolyte ionize to Hand
O* while metal is oxidized (from Mto M**) at the metal oxide interface. The
ionized metal ions (M) migrate outwards under the applied field ®ns move
toward the metal oxide interface. In this mechanismansfer numbers of Dand
metal ions determine the growth of the oxide laymth at the outer and the inner

oxide interfaces. This process is self-limiting andonstant applied voltage because
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increment in the oxide layer is decreased as thdeolayers become thicker.
Minimization of field strength guide to the increm@f oxide layer. The thickness of
the oxide nanotube is reported to be proportiom#hée applied potential.

The most common metal for the self-ordering porealre metal anodization is
aluminum. Highly ordered porous8); layers thickness are increased anodically on
Al surfaces. The pH of the electrolyte is importémt the formation of the porous
oxide layers. Especially for Al metals, the poraxsde layer formation disappear
and compact oxide formed under neutral and/or iakkadlectrolytes [13].

The existence of a self-ordering process is veriist) from an electrochemical
aspect. The main point affect the growth of porouwstrix and there are several
factors such as electrolyte (pH), voltage, tempeeatand the presence of impurities
in the material [14]. When a voltage appeared betwanode and cathode, electrode
reactions (oxidation and reduction) cause the geioer of compact metal oxide
layer on the surface of the anode. One of the nmogbortant advantages of
anodization is simplicity of process. A schemaggpresentation of an anodization

cell is shown in Figure 2.2.

The anodized layer on the surface of the metalavgtoy transferring linear current
through an electrolyte by using the metallic samas the anode (the positive
electrode). Hydrogen is carried out at the cathadé oxygen is formed at the
surface of the metallic substrate during growthogide layer. Anodizing current
varies according to area of the metal being anddiaad electrolyte content.
Electrolyte composition, acidity, solution temperat and current are the main

parameters that control the formation of oxide faye



Figure 2.2 Schematic representation of an anodizatig

2.3 Anodic Oxidation of Titanium

In anodization process, current flow from cathaméhe anode is possible by using a
power source. The anodization can be carried ouadplying a constant potential

difference between anode and cathode, which isdalbtentiostatic mode, preferred
in this study.

Field-aided transport is dominant for the formatafranodic oxide layer and confirm
by the ions in effect to the oxide layer as showirigure 2.3. Anodic oxide growth
on transition metals materialized long similar mss where oxide formation and
growth is controlled by field-aided ion transpo@*(and Tf* ions) through oxide
layer. The increase in the oxide layer progressetal-oxide or at oxide-electrolyte
interfaces depending on migration rate of the imedlionic species (T, O%).

Firstly, ionization of metal atoms occurs at the@ surface which leads to electron
flow from the metal to the cathode due to the exise of external circuit. lonized
metal atoms react with oxygen-containing anionsnfithe electrolyte. As a result

oxide solid film grows at the beginning of the aization process.
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Figure 2.3 Schematic diagram of ions diffusing urateelectric field (E).

After the formation of the first oxide layer, theogvth of this layer continues by the
reaction of metal cations and oxygen containingm@i Metal cation formation
occurs at the metal/film interface and oxygen coing anions exists at the
film/electrolyte interface.

The chemical reactions driven by electrical fielatidg titanium metal anodization

process are described as [15]:

At Ti/TiO» interface:

Ti-> Ti** +2e” (2.1)
At TiOJ/electrolyte interface:
2H,0 - 20%* + 4H* (2.2)
2H20 d 02 + 4H+ + 4e” (23)
At both interfaces:
Ti%* + 202~ - Ti0, + 2e” (2.4)



2.4 Experimental Details

Zwilling and his coworkers grew the first self-ongged, highly-ordered tubular T3O
nanostructures by anodization of titanium and titamalloy in F ions containing
electrolytes [16, 17]. Grime’s group explained thamation of TiQ nanotube arrays
and the effects of hydrofluoric acid (HF) concetna in electrolyte and applied
voltage by using SEM images of oxide layers [18].l0%v pH electrolyte was
sufficient to create porous oxide layer on the axefof aluminum and its alloys.
However, a low pH was not sufficient to solvatiz#*Tand cannot create porous
oxide layers under almost all anodization condgiam titanium. Compact oxide
layers were obtained on titanium subjected to emagl at low pH values [14].
However, the situations become different in thestexice of fluoride ions. Some of
the key features of fluoride ions are;

1. They are able to form water-soluble §F complexes. The complex
formation aids the prevention of Ti-oxide layerrf@ation at the tube bottom,
but this also leads to mild but permanent chendésdolution of the formed
TiO,.

2. Due to the small ionic radius, fluorides are aldeenter the growing Ti©
lattice and be transported by the applied fieladtigh the oxide (competing
with O%) to the metal-oxide interface [19].

Porous titanium oxide growth mechanism which carsdxn in Figure 2.4 causes a
competition between dissolution and formation ofledayers that leads to a regular

columnar structure growth of TiQilm until the steady state condition is achieved.
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Figure 2.4 Schematic diagram of oxidation and dig&m reactions of titanium
containing metal in the presence of fluoride iothe electrolyte.

The volume of the oxide that is formed during amation reaction is larger than the
space available to replace the volume of missintain&his create stress between
oxide and base metal and volumetric expansion asctiicial mechanism for the

formation of the nanotubular structure. Small fide anions can easily diffuse to
oxide metal interface by the help of the field di®ition which is concentrated at the
inner tube bottom as shown in Figure 2.4. Additipdocal acidity changes are

observed during typically anodization processesraimydrolyzed cations cause pH
drop at the pore tip and enhance chemical dissoluf oxides [20, 21].

At the begining of the process, an oxidized stagen$ on the top layer of Ti. If
fluoride ion exists on the solution, compact oxialger decompose and pitting occur
by the reaction (1.1).

Self-organized nanotube generation is possibleistence of chemical dissolution.
Due to chemical dissolution, the barrier oxide tagl@ckness decreased and the
oxide layer electrochemically etched. This proczdked field assisted oxidation and
dissolution. Nanotubes generation cannot be deteatetoo high and too low
chemical dissolution. The electrochemical etchingpprty hang on anodic oxidation
potential and concentration of the electrolytethié electrochemical etch proceeds

faster than the chemical dissolution, the thicknekshe barrier layer increases,
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which in turn reduces the electrochemical etchimecess to the rate determined by
chemical dissolution [22].

Pore formation Increasing pore formation
Compact TiO, l
— l_LL._]1 l l l TiO,
Ti Ti Ti

t

Self organized nanotubes

Ti

t,

Figure 2.5 Stages during formation of Fi@notube arrays in fluoride §Ron
containing electrolytes. The detailed transferpe&cses are shown at the lower right
corner.

The nanotube formation begins from small pits gateetby local dissolution as
shown in Figure 2.5. Especially at the bottom @& gits, both chemical dissolution
and electrochemical etching take place. These éaotions decrease the thickness of
the barrier oxide layer, which in turn increases ¢tectric-field intensity resulting in
further pore growth.

Selective etching take place which means diffeegciting rate of various area on the
oxide surface. Different etching rate occurs duéifferent stress performance on the
metal surface [23]. Chemically dissolved ability tbé electrolyte removes the top
pores and make the unanodized metallic area alaitabother electrically etching
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and dissolution reactions. Seperatly formed pde ditructure generate formation of
nanotubes [22].

Figure 2.6 shows the current transients (I-t cyrvesorded during anodizing the
samples at constant 20 V in 1 M$0, with the addition of different amounts of HF
[24]. In pure HSQy, the typical exponential current decay was obskmwhich can
be ascribed to the classical high field oxide faiorabehavior.
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Figure 2.6 Current time transients recorded duamgdizing titanium at a constant
voltage of 20V. (a) Pure 43Q;, (b) with 0.05 wt% HF (c) with 0.15 wt% HF, (d)
with 0.3 wt % HF and (e) with 0.4 wt% HF [24].

For electrolytes containing HF, the current episodigress clearly from (50,
curve. The current starts rising again with shotiere and at increased HF
concentrations. Furthermore, apparent quasi-stetadg-value gets higher at higher
HF concentrations. Such curves are typical of sgjnized pore formation for
aluminum and have been dedicated to different stagéhe pore formation process
[24].
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The process consists of;
i.  Current decay leading to the formation of barriede layer
il.  The current scale up due to formation of randone@d dissolubility of the
TiO; in fluoride containing solutions
iii.  Cyclic current fluctuation due to outgrowing poaasd forming oxide layers

competition.

The average amplitude of the periodical currentttlation increase with increasing
HF acid concentration [24]. Numerous studies ingidahat the thickness of TiO
layer, | is almost linearly dependent on the apgplmtential. As it is given on
equation 2.5, voltage, U is inversely proportiotmbxide film thickness I. In other

words, while field, F is constant, V decreasesinsrbases.

_u (2.5)
F_l

Since film thickness increases, the solid stateratign of ions reduces. This
reduction causes the driving force to decrease.fiflite thickness reached mainly
depends on the anodization voltage. For many tiangihe final thickness is given
by,

l=fxU (2.5)

wheref is the growth factor of the oxide and typicallythe range of 2 - 4 nm/V.
Typically the layer, which is grown at the oxidefolyte interface, consists of less-
dense oxide containing oxyhydroxides [19, 25], wtlihe layer at the metal-oxide
interface consists of dense and stable, TZB].

2.5 Controlling the Tube/pore Geometry

In general the pore or tube diameter for Ti metalibstrate reported to be linearly

interdependent on the applied anodic potentialndugrowth of metal oxide layer [9,

14, 27]. Nanotube diameters interchange from 1R5@ nm can be achieved in the
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anodization potential 1 to 45 V [9, 28]. However, i&n concentration in the
electrolyte has no significant effect on the tubbe @ore geometry of the titanium
dioxide nanotube. The major effect of iBn occurs in the formation of titanium
dioxide nanotubes [22].

According to S. Bauer et al. anodization with canstamount of kPO, (1 M) with
addition of fluoride ion less than 0.1 wt.% resufisthe generation of a compact
oxide layer [25]. At higher fluoride concentrations0.1 to 0.4 wt.% self-organized
nanotube structures of 50 nm pore diameter wasaxseWith addition of 0.5 wt.%
HF more general etching of the surface was obtaifigdnium dioxide nanotubes
formed in BPO, based electrolyte with the addition of 0.3 wt.% étfacentration at
potentials from 1 V to 25 V had self-organized pmrostructure with diameters
changing from 15 to 120 nm and length from 20 nri on [9].

For the HPOW/HF system self-coordinated formation could be eetd even at very

low voltages with web-like formation and higher tagjes produced larger tube
segregation [9]. However, the optimum formationit@nium dioxide nanotubes was
possible at 20 V anodizing potential for shortendinining times in the same anodic
oxidation potential system.

Yasuda et al. [29] found that using Ti and its w8IqTiZr) the nanopore/nanotube
diameters associated linear dependency with the-dqulfactor of the valve metal
oxide. The oxide growth at specific voltage, 20Wére determined at 0.5 M NH
containing electrolyte at various anodizing dunasiolt was found that the growth
rate of TiQ nanotube formation decreased to 2.5 nih ontil the steady state
condition was achieve@®0, 31]. Similar results were obtained by Bergeale [32]
using TiAl alloys of different compositions. Abovelation was also observed for the
formation of titanium dioxide nanotubes from anadiian investigations just HF

containing aqueous electrolytes [32].

At low anodizing voltage (like 3 V) in electrolyte®ntaining only HF, aggression
and tube generation occurs on the surface of thalnes the voltage increased to 20

V, nanotube structure was formed with an inner @izmof 100 nm, further increase
15



of applied voltage leads to rapid dissolution tdriia which results in decrement in
oxide thickness and split of the nanotubes [23)vds observed that highly ordered
titanium dioxide nanotube arrays were composedambtubes with average inner
diameters of 38, 52, and 78 nm corresponding tdl3Gnd 20 V applied potentials
respectively [33].

The importance of controlling the tube diameter Eanjth of TiQ nanotubes were
investigated by Ercan et. al. [34] in terms of bgital application with tissue growth
parameter. It has been found that the nanotube et@nwas one of the most
important properties for the antimicrobial behavids a result the formation of
anodized TiQ nanotubes of controlled geometry make the mateaaiastrong

candidate for the design in future biological apations.

2.6 Electronic Properties of TiO,

TiO; is an n-type semiconductor that has, a band gaepgrof 3.2 eV for anatase
[35, 36] and 3.0 eV for rutile, [37] or 3.2-3.5 &V its amorphous state [38]. The
relative positions of the band edges vs. some kelpx potentials were given in
Figure 2.7. Anatase had long electron life time graently, therefore, Ti® has

various functional application areas.
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Figure 2.7 Electronic structures of different metatles and relative positions of
their band edges [6].

In 1-D form, the electronic behaviors are very impot for various kind application
areas, the effect of electricity transportation yfwhe long path) through oxide to

metal material was examined. After the titanium ahé$ oxidized anodically the
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formed TiQ tubes have an amorphous crystal structure withral lgap of 3.2 eV
[21]. Electron and hole pairs can be observed @&salt of absorbed photons which
have energy of 3.2 eV at least. In order to ach&warrent in the external circuit, the
electrons have to penetrate through tube boundatlyet base metal. An amorphous
structure includes lots of defects and/or spe@fmperties. These defects behave as
snares and reunification centers for electricalndpartation. Previous photo
electrochemical studies [21] prove that amorphoi®; Ttubes have a very low
conversion efficiency.

2.7 Applications

Among all transition metals titanium dioxide (L)Ois the most comprehensively
investigated metal oxide due to its wide applicatareas including biomedical,
electrical, photochemical and environmental. JJi8@ used in implants, photo
catalysts and UV absorbers, sun screens, wateolygdr and self-cleaning coatings.

A list of titanium oxide nanotube application area®l examples is given in Table
2.1.

Table 2.1. Titanium oxide nanotube application sugad examples.

Titanium oxide nanotube application areas

Biomedical Photochemical Electrical Environmental

Electronic data

Implants Antifogging surfaces storage medium Air purification
Blomedlcal Smart surface coating Sunscreen Water treatment
coatings
Dye .
Photo catalyst synthesized Ssgtizle:nlng
solar cells 9
Water

UV absorber

hydrolysis

In general, titanium spontaneously forms a stailetective and strongly adherent

oxide layer in air or other oxygen containing eadiments, because titanium’s
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oxygen affinity is high. The naturally formed oxideeyer thickness of titanium is

several nanometers (nm) and it is morphologicallyry consisted of homogeneous
TiO, with amorphous crystalline structures of anatésgggonal), rutile (tetragonal)

and brookite (orthorhombic). Titanium dioxide (B)As a main candidate for the
nanoscale with large oxidizing power of photo proetl holes especially in solar
energy objective. In addition, titania is a low tomterial relative to its physical and
chemical properties.

The proper electrochemical yield of L@ directly related to high inner surface,
better electrically transportation and low changmsfer combination. However, this

property can be lost when TiQs in case of solid, liquid or gaseous solution
existence. Liquid electrolyte is preferable espgciahen the structure has a large
inner surface area due to nanostructure. Note dbatact with electrolyte can be

increased by the increment of inner surface areaebl oxide.

In anodization process, well-desired electrochehscdid oxide film grows on a
metal substrate. Anodically oxidized Ti@anotubes are self-organized, well-defined
and electrically connected to the metal substraldss type of self-organized
anodically oxidized nanotubes has attracted greatast previous 10 years [26]. An
anodically oxidized Ti@nanostructure represents a particular combinatioagular
and controllable nanoscale geometry of Ji@terms of tube length, diameter with
surface independent substrate. Within this framé&wthis thesis was devoted to
investigate titanium dioxide nanotube formationTa@AI4V alloy anodization with
various combinations of anodizing duration, eldgteocomposition and anodizing

voltage.

TiO2 nanotubes are linked to metallic material and greersically as mentioned in
the TiG, nanotube formation section. Nanotube structuresvgrertically due to
electrode charge direction. Nanotubes can be sgud well-defined top openings
and inside volume are regular and controllable {3,

Many of the applications given in Table 2.1 canaltebute to high internal surface

areas or shorter diffusion pathways. Catalyst, @esnson insertion are example to
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several application areas and are frequently basdtle use of nanoscaled materials.
Many of these applications could be further advdrimea nano scale geometry: such
as TiQ in photo catalysis [33, 41-43] and for Li ion leaies; [44-46] Sn@ for
sensors; [47] ZnO for photoluminescence [48] angl-signsitized solar cells [49, 50].
This property is common in almost all transitiontal® In addition to this property
biologically oxide coated metals are tolerated wglhuman body [51].

2.8 Photocatalysis (electric) and Dark Photocatalysis

TiO- is the most photo catalytically active materialjishima and Honda reported
water splitting by light on Ti@material in 1972. This resulted in opening a novel
approach in heterogeneous kind of catalysis [1]fterAthis invention, TiQ@ has
started to be used as a photocatalyst [2, 3] aisdntlaterial provides long-term
stability. TiOG, can also be used for the decomposition of undasirarganic
compounds with a very low-cost preparation techesq[#—6]. Because it has high
activity band-edge position in water environmenteTbasic principles involved in
the photocatalytic mechanism are shown in Figu8 Zhe UV light travels from
valence band to conduction band where holes amtretes will be separated. At the
end of the separation redox reaction occurs betwesmconductor and environment

interface.

Alternatively, splitting of water where 'Hand écan react with kD to form H and
O, can be achieved. At the conduction band, the swoas such that the redox
potentials for @>0% and H-> % H; are very close. In other words; Heneration
and G formation are typically competing. At the valertmand, Q can be formed
from water by various pathways, including radictdlat can react and finally form
O,. The reaction rates of the photo catalytic proegssn pure Ti@ are typically
limited by the charge-transfer process to a swatabtiox species. Therefore, at the

valence band, catalysts such as platinum are ogagmote.
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Figure 2.8. Schematic band diagram of nanostrugdtlit®, and possible
photochemical mechanisms when illuminated.

TiO2 has very suitable band-edge positions for hightgleatalytic activity and the
band gap of about 3 eV allows only UV light to deceently used. Thus, reactions
are commonly performed using suspended nanopartide nanoparticulate
electrodes. Ordered nanotube arrangements off@ugaadvantages. Moreover, the
1D geometry may allow a fast carrier transport athis less unwanted

recombination losses.

A higher photocatalytic reactivity for TgOnanotubes compared to nanoparticulate
layer was reported [52]. Optimized reaction geogndor charge transfer, UV
absorption characteristics over the tube and soluiffusion effects were the main
effects that makes TOnanotube high in photocatalytic activity. Thesedings
suggest that in the investigated cases, a valeagé-imechanism dominates, and the
observed accelerating effects have a common origimcreased band bending,
either by junction formation or by the applied agie [13].

Transition metal oxides detain a wide range of fiomal properties based on their
optical, electrical and chemical behavior includitgocompatibility. In their

nanostructured form the field of potential applicas of these materials is enlarging
more. Generally the transition metal oxides camabehas insulators, conductors or
semiconductors as outlined in Figure 2.7. Mostheftt are intrinsic semiconductors
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with an n-type behavior (TE)WGOs;, ZnO, etc.). However, not only the band gap and
the electron kinetics of the material determine fibtel of application, but also the
relative position of the band edges. [53-55]. fs,tthe conduction band edge needs
to lie higher than the species to be reducedH}) and the valence band edge lower
than the species to be oxidized,(Q40,). TiO,, among others, fits these basic
requirements comparably well [6].
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CHAPTER 3

EXPERIMENTAL METHODS

3.1 Electrochemical Synthesis: Experimental Set-up

The experimental set-up shown in Figure 3.1 wagl usethis study for titania
nanotubes synthesis. The set-up was composedwd-aléctrode cell. These cells
are connected to a DC power supply. Ti6AI4V (THHBAI- 4 % V) samples served
as the working electrode (anode) while a stainkisgl was used as the counter
electrode (cathode). Ti6AI4V sample is placed iea sample holder. The sample is
connected to power supply with Ti6Al4V wire whick placed along the sample
holder. BRSOy (ACS reagent, 95.0-98.0 %, Sigma-Aldrich) and 10.D.5 wt.% HF
(ACS reagent, 48 %, Sigma Aldrich) containing siolos were used as electrolyte in
this study. In first case 430, solution was prepared, HF acid amount is arranged
accordingly and the total solution water ingredisrttalanced.

A cylindrical Pyrex vessel holding the cell wasqgad into a constant temperature
water bath to keep the cell temperature stablenduthe experiments. Constant and
homogenous temperature of the cell was maintaiyethdans a heater employing a

magnetic stirrer and a contact thermometer.

Samples served as substrates for anodizing wepame from extra low impurity
(ELI) 18 mm diameter Ti6Al4V titanium alloy rod aemled at 750C for 1 h. in
argon atmosphere. The rod was cut to obtain ciralictrodes of 2 mm thickness
by using precision cutting machine.
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Figure 3.1. The schematic drawing of the experiaesgt-up used in
electrochemical synthesis.

Magnetic Stirer

Samples were treated with 600, 800, 1000 1200 gbs@egrinding papers and then
polished with 1.3 and lum diamond paste. Mechanically polished 2 mm thick
samples were washed in detergent water mixtureentaove oil and degreased by
sonicated ethanol, followed by rising with acet@mel distilled water to remove dirt

and other debris and then dried in air. Samples vweeoded by 10 wt. % HF just
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before starting each experiment to remove naturliyned oxide layer on the
surface of the metals.

The polished samples were mounted to a polypropydegiode assembly to have only
the circular surface exposed to electrolyte. Dutting synthesis, the samples were
immersed into the electrolyte while constant cetigmtials changing from 10 to 30 V
were applied by the DC power supply (Agilent Tedbges N8761A System DC
Power supply) for the periods of 30 min. to 3 h.eTéolution considered as
electrolyte was varied in composition. Water wasdugs solvent.

Electrochemical experiments were conducted in 1 ® with the addition of
different concentrations of HF (0.1, 0.3 and 0.5%t solutions. All solutions were
prepared from reagent grade chemicals and distilater after the addition of all
chemicals the solution were mixed with a magnetioes to ensure complete
homogenization before anodizing step. All anodiznrgeriments were conducted at
room temperature (26) with magnetic agitation.

For electrochemical experiments, the samples wkeeg in the sample holder to
confine the surface area to only one side of tlmpga Therefore, the area that is
going to be oxidized was 10.17 &riThe electrolyte temperature was controlled with
a contact thermometer during experiments and timpeeature was kept constant at
room temperature (26). The negative pole of power supply was connedted
stainless steel cathode and positive pole was obehéo sample (Ti6AI4V) anode.
Digital multimeter was connected to set-up to conand record the changes of
current during anodization process. After the faiaraof the porous structures, the
samples were immediately and intensively rinsedh wistilled water and left in air
to dry for subsequent analyses.

3.2 Experimental Design: Minitab

The following study were conducted to validate thigects of the electrolyte
composition, anodizing time and applied voltageitamium dioxide nanotube arrays
on Ti6Al4V alloy. The experimental conditions weaassessed statistically by using
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Minitab [56]. The following factorial design paratees were obtained to develop a
relationship between the selected parameters ane#ults of anodizing tests.

3.2.1Factorial Design

Studies at least two variables leading to a nurakmaitputare called Factorial
Designs. A factor is simply a categorical variablgh two or more values. These
values are defined as levels. An analyses witlc®fa and 2 levels is named as®a 2
Factorial Design. In factorial experimental desigriactor is a dominant independent
parameter. A level is a subset of a factor.

The use of factorial design brings several advagagcluding, a greater precision in
estimating the overall main factor, interaction vieen different factors and
additional factors. Furthermore, it can help toeex validity of derived conclusions.
Factorial designs allow for simultaneous studyenfesal factor effects on a process.
Varying the levels of the factors simultaneoushhea than one at a time is efficient
in terms of time and cost and allows for the stofiyteractions between factors.

3.2.2Full Factorial Design

Full factorial design responses are measured abaibinations of the experimental
factor levels. The combinations of factor levelpresent a condition and each
conditions response will be recorded as a respdteeh experimental condition is a
run and all runs represents an experimental deBigmusing full factorial design the

following data can be obtained;

1. Determination of most influential variable.
2. Determination of the interaction between/among twanore effects if there

is any.

A specific set of experiments were designed to ansabove questions. Full
factorial design was preferred to conduct all ekpental conditions with all
variation of the parameters. Table 3.1 shows empamial conditions of a3
three-level, full factorial design with runs in steard order. X, Y and Z were 3
different variables in the experimental set. Thedsee different variables are;

anodization potential, anodization duration and ¢diRcentration in electrolyte
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for this study. Each experiment was designed vaith, Imedium and high levels
of parameters as indicated by 1, 2 and 3 respégiivd able 3.1. For the present
study anodization potential levels were 10, 20 a@ddolts, anodization duration
levels were 30, 60 and 180 min. and HF concentrdégels were 0.1, 0.3 and
0.5 wt. %. There are 27 experimental conditiortemieined for three parameters
of a three-level design.

Table 3.1. Full Factorial Design of a three-level experimental conditions.

Experiment X Y Z
1 1 1 1
2 2 1 1
3 3 1 1
4 1 2 1
5 2 2 1
6 3 2 1
7 1 3 1
8 2 3 1
9 3 3 1

10 1 1 2
11 2 1 2
12 3 1 2
13 1 2 2
14 2 2 2
15 3 2 2
16 1 3 2
17 2 3 2
18 3 3 2
19 1 1 3
20 2 1 3
21 3 1 3
22 1 2 3
23 2 2 3
24 3 2 3
25 1 3 3
26 2 3 3

3 3 3
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3.3 Characterization: Structure and Composition

The structures and morphologies of the nanotulsesyedl as their properties were
examined to determine effects of anodizing paramaeberay diffraction patterns of
the samples were taken by FT (counts) scannindgRigaku D/Max 2200/PC model
X-Ray Diffractometer. Optical microscopic obsergas were conducted by
Olympus PME 3 optical microscope. A series of expents were performed to
examine the morphology of the nanotubes, as welheis properties. For structural
and morphological characterization of anodized dasysurface views were taken
by FEI Nova NanoSEM 430 scanning electron microscequipped with energy
dispersive X-Ray Spectroscopy (EDS) unit.

3.3.1Use of ImageJ Program

A series of SEM images were processed and analyzied ImageJ, an open source
image processing program [57] developed by theaddati Institute of Health, to
determine the tube/pore count and diameter underusagrowth conditions. Typical
images of anodized surface are shown in Figuret®.2lustrate two alternative
nanotube diameter calculations by using ImageJrprog

First Method Second Method

Average D,+D,+D,...+D, Average Area

diameter ~ n diameter ~ Total # nanotubes

Figure 3.2. Two alternative titanium dioxide narmiameter calculation from the
SEM images by using ImageJ program.
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The images were converted to an 8-bit image andldnek/white threshold values
set to yield the inside of each tube/pore as blatkle the space in between tubes as
white as shown in Figure 3.2. ImageJ automatedicparanalysis tool was then
utilized to count the pores, with each pore beiogstdered as particle. The program
outputs were the total particle count, the aversige of the particles (in terms of
pixels) and their average diameters. To deternfieeréal dimensions, each image
pixel length were measured, then the dimension® wetermined via a pixel/nm
conversion factor. Inner tube diameter direct mesrsents also carried out in pixels

or nm scale and the average values were calcutgtéee ImageJ program.

3.4 Measurements of Photoelectrical Properties

Only the size and distribution of Tianotubes were determined from SEM images
and ImageJ program. It is known that the amoumptrofluced power with the photon
effect increases as the surface area of,Ti@reases [58]. Measurements of
photoelectrical properties of the samples were gotatl to infer comparative
information on the surface area which may be useddmpare nanotubes. The
following experimental set-up shown in Figure 3.8swsed to create photoelectric
potentials from anodized samples.

Figure 3.3 shows photoelectrical properties ofrthrotube arrays were investigated
using a platinum foil as a counter electrode. Thenges were placed in a
polypropylene sample holder and electrical connestwere completed to measure
potential differences between two electrodes. Thenter electrode was platinum
sheet (1 cm x 1 cm). A 1 M KOH solution preparedotoused as the electrolyte
solution. Electrical potential of the system wasameed by a digital multimeter
(Agilent model U1273A) connected to the computeeaured potential differences
recorded on computer for every second of the ewpaari by using Agilent GUI Data
Logger Program.
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Potentiometer

Dark curtain

Electrolyte | J \
Light

Counter Electrode (Platinum) TiO, nanotube array anode

Figure 3.3. Schematic view of experimental set-sgduto measure photoelectrical
potentials.

Data measurements were taken dark and illuminatedlight provided by 50 W
halogen lamp. Dark curtains were used to darkesadhaple environment to measure
dark current as indicated in Figure 3.3. The messpotential differences were used

to drive conclusions on Tinanotubes.
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CHAPTER 4

RESULTS AND DISCUSSION

The X-ray diffraction patterns of the substratartium alloy (Ti6Al4V) before and

after anodizing are given in Figure 4.1.

ali

Intensity

20 40 60
20

Figure 4.1. X-ray diffraction patterns of Ti6Al4\l@y a) before and b) after
anodizing process.
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Ti6AI4V exhibits two main crystal structures; heragl closed packed (HCH,
phase) and body centered cubic (BE@hase). Thel phase contains %6 aluminum
with very low vanadium whil§ phase contains %4 vanadium. It was observed that
diffractions from TiQ nanotube film after anodizing could not be ideatifby X-

Ray diffractometer since the thickness of the oxaleer expected to form is very
thin.

The results and discussion of the effects of amogliparameters on titanium dioxide
nanotube diameters and their photoelectrical ptegseare given in this chapter. The
numerical values of diameter of TiOhanotube formed at a given anodizing
condition are shown irError! Reference source not found. HF concentration
applied were; 0.1, 0.3 and 0.5 wt.%. For all expental conditions electrolyte
involved constant amount (1 M) of,80,. The table includes all T¥nanotube
measurements for experimental conditions determibgdMinitab experimental
design [56]. Three factors; anodization time, vpdtaand electrolyte concentration
were chosen as three levels for the synthesiseoft®, nanotube formation in the
full factorial design. The results were obtainedusyng surface SEM images of the
anodized samples. Diameter measurements were deddoy ImageJ program [57]
and standard deviation of the diameters were ctiedlfrom 10 measurements. The
effects of the anodization parameters were invastd in detail in the following

sections.

Table 4.1. Diameters of Thanotubes produced at different anodization candit

HF (wt.%) Voltage (V) Time (min.) Diameter (nm)
0.1 10 30 47 +3
0.1 20 30 93 +4
0.1 30 30 158 £11
0.1 10 60 48 +2
0.1 20 60 92 +6
0.1 30 60 161 £10
0.1 10 180 44 +4
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Table 4.2. Diameters of Thanotubes produced at different anodization candit
(continued).

HF (wt.%) Voltage (V) Time (min.) Diameter (nm)
0.1 20 180 95 +6
0.1 30 180 165 +13
0.3 10 30 49 £3
0.3 20 30 94 +4
0.3 30 30 166 +16
0.3 10 60 52 £3
0.3 20 60 94 +3
0.3 30 60 124 11
0.3 10 180 50 +4
0.3 20 180 95 +5
0.3 30 180 138 +10
0.5 10 30 52 +4
0.5 20 30 94 +4
0.5 30 30 144 £13
0.5 10 60 48 £5
0.5 20 60 91 +4
0.5 30 60 150 +15
0.5 10 180 47 +3
0.5 20 180 89 +4
0.5 30 180 146 £17

4.1 Effect of Anodizing Duration

Anodization duration is the uninterrupted time g during which the process can
occur. During the process; time was required for migration and diffusion for

anodized oxide film formation and growth. The effe¢ anodizing duration was
investigated at constant voltage and constant HRcexttrations. To examine
anodizing time parameter, the duration was vaniethf30 min. to 180 min. for each
experimental condition. The SEM results from thefeme images of the samples
shown in Figure 4.2, were considered to determime @ffect of the anodizing

duration on titanium dioxide nanotube formation.

33



Figure 4.2. SEM images of titanium dioxide nanotufeemed in 1 M HSO, + 0.5
wt.% HF at 20 V anodizing potential for a) 30 mamd b) 180min.

Figure 4.2 shows that 30 min. anodizing time walicsent for the formation of

titanium dioxide nanotube layer on the Ti6Al4V gllat different potentials and
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hydrofluoric acid concentrations. However, thereevitanium oxide free places on
the surface of the metal after 30 min. of anodizihe oxide formation occurred
with dissolution and oxidation reactions on theface of the metal. For the same
anodic potential and electrolyte composition, oxidanation and dissolution rates
were different on the surface of the base metahnium dioxide formation on all
surfaces took place after 180 min. anodization. S&EMlies reveal that titanium
dioxide formation can be observed both at 30 an@ &8n. anodization time.
Uninterrupted time interval was not a dominantdador the formation of nanotube.
However, homogeneities of titanium dioxide nanotldyers were time dependent.
SEM image of TiQ nanotubes formed in 0.1 wt.% HF electrolyte alv2énodizing
potential for 60 min. anodizing period was usednteestigate lack of formation of
TiO, nanotubes at certain parts of surfaces as shoWwigime 4.3.

Figure 4.3. SEM image of Tighanotubes formed in 0.1 wt. % HF at 20 V anodizing
potential for 60 min. The lack of nanotubes in diafions distinguishes tifiephase.

As seen in Figure 4.3 dark regions were not covdrngdxide nanotubes. The

Ti6AI4V samples were composed of hexagonal closstkgda containing higher
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Al and higher V containing body centered cupiphases. Therefore, irregularities in
nanotube formation was expected due to differectt attack of the electrolyte for
each phase.

Additionally, elemental analyses were conductedubing EDS to investigate the
underlying reason of titanium dioxide nanotube fregions. EDS spectra of TiO
nanotube free black region in Figure 4.3 is givefRigure 4.4 and weight and atomic
percentage of the EDS analysis are given in Talle 4

Ti

Al

T v v g . T 7 7 i i
1.00 2.00 3.00 4.00 5.00 &.00 7.00 B.00 9.00 10.00 ke

Figure 4.4. The EDS analysis of black region &3@min. anodically oxidized
sample at 20 V in 0.3 wt.% HF concentration eldgteo

Table 4.3. Weight and atomic percentages of elesrisaded on EDS analyses in

Figure 4.4.
Element Wt.% At. %
] 6.13 15.81
Al 5.67 8.67
Ti 79.53  68.50
\% 8.67 7.02
Total 100 100
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According to EDS quantitative and qualitative résukitanium oxide nanotube
formation didn’t take place during initial 30 miof the anodization reaction on the
alloy containing higher V concentration regio3sT(). The lack of oxide formation
occurred due to the underlying substrate structuhere vanadium enrichgtiphase

dissolution was faster thanphase.

In Figure 4.5, the EDS analysis of the region whEi@, nanotubes were formed
after 30 min. anodic oxidation at 20 V in 0.3 wtlb concentration electrolyte are
given graphically. Weight and atomic percentageslefents taken from the region
where TiQ nanotubes were formed are given in Table 4.3.

Al v

1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00 9.00 keVv

Figure 4.5. The EDS analysis of titanium dioxideataibe formed region after 30
min. anodically oxidized sample at 20 V in 0.3 wt-#6 concentration electrolyte.
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Table 4.4. Weight and atomic percentages of elesrisaded on EDS analyses in

Figure 4.5.
Element Wit% At%
O 17.90 37.92
Al 7.37 9.26
Ti 73.86  52.25
\% 0.87 0.58
Total 100 100

According to results given in Figure 4.5 and Tablé4, titanium dioxide nanotube

formation occurred on the surface of higher Al eamihg, a phase where oxide

formation and metal dissolution rates optimizedtfa formation of titanium dioxide

nanotubes. The result can be explained with refereén the two phase structure of
the substrate. Therefore, the dark parts observéaei SEM image, was the result of
a different reactivity of a andp phases to the fluoride containing 1 M3O,

electrolyte.

The SEM images of Ti6Al4V alloy anodized at 10 V H¥F acid electrolytes of
different concentrations are given in Figure 4.6 TSEM images in each row
represent anodization at constant potential witheiasing anodization duration from
left to right. The images in each column represemdization for constant duration
with increasing HF concentration from top to bottom
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Figure 4.6. SEM images of titanium dioxide nanottdyeviews formed at 10 V
anodic potential a) 0.1 wt.% HF for 30 min. b) t1% HF for 60 min. c) 0.1 wt.%
HF for 180 min. d) 0.3 wt.% HF for 30 min. e) 0.8% HF for 60 min. f) 0.3 wt.%
HF for 180 min. g) 0.5 wt.% HF for 30 min. h) 0.5.% HF for 60 min. i) 0.5 wt.%

HF for 180 min.

TiO, nanotubes were in general; small, random, condepteous like and self-

organized in all cases with similar diameters. @ontdiameters and porous like
nanotube structures did not change with increaamggization time from 30 min. to
180 min. in 0.1 to 0.5 wt.% HF containing electtel; The variation in inner

diameter of nanotubes determined from SEM imagesinbggeJ program as a
function of anodizing duration are shown in Figdré. Although nanotube diameters
seem to increase slightly with increasing HF coni@md decreasing anodization
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duration, these changes are, in general, sma#erttie average uncertainty of 10 nm
recorded in this study.
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Figure 4.7. Effect of anodizing time on nanotukenwter of TI6AI4V alloy
anodized at 10 V in 1 M #$0, electrolyte containing 0.1, 0.3 and 0.5 wt.% HF.

The numerical values of inner diameters of Ji@notubes were between 44-52 nm.
As a result, it can be said that inner diameterBiOGt nanotubes with both increasing
electrolyte concentration and anodization time anad not change.

The effect of anodization time at 20 V anodizindgmbial in HF acid electrolytes of
different concentrations was determined from SENges of nanotube structures
given in Figure 4.8.
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Figure 4.8. SEM images of titanium dioxide nanottdy@views formed at 20 V
anodic potential a) 0.1 wt.% HF for 30 min b) 0.1% HF for 60 min c¢) 0.1 wt.%
HF for 180 min d) 0.3 wt.% HF for 30 min e) 0.3 %tHF for 60 min f) 0.3 wt.%
HF for 180 min g) 0.5 wt.% HF for 30 min h) 0.5 %tHF for 60 min i) 0.5 wt.%

HF for 180 min.

The SEM images of the Tighanotube top views in each row represent anodizati
at 20 V anodic potential with increasing anodizatituration from left to right. The

images in each column represent anodization fostamh duration with increasing
HF concentration from top to bottom. From the fggut can be seen that TiO

nanotubes were self-organized, tubular like ang tere less linked than those
observed at 10 V anodizing potential. The diameatéthe tubular structures given in
Figure 4.9 are larger than those observed at 10ddiaing potential, but generally
not affected from increased anodization time astamt potential of 20 V.
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The inner diameters of nanotubes produced at 2@0diaing potential determined
from SEM images by ImageJ program as a functioanofdizing duration are given
in Figure 4.9. Again, small changes in tube diametdth HF content and
anodization duration are smaller than the averagerntainty of 10 nm recorded in

this study.
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Figure 4.9. Effect of anodizing time on nanotukenwter of TI6AI4V alloy
anodized at 20 V anodizing potential in 1 M3, electrolyte containing 0.1, 0.3
and 0.5 wt.% HF.

The numerical values of inner diameters of Ji@notubes were between 85-96 nm.
As a result, it can be said that inner diameterBiOGt nanotubes with both increasing
electrolyte concentration and anodization time anad not change.

Investigation of anodization time at 30 V anodizpwential was conducted by using
different amount of HF acid in the electrolyte s@n. The SEM results of Ti6AI4V

alloy anodized at 30 V for different electrolytengoosition and anodizing duration
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given in Figure 4.10 were used examine the effaot&ing duration at this level of
applied potential.

Figure 4.10. SEM images of titanium dioxide nanettdp views at 30 V anodic
potential a) 0.1 wt.% HF for 30 min b) 0.1 wt.% Kif 60 min c) 0.1 wt.% HF for
180 min d) 0.3 wt.% HF for 30 min e) 0.3 wt.% HF & min f) 0.3 wt.% HF for
180 min g) 0.5 wt.% HF for 30 min h) 0.5 wt.% HF &0 min i) 0.5 wt.% HF for

180 min.

The SEM images of the T¥hanotube top views in each row represent anodizati
at 30 V anodic potential with increasing anodizatituration from left to right. The
images in each column represent anodization fostamh duration with increasing
HF concentration from top to bottom. From the fggutr can be seen that TiO

nanotubes were self-organized, tubular and withatgrlink between the tubes
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unlike those seen at 10 V applied potential. Tleméiters of the tubular structures
given in above figure are larger than those obskmate 10 and 20 V anodizing

potentials, but generally not affected from incezhgnodization time at constant
potential of 30 V.

The inner diameters of nanotubes produced at 3@0diaing potential determined
from SEM images by ImageJ program as a functioanofdizing duration are given
in Figure 4.11. Nanotube diameters seem to increbgktly with increase in HF
content but show very small erratic change withdaation duration. Although
these changes are greater than the previous chsewatiations may still be
considered to be small especially when initial aretibn periods are omitted.
Furthermore the measured nanotube diameters amdsthedard deviations were all
larger than previous cases.
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Figure 4.11. Effect of anodizing time on nanotulzekter of TI6AI4V alloy
anodized at 30 V in 1 M #$0, electrolyte containing 0.1, 0.3 and 0.5 wt.% HF.

According to Figure 4.11 the numerical values aofeindiameters of Ti@nanotubes
were between 135-165 nm. As a result, it coulddid that inner diameters of TiO
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nanotubes did not change to a considerable extigéimtelectrolyte concentration and

anodization duration.

4.2 The Effect of HF Concentration of the Electrolyte

Earlier XPS and SEM analysis of layers anodizedaaéntials changing from O to
5V in electrolytes with and without fluoride ioneasved that compact oxide layers
of approximately 10 nm thicknesses were formedoith lzases. Presence ofwas
detected thorough out the layers built indéntaining electrolytes. Therefore, the
higher currents observed in current density vetisos graph in this initial stage in F
containing electrolytes were related to a fastdfmided F transport through the
growing oxide layer competing with®Ctransport. At very short anodization times,
the high-field growth of the compact oxide layerswimalized (reaching a steady
state thickness) and diffusion effects within thbels became dominant for the rate
control [29] for longer anodization times.

Figure 4.12 shows SEM images of the samples prdpase the 60 minutes
anodization treatment at 20 V anodization potemid.1 wt.%, 0.3 wt.%, 0.5 wt.%
and 1 wt.% HF containing electrolytes.

In all cases shown in Figure 4.12, growth of a nalbe layer was achieved and inner
diameters of the nanotubes as was reported inrthaopis section did not show any
significant change in 0.1 wt.%, 0.3 wt.%, 0.5 wt&d 1 wt.% HF containing

electrolytes. Anodization time was just increasihg metal dissolution and titanium
dioxide formation. As mentioned previously, fludeiion existence in electrolyte
causes permanent dissolution of anodically oxidinedals. Between nanotube layer
and solution, dissolution of metal oxide occurs rehexide formation continues at

the metal and oxide interface [59].
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Figure 4.12. Surface SEM images of titanium oxideatube arryas prepared at 20 V
potential for 60 minutes in 1430,. Addition of a) 0.1 wt% HF b) 0.3 wt % HF ¢)
0.5 wt % and d) 1 wt % HF were made to electrolyte.

4.3 Effect of Anodization Voltage

In order to explore the potential range for theepgrowth, anodization experiments
from 10 to 30 V were carried out in the water-sudfuacid-hydrofluoric acid
mixtures. The SEM images of nanopores/nanotubabate applied potential range
were given in previous sections to show effectslBbfconcentration and anodization
duration. The images are repeated here in a diffdogm to illustrate the effect of
anodization voltage. A set of SEM images are showrigure 4.13 to focus on the
effect of applied voltage in 0.1 wt.% HF containiakgctrolytes. Each row in this

figure represents increasing applied voltage freifh o right while each column
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show TiQ structure at constant potential with increasingdaration duration from
top to bottom.

From the figure, it can be seen that, other thad, Thanotubes formed at 10 V
applied potential, they were tubular and have simowrgins. The increasing trend
of TiO, nanotube diameters can be seen clearly from thacguimages of the
samples.

Figure 4.13. SEM images of titanium dioxide nanettdp views formed in 1 M
H.SO, + 0.1 wt.% HF electrolyte at a) 10 V for 30 minaf) V for 30 min ¢) 30 V
for 30 min d) 10 V for 60 min e) 20 V for 60 min3P V for 60 min g) 10 V for 180
min h) 20 V for 180 min i) 30 V for 180 min.
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The inner diameters of nanotubes produced at diffeanodizing potentials were
determined from SEM images by ImageJ program aoteal in Figure 4.14. From
the figure, it can be seen that, nanotube diamatersase linearly with increase in
applied voltage. High correlation of the linear atjpns can be seen for different
anodizing durations in constant HF containing e@dgte for limited number of data
points presented here.
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Figure 4.14. Effect of anodization potential on otae diameter of Ti6AI4V alloy
anodized in 1 M BESO, electrolyte containing 0.1 wt.% HF for 30 min., ®ih. and
180 min. anodization time.

From previous discussions, it was shown that effesft HF concentration and
anodizing duration were not significant within thenge covered in this study.
Therefore similar SEM images and linear correlaia nanotube diameters are
expected at different HF concentrations. Sets ofSmages and corresponding
linear correlations showing the effect of appliedtage in 0.3 and 0.5 wt.% HF
containing electrolytes are given Appendix | foe 8ake of completeness.
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From above mentioned discussions, it was seentlieakey factor controlling the
nanotube diameter was the anodization voltagelowtanodic potentials such as 10
V the morphology of the nanotubes had a web likacstire rather than a clear
tubular morphology. Increasing the potential froh\M to 30 V increased the inner
diameter of the resulting nanotubes. For eachrerpetal set, voltage was a major
factor for the determination for the titanium didginanotube diameter regardless of

anodizing time and HF concentration.

The nanotube pore size was observed to be propaltio the applied potential.
When linear relationships between nanotube innamdier and anodic oxidation
potentials are examined it can be seen that imere¢ O V is very small.
Furthermore, negative nanotube diameter is notat®de but zero diameter at zero
potential is logical. Hence they can be related to;

d(nm)~fxU (4.2)

where, f is the inner diameter growth factor widnatube diameter (d) and anodic
oxidation potential (U). It was therefore foundttAiaO, nanotube diameters increase
with increasing anodizing potential by the factor 5

4.4 Main Effects According to Minitab

The results of the nanotube diameters giverior! Reference source not found.
were used to analyze the data to compare corretaticcussed above by the results
of Minitab program. The equation calculated frora thata, excluding the values at
30 V where larger uncertainties were observedivisngas;

d(nm) = 0.83 HF conc. (wt%) + 5 voltage (V) (4.2)

— 0.01 duration (min.)

From the equation it can be seen that the coefiti@é duration (-0.00913) is a very
small negative value. It is obvious that the effeCduration is clearly seen to be
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insignificant. Although the coefficient of HF comteation (0.83) is larger, but very
small HF concentrations (0.1 to 0.5 wt.%) makes téim also small.

The main effect plot is given in Figure 4.15. Froime figure, similar to previous
conclusions, Ti@ nanotube diameter can be considered independenHFof
concentration in the electrolyte and anodizatianeti However, the anodization
potential was the main factor effecting the Ti@anotube diameters. The constant
increasing trend of Ti©@nanotube diameter with increasing anodizing pddenan
also be seen in the main effect plot.
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Figure 4.15. The main effects plot for Li@anotube diameter measurements.

4.5 Photoelectric Properties of the TiQ Nanotubes

Only the size and distribution of Tianotubes were determined from SEM images
and ImageJ program. According to Shankar et at,aimount of produced power
with the photon effect increases as the surface @@ iO, increases [58]. According

to SEM results, Ti@nanotube diameter was independent of time dunmgliaation

50



within the parameter range covered in this studyer&fore, higher photoelectric
potentials should be expected to be produced byplesmsubjected to longer
anodization durations at constant potential. PHettac effects of TiQ nanotubes
formed in 1 M HSO, + 0.5 wt.% HF electrolyte at 20 V anodic potestidbr
different anodization durations were tested furtibesupport above expectation. The
changes in photoelectric potentials were measureth fthe cell that produced
potentials after providing the light by a 50 W hgda lamp. The measured potentials
versus time graphs are given in Figure 4.16.
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Figure 4.16. Photoelectric effect of Li@anotubes formed in 1 M,BO, + 0.5 wt.%
HF electrolyte at 20 V anodic potentials for difat anodization durations.

TiO, nanotube diameters were independent of anodizdtication and for 20V 1 M
H,SO, + 0.5wWt.% HF electrolyte it was about 95 nm fdraalodization durations. As
it is shown in Figure 4.16 the photoelectricallyoguced potential increases with

increasing anodization duration. Titanium dioxidaatube surface area on the base
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metal expected to be the same since the diameterecual, therefore, higher
potentials can be attributed to longer length$efTiO, nanotubes.

It was shown that the inner diameters of Ji@anotubes were increasing with
increasing applied anodic potential. Photoeledtpcaperties of the samples formed
in 1 M HSO, + 0.3wt.% HF electrolyte for 180 minutes of anadian at different
anodic potentials were tested to deduce compargtioemation on the surface area,
which may be used to compare titanium dioxide naped. The changes in
photoelectric potentials produced after providihg tight by a 50 W halogen lamp
were measured from the cell and shown as potent&tsus time graphs in Figure
4.17.
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Figure 4.17. Photoelectric effect of TiO2 nanosiflmed in 1 M HSO, + 0.3
wt.% HF electrolyte for 180 minutes anodizationation at different anodic
potentials.
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According to Figure 4.17, the sample prepared atV2@&nodization potential
produced the highest potential difference undemilhated light. Similar potentials
were developed from samples formed at 10 V and 38pplied potentials. The
diameters of oxide nanotubes increase with incngasipplied anodic potential,
therefore surface area and photoelectric poteatithe oxide films are expected to
become smaller if they have the same length. Hokyemarrent increases with
increasing applied potential. Therefore, there ®mpetition between the effects of
increased diameter and current when applied palentias increased. This
competition can be observed in Figure 4.17 wheretqeiectric effects obtained
from samples, which were anodized at 20 and 30r¥mRhe comparison it can be
seen that the growth of nanotubes were not dirgetiportional to applied potential.
The nanotubes formed at 10 V applied potentiadgelsimilar potential to that was
produced at 30 V applied potential. Although nabetdiameters were smaller, they
were probably not grown much to yield high surfacea at 10 V applied potential.
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CHAPTER 5

CONCLUSIONS

This research was conducted to investigate thectsffef the anodizing potential,
duration and HF concentration in 1 M,$0, solution on the titanium dioxide
nanotube diameters and followed by investigatingarative information for the
surface areas of the oxide nanotubes by photoelecteasurements. Under
optimized electrolyte and oxidation conditions. @olable TiG, nanotubes can be
used as a guidance for different oxide nanotubendbdion procedures and be
promising for further investigations to widen applion of TiQ nanostructures.

According to results:

1. Well-ordered titanium dioxide nanotubes are faldeidain aqueous $Os-
HF acid electrolytes at 10 to 30 V anodization ptéds over 30 to 180
minutes on Ti6AI4V alloy.

2. Anodic oxidation potential was determined as thannfactor that effects
TiO, nanotube diameter. The nanotube diameter is dirpaiportional to the
applied voltage by a factor of 5 nm/V in the votagnge of 10 to 30 V.

3. The duration of anodizing and HF acid concentratiothe electrolyte did
not affect nanotube diameter significantly when tmeodic potential is
constant. However, homogeneities and the growthehanotubes were time
dependent.

4. The discontinuity of nanotube/nanopore structurgduis to the compositional
differences of two phase structure of the Ti6Al4ld\a
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APPENDIX [: Effect of Anodization Voltage

Figure A.1. SEM images of titanium dioxide nanottdye views at constant 1 M
H,SO, + 0.3 wt.% HF electrolyte concentration a) 10 Y 3@ min b) 20 V for 30
min c¢) 30 V for 30 min d) 10 V for 60 min e) 20 ¥rf60 min f) 30 V for 60 min g)
10 V for 180 min h) 20 V for 180 min i) 30 V for @8nin.

62



180

y = 5,4x - 5,3333
160 R2=0,981 ® v=515x-3,6667
. R?=0,9947
140
€
< 120
4
2 y = 4,9% + 0,6667
g 100 R? = 0,9932
o o @0,3 HF + 30 minutes
2 g
g 0,3 HF + 60 minutes
>
S 60 ©0,3 HF + 180 minutes
C
(18]
=2
40
20
0
10 15 20 25 30

Anodization Potential (V)

Figure A.2. Effect of anodization potential on narme diameter of TiIGAI4V alloy
anodized in 1 K5Oy electrolyte containing 0.3 wt.% HF for 30 min., @h. and
180 min. anodization time.
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Figure A.3. SEM images of titanium dioxide nanottdye views at constant 1 M
H,SO, + 0.5 wt.% HF electrolyte concentration a) 10 Y30 min b) 20 V for 30
min c¢) 30 V for 30 min d) 10 V for 60 min e) 20 ¥rf60 min f) 30 V for 60 min g)
10 V for 180 min h) 20 V for 180 min i) 30 V for @8nin.
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Figure A.4. Effect of anodization potential on nare diameter of TiIGAI4V alloy
anodized in 1 M KSOy electrolyte containing 0.5 wt.% HF for 30 min., ®h. and
180 min. anodization time.
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