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The anodized films on Ti-6Al-4V alloy are normally formed by anodization
process at high current densities or voltages. This film formation technique has been
widely used to improve the hydrophilicity of the film for dental implant applications.
Our attempt is exploring whether anodized films with proper hydrophilicity can be
performed by anodization at low current densities or voltages. The anodized films on
Ti-6Al-4V were prepared by both of galvanostatic and potentiostatic method in either
IM HsPO, or 1M MCPM (Ca(H,POy),H,0) with current densities 0.25-2 mA/cm? or
applied voltage 2-10 V for 30 min. The hydrophilicity was improved on the anodized
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MCPM and low voltage of 6 V in both electrolytes, consequently subjected to UV
irradiation for various times up to 24 h. After UV irradiation the contact angles of films
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confirmed that -OH groups around 3,000-3,600 cm™ disappeared. It is indicated that -
OH group was not stable under UV irradiation. XPS spectra investigated that the peak
intensities of Ti 2p and O 1s increased, while C 1s peak decreased. However, the binding
energy shown in XPS spectra did not change. It is indicated that these anodized films
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CHAPTER 1
INTRODUCTION

Ti-6Al-4V has been used as dental implant because of its good mechanical

properties, high corrosion resistance and excellent biocompatibility. A small amount

of Al and V is added into Ti in order to improve the mechanical properties 12346

Ti-6Al-4V can osseointegrate to bone because of its oxide. Surface modification of Ti
surface is essentially important for promoting osseointegration on Ti-6Al-4V " The
term of osseointegration has been used to describe the adherence of bone and

implant surface without the formation of fibrous layer. Therefore, there will be no

movement between implant and bone which directly bond at the interface 7.

The surface roughness, surface species, surface functional groups, surface

energies and hydrophilicity are important factors to enhance the osseointegration “%!!.

The surface roughness can interlock between implant and bone and also improve the

11,12

adsorption of biological fluid on the implant "**?. The surface species and surface

functional groups are essentially important for good bonding interface between
implant and living bone which will promote the osseointegration . The surface energy

and hydrophilicity are important factors to understand the biological performance of

biomaterial surfaces . The hydrophilicity can also improve the cellular response ™.

For example, the osteoblast cell growth and protrusion often show better performance

on hydrophilic surface ™.

[7,16]

Several surface modification techniques have been developed for

increasing the bioactivity and promoting the osseointegration on titanium surface such
as sandblasting, acid etching, heat treatment, sol-gel process and anodization.
Anodization has become an interesting surface modification technique because it
rapidly promote surface roughness, perform at room temperature, coat on complex

[12,17

shapes and it is also inexpensive ] Therefore, anodization is one of the surface

modification techniques proposed to improve the surface roughness, surface chemical

15,18]

species and hydrophilicity ">'¥ in order to promote the osseointegration process.

Several works reported that the anodized films were produced at high current



density or high voltage. However, there were disadvantages such as high energy
consumed, expensive and dangerous. Therefore, the low current density and low
voltage were considered to produce the anodized films in order to solve these
problems. The anodized films could be formed at a low voltage **. These anodized
films consisted of the mixed oxide of TiO, and Ti,Os. Thus, it is possible to prepare the
anodized films at low voltage or low current density. Oshida, Y. ?% reported the phase
change of titanium oxide from lower to higher oxides; TiIO—Ti(O)—
TiscO—Ti;0—>Ti,O—>TiIO—>Ti,0;—>Tis0s—>TiO,. It is indicated that applied low
voltage or current density is not enough to form TiO, but it can form a mix oxide of
TiO, and Ti,O5 or TiO. Consequently, the anodization at a low current density or low
voltage has become an alternative for the anodized films preparation with lower
energy consumption, lower cost and safer in the production process.

UV irradiation is considered to improve the hydrophilicity to the anodized films
formed at low current density or low voltage. There are two mechanisms of UV
induced hydrophilicity of TiO,, the first is the formation of oxygen vacancies and the
second is the hydrocarbon removal on the TiO, surface. The pairs of the electrons
(e) and the holes (h*) were created after UV irradiation. The electrons tend to reduce
the Ti** to Ti** and the holes react with the bridging site oxygen and oxygen atom is
released, resulting in oxygen vacancies. Then water molecule can replace oxygen
vacancy and absorb hydroxyl group and induce hydrophilicity on the TiO, films %%,
Another one is through the removal of hydrocarbon. It was decomposed by

2528 Then the water molecules were adsorbed on the surface

photocatalytic activity '
films.

This study aims to investigate the surface morphologies, surface species, surface
functional groups of the anodized films formed at low and high current densities
(0.25-2 mA/cm? and 20-80 mA/cm?) by galvanostatic method and low and high
voltages (2-10 V and 20-150 V) by potentiostatic method in either HsPO, or MCPM and
explore their influences on the hydrophilicity of the films. Moreover, the influences of

UV irradiation on the hydrophilicity of the anodized films formed at low current density

and low voltage were also investigated.



Objectives
1. Toinvestigate the surface morpholosgies, surface species, and surface functional
groups of the anodized films formed at low current densities, high current
densities, low voltages and high voltages in either H;PO, or MCPM and to
explore their influences on the hydrophilicity of the films.
2. To study on the influence of UV irradiation on hydrophilicity of anodized films
on Ti-6Al-4V.

Expected Benefits
To attain an optimum current density and voltage for anodized film formation

on Ti-6Al-4V and obtain improved hydrophilicity anodized film by UV irradiation.



CHAPTER 2
THEORIES AND LITERATURE REVIEWS

2.1. Titanium and its alloy properties for dental implant
Titanium is an allotropic element, which can exist in more than one
crystallographic form such as the hexagonal close-packed crystal structure (hcp) called
the alpha phase exist at room temperature and transform to the body centered cubic
(bcc) or beta phase at T > 883 °C. The titanium alloys were classified in three groups;
alpha, alpha-beta and beta. The elements used to stabilize the alpha phase such as
aluminum, tin and oxygen. While those used to stabilize the beta phase such as

niobium, molybdenum, tantalum, chromium, iron and vanadium [25]

2.1.1. Unalloyed titanium and alpha titanium alloys

These grades exhibit good elevated temperature creep properties which are

weldable and hcp phase materials do not exhibit ductile-brittle transformation .

2.1.2. Beta titanium alloys

The bcc beta phase is ductile and the elements for beta alloys are more

biocompatible than the alpha stabilizing elements .

2.1.3. Alpha-beta titanium alloys

Those alloys combine the metallurgically balanced amounts of both alpha and
beta stabilizers. This balancing can be high tensile strength versus fracture toughness,
good creep resistance versus low circle fatigue, high tensile strength versus high cycle
fatigue %\

Titanium and its alloys have been used for dental implants for several decades
due to their low density, good biocompatibility, chemical stability and mechanical
properties. However, there are reports about the metal ions released by corrosion of
Ti-6Al-4V alloy. They may induce aseptic losing after implantation for long time,
potential cytotoxic effects (ascribed to V) and Alzheimer disease (ascribed to Al).

Therefore, surface modification of Ti-6Al-4V is used to resolve these problems [26]



2.2. Surface properties of biomaterials
A series of surface properties such as surface morphology, surface chemistry,
surface charge and surface wettability is not a single property alone that is important

factors affected to the cellular response and bone formation %"

2.2.1. Surface morphology

The surface morphology is a key factor for interaction between implant and
cell. The materials with more roughness or pores have greater surface area compared
to smooth surface will interact with proteins more than smooth surface. The porous
surface can be strongly bonded to bone. The bone ingrowth into porous surface can

cause strong interlocking between porous surface and living tissue “".

2.2.2. Surface chemistry

The surface chemistry is the most direct way to enhance protein adsorption
and cell behavior. On titanium surface, the biological effects of surface chemistry
depend on the titanium dioxide (TiO,) layer. Anodization has been used to modify the
surface chemistry of titanium. The osseointegration is related directly to implant thick

TiO, layers resulting in a strong bone response on the implant surface #".

2.2.3. Surface energy and wettability

The term of surface energy is closely linked with wettability (hydrophilicity and
hydrophobicity). The surface energy describe the strenge of attraction between two
surface, the higher the surface energy, the greater the molecular bond and the higher

hydrophilicity ?® as shown in Fig. 2-1.
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Fig. 2-1 Surface energy of materials ¢

The wettability of the materials surface is important for the proteins adsorption
and cell adhesion. The important factors effect on the wettability of the materials
surface such as its chemical composition, surface morphology and surface charge.
Several studies have shown that the hydrophilicity surface with higher surface energy
and more hydroxyl groups significantly increase in cell attachment, spreading
proliferation and differentiation. Moreover, the refinement of coarse grains at the

nanoscale have many atoms on the surface so there is a large surface energy 7.

2.3. Surface modification of titanium

The titanium surface was modified in order to induce biological responses at
titanium surface, improving the amount and stability of biomolecules and finally,
obtaining a desired tissue response. Many techniques were used to modify titanium
surface such as grit blasting, chemical etching, ion beam-based process,
electrochemical methods, etc. Grit blasting is technique that the microscopic particles
were collided on the surface leading to the formation of porous layer on the titanium
surface. Chemical etching is a technique that interacts with the native oxide layer of
titanium in acidic or alkaline conditions. lon beam-based process such as ion
implantation, ion-beam-assisted deposition and plasma treatment is technique that
the ion impacts on titanium surface. The advantages of technique are the possibility
of accurate dose and depth control, low temperature processing and nonequilibrium
process. However, the main drawback of this technique is high cost. Electrochemical
methods consist of immersing the titanium in an electrolyte and connecting it to

electrical circuit. This method can produce improved oxide layer and increased oxide



thickness, create porous surface leading to corrosion resistance and enhance
attachment and proliferation of the cells. The advantages of this method are easy to
control the process parameters, ecologically friendly and good adhesion. It can be

accomplished at room temperature and coating on complex shapes is possible #1217,

2.4. The titanium oxide films formation

2.4.1. Air formed oxide films

Titanium is a highly reactive metal so it easily produces oxide layer when it is
exposed to the atmosphere such as cutting, milling or sawing. The thickness of this
natural oxide film (TiO,) on titanium is formed with 2-7 nm and high corrosion

resistance to the titanium metal .

2.4.2. Passive oxide films

The biocompatibility of titanium and its alloys is required in surgical implant
applications. When the passive oxide film is formed, the oxygen cannot react with the
metal because this oxide is dense and semiconductive. Therefore, the passive film is
the excellent corrosion resistant film due to the formation of a dense, protective and
strongly adhere film 7,

Titanium has been improved to be a highly successful implant material. It will
directly contact with the bone tissue in a process called osseointegration. The surface
of titanium implant is important for a successful osseointegration and the bulk of

titanium will serve in good mechanical properties which is equivalent to human bone

[20]

The physiochemical property of titanium is an important factor for tissue
response to the materials for example, surfaces chemistry, the oxide stoichiometry,
crystal defect density and thickness 2%,

The biocompatibility of implant materials depends on the chemical and
electrochemical stability of surface oxide layer which interfaces with implant tissue.
Phase change of titanium oxide layer formed in air from lower to higher oxides are in

Order: TIO—>TI(O)—) T|60_)—|—|30_)T|ZO_)T|O_)T|ZO3_)T|3O5_)T|OZ T|02 is Vel’y



resistant against chemical attack causing the most corrosion resistant metals. Moreover,
TiO, is high dielectric constant resulting in stronger van der waal’s bonds. TiO, is also
catalytically active for decompose of inorganic and organic influencing attachment of
biomolecule at the implant interface 7.

The passive films can be produced by either chemical or electrochemical
process on titanium surface. The films show variation in oxygen stoichiometry,
therefore they may contain various amounts of elements other than titanium and
oxygen. Therefore, the anodic film is not necessarily stoichiometric TiO,. These films
display different compositions due to different conditions of oxidation .

The titanium passive oxide films are generally not only produces high corrosion
resistance, but also allow physiological fluids, proteins, and hard and soft tissue to
come very close and/or deposit on it directly. An increase of oxide thickness will

develop the incorporation of elements such as Ca, P or S from fluid into the oxide

films 29,

2.4.3. Crystal structures of Ti oxide

There are three type structure of TiO, such as anatase, rutile and brookite.
Anatase is a tetragonal structure with a = 3.78 A° and c = 9.50 A°. Rutile is also a
tetragonal structure with a = 4.58 A° and ¢ = 2.98 A°. Brookite is an orthorhombic with

a=9.17 A% b =543 A°and c = 5.13 A°. Rutile is the most stable phase .

2.4.4. The anodizing process

The anodic oxidation process can be discussed as shown in Fig. 2-2 . The
main reactions leading to oxidation at the anode can be written as:
At Ti/Ti oxide interface: Ti =2 Tt + 2¢
At Ti oxide/electrolyte interface:
2 H,0 = 2 0 + 4 H* (Oxygen ions react with Ti to form oxide)
2 H,0 - O, (gas) + 4 H" de (O, gas evolves or sticks at electrode surface)
At both interfaces: Ti?* + 2 0% =2 TiO, +2¢



The titanium and oxygen ions formed in these redox reactions are driven

through the oxide by the externally applied electric field, leading to growth of the

oxide 1%,

Fig. 2-2 Scheme of the passive film formation

Atapour and colleagues *% suggested that the potentials increase quickly during
the initial time and then decrease slowly. This behavior shows the formation and
growth of the oxide film on the substrate. Dalmau and colleagues #” indicated that
there are two different processes during passivation: growth of the oxide film and
passive dissolution. An increasing of the potential causes an increasing of metallic
cations, which could contribute to the growth of the oxide layer or could dissolve into
the medium as shown in Fig. 2-2. Ibrahim and colleagues ™ also reported a similar
phenomenon. The formation of the films contains two processes. Firstly, the corrosion
increased with the reaction time and secondly the corrosion decreased because of the
formation of passive oxide film on the surface.

Jiang et al. studied about plasma electrolytic oxidation treatment of titanium
alloys. They found that the potential vs. time curve was used to explain the discharge
phenomena during plasma electrolytic oxidation as shown in Fig. 2-3 *!. Region I, the
voltage linearly increases corresponding to a thin insulating film formation. Region I,
the voltage slowly increases corresponding to decreasing in oxide film growth rate due
to the competition of film growth and dissolution. Region llI, the voltage increases
rapidly to exceed the critical value resulting in a large number of discharge channels.
At the same time, large amount of oxygen is released resulting in holes with volcano

shapes. Region IV, the voltage remains stable until the end of process. The oxidation
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process continues and repeats resulting in the uniform thickness. However, the strong
arc discharges still appear.

Fig. 2-4 showed the detail of micro-discharge oxidation process and films
structure changes during process Y. Fig. 2-4 (a) shows a very thin natural insulating
film on substrate because titanium surface always react with air and form native oxide

20 After the applied voltage increases, a large number of gas

layer on the surface
bubbles are formed resulting in the formation of the porous insulating film with a
columnar structure on the substrate as shown in Fig. 2-4 (b). When the voltage reaches
to breakdown voltage as shown in Fig. 2-4 (c), the phenomenon of white spark
discharge occurs in some regions across the insulating film resulting in the formation
of a large number of small uniform micropores. After that the voltage increase and
reach to a stable value. The color of sparks changes from white to yellow to orange-
red, while the number of spark decrease. This stage, the films growth rate is faster
which so call the microarc stage. The voltage increases resulting in increase thickness.
Meanwhile the number of sparks reduces but their intensity increases inducing rougher
surface morphologies as shown in Fig. 2-4 (d) and (e). During the voltage continued
increasing, the strong large arc discharge appears as shown in Fig. 2-4 (f). However, in
order to obtain high quality coating, this arc discharge stage should be avoided because
this stage causes a splash of the coating resulting in forming porous and loose part of
film coating *¥.

It can be concluded that the films formation in plasma electrolytic oxidation
process can be classified in three steps. The first step, a large number of discharges is
produced when the breakdown voltage is reached. The electron move into the
discharge channels rapidly due to high temperature and high pressure. The anionic
components enter to these channels. At the same time, the alloying elements of the
substrate melt and diffuse into the channels. The second step, the oxide is solidified
(both on substrate surface and in electrolyte solution) due to the rapid cooling of
electrolyte. Therefore, the thickness increases in the area near the discharge channels.
The third step, the gases are driven from the discharge channels resulting in holes with
volcano shapes. The oxidation process continues and repeats on the surface until the

end of process inducing the uniform thickness %
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2.5. Effect of electrochemical parameters

2.5.1. H3;PO, and Ca-(and P-) based electrolytes

Electrolyte containing phosphorus such as phosphoric acid (H3PO,) can
introduce phosphorus to the oxide films. As we have known that phosphorus is a basic
component of the human bone, thus, phosphorus based electrolyte can produce

[32

porous oxide layer making easy to growth tissue into implants ®?. The oxide layer

containing Ca and/or P leads to osseoinduction of new bones and becomes bioactive

[33]

Song and colleagues "? argued that the porous oxide films were fabricated on
commercially pure titanium (CP-Ti) by applying a 20 mA/cm? current for 120 s in the
IM H3POq. Fig. 2-5 showed that the oxide films increased the surface roughness and
they may enhance osseointegration because of mechanical interlocking through bone
growth in pores. XPS spectra in Fig. 2-6 showed that the TiP,O; appeared on the oxide
films (ANO-P). The shape of the Ti 2p2/3 peaks of the films was asymmetric due to mix
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of Ti** and Ti** peaks. Moreover, the O 1s spectra showed the peak width of the oxide
films (ANO-P) was broader than the as-received (AS-R) because of a P-O peak originated

from the TiP,O; structure.

Fig. 2-5 SEM images of the as-received (AS-R) and as anodically oxidized (ANO-P)

specimen surfaces '

Ti:ir Ti zp O1s
ANO-P P-O

O-H

Intensity (arb. units)
Intensity {arb. units)

T’

L 1 L 1 n 1 M n i .
470 485 460 455 450 534 532 530 528 526
Binding energy (eV) Binding energy (eV)

Fig. 2-6 Narrow scan XPS spectra of the Ti 2p and O 1s peak and their deconvoluted
peaks fitted using the Gaussian fitting method

Souza and colleagues ¥ reported that the CP-Ti was anodized using Ca- and
P-based electrolytes. Both 150 and 300 mA/cm? was applied for 100 s. The both
sample layers are porous, as shown in Fig. 2-7(a-b). The pore size, the average
roughness and layer thickness increases with the current density. Cracks were observed
in all the layer area. The wide scan XPS spectra (Fig. 2-8) showed the main peaks of
Ti, O, C, Ca and P appear at the anodic layer, in accordance with EDS results
(Fig. 2-7(c)). The Ti 2p doublet spectra were similar for reference Ti, 150 and 300
mA/cm? samples. The TiO, on the reference Ti can be attributed to the native oxide

layer. However, the O 1s of the anodized films differ from the reference Ti. In the
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anodized films, the O 1s spectra is shifted to higher binding energies, indicating that
the oxygen bonds can be present in compounds such as hydroxyl groups (Ti=OH,
Ti-OH) and/or phosphates (P-O) other than TiO,. The present of Ca and P, this can be

assigned to Ca and P in calcium phosphate molecules not in hydroxyapatite.
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Fig. 2-7 SEM of the anodized films formed at (a) 150, (b) 300 mA/cm? and (c) EDS
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Fig. 2-8 XPS spectra of the reference Ti and the anodized films formed in Ca- and P-
based electrolytes using the current densities 150 and 300 mA/cm? : (a) survey;

(b) O 1s; (c) Ca 2p; (d) P 2p B¥
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2.5.2. Ti-6Al-4V as working electrode

Masahashi and colleagues ' reported that the anodized films on Ti-6Al-4V was
prepared by anodization in a sulfuric acid electrolyte ranging from 0.02-1.2 M with a
current density of 50 mA/cm? for 0.5 h. The pore size and roughness increase with the
sulfuric acid concentration because the dissolution of the anodized films is
accelerated. The Ti 2p spectrum of the anodized films is dominated by species in the
Ti* and Ti** oxidation state. The O 1s XPS as shown in Fig. 2-9(a, d) is asymmetrical
with a shoulder peak extending towards higher binding energies, which is attributed to
hydroxyl groups. The deconvolution of O 1s XPS results in primary TiO, with a small
amount of AlLO; and vanadium oxides. The Al 2p (b, e) is composed of AlL,O; and
another component assuming to be present as hydroxide. The V 2ps, (c, ) is
considered of being two components of V,05 and VO,. Moreover, the intensity of the
Al 2p and V 2ps,, XPS become high with decreasing sulfuric acid concentration in the
electrolyte. It is implied that the anodized films is composed of TiO,, Al,Os, V,05 and
VO,.

Lewandowska and colleagues®® studied the chemical composition of the
anodized films formed on Ti-6Al-4V alloy by galvanostatic method in 7% H,SO, at
19 °C at a constant current density up to maximum final voltages of 12-100V and the
anodized films were sputtered through the films. Fig. 2-10(a) shows the Ti 2p XPS
signals from a signal for TiO, up to those for Ti metallic after sputtering. Fig. 2-10(b)
presents the Al 2p signal during sputtering through the films; from a signal Al,O3 up to
this for metallic Al. It is indicated that the anodized films consist of TiO, and AlL,Os.

However, vanadium was not be detected within the films.
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Fig. 2-9 O 1s (a, d), Al 2p (b, €) and V 2ps/,(c, f) XPS spectra of the annealed anodic

oxides prepared in an electrolyte of 0.1 M (a—c) and 1.2 M (d-f) sulfuric acid ¢!
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2.5.3. Applied low voltage

Several works reported that the anodized films were produced at high current
density or high voltage. However, there were disadvantages such as high energy, high
expenses and dangerous. Therefore, the low current density and low voltage were
considered to produce the anodized films in order to solve these problems.

Ibrahim and colleagues ™ reported that the anodic oxide film formed on
CP-Ti in NaOH solutions at -0.5 V and 1.2 V. The composition from the XPS spectra of
the passive oxide film consists of TiO, and a mixture of suboxides of Ti,O5; and TiO.

Nevertheless, the surface morphology did not change after anodization.

Intensity/a.u.
Intensity/a.u.

Binding cnergy (cV) Bi‘nd.ing —

Fig. 2-11 XPS spectra of the anodized films formed at 1.2 V and -0.5 V in NaOH ™!
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Fig. 2-12 Surface morphology of Ti
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2.5.4. Galvanostatic and potentiostatic method

T studied the effect of electrochemical parameters on the

Quintero et al. |
morphology and chemical compositions of anodic films obtained on CP Ti, in both
galvanostatic and potentiostatic mode in 1.5 M H,S04/0.3 M H3PO4 as an electrolyte in
order to find the better control of morphology and properties of the anodic films.

Fig. 2-13 a) shows the curves of anodizing process for galvanostatic mode in
three different regions. The region |, potential linearly increases, corresponding to an
insulating films formation. The region I, the slope of curve deceases. In this region, the
formation of sparks and gas evolution on the anodic films begins, resulting in porous
films formation. In the region Ill, the potential remains constant until the end of
process. Fig. 2-13 b) shows the anodizing process of the anodic films formed by
potentiostatic mode. The region I, the current density increases instantaneously, where
an insulating films is formed. The region II, the current density decreases. When the

anodizing potential is equal or higher than 100 V, there are both the formation of

sparks on surface and the evolution of gas in the system start. In region Ill, the current

[37]

slowly decrease
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Fig. 2-13 Anodizing process of the anodic films formed by a) galvanostatic mode and

b) potentiostatic mode 7

The anodic films formed by galvanostatic mode applied current density of
15 mA/cm? that the potential reached to around 215 V and the anodic films formed
by potentiostatic mode applied potential of 220 V was compared in order to
understand the effect of potential on the change in surface morphology and chemical

composition.
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Volcano shape

Inner layer

5 um
Fig. 2-14 Surface morphology and cross-section of (a, b) the anodic films formed at
15 mA/cm? reached to potential of 215 V and (c, d) the anodic films formed at 220 V
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Fig. 2-15 Raman spectra of the anodic films formed by a) galvanostatic mode and

b) potentiostatic mode ©”

Fig. 2-14 showed that the anodic films formed at 220 V shows uniform circular
pores similar to a volcano with average diameter and thickness are higher than the
anodic films formed at 15 mA/cm? reached to potential of 215 V. Moreover, the
incorporation of phosphorus of the anodic films formed by potentiostatic mode
(5.20 %) is higher than in galvanostatic mode (4.19 %). It may be because of higher
thickness of the anodic films. While, the porosity of the anodic films formed at
15 mA/cm? reached to potential of 215 V (14.02 %) have more porosity than the anodic
films formed at 220 V (11.63 %) ®¥. The Raman spectroscopy showed that the anatase
TiO, phases were observed at wave number of 144 cm™, 198 cm™, 394 cm™, 515 cm’™

and 636 cm as shown in Fig. 2-15 8. Therefore, it is not clear which potentials from
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galvanostatic mode or potentiostatic mode influence the changes in the surface

morphology and chemical composition 2.

2.6. Improving Hydrophilicity by UV irradiation

2.6.1. Basic principles of UV induced hydrophilicity on TiO, surfaces

There are two mechanisms of UV irradiation enhancing hydrophilicity on TiO,
surface. The first mechanism is through the formation of oxygen vacancies and the
second is through the removing hydrocarbon on the TiO, surface. The band gab energy
of TiO, is 3.2 eV and 3.0 eV for anatase, rutile and brookite, respectively. When the
TiO, films absorbs UV light which have energy more than band gap energy of TiO,. This
energy excites the electrons of the valence band of TiO, and promotes these electrons
to the conduction band. Therefore it creates pairs of the negative-electrons (e’) and
the positive-holes (h*). The electrons tend to reduce the Ti** to Ti** and the holes
react with the bridging site oxygen and oxygen atom is released, resulting in oxygen
vacancies. Then water molecule can replace oxygen vacancy and absorb hydroxyl

group and induce hydrophilicity on the TiO, films ]

Oxygen vacancies H H*
\_/
/D\ /D\ - H20 N .
Ti Ti Ti Ti Ti Ti
(OH ,H")
T o T |
UV | | dark H H
4h'+20.; - O, L
O i /O
- ~
T T T vl
A Hydrophobic B Hydrophilic

Fig. 2-16 Effect of UV-induced hydrophilicity due to oxygen vacancy formation on TiO,
surface 2V

Another one is through the removing hydrocarbon. The schematic of
mechanism for UV-induced hydrophilicity on TiO, is shown in Fig. 2-17 %%, In the top
of Fig. 2-17, the TiO, film shows hydrophobic property because of a monolayer of
adsorbed hydrocarbon molecules as shown by thin black symbols. When the UV was

iradiated on the TiO, surface, the coverage of adsorbed hydrocarbon will slowly
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decrease, probably near zero because it was decomposed by photocatalytic activity

2324 Then the water was adsorbed on the surface films. Therefore the TiO, film shows

hydrophilic property after UV irradiation because of removing hydrocarbon.

0, +CH, H.0
\ Initial
non-wetting
C,H..(a)
I G e | < 6ARD; OWMD ©IO0 O

OO0, (110) NN

hy hy
/| hv=2144ev |
O,+CH H.0
\ Critical point
just before

wetting

Sudden
droplet

0, wetting

H.0
AN T
Fig. 2-17 Schematic interpretation of UV induced hydrophilicity due to removed

hydrocarbon on TiO, 1

2.6.2. Surface characterization after UV irradiation

Han et al. ?? has shown that the UV irradiation on MAO enhanced the
hydrophilicity due to the conversion of Ti* to Ti** and the generation of oxygen
vacancies. The micro-arc oxidized (MAO) titania was irradiated by UV for 0.5 h to 2 h.
Fig. 2-18 shows only the intensity of O 1s peak at 532.8 eV becomes strong after UV
irradiation, especially in the case of irradiation for long time. It is suggested that the
increasing intensity of O 1s peak at 532.8 eV is not related with TiO,. The percentage
area of C 1s at 288.9 eV was not change after UV irradiation as shown in Table 2-1. It
is suggest that the content of O-C=0 was not change after UV irradiation. It is indicated
that the increasing intensity of O 1s peak at 532.8 eV is important factor to generate

Ti-OH groups on the TiO, surface after UV irradiation.
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Fig. 2-18 O 1s XPS spectra of the MAO, UV-0.5 h and UV-2 h coatings 1%

Table 2-1 Percentage areas of the decovoluted peaks in the O 1s XPS spectra and
percentage area of the deconvoluted 288.9 eV peak in C 1s XPS spectra of the MAO,
UV-0.5 h and UV-2 h coatings %2

Sample Percentage areas of the Percentage area of
deconvoluted peaks in the deconvoluted
Ols XPS spectra 2889 eV peak in
530.1 5313 53128 Cls XPS spectra
(eV) (V) (eV)

MAO coating  47.7 384 139 54

UV-05h 42.6 30 18.4 6.2

coaling
UV-2 hcoating  43.4 34.7 219 5

Guillemot et al. ®” suggested that increase in Ti 2p3/2 at lower binding energy
and in O 1s at higher binding energy is defect surface. The full-width at half-maximum
(fwhm) of Ti 2p peak showed Ti** affected by annealing temperature. The broadening
peak may be TiO, structure is induced lattice vibrations by thermal and Ti*" defects
may be generated on the surface.

Zhao et al. “?indicates that the oxygen is essential in the hydrophilic reactions.
They supposed that adsorbed oxygen could catch photoexcited holes, and promoted
the separation of electron-hole pair, which was favorable to the conversion of the
surface hydrophilicity. The 0% decreased and the hydroxyl group increased after UV

irradiation because UV irradiation generated defect surface. Therefore, the binding
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energy of Ti shift to lower binding energy and the binding energy of O shift to higher
binding energy.

Masahashi and colleagues "¢

prepared the anodized films on CP-Ti by
galvanostatic method until the conversion voltage reached from 80-220 V using
0.1 mass% sulfuric acid as an electrolyte. The annealed oxides showed low contact
angles less than 10 © after UV illumination. The Ti 2p XPS reveals that the surface is
composed of titanium oxide and the symmetrical shape of the Ti 2p suggests that
reduced Ti** ions are not present in the oxides. The oxides show an asymmetric O 1s
at approximately 530.5 eV is ascribed to oxygen in TiO, and a shoulder band on the
higher binding energy side at approximately 532.4 eV of the main peak due to the

adsorption of hydroxyl groups. This suggests that the surface of the annealed oxide

interacts strongly with the hydroxyl groups and also show hydrophilic property.
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Table 2-2 Peak position (eV) and percentage contents of the surface species on TiO,

thin films before (a) and after (b) UV irradiation "¢

Ti*t Ti*t TiO,
Position Y%Area Position Y%Area Position Y%Area
a 459.7 00.1 458 4 0.9 530.8 65.0
b 459.7 85.8 458 4 14.2 530.8 59.3
OH H-,0 & C-0
Position “eArea Position YeArea
531.8 27.9 533.1 7.1
531.8 4.1 533.1 6.6
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Fig. 2-19 Ti 2p and O 1s XPS spectrum of the annealed oxides for the following
conditions: before illumination (a), under UV illumination for 5 min (b), for 30 min (c),

and for 1h (d) ¢

UV irradiation could also enhance hydrophilicity of the anodized films via
formation of oxygen defects on the film surface as shown in Fig. 2-20. A small portion
of the trapped hole may react with TiO, itself, breaking the bond between the lattice
titanium and oxygen ions by the coordination of water molecules at the titanium sites.
The coordinated water molecules release a proton for charge compensation, and then
a new OH group forms, resulting in the increase in the number of OH groups on the

surface and directly results in the increase of hydrophilicity “*.
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Fig. 2-20 Photocatalytic activity of TiO, !

Aita et al. *Y suggest that UV irradiation enhances bioactivity on titanium surface
due to UV-catalytic progressive removal of hydrocarbons from the TiO, surface as
shown in Fig. 2-21. The acid-etched surface required only 1 h UV treatment, while the
machined surface required 48 h for decreasing in contact angle to 0°. The 0° contact
angle of H,O maintain on the surface for 7 days in the dark. The Ti 2ps,, peak was
slightly shifted to a higher binding energy for the acid-etched surface compared with
the machined surface. It is may indicated that the acid-etched surface is covered by a
thicker oxidized layer. XPS spectra of the acid-etched titanium surface revealed that
the C 1s peak decrease with increase of UV irradiation time, whereas Ti 2p and
O 1s peaks increase. Moreover, the shoulder peaks such as Ti’* or Ti were not appeared
in the lower binding energy. It is indicated that titanium substrates were fully oxidized
to form stoichiometric TiO, and a decrease of percentage of carbon with an increase

of UV irradiation time was due to photocatalytic removal of hydrocarbons.
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Fig. 2-21 Schematic description of a protein adsorption, and attachment and spread of

osteoblasts enhanced by UV irradiation on TiO, ¥

Fig. 2-22 shows that the intensity of the peak at 3433 cm™ (-OH stretching
vibration) decreased after UV irradiation. It is indicated that the —-OH bonding was partly
decomposed because of UV irradiation. Moreover, the very weak peak at 3000 cm™
(CH, and CH; groups stretching vibration), 1660, 1563 and 1446 cm™ (C-O stretching
and COO vibrations) and 1275 and 1350 cm™ (C-O stretching vibration) were eradicated
by UV irradiation. It was suggested that the peak intensity of carbon-based organics
decreased rapidly after UV irradiation. Therefore, UV irradiation could remove the

organics in the films by photochemical reaction and photoexcited thermal effect 2.

Reflection (a.u.)

3200 2400 1600 800
Wavenumber [cm'1)

Fig. 2-22 FTIR spectra of TiO, non-UV films, UV films and 600 °C-films “

The intensity of peaks at 3089 and 3068 cm™ (benzene peak) decreased after
UV irradiation. The peaks at 2360 and 2320 cm™ (CO,) and 1640 cm™ (H,0) increased
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as the reaction progressed. The broad absorption in the range of 3800-3500 cm
increased. It is indicated that the interacting hydroxyl groups regenerated and adsorbed
molecules on the surface. The peak of the bending vibration of adsorbed water
increased in the 1750-1500 cm™ range. At the same time, a small peak at 3740 cm™
(the isolated hydroxyl bands) increased. These results indicate that some adsorbed
surface species molecules are released from the adsorption sites but probably remain
on the TiO, sample surface by water incorporation. In addition, the new bands at 1587,
1491 and 1254 cm™ appeared after UV irradiation. These results indicate that weakly
adsorbed phenol was formed as the reaction progress, which led to the progressive

deactivation of the catalyst in the gas-solid system **.

673
3068
& 3089
S _ 0Oh M 1977 18321478 1033
3 2360 2320
g 1h
Na}
§ 2h M 1640
= | 3740 1491
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Fig. 2-23 IR spectra of the photocatalytic degradation of benzene on the TiO,
microballs under 0, 1, 2, 3 and 4 h UV irradiation !

The absorption peaks of 600 and 529 cm™ (Ta-O-Ta and Ta-O stretching) shift
to higher wavenumber after UV irradiation as a result of densification of the films.
A broad band in the 800-1000 cm™ range is due to suboxides TaO and TaO,. This peak
is dispersed after UV irradiation. The broad band in the 3100-3400 cm™ range shows
the dehydration and dehydroxylation of the polymers within the film before and after

UV irradiation .
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Fig. 2-24 FTIR spectra of the films before and after UV irradiation and the insert picture

shows, a) films before UV irradiation and b) films after UV irradiation ¥

After UV irradiation, the intensity peak at 1681 cm™ (C=0, carbonyl group)
decreased due to bond breakage at carbonate site with the elimination of carbon
monoxide/carbon dioxide. Moreover, the presence of TiO, nanoparticles in sample
lead to a decrease in intensity of the peaks at 436 cm™ (Ti-O-Ti band), 650 cm
(Ti-O band) and 1681 cm™ (C=0 band) .

00 900 e

1400 1900 2400 2900 3400 3900
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Fig. 2-25 FTIR spectra of a) bare PC, b) PC irradiation for 10 h, c) PC-TiO, nanocomposite

% Transmittance

4

(1 wt%) and d) PC-TiO, nanocomposite (1 wt%) irradiation 10 h “*!

After UV irradiation, the water contact angle of PC-TiO, nanocomposite
decreased. The surface energy increased. The SEM images showed the surface
roughness of PC-TiO, nanocomposite increase. Moreover, the oxygen content also

increase after UV irradiation observed by XPS. Therefore, the water contact angle
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decrease due to both the increment of oxygen content and surface roughness. The

low contact angle of solid surface is due to the high surface energy resulting in

hydrophilicity®.

Table 2-3 Contact angle and surface energy of the films after UV irradiation **!

Material and Treatment time Contact Total surface energy
angle (%) (mNm-)
PC, PC-Ti0O, 92,90 43,66, 4457
PC, PC-TiO 4 hirradiation 48, 41 59.66, 6357
PC, PC-Ti0O 6 hirradiation 40, 28 62.23,69.53
PC, PC-TiOz 8 hirradiation 31,20 66.57, 73.26
PC, PC-TiD, 10hirradiation 29,16 68.43, 7543
PC, PC-Ti0» 15 h irradiation 26,12 6990, 7795

Han et al. reported that the morphology and grain size of the MAO coating after

UV irradiation did not change as shown in Fig. 2-26 2

Fig. 2-26 Surface morphologies of the MAO (a) before UV and after UV (b) 0.5 h and

(c)2 h?2
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2.7. Improving OH groups on the anodized films

2.7.1. Ethanol Oxidation

The kinetics of the ethanol oxidation reaction are improved by the greater
availability of OH ions in solution and/or a higher OH™ coverage of the electrode surface
! Therefore, the formation of Ti-OH groups of the anodized films is formed after

ethanol treatment as following ethanol oxidation "

CHACH,OH + 30H = CH3CO,q + 3H,0 + 3e (1)
OH = OH.y + e 2)
CH5CO,ys + OH,ge = CH,COOH (3)
CH,COOH + OH = CH,COO™ + H,0 (a)

Ethanol oxidation is determined by the degree of CH;CO,4, and OH,4s coverage.
OH,qs adsorbed on the electrode is important for ethanol oxidation. OH,4s adsorbed
on the electrode will take the place of CH;CO,qs if the concentration of OH" is too high,

50 OH,q is available in excess and CH;CO.q. is insufficient at the electrode surface 6.



CHAPTER 3
EXPERIMENTAL PROCEDURE

3.1. Materials

The detail of the chemical using in this work shows inTable 3-1.

Table 3-1 Chemical used in this work

Chemical Company MW Density
(g/mol) (g/cm?)
HF Riedel-de Haen 20.01 1.14
HsPO4 85% Merck 98 1.71
MCPM, 85% purity | Sigma-Aldrich 252.07 -
Glycerol 99% Sigma-Aldrich 92.09 1.25
Ethanol 99.5% Sigma-Aldrich 46.07 0.79

Ti-6Al-4V

KV M Heating Element Co., Ltd.

Implant

Nobel biocare

3.2. The anodized films preparation

3.2.1. The working electrode preparation

Ti-6Al-4V plates were used as a working electrode. The Ti-6Al-4V with a size of
1 x 8 x 20 mm was drilled and polished with SiC paper. After that, it was washed by
reverse osmosis water in an ultrasonic bath for 15 minutes and dried at room
temperature. Ti-6Al-4V plate was connected with the Cu wire and glass tube by slue.
Prior to the anodization, the working electrode was etched in 1 M HF for 1 minute in
order to remove the native oxide films on the surface and finally washed in reverse

osmosis water.
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3.2.2. The electrolyte preparation

The two different types of electrolytes were prepared in this study. One was
the 1M H;PO, solution and the another one was 1M MCPM (the mono-calcium
phosphate monohydrate (Ca(H,PO4).H,O; MCPM)) solution. The MCPM electrolyte was
prepared by adding analytical grade MCPM (Sigma-Aldrich) in reverse osmosis water.
The electrolyte was stirred with a magnetic stirrer at elevated temperature (60-80 °C)
for 2 h to enhance the dissolution of calcium phosphate. After cooling the calcium
phosphate suspension to room temperature, the membrane filter was used to filter
out the suspension. This filtered solution was used as electrolyte. The pH of electrolyte

was about 2.

3.2.3. The anodization

The two different equipment were set up for preparing the anodized films at
low and high conditions. The anodizing apparatus at low current density or voltage
was set with an Ag/AgCl reference electrode, Pt-counter electrode and Ti-6Al-4V as
a working electrode. The three electrode cells were set as shown in Fig. 3-1. According
to the set-up, the anodized films were performed with current density of
0.25-2 mA/cm? or voltage of 2-10 V, for 30 min for both types of electrolytes
(1 M H3PO4 or 1 M MCPM) at room temperature. The electrochemical behavior was
measured by a potentiostat-galvanostat (Methrom, Autolab, PGSTAT30) connected to
a computer and operated by the GPEs program. After anodization, the anodized films
formed on the Ti-6Al-4V surface was rinsed with reverse osmosis water and dried at

room temperature. The anodized films were kept in desiccator.
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Fig. 3-1 Anodizing process at low current density or voltage
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Fig. 3-2 Anodizing process at high current density or voltage
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For anodizing process at high current density or voltage as shown in Fig. 3-2,
a DC power supply was used as a power source. An ammeter and volmeter were
used to measure current and voltage respectively during the anodizing process.
The electrochemical cell consisted of a glass beaker placed in a temperature
controlled water bath and the electrolyte was stirred with a magnetic stirrer. A CP-Ti
plate was used as cathode. The Ti-6Al-4V as working electrode was connected to the
power supply and immersed in the electrolyte. Anodization was performed in either
1M H3PO4 or the monocalcium phosphate monohydrate (Ca(H,PO,4).H,O; 1M MCPM)
solution at the current densities of 20-80 mA/cm? or initial voltage of 20-150 V for
30 min. Then the sample was rinsed with the reverse osmosis water to clean up in

the final step and kept in desciccator.

3.3. The anodized films and the TiUnite dental implant characterizations

3.3.1. Contact angle measurement

The hydrophilicities of the different surfaces were determined by measuring
the contact angles with one drop of reverse osmosis water using contact angle meter
(CAM_PLUS Tantec).

The contact angle of the sample before and after UV irradiation for 2, 4, 8 and
24 h was observed using the sessile drop method with a 5 pL distilled water and
contact angle meter (Model: Simage03, Excimer Inc, Kanagawa, Japan).

Numerical data are presented as the mean + standard deviation (SD), derived
from the indicated number of independent repeats. Statistical analysis was performed
by SPSS V.13 software. Significant differences in the contact angles were determined
by one-way analysis of variance (ANOVA) and followed by Bonferroni post hoc tests

for multiple comparisons. A p-value of < 0.05 was considered to be significant.
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3.3.2. Scanning electron microscopy (SEM)
The SEM (USM-6480LV (JEOL) and the SEM (KEYENCE VE-9800) were used for

morphological analysis. The SEM mode with an acceleration voltage of 15 kV was

selected for SEM analysis.

3.3.3. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS; AXIS ULTRAP®, Kratos analytical,
Manchester UK.) was used for surface species analysis. The spectra were collected
using a monochromatic Al Kq radiation at 1.4 keV. In all cases, the X-ray photoelectron
spectra were referenced to the C 1s peak at binding energy = 285 eV.

The chemical species on the anodized films surface before and after UV
irradiation and the TiUnite dental implant were examined by X-ray photoelectron
spectroscopy (XPS; JPS-9000SX, JEOL Ltd.). Al Kg X-rays (1486.6 eV) was used as an
X-ray source. The obtained XPS spectra were corrected to the C 1s at binding energy

of 284 eV.

3.3.4. Fourier Transform Infared Spectroscopy (FT-IR)

The functional groups of the films were measured by Fourier Transform Infared
Spectrometer (Thermo Scientific Nicolet 6700 FT-IR spectrometer and JASCO FT/IR-
4100) in Attenuated Total Reflection (ATR) mode using a diamond plate.

3.3.5. X-ray diffraction (XRD)

The phase components of the anodized films and the TiUnite dental implant
were analyzed by X-ray diffraction (XRD; RINT 2200 Ultima IIl diffractometer, Rigaku

Corp., Tokyo, Japan).

3.3.6. Raman spectroscopy

The crystalline phases in the anodized films and the TiUnite dental implant

were performed using Raman spectroscopy with a LabRAM HR 320 (Horiba/Jobin Yvon).
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3.4. Surface energy

For study about surface energy, the water contact angle and glycerol contact
angle were used. The Owens-Wendt theory was used to calculate surface energy as
shown in Eq. 1 and 2“7
1+ cos O = 2[(y.2 YOV2 +(y.P YRV (D
Y=Yy 2
Where 7Y is the surface tension of liquid.

V¥ and yds are the polar and dispersion terms of solid surface energy,
respectively.

YF and ydl are the polar and dispersion terms of liquid surface tension,
respectively.

In this study, the water and glycerol were used as polar liquid with specific

surface tension as shown in Table 3-2 17,

Table 3-2 Surface tension parameters for test liquids "

Dispersive component () | Polar component (Y°) | Total (Y,
(mN/m) (mN/m) (mN/m)
Water 218+3 51 72.8
Glycerol 37+ 4 27 64

3.5. UV irradiation
The UV light treatment was performed using 9 W lamp (Toshiba, Japan),
(A = 254 nm). The samples were placed at 15 cm distance from the UV source.
Irradiation times were for 2, 4, 8 and 24 h and the samples were stored in the dark

until the hydrophilicity convert to hydrophobicity.
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3.6. Ethanol treatment

The surface treatment of Ti-6Al-4V plate was prepared by galvanostatic
method. The Ti-6Al-4V plate etched in 1M HF was used as working electrode, Pt plate
was used as counter electrode and Ag/AgCl was used as reference electrode.
The 1M HsPO4 was used as electrolyte. The working electrode was anodized at
a constant current density of 2 mA/cm? for 0.5 h. After the anodizing process,
the anodized film was cleaned and dried at room temperature. The obtained anodized
film was defined as Ano 1.

The direct anodizing process for Ti-6Al-4V in 1M H;PO, electrolyte with addition
of ethanol of 6% v/v, 18% v/v and 30% V/v, the current density was set to 2 mA/cm?
for 0.5 h. The other electrical parameters were the same as those used for preparing
the Ano 1 specimen. The obtained specimen was denoted as Ano mix.

To combine anodized films with the ethanol treatment, the Ti-6Al-4V plate was
first treated by galvanostatic method in 1M H3PO, electrolyte as mentioned above,
and then the Ano 1 specimen was further treated by the galvanostatic method at
2 mA/cm? in 1M HsPO, electrolyte with addition of ethanol of 6% v/v, 18% v/v and
30% v/v. The anodizing parameters in this solution were the same as those for

preparing Ano mix specimen. The obtained specimens were designated as Ano 2.



3.7. Experimental diagrams

(1) TiUnite dental implant characterizations

TiUnite dental implant

4

Characterizations

® Surface Morphologies : SEM
® Surface species : XPS
® (rystalline phases : Raman spectroscopy

® Phase components : XRD

Fig. 3-3 TiUnite dental implant characterizations
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(2) Anodized films preparation and characterizations

Working electrode preparation

|

Working electrode was etched in 1M HF (1 min)

s

Galvanostatic method Potentiostatic method
Low i : 0.25-2 mA/cm? Low V; 2-10 V
High i : 20-80 mA/cm? High V : 20-150 V

IM H3POq4, 1M MCPM

4

Characterizations

® Hydrophilicity : Contact angle measurement
® Surface Morphologies : SEM
® Surface species : XPS

® Functional groups : ATR-FTIR

Fig. 3-4 Flow chart of the anodized films preparation



(3) Improving hydrophilicity by UV irradiation

Galvanostatic method
2 mA/cm? in 1M H;PO,
1 mA/cm? in 1M MCPM

Potentiostatic method
6 Vin 1M HsPO,
6 Vin 1M MCPM

s

® Surface species :

® Surface energy

Characterizations

® Hydrophilicity : Contact angle measurement

® Surface Morphologies : SEM

XPS

® Functional groups : ATR-FTIR

4

UV irradiation (2, 4, 8, 24 h)

ey

Characterizations

Hydrophilicity : Contact angle
measurement

® Surface Morphologies : SEM
® Surface species : XPS

® Functional groups : ATR-FTIR

® Surface energy
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Store in the dark

|:> (Contact angle

measurement)

Fig. 3-5 Flow chart of the improving hydrophilicity by UV irradiation
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(4) Improving hydrophilicity by ethanol treatment

2 mA/cm? in 1M HsPO, +
2 mA/cm? in 1M H5PO,

“Ano1”

6, 18 and 30% v/v Ethanol

“ Ano mix ”

2 mA/cm? in 1M HsPO,

4

2 mA/cm? in 1M HsPO, +
6, 18 and 30% v/v Ethanol

[ AnO 2 ”

Characterizations (best condition)

® Hydrophilicity : Contact angle measurement
® Surface Morphologies : SEM
® Surface species : XPS

® Functional groups : ATR-FTIR

Fig. 3-6 Flow chart of the improving hydrophilicity by increasing OH groups




CHAPTER 4
RESULTS AND DISCUSSIONS

4.1. Dental implant characterization

4.1.1. The basic information of the NobelReplace™ Conical Connection

RP (TiUnite dental implant)

TiUnite (5.0 mm x 16 mm, Nobel Biocare, Goteborg, Sweden) was purchased
from the company as shown in Fig. 4-1. It was made from titanium grade 4. The plasma
electrolytic oxidation (anodization) was used to modify surface resulting in the

formation of titanium oxide “&.

‘ \
P

Fig. 4-1 NobelReplace™ Conical Connection RP (TiUnite, 5.0 mm x 16 mm)

4.1.2. Surface characterization of TiUnite dental implant

The TiUnite dental implant showed porous surface due to breakdown

[49

phenomenon during anodizing process . Pore size was around 0.5 - 4 pm, some

areas elongated to 10 ym as shown in Fig. 4-2.
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Fig. 4-2 Surface morphology of TiUnite dental implant (a) 1000X and (b) 5000X

Fig. 4-3 shows the XPS spectra of TiUnite dental implant. The results show that
the Ti doublet peaks of Ti 2p1/2 and Ti 2p3/2 of the implant appeared at 464.3 eV
and 458.3 eV. These Ti 2p peaks was deconvoluted corresponding to TiO,.

O 1s spectra of implant as shown in Fig. 4-3 (b) show main peak close to
533.30 eV. This O 1s spectrum was deconvoluted to 0%, OH and H,O at 529.4 eV,
531.2 eV and 533.3 eV, respectively.

C 1s spectra of implant as shown in Fig. 4-3 (c) represent a singlet peak at
284 eV. C 1s spectrum was deconvoluted to hydrocarbon and organic adsorbates at
283.1 eV, 284.1 eV and 285.95 eV. These carbon peaks is not important composition
of the oxide films but they are contamination from the absorbed organic carbon during
sample handing ®% These results show similar features with TiUnite implant of

Kang et al. work .
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Fig. 4-3 XPS spectra of the TiUnite dental implant
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These results are confirmed by XRD pattern. The XRD patterns of the TiUnite
dental implant are shown in Fig. 4-4. The TiUnite dental implant surfaces crystalline
phase of anatase is observed corresponding to JCPDS # 00-021-1272. This result
suggests that the TiO, layers that are formed during plasma electrolytic oxidation.

Moreover, these findings were confirmed by Raman spectroscopy. The Raman
spectra of the TiUnite dental implant were shown in Fig. 4-5. The TiUnite dental
implant is tetragonal anatase structured TiO,. The anatase TiO, (the space group DY,

385152 The peak at

(14,/amd)) has six Raman active vibrations: A;; + 2By, + 3E, [
~ 145 cm™ (correspond to Ey), ~ 198 cm’! (correspond to Eg), ~ 395 cm! (correspond
to Byy), ~ 514 cm! (correspond to Aig + Byg) and ~ 635 cm’ (correspond to E,) modes
of anatase TiO, are observed.

The vibration dynamics of anatase is shown in Fig. 4-6 . In anatase, only A;,
vibration mode is predicted to be the oxygen vibration, the By, vibration mode is
Ti atom vibration and the remaining vibrations are mixes of both O atom and Ti atom
vibration. The narrows showed the displacement of the corresponding atoms. E, are
the double degenerated vibrations, the narrow showed only one of the possible
displacement geometries. The length of the arrows is the amplitude of vibration ©2.
A and B is one dimensional symmetries and E is two dimensional symmetries.
The subscript “¢” is “gerade” indicating the symmetry with respect to inversion and
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the subscript “1” indicates the singlet state ®¥ (the spin of two electrons have

antiparallel (paired), the two spin momenta cancel each other and there is zero net

>3 n addition, the Ay Big and E mode is caused by anti-symmetric bending

spin) |
vibration, symmetric bending vibration and symmetric stretching vibration of O-Ti-O,

respectively ¢\
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Fig. 4-4 XRD pattern of the TiUnite dental implant
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Fig. 4-5 Raman spectra of TiUnite dental implant



a8

@71 @eo

B) Anatase

E,(1) v=141.18 cm™ Ey(2) v=154.46 cm™ By,{1) v=381.78cm’
%0 0. ®
029 ° o9 % o09 °
.,_b ?.. ..'.;
e e e
B.g(2) v=503.72 em’ Ay, v=526.92 cm’ E,(3) v=653.63 em”’
049 @4@ ".'j.!.
ot0 * 9‘0 ? \0?0
| Q&? | | ?,
- ] I . .

Fig. 4-6 Scheme of Raman active atomic vibrations of anatase

It is well known that the surface properties of titanium implants are important
factors for successful osseointegration. The surface characterizations are essential for
a better understanding of the role of surface properties on osseointegration. Various
surface modification techniques have been developed in order to improve their clinical
permanence. Therefore, the surface characterizations of the commercial implant were

used as reference in this study.
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4.2. Effect of anodizing conditions on hydrophilicity of the anodized films
The passivation behavior of metal and alloys shows in the polarization diagram
as shown in Fig. 4-7. The potential increased, so the current density increased according
to normal dissolution behavior until a critical value (i). This point starts to form
the passive films, which occurs at potentials higher than primary passive potential (E,p).
Beyond this point, the current density decreased to a residual current (). At higher
potentials (E;) breakdown of the passive film might occur with an increase in anodic

activity and form the transpassive state ©7.

Tranzpassive

-
=
E Passive
[TH}
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o
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M =M™ +ne ] A ctive
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log CORROSION RATE OR CURREMT DEMSITY

Fig. 4-7 Schematic polarization diagram displaying the change from active corrosion to

passive behavior and to transpassive state "

It is indicated that the applying a current density or voltage in the passive state,
it is possible to grow the oxide layer on the titanium alloys in order to protect
the surface from oxidation. Karambakhsh reported that the iy, of the anodized films
on Ti-6Al-4V in different solutions around 0.053-0.069 WA/cm? P%. Therefore, the low
current densities of 0.25-2 mA/cm? applied in this work can perform the passive oxide

films on the Ti-6Al-4V.
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4.2.1. Effect of anodization current (Galvanostatic method)

4.2.1.1. Anodizing process

The anodizing process of the anodized films formation obtained at constant
current (galvanostatic method) could be explained by the potential vs. time curve as

57 In the first region,

shown in Fig. 4-8. The curve showed three different regions
the potential linearly increased corresponding to the formation of an insulating thin
film. The second region, the slope of the curve decreased and the potential continued
to increase to critical potential value. In this region, the evolution of oxygen on the
film surface began. The third region, the potential remains stable until the end of

process because there was no space on the surface of Ti-6Al-4V to form the film

corresponding to corrosion resistance.

Galvanostatic method

Potential {V)

-}--corrosion-— . --Corrosion resistance--

Time (s)
Fig. 4-8 Curve of the anodizing process of the anodized films formed by galvanostatic

method
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4.2.1.2. Hydrophilicity of the anodized films

Fig. 4-9 showed the contact angle of Ti-6Al-4V before and after anodization at
different current density. The contact angle of untreated Ti-6Al-4V surface was about
84.7°. The contact angle of the anodized films formed at low current density of 0, 0.25,
1 and 2 mA/cm? in 1M H5PO, decreases to 75.9°, 72.4°, 79.1° and 69.9°, respectively.
The contact angle of the anodized films formed at high current density of 5, 20 and
80 mA/cm? in 1M H5PO, decreased to 48.3°, 41.5° and 45.3°, respectively. Using of
IM MCPM as an electrolyte, the contact angle of the anodized films formed at low
current density of 0, 0.25, 1 and 2 mA/cm? decreased to 81.3° 70.8°, 66.9° and 73°,
respectively. The contact angle of the anodized films formed at 5, 20 and 80 mA/cm?
decreases to 24.3° 17.2° and 21.7°, respectively. From these results, it is indicated that
the contact angle of the anodized films formed at high current densities in 1M MCPM
were lower than those of in 1M H3;PO,. It may be due to high composition of Ca in
the anodized films formed at high current densities resulting in high hydrophilicity. For
the galvanostatic method, the anodized films formed at low current density of
2 mA/cm? in 1M HsPO, and 1 mA/cm? in 1M MCPM and at high current density of
20 mA/cm? in either 1M H5PO, or 1M MCPM displayed the lowest contact angle in each
group resulting in the highest hydrophilicity. The contact angle of the anodized films
applied at both low and high current density significantly decreased after anodization
(p<0.05) compared to the untreated Ti-6Al-4V. However, the anodized films formed at
low current density, there are no significant difference (p>0.05) in the water contact
angle compared to the films formed without current density. The contact angle of
the anodized films formed at high current density significantly decreased in comparison
with the anodized films formed at low current density. The results of contact angle
suggested the successful enhancing in hydrophilicity on the anodized films via

galvanostatic method ranging from 5-80 mA/cm? in either 1M HsPO, or 1M MCPM.
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Fig. 4-9 Contact angle of the untreated Ti-6Al-4V and the anodized films applied
different current density in either 1M HsPO4 or 1M MCPM

4.2.1.3. The morphology of the anodized films

After the anodizing process, the Ti-6Al-4V surface morphology has clearly
changed especially the anodized films formed at high current density as shown in
Fig. 4-10.

The anodized films formed at high current densities showed porous surface
with non-homogeneous pores. However, no any pore was observed in the anodized
films formed at low current densities of 0.25-2 mA/cm?. The anodized films formed at
high current density showed porous surface because it is increasing in electric current
at high current densities resulting in a wide pore formation due to stronger electric
sparks taking place on the nearby anode surface of the growing layers. When an electric
spark occurs, the temperature is high enough to melt the oxide layer. These sparks
was also the main reason for pore formation. After the sparks disappeared, the melted
regions solidified in the adjacent electrolyte. These frequent melting and solidifying
phenomena made the layers roughened ®?. However, no electrical sparking occurred
at low current densities due to the low electric current passing the electrochemical

cell. Therefore, no pore occurred on the anodized films formed at low current
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densities. The porous surface might be one of the factors enhancing the hydrophilicity

to the anodized films.

15kU 18, 888

15k 18, 886 1am

Fig. 4-10 SEM micrographs of (a-c) the Ti-6 Al-4V untreated and the films formed
without current density, (d-f) the anodized films formed at 0.25, 1 and 2 mA/cm? in
1 M H3POy, (g-)) 0.25, 1 and 2 mA/cm? in 1 M MCPM, (j-) 5, 20 and 80 mA/cm? in 1 M
H5PO, and (m-o) at 5, 20 and 80 mA/cm? in 1 M MCPM, respectively
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4.2.1.4. The chemical species of the anodized films

The Ti 2p and O 1s narrow XPS spectra of the untreated Ti-6 Al-4V and the
anodized films show in Fig. 4-11, Fig. 4-12, Fig. 4-13, Fig. 4-14, and Fig. 4-15. The Ti 2p
spectra of the untreated Ti-6Al-4V, the films formed without current and the anodized
films formed at low current density of 0.25-2 mA/cm? provide clear evidence that the
chemical species not only consist of TiO,, but there are additional oxide species such
as Ti,Os, TiO or Ti at lower binding energy. The peak positions can be attributed to the
oxidation state +IV for TiO,, +lII (Ti,Os), +ll (TIO) and 0 (Ti metal) %, However, the
Ti 2p spectra of the anodized films formed at high current density of 5-80 mA/cm? in
both electrolytes present only TiO,. The O 1s spectra of the untreated Ti-6 Al-4V
present O°" (the titanium oxide) as a main peak and co-exist with OH™ (hydroxide).
The O 1s spectra of the films formed without current and the anodized films formed
at low current density present 0% (the titanium oxide) as a main peak and co-exist
with OH (hydroxide) and H,O (adsorbed water). However, the O 1s spectra of the
anodized films formed at high current density of 5-80 mA/cm? in both electrolytes
present OH" (hydroxide) as a main peak and co-exist with H,O (adsorbed water).
The C 1s spectra has clearly distinguishable contributions from hydrocarbon species
generated from sample handing (501 The data do not show. From the SEM micrographs
and the XPS results, it is indicated that the present of hydroxide, adsorbed water and
porous surface on the anodized films formed at 5-80 mA/cm? in both electrolyte

could improve the hydrophilicity to the anodized films.
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Fig. 4-11 Ti2p and Ols XPS spectra of the untreated Ti-6Al-4V and the films formed

without current in either 1M H;PO, or 1M MCPM
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Fig. 4-12 Ti2p and Ols XPS spectra of the anodized films formed at 0.25, 1 and

2 mA/cm? in 1M H5PO,



E) Ti 2p (0.25 mA/em?, 1M MCPM)
50000

Intensity
g
s

0
468 466 464 462 460 458 456 454 452
Binding Energy (eV)

[c] Ti 2p (1 mA/e?, 1M MCPM)
50000

Intensity

468 466 464 462 460 458 456 454 452
Binding Energy (eV)

[e] Ti 2p (2 mA/em?’, 1M MCPM)
50000

0
468 466 464 462 460 458 456 454 452
Binding Energy (eV)

[b] 0 1s (0.25 mA/am?’, 1M MCPM)
50000

45000
40000
35000
30000
25000
20000-
15000
10000
5000

0 . 4 : : > : )
538 536 534 532 530 528 526 524

Binding Energy (eV)

Intensity

(d] " 0 1s (1 mA/am?’, 1M MCPM)

2

o T T T T T T 1
538 536 534 532 530 528 526 524
Binding Energy (eV)

(fl 00015(2mA/cm2,1MMCPM)

Intensity
N
]
s

0 T : f > . r )
538 536 534 532 530 528 526 524
Binding Energy (eV)

57

Fig. 4-13 Ti2p and O1s XPS spectra of the anodized films formed at 0.25, 1 and

2 mA/cm? in 1M MCPM



Ti2p (5 mAlem’, 1M H.PO)

TiO,

TiO, /\

0

04

468 466 464 462 460 458 456 454 452

Binding Energy (eV)

Ti2p (20 mAlcm’, IMH,PO)

TiO,

468 466 464 462 460 458 456 454 452

Binding Energy (eV)

Ti2p (80 mA/cm’, IMH,PO)

TiO,
T, g TiO,

2

04

468 466 464 462 460 458 456 454 452

Binding Energy (eV)

[b]

Intensity

Intensity

Intensity

Ofts (5mAlcm’, 1IMH_PO)
OH

15000 HO

0
Binding Energy (eV)

Ots (20 mAlcm’, IMH_PO)

538 536 534 532 530 528 526 524

Binding Energy (eV)

Ofs (80 mA/cm’, 1M H_PO)

538 536 534 532 530 528 526 524

Binding Energy (eV)

538 536 534 532 530 528 526 524

58

Fig. 4-14 Ti2p and Ols XPS spectra of the anodized films formed at 5, 20 and
80 mA/cm? in 1M H;PO,
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Fig. 4-15 Ti2p and Ols XPS spectra of the anodized films formed at 5, 20 and

80 mA/cm? in 1M MCPM
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4.2.1.5. ATR-FTIR spectra of the anodized films

Fig. 4-16 and Fig. 4-17 show the FTIR spectra of the Ti-6Al-4V before and after
anodization at low current density and high current density. It is observed that the FTIR
spectra of the untreated Ti-6Al-4V and the films formed without current and the
anodized films formed at low current density of 2 mA/cm? in 1M H;PO, and 1 mA/cm?
in 1M MCPM showed small peak of OH group. However, there was increase intensity
of OH group in the anodized films formed at 20 mA/cm? in either 1M H;PO,4 or MCPM.
The FTIR spectra of the anodized films formed at 20 mA/cm? in 1M H;PO, at
2788 cm™ and 1531 cm™ are assigned to the stretching and bending vibrations of OH
group respectively. The FTIR spectra of the anodized films formed at 20 mA/cm?in 1M
MCPM at 3752 cm™ and 1599 cm™ are assigned to the stretching and bending vibrations
of OH group respectively. These FTIR results confirm the hydroxyl groups from XPS
results. Therefore, the high hydrophilicity of the anodized films formed at high current
density in either 1M H3PO4 or IM MCPM may result from the hydroxyl groups on the

porous surface.
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Fig. 4-16 ATR-FTIR spectra of the untreated Ti-6Al-4V, the films formed without current

and the anodized films formed at 2 and 20 mA/cm? in 1M H5PO,
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Fig. 4-17 ATR-FTIR spectra of the untreated Ti-6Al-4V, the films formed without current
and the anodized films formed at 1 and 20 mA/cm? in 1M MCPM
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4.2.2. Effect of anodization voltage (Potentiostatic method)

4.2.2.1. Anodizing process

Fig. 4-18 showed the anodizing process of the anodized films formation
obtained at constant voltage (potentiostatic method). The current vs. time curve was
used to explain the anodizing process. The curve showed three different regions 7.
At the first region, there was high current corresponding to the formation of insulating
thin films. In second region, the current decreased and the evolution of oxygen began.

In the third region, the current exhibited small variations until the end of process due

to corrosion resistance.

Potentiostatic method

Current {mA)

| i --Corrosion resistance--
--corrosion———

Time (s)

Fig. 4-18 Curve of the anodizing process of the anodized films formed by potentiostatic

method

4.2.2.2. Hydrophilicity of the anodized films

Fig. 4-19 showed the contact angle of Ti-6Al-4V before and after anodization at
different voltage. The contact angle of untreated Ti-6Al-4V surface is about 84.7°.
The contact angle of the anodized films formed at low voltage of 0, 2, 4, 6 and 8 V in
1M H3PO, decreased to 75.9°, 52.3° 50.5°, 49.2° and 54.8°, respectively. The contact
angle of the anodized films formed at high voltage of 5, 10, 50, 100 and 150V in 1M
HsPO, decreased to 48.8°, 48.5° 46.4°, 59.7° and 37.9° respectively. For the using 1M

MCPM as an electrolyte, the contact angle of the anodized films formed at low voltage
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of 0, 2,4, 6 and 8 V decreased to 81.3° 61.2°, 64.13°, 40.27° and 54.27°, respectively.
The contact angle of the anodized films formed at high voltage of 5, 10, 50, 100 and
150V in 1M MCPM decreases to 50.9°, 52.9°, 51.6°, 50.5° and 26.2°, respectively. From
these results, it is indicated that the contact angle of the anodized films formed at
high voltage of 150 V in IM MCPM were lower than those of in 1M H3;PO,. It may be
due to high composition of Ca in the anodized films resulting in high hydrophilicity.
For the potentiostatic method, the anodized films formed at low voltage of 6V and at
high voltage of 150V in either 1M H3;PO, or 1M MCPM are lowest contact angle in each
group showing the highest hydrophilicity. The contact angle of the anodized films
applied at low and high voltage significantly decreased after anodization (p<0.05)
compared to the untreated Ti-6Al-4V and the films formed without current.
The anodized films formed at both low and high voltages could enhance hydrophilicity
to the films.

From the contact angle of the anodized films formed by galvanostatic method
and potentiostatic method, the results showed that the best condition of the anodized
films formation in low condition was 6V in 1M MCPM and in high condition was
20 mA/cm? in 1M MCPM. It is indicated that composition of Ca in the anodized films

result in high hydrophilicity.
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Fig. 4-19 Contact angle of the untreated Ti-6Al-4V and the anodized films formed at
different voltage in either H;PO4 or MCPM

4.2.2.3. The morphology of the anodized films

SEM micrographs in Fig. 4-20, Fig. 4-21 and Fig. 4-22 showed the microstructure
of the anodized films formed at low and high voltage. After the anodizing process, the
Ti-6Al-4V surface morphology has clearly changed especially the anodized films
formed at high voltage of 150V in 1M MCPM. The anodized films formed at 150V in 1M
MCPM showed porous surface with non-homogeneous pores. However, the other
anodized films showed rough surface. This porous and rough surface formation could
be explained in the same way of galvanostatic method. From these results it is
indicated that both rough and porous surface promoted better hydrophilicity on the

anodized films and the porous surface showed the highest hydrophilicity behavior.
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Fig. 4-20 SEM micrographs of the anodized films formed at 2, 4, 6 and 8 V in 1M H3POy,

respectively
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Fig. 4-21 SEM micrographs of the anodized films formed at 2, 4, 6 and 8 V in 1M MCPM,

respectively
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Fig. 4-22 SEM micrographs of the anodized films formed at 5, 10, 50, 100 and 150 V in
IM MCPM, respectively
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4.2.2.4. The chemical species of the anodized films

The Ti 2p and O 1s narrow spectra of the anodized films formed at low V and
high V show in Fig. 4-23, Fig. 4-24, Fig. 4-25 and Fig. 4-26. The Ti 2p spectra of all
samples show TiO,. The O 1s spectra of the anodized films formed at low V present
O” (the titanium oxide) as a main peak and co-exist with OH™ (hydroxide) and H,0
(adsorbed water). However, the O 1s spectra of the anodized films formed at high V of
150 V shift to higher binding energy compared with those of low V. The anodized films
formed at 10 and 150 V shift to higher binding energy compared with other conditions
presenting OH™ as a main peak and co-exist with O* and H,O for 10 V and co-exist only
H,O for 150 V as shown in Fig. 4-26. Although, the anodized films formed at 10 V
composed of OH™ and co-exist with O% and H,O and the morphology show roughness
surface, its contact angle is higher than those of 150 V. These results indicated that
the presence of both hydroxide and adsorbed water and porous surface on the

anodized films formed at 150 V showed the highest hydrophilicity.
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Fig. 4-24 Ti 2p and O 1s spectra of the anodized films formed at low V in 1M MCPM
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Fig. 4-25 Ti 2p and O 1s spectra of the anodized films formed at high V in 1M MCPM
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4.2.2.5. ATR-FTIR spectrum of the anodized films
Fig. 4-27 showed the FTIR spectra of the anodized films formed at low voltage
of 6V and high voltage of 150V in either 1M H3PO, or 1M MCPM. It was observed that
the FTIR spectra of the anodized films appear the OH group on the films surface. These
FTIR results confirm the hydroxyl groups from XPS results. Therefore, the high
hydrophilicity of the anodized films formed at high voltage of 150 V in 1M MCPM

results from the hydroxyl groups on the porous surface.

[d]
[c]
[

b]

[

% Transmittance
iﬁ(

4000 3600 3200 2800 2400 2000
Wavenumber (cm’')

Fig. 4-27 ATR-FTIR spectra of the anodized films formed at (a) 6V in 1M HsPQ,, (b) 6V

in 1M MCPM, (0) 150 V in 1M H,PO, and (d) 150 V in 1M MCPM
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Discussion

The hydrophilicity of the anodized films formed by both galvanostatic method
and potentiostatic method at low and high current densities or voltages was
investigated. These results showed that the enhancing hydrophilcity of the anodized
films formed at high current densities or voltages results from the porous surface and
the hydroxyl groups on the films surface.

The porous surface was formed at high current density or high voltage. It is
emphasized that the applied either high current or high voltage caused electrical sparks
with high energy. High electrical current passed through the electrochemical cell and
generated heat in the oxide layer resulting in melting and solidifying of the growing
oxide layers in the surrounding electrolyte made the porous surface

Fig. 4-28 showed the chemical reaction and structural changes during anodizing
process. When the voltage reaches to breakdown voltage, the spark discharge occurred
in some region resulting in a large number of small uniform micro-pores. After the
voltage increased and reached to stable value, the number of spark decrease but their
intensity increased resulting in rougher surface and increasing of the thickness.
The porous films formation could be classified in three steps B, Firstly, when a large
number of discharges were produced, the electron moved into the discharge channels
rapidly due to high temperature and high pressure. The anionic components entered
to these channels. At the same time, alloying elements of the substrate melted and
diffused into the channels. Secondly, the oxide was solidified due to the rapid cooling
of electrolyte. Therefore, the thickness increased in the area nearby the discharge
channels. Finally, the gases were driven from the discharge channels resulting in holes
with volcano shapes.

However, after applied low current density or low voltage, no electrical sparking
occurred resulting in only roughness surface. Therefore, the applied high current or
high voltage increases the opportunity to form porous surface and increase hydroxyl
groups to the anodized films more than those of low current or low voltage resulting

in higher hydrophilicity.
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Fig. 4-28 Scheme of the chemical reaction and structural changes during anodizing

process (this picture was modified from reference No. ®Y)

Fig. 4-10 showed the surface with different heights of the grains of the
Ti-6Al-4V before and after anodization at low and high current density. A smooth
surface was formed on the untreated Ti-6Al-4V. The grain structure showed large grain
compared to the anodized films. The films formed without current densities and the
anodized films formed at low current densities showed rough surface. The grain
structure was smaller than those of the untreated Ti-6Al-4V. The anodized films
formed at high current densities showed porous surface. The grain structure was
obviously shown and it was smaller than those of anodized films formed at low current
densities. These grains differed in height and surface shape; some areas were smooth,
others were covered by pore. The grain size are in the order the untreated Ti-6Al-4V >
the films formed without current density and the anodized films formed at low current
densities or voltages > the anodized films formed at high current densities or voltages.

It is indicated that the anodic current densities or voltages effect on the g¢rain
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orientation ®Y. The grain size decreased with increasing of current density or voltage

due to increasing of the thickness 16263,

The mechanism of the grains formation was explained by phase diagram ¥

65661 35 shown in Fig. 4-29 and Fig. 4-30. From the phase

and solidification process
diagram of Ti-6Al-4V, At T4, the liquid of Alloy C, starts solidification. The first solid has
composition as Cg;. After that the T; was cooled to T,, an outer shell of composition
Cs, is formed surrounding C;; due to inadequate diffusion on fast cooling, so
a composition difference is created. The average composition of the solid composite
at T, is somewhere between C,; and Cq,:Cq,x. The same situation continues throughout
the process. Under equilibrium condition solidification completes at Ts;. However,
under non-equilibrium condition, the average composition of solid at Ts is Cg+ < Co,

indicating that solidification is not completed yet. Solidification actually ends when the

average composition of solid equals Cy, i.e., at Ty.

Temperature

(*C) f transus (~1000°C for commercial alloy)

wt. % Vinp

o AIE ﬁ
phase field phase field

T wt. % V —»
Ti-6 wi. % Al

Fig. 4-29 Phase diagram of Ti-6Al-4V
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]

Fig. 4-31 showed the different grain size on the anodized films surface due to

atom orientations on each grain. The porous surface has small number of atoms in

each grain but the number of the grain boundaries was very high. This grain formation

could be explained by Fig. 4-32.

Fig. 4-31 SEM micrograph of the anodized films formed at 1 mA/cm? in 1M MCPM
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Fig. 4-32 Solidification of metal "

The crystals begin to grow and form grain boundaries from the nucleation point.
At solidification temperature, the atoms of melted metal liquid begin to bond together
and form crystals as a grain at the nucleation point. The size of grain depends on the
number of nucleation points. The interface formed between grains is called grain
boundary surface. These atoms have no crystalline due to disorder 678 |t js
indicated that the fine grain structure of porous surface results from more nucleation
points due to rapid cooling during anodizing process.

It has been reported that the nanograined titanium and its alloys can improve

26

the corrosion resistance ), the biological properties compared with coarse grained

parts [26,27]

During anodizing process, the main reactions leading to oxidation at the anode
25 can be written as:
At Ti/Ti oxide interface: Ti =2 Tt + 2¢
At Ti oxide/electrolyte interface:

2 H,0 = 2 0% + 4 H' (Oxygen ions react with Ti to form oxide)

2 H,O - O, (gas) + 4 H" + de (O, gas evolves or sticks at electrode surface)
At both interfaces: Ti?* + 2 0% = TiO, +2¢

The anodized films formed at high current or high voltage exhibit a high
hydrophilicity due to their porous surface and hydroxyl groups. Wenzel’s theoretical

model was used to describe the contact angle of rough surface. Wenzel’s equation as

follows:

cos (0) = rYsy- Yo/ Yoy = 1 cos (L)
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where ris defined as the surface ratio, Ysy, Ys., and Y,y are the interfacial free
energy per unit area of solid-vapor, solid-liquid, and liquid-vapor interfaces,
respectively. QL is the contact angle of a smooth area.

This equation indicated that the surface roughness enhances the hydrophilicity
of a hydrophilic surface (0<90°) and the hydrophobicity of a hydrophobic one (0>90°)
because ris always greater than 1'% It is important to notice that the Wenzel equation
is based on the assumption that the liquid penetrates into the roughness surface as
shown in Fig. 4-33.

Moreover, the increase of hydroxyl groups on the TiO, films tends to make the
hydrophilic surface because the hydroxyl groups can form hydrogen bond with water

9 3s shown in Fig. 4-34.

[60]

Fig. 4-33 Roughness surface induced hydrophilicity

G " | d
..--?
Covalent B {’ e d° €——  Water
bonds
f'l molecules
Hydrogen
._\ bonds
OH OH
. water
Tio,
Ti-6Al-4V Ti-6Al4V

Fig. 4-34 Hydroxyl groups induced hydrophilicity to the films
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4.3. Effect of UV irradiation on hydrophilicity of the anodized films
The anodized films formed at 2 mA/cm? in 1M HsPO,, 1 mA/cm? in 1M MCPM,
and 6 V in either 1M H3PO4 or 1M MCPM were selected to enhance hydrophilicity by
UV irradiation.

4.3.1. Surface characterizations of the anodized films formed at low

current density and low voltage

The chemical species of the anodized films were characterized by XPS. The
Ti 2p spectra show there are no differences in all samples. The TiO, appears on all
samples as shown in Fig. 4-35. However, the O 1s shows the difference between the
Ti-6Al-4V before and after anodization as shown in Fig. 4-36. The O 1s spectra of the
untreated Ti-6Al-4V and the films formed without current density show O* as a main
peak and co-exist with OH™ and/or H,O. The O 1s spectra of the anodized films shift to
higher binding energy and appear OH as a main peak and co-exist with O* and/or H,0.
It is indicated that the OH group was improved after anodization. These results were
confirmed by the functional groups in ATR-FTIR results as shown in Fig. 4-37. It can be
clearly seen that there are peaks in the range of 3000-3600 cm™ (-OH stretching
vibration) on all samples The surface morphology was enhanced after anodization as
shown in Fig. 4-38. However, the contact angle of the anodized films, there are no
significant difference (p>0.05) compared with the untreated Ti-6Al-4V as shown in
Fig. 4-39.
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Fig. 4-35 Ti 2p spectra of the Untreated Ti-6Al-4V, the films formed without current

and the anodized films formed at 2 mA/cm? in 1M HsPO,, 1 mA/cm? in 1M MCPM and

6 V in either 1M HsPO, or 1M MCPM
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Fig. 4-36 O 1s spectra of the Untreated Ti-6Al-4V, the films formed without current and
the anodized films formed at 2 mA/cm? in 1M H3PO,, 1 mA/cm? in 1M MCPM and 6 V
in either 1M H3PO,4 or 1M MCPM
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Fig. 4-37 ATR-FTIR spectra of (a) the Untreated Ti-6Al-4V, (b) the films formed without

current and the anodized films formed at (c) 2 mA/cm? in 1M H;POy, (d) 1 mA/cm? in

1M MCPM and (e, f) 6 V in either 1M H3;PO4 or 1M MCPM
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Fig. 4-38 Surface morphology of the (a) Untreated Ti-6Al-4V, (b) the films formed

without current and the anodized film formed at (c) 2 mA/cm? in 1M Hs;PO,,

(d) 1 mA/cm? in 1M MCPM and (e, ) 6 V in either 1M H;PO, or 1M MCPM
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Although, the chemical species and the surface morphologies were improved
after anodization, the contact angle of the anodized films, there were no significant
difference (p>0.05) compared to the untreated Ti-6Al-4V. It is indicated that the
hydrophilicity of the anodized films did not enhance. Therefore, the UV irradiation was
considered to improve hydrophilicity to the TiO, films.

100+
90.
80-
701
60
50-
40
30-
201
10

Contact angle (degrees)

0-
Ti-6Al-4V 2 1 6V 6V
wioi,V mA/cm’
H,PO, MCPM H,PO, MCPM

Fig. 4-39 Contact angle of the Untreated Ti-6Al-4V, the films formed without current
and the anodized films formed at 2 mA/cm? in 1M HsPO,, 1 mA/cm? in 1M MCPM and
6 Vin either 1M HsPO,4 or 1M MCPM

4.3.2. UV induced hydrophilicity of the anodized films

The contact angle of the untreated Ti-6Al-4V decrease from 79.94° + 4.71° to
53.48° + 8.05° the films formed without current decrease from 83.33° + 9.51° to
47.39° + 8.55°, the anodized films formed at 2 mA/cm? in 1M HsPO, decrease from
76.61° + 7.71°t0 52.87° + 10.23°, 1 mA/cm? in 1M MCPM decrease from 71.94° + 10.94°
to 27.86° + 5.52° after UV irradiation for 24 h as shown in Fig. 4-40. At the same time,
the contact angle of the anodized films formed at 6 V in 1M H;PO, decrease from
78.35° + 6.62° to 44.59° + 7.29° and 6 V in 1M MCPM decrease from 67.99° + 4.67° to
36.91° + 5.83° as shown in Fig. 4-41. Therefore, the UV irradiation could enhance

hydrophilicity to all samples. It is indicated that the anodized films formed at low
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current density and low voltage could enhance hydrophilicity after UV irradiation for
24 h.

The contact angle of all samples increased after store in the dark for a week
as shown in Fig. 4-40 and Fig. 4-41. It is indicated that the hydrophilicity converted to
hydrophobicity after the samples were kept in the dark.
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Fig. 4-40 Contact angle of the Untreated Ti-6Al-4V and the anodized film formed at
2 mA/cm? in 1M HsPO,, 1 mA/cm? in IM MCPM and the films formed without current

before and after UV irradiation and keep samples in the dark for a week
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Fig. 4-41 Contact angle of the anodized film formed at 6 V in 1M H3PO4 and 6 V in 1M

MCPM before and after UV irradiation and keep samples in the dark for a week
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4.3.3. Surface chemical species of the anodized films after UV

irradiation

The XPS spectra of Ti 2p, O 1s and C 1s are shown in Fig. 4-42. It revealed that
the intensity of C 1s peak decreased, while the intensity of Ti 2p peak and O 1s peak
increased after UV irradiation for 24 h. However, the position of the binding energy did
not change. It is indicated that UV irradiation did not change the chemical species of

the anodized films.

4.3.4. The functional group of the anodized films after UV irradiation

The functional groups of the films before and after UV irradiation were
investigated by ATR-FTIR as shown in Fig. 4-43. After UV irradiation for 24 h, the peak
of OH groups disappear at 3000 - 3600 cm™. It is indicated that the —~OH group was not
stable under UV irradiation. Moreover, the anodized films were heated at 80 °C in order
to remove H,O from the films surface. The result showed that the OH group appeared
on the surface after heating at 80 °C. It is indicated that the OH group formed at the

anodized films surface was not stable under UV irradiation for 24 h.

4.3.5. Surface morphologies of the anodized films after UV irradiation

The surface morphology of the untreated Ti-6Al-4V is smooth surface as shown
in Fig. 4-44, the surface of the films formed without current is rough surface, while the
surface of the anodized films is rough surface and show blue color (2 mA/cm?, 1M
HsPO,) and yellow color (1 mA/cm?, 1M MCPM and 6 V in either 1M H;PO, or 1M
MCPM). The different color of the films appears. It may be because the different
thicknesses of the films increase after anodization.

Compared with the surface morphology of the films before UV irradiation, the
UV irradiation does not change the surface morphology as shown in Fig. 4-44. It is
indicated that UV irradiation improves the hydrophilicity but the surface morphology

did not change after UV irradiation corresponding with Han et al. ?*™,
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Fig. 4-42 XPS spectra of Ti 2p, O 1s and C 1s before and after UV irradiation of the

untreated Ti-6Al-4V, the films formed without current and the anodized films formed

at 2 mA/cm? in 1M HsPO,, 1 mA/cm? in IM MCPM and 6 V in either 1M H;PO, or 1M
MCPM
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[a] After UV irradiation 24 h
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Fig. 4-43 ATR-FTIR spectra of (a) the Untreated Ti-6Al-4V, (b) the films formed without

current and the anodized films formed at (c) 2 mA/cm? in 1M H3POy, (d) 1 mA/cm? in
IM MCPM and (e, f) 6 V in either 1M HsPO, or 1M MCPM [a] after UV irradiation 24 h,
[b] after heat the anodized films formed at 1 mA/cm? in 1M MCPM at 80 °C
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Fig. 4-44 Surface morphology after UV irradiation of (a) the untreated Ti-6Al-4V, (b) the
films formed without current and the anodized films formed at (c) 2 mA/cm? in 1M

HsPOy, (d) 1 mA/cm? in 1M MCPM and (e-f) 6 V in either 1M HsPO, or in 1M MCPM
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4.3.6. Surface energies of the anodized films after UV irradiation

Hydrophilicity and surface energy are important factor to understand the
biological performance on the biomaterial surfaces such as protein adsorption and

¥l Fig. 4-45 show the averaged contact angles of the untreated

cellular adhesion !
Ti-6Al-4V, the films formed without current and the anodized films formed at 2 mA/cm?
in 1M HsPOy, 1 mA/cm? in IM MCPM and 6 V in either 1M HsPO, or in 1M MCPM before
and after UV irradiation. The results show that both contact angle of H,O and glycerol
decreased after UV irradiation.

The contact angle is inversely proportional to the surface energy. These

changes can be explained by Owense-Wendt equation;
1+ cos O = 2[(y.2 YOV2 +(y.P YRV (1)
Y=Y ys 2
Where 7Y is the surface tension of liquid.
Y*s and yds are the polar and dispersion terms of solid surface energy,
respectively.
YF and ydl are the polar and dispersion terms of liquid surface tension,

respectively.

From (1) and (2), if the O decreases, the term of cos O will increase. Therefore,
the total surface energy will increase ™. It is indicated that the contact angle of all
samples after UV irradiation decrease resulting in hydrophilicity because the surface
energy of the films increase as shown in Fig. 4-46. In addition, after UV irradiation the
polar component of surface energy increased while the dispersive component
decreased. It is indicated that the UV irradiation could increase surface energy resulting
in enhancing hydrophilicity.

Furthermore, the total energies of all samples have two contributions such as
polar and dispersive as shown in Fig. 4-46. The various research groups showed that
polar surface energy is important factor to improve the protein adsorption and cellular

[13,72

adhesion ] However, some papers showed that the correlation between polar
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surface energy and protein adsorption was not found. Other factors such as surface

charges and/or chemical composition may influence on protein adsorption "%,
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Fig. 4-45 Contact angle of H,0 and Glycerol of the untreated Ti-6Al-4V, the films formed
without current and the anodized films formed at 2 mA/cm? in 1M H;PO,4, 1 mA/cm?
in 1M MCPM and 6 V in either 1M HzPO, or in 1M MCPM before and after UV irradiation;
H = H,O, G = Glycerol
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Fig. 4-46 Surface energies of the untreated Ti-6Al-4V, the films formed without current
and the anodized films formed at 2 mA/cm? in 1M HsPO,, 1 mA/cm? in 1M MCPM and
6 V in either 1M H3PO,4 or in 1M MCPM before and after UV irradiation before and after

UV irradiation; p = polar, d = dispersive, t = total surface energy
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4.37. Discussion

According to the photocatalytic property of TiO,, it shows a good UV-induced
hydrophilicity due to the chemisorption of water molecules from the air at both Ti**

21,2213 The result from

surface sites and oxygen vacancies generated by UV irradiation !
XPS spectra show that the anodized films after UV irradiation show the increase in
Ti 2ps/, at lower binding energy due to the conversion of Ti** to Ti** and in O 1s at
higher binding energy due to the adsorption of hydroxyl group "¢?***% |n addition,

4] However, the surface

the surface energy could enhance after UV irradiation
morphology did not change after UV irradiation %2,

However, in this study, the anodized films formed at low current density or low
voltage showed a weak or no defect formation on TiO, surfaces because the XPS
spectra were found only the increase in intensity of Ti 2p and O 1s peak and the
decrease in those of C 1s peak. The position of binding energy did not change.
Therefore, the anodized films formed at low current density and low voltage may be
not TiO,. It may be hydroxylated TiO, so it show the behavior after UV irradiation differ
from TiO,. Therefore, these anodized films could enhance hydrophilicity to the films.
It may be due to the heat from UV and increasing of surface energy after UV irradiation
resulting in hydrophilicity.

Sirghi et al. reported that there are three main causes that may explain the UV-
induced hydrophilicity of the amorphous TiO, films "', Firstly, the smooth surface may
contained a low defects or low surface area which might cause a low photocatalytic
activity. Secondly, the films could adsorb only partially UV irradiation. Lastly, the
charge separation caused by the energy band distortion at the films interface the
formation of charge carries in the bulk and their transportation to the surface when
they interact with the adsorbate molecules ™.

Moreover, the anodized films were kept in the dark for a week. The results
show that the hydrophilicity decreases. It is indicated that the hydrophilicity of the
anodized films after store in the dark can convert to hydrophobicity.

In addition, the anodized films formed at low current density show low contact

angle as well as the anodized films formed at high current density; the contact angle
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of the anodized films formed at high current density (galvanostatic method) of 5, 20
and 80 mA/cm? in 1M HsPO, or 1M MCPM decreased to 48.3° + 8.1°, 41.5° + 5.7°,
45.3° + 7.7°, 24.3° + 6.1° 17.2° £ 3.2° and 21.7° + 6.6°, respectively. In addition,
the contact angle of the anodized films formed at high current voltage (potentiostatic
method) of 5, 10, 50, 100 and 150 V in 1M H;PO, or 1M MCPM decreased to
48.8° + 5.44° 48.53° + 1.77°, 46.4° + 8.82°, 59.73° + 4.77° and 37.87° + 3.16°
50.87° + 6.62°, 52.87° + 4.83° 51.6° + 3.62°, 50.47° + 4.97° and 26.2° + 4.8°
respectively. Therefore, it is good alternative for the anodized films preparation with
low current density or low voltage in order to save energy, save cost and safety to

prepare the films.
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4.4. Effect of ethanol treatment on hydrophilicity of the anodized films

In this part, the ethanol treatment was used in order to improve the
hydrophilicity to the anodized films. The result from previous part, it is indicated that
the electrolyte that come from H,O as solvent can form the OH group on the surface
of the films. However, this OH group was not stable under UV irradiation. Therefore,
the ethanol treatment was considered to solve this problem. The ethanol was used
as an electrolyte because it is used in medical application due to antibacterial
property. Moreover, there is the difference in bonding between OH group and H (from
H,O as solvent) and Alkyl group (from ethanol). Therefore, this work aims to study the
effect of electrolyte from H,O and ethanol as solvent on hydrophilicity to the anodized
films.

Fig. 4-48 shows the surface morphologies of the anodized films formed at
2 mA/cm? in 1M HsPO, (Ano 1), the anodized films formed at 2 mA/cm? in 1M H5PO,
+ 6%, 18% and 30% v/v Ethanol (Ano mix), the Ano 1 treated at 2 mA/cm? in 1M H5PO,
+ 6%, 18% and 30% v/v (Ano 2). The surface morphology of Ano 1 sample is similar
to that of the Ano mix sample. While the Ano 2 presents more surface roughness than

Ano 1 and Ano mix. Therefore, the Ano 2 may enhance surface roughness.



98

». v & »
‘ r 4 4 b , e 4
g'f,‘ b | M & 2 o P 1000 ':zun-‘.vm 02 o ST v R * s

» o -

Fig. 4-48 Surface morphologies of the samples treated by different process,
(a-c) Ano 1; (d-f) Ano mix; (g-i) Ano 2 with 6%, 18% and 30% v/v ethanol respectively

Fig. 4-49 shows the ATR-FTIR spectra of Ano 1, Ano 2 and Ano mix with different
ethanol concentration. There are broad band at 3500-3000 cm™’. This vibration band

should result from the presence of hydroxyl groups such as Ti-OH or Ti-H,O on TiO,

fitms. 74,

[a] ——Ano1 [b] —aAno1 [c] ——Ano 1
80 ——Ano2 80 ——Ano2 80- ——Ano2
—— Ano mix —— Anomix ——— Ano mix
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Fig. 4-49 FTIR spectra of the Ano 1, Ano mix and Ano 2 with ethanol concentrations of

(@) 6%, (b) 18% and (c) 30% v/v

According to the ATR-FTIR results of Ano 1, Ano 2 and Ano mix, the bonding

mode of hydroxyl groups on the surface in different ethanol concentration have been
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known to be similar. The influence of ethanol concentration on the amount of films
adsorption may arise from the change of electronic interactions between the ethanol
and the surface groups of the films. For further insight, the XPS analyses of the
anodized films treated by ethanol were performed.

Information on the chemical species of the anodized films was obtained from
XPS spectra as shown in Fig. 4-50 and Fig. 4-51. Fig. 4-50 shows the Ti 2p XPS results
of the anodized films formed at 2 mA/cm? in 1M H;PO, (Ano 1), the anodized films
formed at 2 mA/cm? in 1M HisPO, + 6%, 18% and 30% v/v Ethanol (Ano mix),
the Ano 1 treated at 2 mA/cm? in 1M HsPO, + 6%, 18% and 30% v/v (Ano 2).
The Ti 2p spectra of Ano 2 show TiO, asymmetric broadening and shift to higher binding
energy. It is indicated that Ano 2 composed of TiO, more than Ano 1 and Ano mix.

Fig. 4-51 shows the O 1s XPS spectra of the anodized films formed at 2 mA/cm?
in 1M H3PO,4 (Ano 1), the anodized films formed at 2 mA/cm? in 1M HsPO, + 6%, 18%
and 30% v/v Ethanol (Ano mix), the Ano 1 treated at 2 mA/cm? in 1M HsPO, + 6%,
18% and 30% v/v (Ano 2). The O 1s spectra of Ano 2 show asymmetric broadening,
which has been known to come from Ti-OH and/or Ti-H,O groups on TiO, surface at
higher binding energy. According to Xia ‘s work, the Ols peak can be deconvoluted
into three Gaussian peaks corresponding with the oxygen in the TiO, bulk, the oxygen
of Ti-OH and the oxygen of Ti-H,O from low to high binding energies ™. It is indicated
that the anodized films treated by ethanol could enhance hydroxyl groups to the
anodized films.

By comparing the deconvoluted components of the XPS of the anodized films
treated with different ethanol concentration as shown in Fig. 4-52. The result shows
that the hydroxyl groups increase with the ethanol concentration. These results
suggest that the ethanol treatment could enhance the hydroxyl group on TiO, films
and lead to more Ti-OH and Ti-H,O in more ethanol concentration .

The contact angle of the anodized films formed at 2 mA/cm? in 1M HsPO,
(Ano 1), the anodized films formed at 2 mA/cm? in 1M HsPO, + 30% v/v Ethanol
(Ano mix), the Ano 1 treated at 2 mA/cm? in 1M H5PO,4 + 30% v/v ethanol (Ano 2) are
shown in Fig. 4-53. The Ano 2 had a lower contact angle (30.24 + 5°) than the Ano 1
(70.06 + 8.96°) and Ano mix (56.61 + 4.04°). The Ano 2 is significant different (p<0.05)
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in water contact angle compared with Ano 1 and Ano mix. It is indicated that the

anodized films after ethanol treatment could enhance hydrophilicity to the anodized

films.
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Fig. 4-50 Ti 2p XPS results of the anodized films formed at 2 mA/cm? in 1M H;PO,

(Ano 1), the anodized films formed at 2 mA/cm? in 1M HsPO, + 6%, 18% and 30% v/v

Ethanol (Ano mix), the Ano 1 treated at 2 mA/cm? in 1M HsPO, + 6%, 18% and
30% v/v (Ano 2)
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Fig. 4-51 O 1s XPS results of the anodized films formed at 2 mA/cm? in 1M H;PO,

(Ano 1), the anodized films formed at 2 mA/cm? in 1M H;PO, + 6%, 18% and 30% v/v

Ethanol (Ano mix), the Ano 1 treated at 2 mA/cm? in 1M HsPO, + 6%, 18% and
30% v/v (Ano 2)
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4.4.1. Discussion

It is interesting that the anodized films after ethanol treatment could increase
the opportunity to form hydroxyl groups and surface roughness which both parameters
resulting in improving of the hydrophilicity to the films.

Many works have been done to enhance hydrophilicity to the films by UV
irradiation. The photo-induced hydrophilicity was explained by the formation of oxygen
vacancies or removal hydrocarbon. Moreover, Meng et al. 78] studied about thermo-
induced hydrophilicity. Its mechanism was explain by the cleansing effect, the crystal
phase transition, the effect of Ti** defect sites and oxygen vacancy sites and the change
of surface roughness. In this work, TiO, films were prepared by two step preparation;
the first step the anodized films were prepared by galvanostatic method in 1M HsPO,.
In order to improve the hydrophilicitity to the films, the anodized films treated in
IM HsPO, (Ano 1) were further treated by galvanostatic method in a mixing of
1M HsPO, and different ethanol concentration (Ano 2). The surface roughness formed
on all samples, Ano 1, Ano mix and Ano 2. The surface roughness and Ti-OH groups
identified by XPS were improved on Ano 2 surface, which led to the improving
hydrophilicity on the anodized films surface after ethanol treatment. It is indicated
that the anodized films after ethanol treatment can increase the opportunity to
enhance hydrophilicity due to the surface roughness and the formation of hydroxyl
groups on the films surface. The combination of the anodizing process in HsPO4 and
further treated by ethanol treatment show beneficial effects on hydrophilicity.
The result shows that the hydrophilicity could enhance by this method. It is one choice
to improve hydrophilicity to the anodized films formed at low current density or low

voltage.



CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

5.1. Conclusions

5.1.1. Effect of anodizing conditions on hydrophilicity of the films

The hydrophilicity of the anodized films has been developed via galvanostatic
method at various current densities ranging 5-80 mA/cm? in both 1M H;PO, or
1M MCPM electrolyte and potentiostatic method at voltage of 5-150 V in 1M MCPM.
The highest hydrophilicity observed by the lower of water contact angle appeared on
the anodized film surface formed at 20 mA/cm? in both 1M H;PO, and 1M MCPM
electrolyte and at 150 V in IM MCPM. Even though the range of current densities and
voltages were not in the expected ranges. The low current densities and voltages range
according to our desire were 0.25-2 mA/cm?® and 2-10 V. respectively. It is postulated
that these low current densities and voltages were not sufficient enough to create the
roughness and proper hydroxyl groups on the surface of anodized films. For this
reason, the medium current densities at 20 mA/cm? or medium voltage at 150 V
should be considered to apply in anodization process to form anodized film on Ti-6Al-
4V. The microstructure of the anodized films depended on applied current density
and voltage. Either high current density or high voltage can promote the formation of
titanium dioxide (TiO,) with porous surfaces. Contrarily, without applied current
density, it cannot offer enough energy to form completely TiO,. The hydroxide and
adsorbed water are formed on the surface of the anodized films and result in the
increasing of hydrophilicity of the films. It can be concluded that the hydrophilicity of
the anodized films formed at 20 mA/cm? and 150 Vin 1 M MCPM was increased
because the formation of porous surface and O1s spectra indicated that hydroxide and
adsorbed water (O 1s) was also induced in anodized films. It is worth nothing that good
hydrophilicity of anodic oxide film on Ti-6 Al-4V is synergistic properties of surface

morphologies and chemical species on the films.
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5.1.2. Effect of UV irradiation on hydrophilicity of the films

The anodized films formed at low current density or low voltage could
enhance hydrophilicity after UV irradiation. The XPS spectra showed the increasing in
intensity of Ti 2p and O 1s peak and the decreasing in those of C 1s peak. However,
the position of binding energy did not change. Therefore, the anodized films formed
at low current density and low voltage are not TiO,. It might be hydroxylated TiO, thus,
the behavior of the film formed at low current densities and voltages after UV
irradiation completely differed from TiO, film which could be induced at high current
densities and voltages. Therefore, these anodized films could enhance hydrophilicity
to the films. It may be due to the heat from UV and increasing of surface energy after
UV irradiation resulting in hydrophilicity.

The anodized films formed at low current density or low voltage after UV
irradiation show low contact angle as well as the anodized films formed at high current
density or high voltage. Therefore, it is one of an alternative for preparation of anodized
films on Ti6Al-4V using applied low current densities or voltages. It can save energy,
save cost and safety process in comparison with the anodization technique with

applied high current densities or voltages.

5.1.3. Effect of ethanol treatment on hydrophilicity of the films

In order to improve the hydrophilicity to the films, the anodized films treated
in 1M HsPO, (Ano 1) were further treated by galvanostatic method in a mixing of
1M HsPO, and different ethanol concentration (Ano 2). The surface roughness formed
on all samples, Ano 1, Ano mix and Ano 2. The surface roughness and Ti-OH groups
identified by XPS were improved on Ano 2 surface, which led to the improving
hydrophilicity on the anodized films surface after ethanol treatment. It is indicated
that the anodized films after ethanol treatment can enhance hydrophilicity due to
the surface roughness and the formation of hydroxyl groups on the films surface.
The combination of the anodizing process in H3PO, and further treated by ethanol

treatment show beneficial effects on hydrophilicity.
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5.2. Recommendations

The UV irradiation could enhance hydrophilicity to the anodized films formed
at low current density and low voltage and the hydrophilicity behavior tend to
decrease after storage in the dark. Therefore, the stability of hydrophilicity behavior
and properties of the films after storage in the dark should be further studied.

The anodized films treated in 1M H3PO, (Ano 1) were further treated by
galvanostatic method in a mixing of 1M H3PO, and different ethanol concentration
(Ano 2). This method can increase the opportunity to enhance hydrophilicity due to
the surface roughness and the formation of hydroxyl groups on the films surface.
Therefore, the mixing of MCPM or alkaline solution with different ethanol

concentrations as co-electrolyte should be further studied.
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APPENDIX A

Contact angle and the statistical analysis of the anodized films formed by Galvanostatic

method
Oneway
Descriptives
angle
95% Confidence Interval for
Mean
N Mean Std. Deviation | Std. Error | Lower Bound | UpperBound | Minimum | Maximum
untreated Ti-GAI-4V 3 84,6667 41633 24037 83.6324 85.7009 84.20 85.00
H3P0O4 0 mA 3 75.9333 2.64071 1.52461 59.3735 82.4932 73.60 78.80
H3P0O4 0.25 3 72.4000 1.90788 110151 G7.6606 77.1394 70.20 7360
H3P04 1 3 79.1333 1.85831 1.07290 T74.5170 83.7496 T7.00 80.40
H3P04 2 3 G9.8667 2.54071 1.52461 §3.3068 76.4265 G7.00 7220
H3P0O4 5 3 48.3333 7.93557 458161 28.6203 G8.0464 40.00 55.80
H3P0O4 20 3 41.4667 472582 272845 297271 53.2082 37.80 45.80
H3PO4 80 3 452667 5.40104 3.69564 203656 61.1677 40.80 52,60
MCPM O 3 81.2667 1.62891 84045 77.2202 85.3131 79.40 82.40
MCPM 0.25 3 70.8000 2.49800 1.44222 64.5946 77.0054 63.00 72.80
MCPM 1 3 G6.8667 83267 48074 G4.7982 G8.9351 G6.20 G7.80
MCPW 2 3 73.0000 3.46987 200333 G4.35804 81.6196 §9.00 75.20
MCPW 5 3 24 2667 479305 276727 12.3601 361733 21.40 2980
MCPM 20 3 17.2000 1.90788 110151 12.4606 21.9394 16.00 19.40
MCPM 80 3 21.6667 5.44549 314395 8.1393 35.1940 17.40 27.80
Total 45 58.1422 2282027 340185 51.2863 54,9982 16.00 85.00
= Post Hoc Tests
Multiple Comparisons
Diependent Variable: angle
Bonferroni
Mean
Difference 95% Confidence Interval
() anodize (J) anodize {l-J) Std. Error Sig. Lower Bound | Upper Bound
untreated Ti-6A-4Y  H3PO4 0 mA 873333 316499 1.000 -3.6718 21.1385
H3PO4 0.25 12 26667 316499 056 -1385 24 6718
H3PO4 1 553333 316499 1.000 -6.8718 17.9285
H3PO4 2 14.80000* | 316499 006 23949 27.2051
H3PO4 5 36.33333% | 316499 .000 239282 437385
H3PO4 20 4320000 316499 000 30,7949 55,6081
H3PO4 80 3940000 | 316499 .000 26.9949 51.8051
MCFM 0 3.40000 316499 1.000 -9.0051 15.8081
MCPM 0.25 13.86667*| 3.16499 014 1.4615 26.2718
MCPM 1 17.80000% | 316499 .000 5.3949 30,2051
MCPM 2 11.66667 316499 094 - 7385 240718
MCFM 5 60.40000*% | 316499 .000 47.9949 72.8051
MCFM 20 67 46667 316499 000 55.0615 79.8718
MCPM 80 63.00000% | 316499 000 50,5949 75.4081
H3PO4 0 mA untreated Ti-6A-4Y -3.73333 316499 1.000 -21.1385 3.6718




MCPM 80 63.00000%| 3.16499 000 50.5949 75.4051
H3PO4 0 mA untreated Ti-GA-4V -8.73333 316499 1.000 -21.1385 36718
H3PC4 0.25 353333 316499 1.000 -8.8718 15.9385
H3PO4 1 -3.20000 316499 1.000 -15.6051 9.2081
H3PO4 2 6.06667 316499 1.000 -6.3385 18.4718
H3PO4 5 27.60000%| 3.1G6499 000 15.1949 40.0051
H3PO4 20 34 46667 3.16499 .000 22.0615 468718
H3PO4 80 30.66667F| 3.16499 .000 18.2615 43.0718
MCPM 0 -5.33333 316499 1.000 -17.7385 7.0718
MCPM 0.25 513333 316499 1.000 -7.2718 17.5385
MCPM 1 9.06667 316499 793 -3.3385 21.4718
MCPM 2 293333 3.16499 1.000 -9.4718 153385
MCPM 5 51.66667%| 3.16499 .000 39.2615 64.0718
MCPM 20 58.73333 | 3.16499 .000 46.3282 71.1385
MCPM 80 54266677 3.16499 000 41.8615 G6.6718
H3PO4 0.25 untreated Ti-GAI-4V -12.26667 316499 056 -24.6718 1385
H3PO4 0 mA -3.53333 316499 1.000 -15.8385 8.8718
H3PO4 1 -6.73333 3.16499 1.000 -19.1385 56718
H3PO4 2 253333 316499 1.000 -9.8718 14,9385
H3PO4 5 24 06667 3.16499 000 11.6615 36.4718
H3PO4 20 3093333 316499 000 18.5282 43.3385
H3PO4 80 2713333 316499 000 14.7282 39.5385
MCPM 0 -8.86667 3.16499 926 -21.2718 3.5385
MCPM 0.25 1.60000 316499 1.000 -10.8051 14.0051
MCPM 1 553333 316499 1.000 -6.8718 17.9385
MCPM 2 -.60000 316499 1.000 -13.0051 11.8051
MCPM 5 4813333 316499 000 357282 60.5385
MCPM 20 55.20000% | 3.16499 .000 42.7949 67.6051
MCPM 80 50.73333 | 3.16499 .000 38.3282 631385
H3PO4 1 untreated Ti-GA-4V -5.53333 316499 1.000 -17.9385 6.8718
MCPM 20 50.73333%| 3.16499 000 383282 63,1385
H3PO4 1 untreated Ti-GAl-4V -5.53333 316499 1.000 -17.9385 6.8718
H3FC4 0 mA 3.20000 316499 1.000 -5.2051 15.6051
H3P04 0.25 6.73333 316499 1.000 -5.6718 19.1385
H3P04 2 9.26667 316499 G678 -3.1385 21.6718
H3P04 5 30.80000%| 3.16499 000 18.3949 43,2051
H3P04 20 37.66667F| 3.16499 000 25.2615 50.0718
H3P04 30 33.86667*| 3.16499 000 21.4615 462718
MCPM 0 -2.13333 3.16499 1.000 -14.5385 102718
MCPM 0.25 8.33333 3.16499 1.000 -4.0718 207385
MCPM 1 1226667 3.16499 056 -1385 246718
MCPM 2 6.13333 3.16499 1.000 -6.2718 185385
MCPM 5 54 86667 3.16409 000 42.4615 672718
MCPM 20 61.93333%| 3.16499 000 49.5282 743385
MCPM 20 57 466677 | 3.16489 000 45.0615 698718
H3F04 2 untreated Ti-GAl-4V -14.80000% |  3.16489 006 -27.2051 -2.3949
H3P0O4 0 mA -6.06667 316499 1.000 -18.4718 6.3385
H3FQ4 0.25 -2.53333 316499 1.000 -14.9385 9.8718
H3P04 1 -0.26667 316499 678 -21.6718 3.1385
H3P04 5 21.53333%| 3.16499 000 9.1282 33.9385
H3P04 20 28.40000% | 3.16499 000 15.9949 408051
H3P04 80 24 60000% | 3.16499 000 12.1949 37.0051
MCPM 0 -11.40000 3.16499 18 -23.8051 1.0051
MCPM 0.25 -.93333 3.16499 1.000 -13.3385 11.4718
MCPM A1 3.00000 3.16499 1.000 -9.4051 15.4051
MCPM 2 -3.13333 3.16499 1.000 -15.5385 92718
MCPM 5 45600007  3.16499 000 33.1949 58.0051
MCPM 20 52 66667 3.16409 000 40.2615 65.0718
MCPM 80 48.20000%| 3.16499 000 35.7948 60.6051
H3P04 5 untreated Ti-GAI-4V -36.33333%|  3.16499 000 -48.7385 -23.9282
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MCPM 80 43.20000%| 3.16499 000 35.7949 60.6051
H3P04 5 untreated Ti-GAI-4Y -36.33333% |  3.16499 .000 -48.7385 -23.9282
H3P0O4 0 mA -27.60000% | 3.16499 000 -40.0051 -15.1949
H3PO4 0.25 -24 06667*| 3.16499 .000 -36.4718 -11.6615
H3PO4 1 -30.80000% 3.16499 .000 -43.2051 -18.3949
H3IPOQ4 2 -21.53333% 3.16499 .000 -33.9385 -9.1282
H3P04 20 6.86667 3.16499 1.000 -5.5385 192718
H3PQ4 80 3.06667 3.16499 1.000 -9.3385 154718
MCPM O -32.93333%| 3.16499 000 -45.3385 -20.5282
MCPM 0.25 -22 46667 3.16499 000 -34.8718 -10.0615
MCPM 1 -18.53333%| 3.16499 000 -30.9385 -6.1282
MCPM 2 -24 GGEETT|  3.16499 000 -37.0718 -12.2615
MCPM 5 24 0666V*| 3.16499 000 11.6615 364718
MCPM 20 31.13333% |  3.16499 .000 18.7282 435385
MCPM 80 26,6666V | 3.16499 .000 14.2615 39.0718
H3P04 20 untreated Ti-GAI-4Y -43.20000%| 3.16499 .000 -55.6051 -30.7949
H3PQ4 0 mA -34 466677 3.16499 .000 -46.8718 -22 0615
H3IPQ4 0.25 -30.93333%| 3.16499 .000 -43.3385 -18.5282
H3F04 1 -37 66667 3.16499 000 -50.0718 -25.2615
H3PO4 2 -28.40000%| 3.16499 000 -40.8051 -15.9949
H3P04 5 -6.86667 3.16499 1.000 -19.2718 5.5385
H3P0O4 80 -3.80000 3.16499 1.000 -16.2081 8.6051
MCPM 0 -39.80000% 3.16499 000 -52.2051 -27.3949
MCPM 0.25 -29.33333%| 3.16499 000 -41.7385 -16.9282
MCPM 1 -25.40000% 3.16499 000 -37.8051 -12.9949
MCPM 2 -31.53333% 3.16499 .000 -43.9385 -19.1282
MCPM 5 17.20000% | 3.16499 001 47949 29 6051
MCPM 20 24 2666V | 3.16499 .000 11.8615 366718
MCPM 80 19.80000% | 3.16499 000 7.3949 322051
H3PQ4 80 untreated Ti-GAI-4Y -39.40000%| 3.16499 000 -51.8051 -26.9949
MCPM 80 19.80000% [  3.16499 000 7.3949 322051
H3PQ4 80 untreated Ti-GA-4Y -39.40000% | 3.16499 000 -51.8051 -26.9949
H3PC4 0 mA -30.66667*| 3.16499 000 -43.0718 -18.2615
H3P04 0.25 -27.13333%| 3.16499 000 -39.5385 -14.7282
H3P04 1 -33.86667%| 3.16499 000 -46.2718 -21.4615
H3P04 2 -24 G0000*|  3.16499 000 -37.0051 -12.1948
H3PO4 5 -3.06667 3.16499 1.000 -15.4718 93385
H3P0D4 20 3.80000 3.16499 1.000 -8.6051 16.2091
MCPM 0 -36.00000%|  3.16499 000 -48.4051 -23.5949
MCPM 0.25 -25.53333 | 3.16499 000 -37.9385 -13.1282
MCPM 1 -21.60000%| 3.16499 000 -34.0051 -9.1949
MCPM 2 -27.73333| 3.16499 000 -40.1385 -15.3282
MCPM 5 21.00000%| 3.16499 000 2.5949 33.4091
MCPM 20 28.06667%| 3.16499 000 15.6615 40.4718
MCPM 80 23.60000%| 3.16499 000 11.1949 36.0091
MCPM 0 untreated Ti-GAl-4V -3.40000 3.16499 1.000 -15.8051 9.0051
H3FC4 0 mA 533333 3.16499 1.000 -7.0718 17.7385
H3FO4 0.25 8.86667 3.16499 926 -3.5385 21.2718
H3FO41 213333 3.16499 1.000 -10.2718 14.5385
H3FQ4 2 11.40000 3.16499 18 -1.0051 23.8051
H3IFQ4 5 3293333 3.16499 000 20.5282 453385
H3PQ4 20 39.80000%  3.16499 000 27.3949 522051
H3FC4 80 36.00000%| 3.16499 000 235949 48.4051
MCPM 0.25 10.46667 3.16499 258 -1.9385 228718
MCPM 1 14400007  3.16499 009 1.9949 26.8051
MCPM 2 8.26667 3.16499 1.000 -4.1385 206718
MCPM 5 57.00000%(  3.16499 000 445949 £9.4051
MCPM 20 6406667 3.16499 000 51.6615 T6.4718
MCPM 80 59.60000% 3.16499 000 47.1949 72.0051
MCPM 0.25 untreated Ti-GAl-4Y -13.86667%| 3.16499 014 -26.2718 -1.4615
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MCPM 80 59.60000%| 3.16499 000 47.1949 72.0051
MCPM 0.25 untreated Ti-GAI-4Y -13.86667%| 3.16499 014 -26.2718 -1.4615
H3PO4 0 mA -5.13333 3.16499 1.000 -17.5385 72718
H3PO4 0.25 -1.60000 3.16499 1.000 -14.0051 10.8051
H3P04 1 -8.33333 3.16499 1.000 -20.7385 40718
H3PO4 2 93333 3.16499 1.000 -11.4718 133385
H3IPQ4 5 22 46667F| 3.16499 .000 10.0615 348718
H3POQ4 20 29.33333%|  3.16499 000 16.9282 41.7385
H3PQ4 80 2553333%| 3.16499 000 131282 37.9385
MCPM O -10.46667 3.16499 258 -22.8718 1.9385
MCPM 1 3.93333 3.16499 1.000 -8.4718 16.3385
MCPM 2 -2.20000 3.16499 1.000 -14.6051 10.2051
MCPM 5 46.53333%| 3.16499 000 341282 589385
MCPM 20 53.60000%| 3.1G6499 000 41.1949 56.0051
MCPM 80 49.13333%| 3.16499 000 36.7282 61.5385
MCPM 1 untreated Ti-GAI-4Y -17.80000%| 3.16499 .000 -30.2051 -5.3949
H3PQ4 0 mA -9.06667 3.16499 793 -21.4718 33385
H3PO4 0.25 -5.53333 3.16499 1.000 -17.9385 6.8718
H3PO4 1 -12.26667 3.16499 {056 -24.6718 1385
H3IPOQ4 2 -3.00000 3.16499 1.000 -15.4051 9.4051
H3F04 5 18.53333%| 3.16499 000 6.1282 30.9385
H3PQ4 20 25.40000% |  3.16499 .000 12.9949 37.8051
H3F0Q4 80 21.60000%| 3.16499 000 9.1949 34.0051
MCPM 0 -14.40000%| 3.16499 009 -26.8051 -1.9949
MCPM 0.25 -3.93333 3.16499 1.000 -16.3385 3.4718
MCPM 2 -6.13333 3.16499 1.000 -18.5385 6.2718
MCPM 5 42 60000% | 3.16499 000 30.1949 55.0051
MCPM 20 49 66667 | 3.16499 .000 37.2615 620718
MCPM 80 45.20000%  3.16499 .000 32,7949 57 6051
MCPM 2 untreated Ti-GAI-4Y -11.66667 3.16499 094 -24.0718 7385
MCPM 80 45.20000% | 3.16499 .000 32,7949 57.6051
MCPM 2 untreated Ti-GAI-4V -11.66667 3.16499 .094 -24.0718 7385
H3PO4 0 mA -2.93333 3.16499 1.000 -15.3385 9.4718
H3PO4 0.25 60000 3.16499 1.000 -11.8051 13.0051
H3P04 1 -6.13333 3.16499 1.000 -18.5385 6.2718
H3PO4 2 3.13333 3.16499 1.000 -9.2718 15.5385
H3PO4 5 24 BE6GV* |  3.16499 .000 12.2615 arovie
H3PO4 20 31.53333%| 3.16499 .000 19.1282 439385
H3PO4 280 27.73333% | 3.16499 000 15.3282 40.1385
MCPM 0 -8.26667 3.16499 1.000 -20.6718 41385
MCPM 0.25 2.20000 3.16499 1.000 -10.2051 14,6051
MCPM 1 6.13333 3.16499 1.000 -6.2718 18.5385
MCPM 5 483.73333%| 316499 000 36.3282 61,1385
MCPM 20 55.80000%| 3.1G6499 .0oo 433949 68.2051
MCPM 80 51.33333%| 3.16499 000 38.9282 G3.7385
MCPM 5 untreated Ti-GA-4V -60.40000%| 3.16499 000 -72.8051 -47.9949
H3PO4 0 mA -51.66667| 3.16499 .0oo -64.0718 -38.2615
H3PO4 0.25 -48.13333%| 3.16499 .000 -60.5385 -35.7282
H3PO4 1 -54. 86667 |  3.16499 .0oo -67.2718 -42.4615
H3P04 2 -45.60000%| 316499 .0oo -58.0051 -33.1949
H3PO4 5 -24. 06667 3.16499 .000 -36.4718 -11.6615
H3P04 20 -17.20000%)  3.16499 .001 -29.6051 -4.7949
H3P04 80 -21.00000%| 3.16499 .000 -33.4051 -8.5049
MCPM O -57.00000%|  3.16499 .000 -69.4051 -44 5949
MCPM 0.25 -46.53333%|  3.16499 .000 -58.9385 -34.1282
MCPM 1 -42.60000%| 3.16499 .000 -55.0051 -30.1949
MCPM 2 -48.73333%| 3.16499 .000 -61.1385 -36.3282
MCPM 20 7.06667 3.16499 1.000 -5.3385 19.4718
MCPM 80 2.60000 3.16499 1.000 -9.8051 15.0051
MCPM 20 untreated Ti-GAl-4Y -67.46667*| 3.16499 000 -79.8718 -55.0615
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MCPM 80 2.60000 3.16489 1.000 -9.8051 15.0051
MCPM 20 untreated Ti-GAI-4V -67.46667* | 3.16499 000 -79.8718 -55.0615
H3PO4 0 mA -58.73333% | 3.16499 000 -71.1385 -46.3282
H3P0O4 0.25 -55.20000% 3.16499 .000 -67.6051 -42.7949
H3PO4 1 -61.93333* 3.16499 000 -74.3385 -49.5282
H3PO4 2 -52.66667* | 3.16499 000 -65.0718 -40.2615
H3PO4 5 -31.13333% | 3.16499 000 -43.5385 -18.7282
H3P0O4 20 -24 26667* | 3.16499 000 -36.6718 -11.8615
H3PO4 80 -28.068667% 3.16499 000 -40.4718 -18.6615
MCPM O -64.06667*| 3.16499 000 -76.4718 -51.6615
MCPM 0.25 -53.60000% 3.16499 .000 -66.0051 -41.1949
MCPM 1 -49.66667% | 3.16499 .000 -62.0718 -37.2615
MCPM 2 -55.80000%  3.16499 000 -68.2051 -43.3949
MCPM 5 -7.06GET 3.16489 1.000 -19.4718 5.3385
MCPM 80 -4 46667 3.16489 1.000 -16.8718 7.9385
MCPM 80 untreated Ti-GAI-4V -63.00000%| 3.16499 000 -75.4051 -50.5049
H3PO4 0 mA -54 26667 3.16499 .000 -66.6718 -41.8615
H3PO4 0.25 -50.73333* |  3.16499 000 -63.1385 -38.3282
H3PO41 -57 46667  3.16499 000 -69.8718 -45.0615
H3P0O4 2 -48.20000% |  3.16499 .000 -60.6051 -35.7949
H3PO4 5 -26.66667* | 3.16499 000 -39.0718 -14.2615
H3PO4 20 -19.80000% [ 3.16499 .000 -32.2051 -7.3949
H3P04 80 -23.60000% 3.16499 000 -36.0051 -11.1949
MCPM O -59.60000% [ 3.16499 000 -72.0051 -47.1949
MCPM 0.25 -49.13333% | 3.16499 .000 -61.5385 -36.7282
MCPM 1 -45.20000%  3.16499 000 -57.6051 -32.7949
MCPM 2 -51.33333%| 3.16499 .000 -63.7385 -38.9282
MCPM & -2.60000 3.16489 1.000 -16.0051 9.8051
MCPM 20 4 46667 3.16489 1.000 -7.9385 16.8718

*.The mean difference is significant atthe .05 level.
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APPENDIX B

Contact angle and the statistical analysis of the anodized films formed by

Potentiostatic method

= Oneway
Descriptives
angle
95% Confidence Interval for
Mean

M IMean Std. Deviation | Std. Error | Lower Bound | UpperBound | Minimum | Maximum
untreated Ti-BA-4V 3 84.6667 41633 24037 83.6324 85.7009 8420 85.00
H3PO4 0V 3 75.9333 264071 1.52461 69.3735 824932 7360 78.80
H3PO4 2 3 52.6667 7.57188 437163 33.85M 71.4763 44.00 58.00
H3PO4 4 3 48.6667 8.08290 466667 28.5878 68.7457 4400 58.00
H3PO4 & 3 50.0000 2.00000 1.15470 45.0317 54.9683 48.00 52.00
H3PO4 8 3 55.3333 3.05505 1.76383 477442 52.9225 52.00 58.00
H3PO4 5 3 48.8000 484974 2.80000 36.7526 50.8474 4360 5320
H3PO4 10 3 48.5333 92376 53333 45.2386 50.8281 48.00 4960
H3PO4 50 3 46.4000 9.45727 5.46016 229068 59.8932 3960 57.20
H3PQ4 100 3 59.7333 537153 310125 45.3897 73.0770 53.60 G3.60
H3PQ4 150 3 37.8667 1.89033 1.09138 331708 42.5625 36.40 40.00
MCPM O 3 §1.2667 1.62891 94045 T7.2202 85.3131 79.40 8240
MCPM 2 3 60.0000 6.00000 3.46410 45.0952 74.9048 54.00 G6.00
MCPM 4 3 60.6667 1.15470 [GEGET 57.7982 63.5351 G0.00 G§2.00
MCPM & 3 45.6667 416333 240370 38.3244 59.0090 4400 52.00
MCPM & 3 52.0000 6.92820 4.00000 347894 59.2106 4400 56.00
MCPM 5 3 50.6000 250599 1.44684 443748 56.8252 48.00 53.00
MCPM 10 3 52.8667 3.94631 2.27840 43.0635 62.6698 5020 57.40
MCPM 50 3 51.6000 1.70880 98658 47.3551 55.8449 50.00 5340
MCFM 100 3 50.4667 369504 213333 412877 59 6457 46.20 5260
MCFM 150 3 26.2000 277848 160416 192879 331021 24 40 29.40
Total 63 54 4254 13.60932 171481 50.9979 57.8529 24 40 85.00




Post Hoc Tests

Dependent Variable: angle

Multiple Comparisons

Bonferroni
Mean
Difference 95% Confidence Interval
() anodize (J) anodize (I-1) Std. Error Sig. Lower Bound | Upper Bound
untreated Ti-BA-4Y  HIPO4 0V 873333 374104 1.000 -6.2982 237649
H2P04 2 32.00000%| 374104 000 16.9685 47.0315
H3PO4 4 36.00000%| 374104 000 20.9685 §1.0315
H2PO4 6 34.66667%| 374104 000 19.6351 49.6982
HIPO4 3 29.33333%| 374104 000 143018 44 3649
H3PO4 5 35866677 374104 000 20.8351 50.8982
H2P04 10 36.13333%| 374104 000 21.1018 51.1649
H2P04 50 3B.26667%| 374104 000 232381 53.2982
H3P04 100 2493333 374104 000 9.9018 39.9649
H2P04 150 46.80000%| 374104 000 31.7685 61.8315
MCPM 0 3.40000 374104 1.000 -11.6315 18.4315
MCPM 2 2466667%| 374104 000 9.6391 39.6982
MCPM 4 24.00000%| 374104 000 5.9685 39.0315
MCPM & 36.00000%| 374104 000 20.9685 51.0315
MCPM 8 32666677 374104 000 17.6351 47.6982
MCPM 5 3406667+ 374104 000 19.0351 49.0982
MCPM 10 31.80000%| 374104 000 16.7685 46.8315
MCPM 50 33.06667%| 374104 000 18.0351 48.0982
MCPM 100 3420000%| 374104 000 19.1685 49.2315
MCPM 150 58.46667%) 374104 000 43.4351 73.4982
H2PO4 0V untreated Ti-GAI-4Y -8.73333 374104 1.000 -23.7649 62982
MCPM 150 58.46667*| 374104 .000 43.4351 73.4982
H3PO4 0V untreated Ti-GAI-4V -8.73333 374104 1.000 -23.7649 6.2982
H3PO4 2 2326667 374104 .000 8.2351 38.2982
H3PO4 4 27 26667 374104 .000 12.2351 422982
H3P04 6 2593333*| 374104 .000 10.9018 40.9649
H3P04 8 20.60000* | 374104 .000 55685 35.6315
H3PO4 5 2713333*| 374104 .000 121018 421649
H3P04 10 27.40000* | 374104 .000 12.3685 424315
H3P04 50 29.53333*| 374104 .000 14.5018 44 5649
H3P04 100 16.20000* | 3.74104 019 1.1685 31.2315
H3P04 150 38.06667*| 374104 .000 23.0351 53.0982
MCPM 0 -5.33333 374104 1.000 -20.3649 9.6982
MCPM 2 15.93333* | 374104 024 9018 30.9649
MCPM 4 15.26667| 3.74104 041 2391 30.2982
MCPM & 27 26667 374104 .000 12,2351 422982
MCPM 8 2393333*| 374104 .000 8.9018 38.9649
MCPM 5 25.33333*| 374104 .000 10.3018 40.3649
MCPM 10 23.08667%| 3.74104 .000 8.0391 3s.0982
MCPM 50 24.33333*| 374104 .000 9.3018 39.3649
MCPM 100 25 46667 | 374104 .000 10.4351 40.4982
MCPM 150 4973333*| 374104 .000 347018 647649
H3P04 2 untreated Ti-6A-4V | -32.00000%| 3.74104 .000 -47.0315 -16.9685
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MCPM 150 4973333 374104 .000 347018 64,7649
H3P0O4 2 untreated Ti-GAI-4V -32.00000%| 374104 000 -47.0315 -16.9685
H3PO4 0V -23.26667% 374104 .000 -38.2982 -8.2351
H3PO4 4 4.00000 374104 1.000 -11.0315 19.0315
H3PO4 & 2.66667 374104 1.000 -12.3649 17.6982
H2P04 8 -2.66667 374104 1.000 -17.6982 12.3649
H2P04 5 3.86667 374104 1.000 -11.1648 18.8082
H3PO4 10 413333 374104 1.000 -10.8982 19.1649
H3PO4 50 6.26667 374104 1.000 -8.7649 21.2082
H2PO4 100 -7.06667 374104 1.000 -22.0982 7.9649
H2PO4 150 14.80000 374104 060 -2315 29.8315
MCPM 0 -28.60000%| 374104 .000 -43.6315 -13.5685
MCPM 2 -7.33333 374104 1.000 -22.3649 7.6082
MCPMW 4 -8.00000 374104 1.000 -23.0315 7.0315
MCPMW & 4.00000 374104 1.000 -11.0315 19.0315
MCPM 8 BEEET 374104 1.000 -14.3649 15.6082
MCPM 5 2.06667 374104 1.000 -12.9649 17.0082
MCPI 10 -20000 374104 1.000 -15.2315 14.8315
MCPM 50 1.06667 374104 1.000 -13.9649 16.0982
MCPM 100 2.20000 374104 1.000 -12.8315 17.2315
MCPM 150 2646667 | 374104 .000 11.4351 41.4082
H3PO4 4 untreated Ti-GAI-4V -36.00000%| 374104 000 -51.0315 -20.9685
MCPM 150 2646667 | 374104 .000 11.4351 41.4982
H3PO4 4 untreated Ti-GAI-4V -36.00000% | 374104 000 -51.0315 -20.9685
H3PO4 0V -27.26667F | 374104 .000 -42.2982 -12.2351
H3PO4 2 -4.00000 AT4104 1.000 -19.0315 11.0315
H3PO4 & -1.33333 374104 1.000 -16.3649 13.6982
H3PO4 8 -6.66667 37404 1.000 -21.6982 5.3649
H3PO4 5 -13333 374104 1.000 -15.1649 14.8982
H3PO4 10 13333 37404 1.000 -14.5982 15.1649
H3PO4 50 2 26667 374104 1.000 -12.7649 17.2082
H3PO4 100 -11.06667 374104 1.000 -26.0982 3.9649
H3PO4 150 10.80000 37404 1.000 -4.2315 258315
MCPM O -32.60000% | 374104 .000 -47.6315 -17.5685
MCPM 2 -11.33333 3T4104 878 -26.3649 3.6082
MCPM 4 -12.00000 aT404 538 -27.0315 3.0315
MCFPM & 00000 374104 1.000 -15.0315 15.0315
MCPM 8 -3.33333 37404 1.000 -18.3649 11.6982
MCPM 5 -1.93333 374104 1.000 -16.9649 13.0082
MCPM 10 -4.20000 374104 1.000 -19.2315 10.8315
MCPM 50 -2.93333 374104 1.000 -17.9649 12.0882
MCFM 100 -1.80000 374104 1.000 -16.8315 13.2315
MCFM 150 2246667 374104 .000 7.4391 37.4982
H3PO4 6 untreated Ti-6AI-4V -34. 6667 | 374104 000 -49.6982 -18.6351
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MCPM 150 2246667 374104 000 74351 37.4082
H3IFPO4 6 untreated Ti-GAI-4V -34 66667 374104 000 -49.6982 -19.6351
H3PC4 0V -28.93333 | 374104 000 -40.9649 -10.9018
H3P04 2 -2 66667 374104 1.000 -17.6982 123649
H3P04 4 1.33333 374104 1.000 -13.6982 16.3649
H3P04 & -5.33233 374104 1.000 -20.3649 9.6082
H3F04 5 1.20000 374104 1.000 -13.8315 16.2315
H3PC4 10 1.46667 374104 1.000 -13.5649 16.4982
H3P04 50 3.60000 374104 1.000 -11.4315 18.6315
H3PO4 100 -9.73333 374104 1.000 -24 7649 52932
H3PO4 150 1213333 374104 487 -2.8982 27.1649
MCPM 0 -31.26667% 374104 000 -46.2982 -16.2351
MCPM 2 -10.00000 374104 1.000 -25.0315 50315
MCPM 4 -10.66667 374104 1.000 -25.6982 4 3649
MCPM & 1.33333 374104 1.000 -13.6982 16.3649
MCPM & -2.00000 374104 1.000 -17.0315 13.0315
MCPM 5 -.60000 374104 1.000 -15.6315 14.4315
MCPM 10 -2 86667 374104 1.000 -17.8982 12,1649
MCPM 50 -1.60000 374104 1.000 -16.6315 134315
MCPM 100 - 46667 374104 1.000 -15.4982 14,5649
MCPM 150 23.80000% 374104 000 8.7685 38.8315
H3PO4 8 untreated Ti-GAI-4V -29.33333% | 374104 000 -44.3649 -14.3018
MCPM 150 23.80000% 374104 000 8.7685 38.8315
H3PO4 8 untreated Ti-GAI-4V -29.33333% | 374104 000 -44 3649 -14.3018
H3PO4 0V -20.60000%  3.74104 000 -35.6315 -5.5685
H3P04 2 2.66667 374104 1.000 -12.3649 17.6982
H3P04 4 6.66667 374104 1.000 -8.3649 21.6982
H3PO4 & 533333 374104 1.000 -9.6982 203649
H3POQ4 5 6.53333 374104 1.000 -8.4982 21.5649
H3P0O4 10 6.80000 374104 1.000 -8.2315 218315
H3F04 50 893333 374104 1.000 -6.0982 23.0649
H3PC4 100 -4.40000 374104 1.000 -19.4315 10.6315
H3PQ4 150 1746667+ 374104 007 24351 324982
MCPM O -28.93333 | 374104 000 -40.9649 -10.9018
MCPM 2 -4 GBEET 374104 1.000 -19.6982 10.3649
MCPM 4 -5.33233 374104 1.000 -20.3649 9.6082
MCPM & 6.66667 374104 1.000 -8.3649 21.6082
MCPM 2 333333 374104 1.000 -11.6982 18.3649
MCPM 5 473333 374104 1.000 -10.2982 19.7649
MCPM 10 2 46667 374104 1.000 -12.5649 17.4982
MCPM 50 373333 374104 1.000 -11.2982 18.7649
MCPM 100 4.B66ET 374104 1.000 -10.1649 19.8082
MCPM 150 2013333 374104 000 141018 44 1649
H3PQ4 5 untreated Ti-GAl-4V -35.86667% 374104 000 -50.8932 -20.8351
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MCPM 150 29.13333*| 374104 .000 141018 44,1649
H3P04 5 untreated Ti-GAI-4V -35.86667* 374104 000 -50.8882 -20.8351
H3PO4 0V -27.13333* | 374104 .00o0 -42.1649 -12.1018
H3PO4 2 -3.86667 374104 1.000 -18.8982 11.1649
H3PO4 4 13333 374104 1.000 -14.8982 15.1649
H3PO4 6 -1.20000 374104 1.000 -16.2315 13.8315
H3P0O4 8 -6.53333 374104 1.000 -21.5649 5.4982
H3PO4 10 2BEBT 374104 1.000 -14. 7649 15.2982
H3PO4 50 240000 374104 1.000 -12.6315 17.4315
H3PO4 100 -10.93333 374104 1.000 -25.9649 4.0982
H3PO4 150 1093333 374104 1.000 -4.0982 259649
MCPM O -32 46667* 374104 .ooo -47.4982 -17.4351
MCPM 2 -11.20000 374104 966 -26.2315 38315
MCPM 4 -11.86667 374104 594 -26.8982 3.1649
MCPM 6 13333 374104 1.000 -14.8982 15.1649
MCPM 8 -3.20000 374104 1.000 -18.2315 11.8315
MCPM 5 -1.80000 374104 1.000 -16.8315 13.2315
MCPM 10 -4 06667 374104 1.000 -19.0982 10.9649
MCPM 50 -2.80000 374104 1.000 -17.8315 122315
MCPM 100 -1.66667 374104 1.000 -16.6982 13.3649
MCPM 150 22 60000*| 374104 .000 7.5685 376315
H3P04 10 untreated Ti-GAI-4V -36.13333% | 374104 000 -51.1649 -21.1018
MCPM 150 22 60000%| 374104 000 7 5685 A7.6315
H3PO4 10 untreated Ti-6AI-4Y -36.13333* 374104 000 -51.1649 -21.1018
H3PO4 0V -27.40000% | 374104 .0oo -42.4315 -12.3685
H3PO4 2 -4.13333 374104 1.000 -19.1649 10.8982
H3PO4 4 -13333 374104 1.000 -15.1649 14,3982
H3PO4 & -1.46667 374104 1.000 -16.4982 13.5649
H3PO4 & -6.80000 374104 1.000 -21.8315 82315
H3PO4 5 - 26667 374104 1.000 -15.2982 14.7649
H3P0O4 50 213333 374104 1.000 -12.8982 17.1649
H3PO4 100 -11.20000 374104 966 -26.2315 38315
H3PO4 150 10.66667 374104 1.000 -4 3649 256982
MCPM 0 -3273333 374104 000 -47. 7649 -17.7018
MCPM 2 -11.46667 374104 797 -26.4982 35649
MCPM 4 -12.13333 374104 487 -27.1649 28982
MCPM & -13333 374104 1.000 -15.1649 14,3982
MCPM 8 -3.46667 374104 1.000 -18.4982 11.5649
MCPM 5 -2 066GET 374104 1.000 -17.0982 12.9649
MCPM 10 -4 33333 374104 1.000 -19.3649 10.6982
MCPM 50 -3.06667 374104 1.000 -18.0982 11.9649
MCPM 100 -1.83333 374104 1.000 -16.9649 13.0982
MCPM 150 2233333 374104 000 7.3018 37.3649
H3PO4 50 untreated Ti-BAI-4V -3 26667 374104 000 -53.2982 -23.2351




MCPM 150 2233333 374104 .000 7.3018 37.3648
H3PO4 50 untreated Ti-GAl-4V -38.26667| 374104 000 -53.2082 -23.2351
H3PO4 0V -29.53333% | 374104 .000 -44 5649 -14.5018
H2PO4 2 -6.26667 374104 1.000 -21.2982 8.7649
H3PO4 4 -2 26667 374104 1.000 -17.2082 12.7649
H3PO4 6 -3.60000 374104 1.000 -18.6315 11.4315
H3PO4 8 -8.93333 374104 1.000 -23.9649 5.0882
H2PO4 5 -2.40000 374104 1.000 -17.4315 12.6315
H2PO4 10 -213333 374104 1.000 -17.1649 12.8082
H3PO4 100 -13.33333 374104 194 -28.3649 1.6882
H2PO4 150 853333 374104 1.000 -6.4982 23.5649
MCPM 0 -34 86667 374104 .000 -49.8082 -18.8351
MCPM 2 -13.60000 374104 158 -28.6315 1.4315
MCPM 4 -14 26667 374104 .093 -28.2982 7649
MCPM & -2.26667 374104 1.000 -17.2982 12.7649
MCPM & -5.60000 374104 1.000 -20.6315 9.4315
MCPM 5 -4.20000 374104 1.000 -19.2315 10.8315
MCPM 10 -G.46667 374104 1.000 -21.4982 8.5649
MCPM 50 -5.20000 374104 1.000 -20.2315 9.8315
MCPM 100 -4 06667 374104 1.000 -19.0982 10.9649
MCPM 150 20.20000%| 374104 001 5.1685 352315
H3PO4 100 untreated Ti-GAl-4V -24983333% 374104 000 -39.9649 -9.9018
MCPM 150 2020000 | 374104 00 5.1685 35.2315
H3PO4 100 untreated Ti-GAI-4V -24.93333 | 374104 000 -39.9649 -9.9018
H3PO4 0V -16.20000% | 374104 019 -31.2315 -1.1685
H3PO4 2 7.06667 37404 1.000 -7.9649 220082
H3PO4 4 11.06667 374104 1.000 -3.9649 26.0082
H3PO4 6 9.73333 3T4104 1.000 -5.2982 24,7649
H3PO4 8 4.40000 aT404 1.000 -10.6315 19.4315
H3PO4 5 10.93333 3T4104 1.000 -4.0982 25.9649
H3PO4 10 11.20000 aT404 966 -3.8315 26.2315
H3PO4 50 1333333 AT4104 194 -1.6982 28.3649
H3PO4 150 21.86667*| 374104 .000 6.8351 36.8082
MCPM O -21.53333 | 374104 .000 -36.5649 -6.5018
MCPM 2 - 26667 374104 1.000 -15.2982 14,7649
MCPM 4 -93333 aT4104 1.000 -15.9649 14.0982
MCPM & 11.06667 374104 1.000 -3.9649 26.0082
MCFM 8 773333 3T4104 1.000 -7.2982 22,7649
MCPM 5 913332 aT404 1.000 -5.8982 24,1649
MCPM 10 6.86667 AT4104 1.000 -8.1649 21.8082
MCPM 50 813333 3T4104 1.000 -6.8982 231649
MCPM 100 9 26667 AT4104 1.000 -5.7649 24,2082
MCFM 150 3353333 374104 .000 18.5018 48.5649
H3PO4 150 untreated Ti-GAI-4V -46.80000% | 374104 000 -61.8315 -31.7685
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MCPM 150 3353333 374104 000 18.5018 48.5649
H3PO4 150 untreated Ti-GAI-4V -46.80000%| 374104 000 -61.8315 -31.7685
H3PO4 0V -38.06667% 3.74104 000 -53.0882 -23.0351
H3PO4 2 -14.50000 374104 060 -29.8315 2315
H3PO4 4 -10.80000 374104 1.000 -25.8315 42315
H3PO4 & -12.13333 374104 487 -27.1649 2.8082
H3PO4 8 -17.46667%  3.74104 007 -32.4982 -2.4351
H3PO4 5 -10.93333 374104 1.000 -25.9649 4.0082
H3PO4 10 -10.66667 374104 1.000 -25.6882 43649
H3PO4 50 -8.63333 374104 1.000 -23.5649 G.4082
H3PO4 100 -21.86667% 3.74104 .000 -36.8082 -6.8351
MCPM 0 -43.40000% 3.74104 000 -58.4315 -28.3685
MCPM 2 -2213333% | 374104 .000 -37.1649 -7.1018
MCPM 4 -22.80000% 374104 .000 -37.8315 -7.7685
MCPM 6 -10.80000 374104 1.000 -25.8315 42315
MCPM & -14.13333 374104 03 -29.1649 .8982
MCPM 5 -12.73333 374104 .309 -27. 7649 2.2982
MCPM 10 -15.00000 374104 .051 -30.0315 0315
MCPM 50 -13.73333 374104 142 -28.7649 1.2882
MCPM 100 -12.60000 374104 342 -27.6315 2.4315
MCPM 150 11.66667 374104 688 -3.3649 26.6982
MCPM O untreated Ti-GAI-4V -3.40000 374104 1.000 -18.4315 11.6315
MCPM 150 11.66667 374104 .G88 -3.3649 26.6982
MCPM 0 untreated Ti-GAI-4Y -3.40000 374104 1.000 -18.4315 11.6315
H3PO4 0V 533333 374104 1.000 -9.6982 20.3649
H2PO4 2 28.60000% 374104 .000 13.5685 43,6315
H3PO4 4 32.60000%( 374104 .000 17.5685 47,6315
H3PO4 6 31.26667 374104 000 16.2391 46.2982
H3PO4 8 2593333 374104 000 10.9018 40.9649
H3PO4 5 3246667+ 374104 000 17.4351 47.4982
H3PO4 10 3273333 374104 .000 17.7018 477649
H3PO4 50 3486667 374104 .000 19.8351 49.3982
H3PO4 100 2153333+ 374104 .000 6.5018 36.5649
H3PO4 150 43.40000% 374104 000 28.3685 58.4315
MCPM 2 2126667+ 374104 000 5.2351 36.2982
MCPM 4 20.60000% 374104 .000 5.5685 356315
MCPM 6 32.60000% 374104 .000 17.5685 476315
MCPM 8 2026667 374104 .000 14.2351 442982
MCPM 5 3066667 374104 000 15.6391 45,6982
MCPM 10 28.40000% 374104 .000 13.3685 43,4315
MCPM 50 2966667+ 374104 .000 14.6351 44 5982
MCPM 100 30.80000% 374104 .000 15.7685 458315
MCPM 150 55.06667% 374104 .000 40.0351 70.0982
MCPM 2 untreated Ti-BAI-4Y -24 66667 374104 000 -30.6982 -0.6351
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MCPM 150 55.06667% 374104 000 40,0351 70.0982
MCFM 2 untreated Ti-GAI-4Y -24 66667 374104 000 -39.6982 -9.6351
H3PO4 0V -15.93333* 374104 024 -30.9649 -9018
H3PO4 2 7.33333 374104 1.000 -7.6982 22.3649
H3PO4 4 11.33333 374104 878 -3.6982 26.3649
H3PO4 6 10.00000 374104 1.000 -5.0315 25.0315
H3PO4 8 4 B6EET 374104 1.000 -10.3649 19.6982
H3PO4 5 11.20000 374104 966 -3.8315 26.2315
H3PO4 10 11.46667 374104 q97 -3.5649 26.4982
H3PO4 50 13.60000 374104 158 -1.4315 28.6315
H3PO4 100 26667 374104 1.000 -14.7649 15.2982
H3PC4 150 2213333 374104 000 7.1018 37.1649
MCPM O -21.26667% 374104 .0oo -36.2982 -6.2351
MCPM 4 -.66667 374104 1.000 -15.6982 14.3649
MCPM 6 11.33333 374104 878 -3.6982 26.3649
MCFM 8 8.00000 374104 1.000 -7.0315 23.0315
MCPM 5 9.40000 374104 1.000 -5.6315 24,4315
MCPI 10 7.13333 374104 1.000 -7.8982 221649
MCPM 50 2.40000 374104 1.000 -6.6315 23.4315
MCPM 100 953333 374104 1.000 -5.4982 24 5649
MCPM 150 33.80000% 374104 000 18.7685 48.8315
MCPM 4 untreated Ti-GAI-4Y -24.00000% 374104 000 -38.0315 -8.9685
MCPM 150 33.80000% 374104 000 18.7685 48.8315
MCPM 4 untreated Ti-GAI-4Y -24.00000%| 374104 000 -38.0315 -8.9685
H3PO40V -15.26667% 374104 041 -30.2982 -.2351
H3PO4 2 8.00000 374104 1.000 -7.0315 23.0315
H3PO4 4 12.00000 374104 538 -3.0315 27.0315
H3PO4 6 10.66667 374104 1.000 -4.3649 25.6982
H2PO4 8 533333 374104 1.000 -0.6982 20.3649
H3PO45 11.86667 374104 594 -3.1649 26.8082
H3PO4 10 1213333 374104 487 -2.8982 27.1649
H3PO4 50 1426667 374104 .093 -7649 29.2982
H3PO4 100 93333 374104 1.000 -14.0982 15.9649
H3PO4 150 22.80000% 374104 .000 7.7685 37.8315
MCPM 0 -20.60000% 374104 .000 -35.6315 -5.5685
MCPM 2 BEEET 374104 1.000 -14.3649 15.6982
MCPM 6 12.00000 374104 538 -3.0315 27.0315
MCPM 8 8.66667 374104 1.000 -6.3649 23.6982
MCPM 5 10.06667 374104 1.000 -4.9649 25.0082
MCPM 10 7.80000 374104 1.000 -7.2315 22.8315
MCPM 50 9.06667 374104 1.000 -5.9649 24,0982
MCPM 100 10.20000 374104 1.000 -4.8315 25.2315
MCPM 150 3446667 374104 000 19.4391 49.4982
MCPM 6 untreated Ti-BAI-4Y -36.00000% 374104 000 -51.0315 -20.9685
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MCPM 150 34 46667 374104 000 19.4351 494952
MCFPM & untreated Ti-GAI-4V -36.00000% | 374104 000 -51.0315 -20.9685
H3PO4 0V -27.26667% 374104 000 -42.2982 -12.2351
H3PO4 2 -4.00000 374104 1.000 -19.0315 11.0315
H3PO4 4 00000 374104 1.000 -15.0315 15.0315
H3PO4 & -1.33333 374104 1.000 -16.3649 13.6982
H3PO4 & -6.66667 374104 1.000 -21.6982 8.3649
H3PO4 5 -13333 374104 1.000 -15.1648 14.8082
H3PO4 10 13333 374104 1.000 -14.8982 15.1649
H3PO4 50 2 26667 374104 1.000 -12.7649 17.2982
H3PO4 100 -11.06667 374104 1.000 -26.0982 3.9649
H3PO4 150 10.20000 374104 1.000 -4.2315 258315
MCPM 0 -32.60000% 374104 000 -47.6315 -17.5685
MCPM 2 -11.33333 374104 ara -26.3649 3.6082
MCPM 4 -12.00000 374104 538 -27.0315 30315
MCPM 8 -3.33333 374104 1.000 -18.3649 11.6882
MCPM 5 -1.93333 374104 1.000 -16.9649 13.0082
MCPM 10 -4.20000 374104 1.000 -19.2315 10.8315
MCPM 50 -293333 374104 1.000 -17.9648 12.0082
MCPM 100 -1.80000 374104 1.000 -16.8315 132315
MCPM 150 2246667 374104 000 7.4391 37.4982
MCPM 8 untreated Ti-GAI-4V -32.66667*) 374104 000 -47.6982 -17.6351
MCPM 150 2246667 374104 000 7.4301 37.4982
MCPM 8 untreated Ti-GAI-4Y -32.66667*| 3.74104 000 -47.6982 -17.6351
H3PO4 0V -23.83333% 374104 000 -38.9649 -8.9018
H3PO4 2 - 66667 374104 1.000 -15.6982 14.3649
H3PO4 4 333333 374104 1.000 -11.6982 18.3649
H3PO4 6 2.00000 374104 1.000 -13.0315 17.0315
H3PO4 8 -3.33333 374104 1.000 -18.3649 11.6982
H3PO4 5 3.20000 374104 1.000 -11.8315 18.2315
H3PO4 10 346667 374104 1.000 -11.5649 18.4982
H3PO4 50 5.60000 374104 1.000 -9.4315 206315
H3PO4 100 -7.73333 374104 1.000 -22.7649 7.2982
H3PO4 150 1413333 374104 103 -.8982 29.1649
MCPM 0 -20.26667% 374104 000 -44.2982 -14.2351
MCPM 2 -8.00000 374104 1.000 -23.0315 7.0315
MCPM 4 -8.66667 374104 1.000 -23.6982 6.3649
MCPM 6 333333 374104 1.000 -11.6982 18.3649
MCPM 5 1.40000 374104 1.000 -13.6315 16.4315
MCPM 10 -B6667 374104 1.000 -15.8982 14,1649
MCPM 50 40000 374104 1.000 -14.6315 15.4315
MCPM 100 1.53333 374104 1.000 -13.4982 16.5649
MCPM 150 25.80000% 374104 000 10.7685 40.8315
MCPM 5 untreated Ti-BAI-4Y -34.06667% 374104 000 -48.0982 -18.0351
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MCPM 150 25800007 374104 .000 10.7685 40.8315
MCPM 5 untreated Ti-GAl-4V -34.06667F| 374104 .000 -49.0982 -19.0351
H3PC4 0V -25.33333% 3747104 .000 -40.3649 -10.3018
H3P04 2 -2.06667 374104 1.000 -17.0982 12.9649
H3PO4 4 1.83333 374104 1.000 -13.0982 16.9649
H3PO4 6 60000 374104 1.000 -14.4315 15.6315
H3PO4 8 -4.73333 374104 1.000 -19.7649 10.2952
H3P04 5 1.80000 374104 1.000 -13.2315 16.8315
H3P04 10 2.06667 374104 1.000 -12.9649 17.0952
H3P04 50 4.20000 374104 1.000 -10.8315 19.2315
H3PO4 100 913333 374104 1.000 -24.1648 5.8082
H3PO4 150 1273333 374104 309 -2.2082 27.7649
MCPM 0 -30.66667F 374104 000 -45.6982 -15.6351
MCPM 2 -9.40000 374104 1.000 -24.4315 56315
MCPM 4 -10.06667 374104 1.000 -25.0982 49649
MCPM & 1.93333 374104 1.000 -13.0982 16.9649
MCPM & -1.40000 374104 1.000 -16.4315 13.6315
MCPM 10 -2.26667 374104 1.000 -17.2982 12,7649
MCPM 50 -1.00000 374104 1.000 -16.0315 14.0315
MCPM 100 13333 374104 1.000 -14.8982 15.1649
MCPM 150 24.40000%| 374104 .000 9.3685 39.4315
MCPM 10 untreated Ti-GAI-4V -31.80000% 374104 000 -46.8315 -16.7685
MCPM 150 24.40000% 374104 .000 9.3685 39.4315
MCPM 10 untreated Ti-GAI-4V -31.80000% 374104 000 -46.8315 -16.7685
H3PO4 0V -23.06667% 374104 000 -38.0982 -8.0351
H3PO4 2 .20000 374104 1.000 -14.8315 15.2315
H3PO4 4 4.20000 374104 1.000 -10.8315 19.2315
H3PO4 & 2.86667 374104 1.000 -12.1649 17.8982
H3PO4 8 -2.46667 374104 1.000 -17.4982 12.5649
H3PO4 5 4 06667 374104 1.000 -10.9649 19.0982
H3PO4 10 433333 374104 1.000 -10.6982 19.3649
H3P0O4 50 6.46667 374104 1.000 -8.5649 21.4982
H3PO4 100 -6.86667 374104 1.000 -21.8982 8.1649
H3PO4 150 15.00000 374104 051 -0315 30.0315
MCPM O -28.40000% 374104 000 -43.4315 -13.3685
MCPM 2 -7.13333 374104 1.000 -22.1649 7.8982
MCPM 4 -7.80000 374104 1.000 -22.8315 7.2315
MCPM & 4.20000 374104 1.000 -10.8315 19.2315
MCPM & .BBEET 374104 1.000 -14.1649 15.8982
MCPM 5 2. 26667 374104 1.000 -12.7649 17.2982
MCPM 50 1.26667 374104 1.000 -13.7649 16.2982
MCPM 100 2.40000 374104 1.000 -12.6315 17.4315
MCPM 150 26.66667" 374104 .000 11.6351 41.6982
MCPM 50 untreated Ti-GAI-4V -33.06667* 374104 000 -48.0982 -18.0351
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MCPM 150 26 BEGRET* 374104 .0oo 11.6351 41.6982
MCPM 50 untreated Ti-GAI-4V -33.06667*| 374104 000 -48.0982 -18.0351
H3PO4 0V -24 33333 374104 .ooo -39.3649 -9.3018
H3PO4 2 -1.06667 374104 1.000 -16.0982 13.9649
H3PO4 4 293333 374104 1.000 -12.0982 17.9649
H3PO4 & 1.60000 374104 1.000 -13.4315 16.6315
H3PO4 8 -3.73333 374104 1.000 -18.7649 11.2982
H3P0O4 5 230000 374104 1.000 -12.2315 17.8315
H2P04 10 3.06667 374104 1.000 -11.9649 18.0982
H2P0O4 50 5.20000 374104 1.000 -9.8315 202315
H3PO4 100 -8.13333 374104 1.000 -23.1649 5.8982
H3P0O4 150 1373333 374104 142 -1.2882 237649
MCPM 0 -29 BBRET* 374104 .0oo -44 5982 -14.6351
MCPM 2 -8.40000 374104 1.000 -23.4315 6.6315
MCPM 4 -9.06667 374104 1.000 -24.0982 50649
MCPM 6 293333 374104 1.000 -12.0982 17.9649
MCPM 8 -40000 374104 1.000 -15.4315 14.6315
MCPM 5 1.00000 374104 1.000 -14.0315 16.0315
MCPM 10 -1.26667 374104 1.000 -16.2082 13.7649
MCPM 100 1.13333 374104 1.000 -13.8982 16.1649
MCPM 150 2540000%| 374104 .000 10.3685 40.4315
MCPM 100 untreated Ti-GAI-4V -34.20000* 374104 000 -49.2315 -19.1685
MCPM 150 25.40000% | 374104 .000 10.3685 40.4315
MCPM 100 untreated Ti-GAI-4V -34.20000% | 374104 000 -49.2315 -19.1685
H3PO4 0V -25 4666T* 374104 000 -40.4982 -10.4351
H3PO4 2 -2.20000 374104 1.000 -17.2315 12.8315
H3PO4 4 1.80000 374104 1.000 -13.2315 16.8315
H3PO4 & AB66T 374104 1.000 -14 5649 15.4982
H3PO4 & -4 BEEGT 374104 1.000 -19.8982 10.1649
H3PO4 5 1.66667 374104 1.000 -13.3649 16.6982
H3PO4 10 1.93333 374104 1.000 -13.0982 16.9649
H3PO4 50 4 06667 374104 1.000 -10.9649 19.0982
H3PO4 100 -9 26667 374104 1.000 -24 2982 57649
H3PO4 150 12.60000 374104 342 -24315 276315
MCPM O -30.80000* 374104 000 -45.8315 -15.7685
MCPM 2 -9.53333 374104 1.000 -24 5649 54982
MCPM 4 -10.20000 374104 1.000 -25.2315 48315
MCPM & 1.80000 374104 1.000 -13.2315 16.8315
MCPM & -1.53333 374104 1.000 -16.5649 13.4982
MCPM 5 -13333 374104 1.000 -15.1649 14.8982
MCPM 10 -2.40000 374104 1.000 -17.4315 12.6315
MCPM 50 -1.13333 374104 1.000 -16.1649 13.8982
MCPM 150 24 26667*| 374104 000 9.2351 392982
MCPM 150 untreated Ti-GAI-4Y -58 46667 374104 000 -73.4882 -43.4351
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MCPM 150 2426667 374104 000 9.2351 39.2982
MCPM 150 untreated Ti-GAI-4Y -B2. 46667 374104 000 -73.4982 -43.4351
H3FO4 0V -49.73333*| 374104 000 -64.7649 -34.7018
H3P04 2 -26. 46667 374104 000 -41.4982 -11.4351
H3P04 4 -22 46667 374104 000 -37.4982 -7.4351
H3F04 6 -23.80000%| 374104 000 -38.8315 -8.7685
H3F04 8 -29.13333*| 374104 000 -44.1649 -14.1018
H3F04 5 -22.60000%| 374104 000 -37.6315 -7.5685
H3PO4 10 -22.33333% 374104 000 -37.3649 -7.3018
H3P04 50 -20.20000%| 374104 001 -35.2315 -5.1685
H3P04 100 -3353333% 374104 000 -48.5649 -18.5018
H3F04 150 -11.66667 374104 688 -26.6982 3.3649
MCPM 0 -55.06667%| 3.74104 000 -70.0982 -40.0351
MCPM 2 -33.80000%| 374104 000 -48.8315 -18.7685
MCPM 4 -34 46667%| 374104 000 -49.4982 -19.4351
MCPM & -22 46BET*| 374104 000 -37.4982 -7.4351
MCPM 8 -25.80000%| 374104 000 -40.8315 -10.7685
MCPM 5 -24.40000%| 374104 000 -39.4315 -9.3685
MCPM 10 -26.66667% 3.74104 000 -41.6982 -11.6351
MCPM 50 -25.40000%| 374104 000 -40.4315 -10.3685
MCPM 100 -24 26667 374104 000 -39.2082 -9.2351
*. The mean difference is significant at the .05 level.
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APPENDIX C

Contact angle and the statistical analysis of the anodized films before UV irradiation

Oneway
Descriptives
angle
95% Confidence Interval for
Mean

M Mean Std. Deviation Std. Error | Lower Bound | Upper Bound | Minimum | Maximum
untreated Ti-GAI-4V 3 79.9200 553953 3.19825 66.1590 93.6810 7392 84.84
woi 3 82.7533 255533 1.47532 76.4055 89.1011 80.52 85.54
H3IPO4 2 3 75.8467 1.24857 72086 727450 78.9483 T74.42 7674
MCPM 1 3 71.9600 10.63344 G.13922 455451 98.3749 59.76 79.26
H3PO4 G 3 T6.9000 6.31506 3.64600 G1.2125 92.5875 T72.30 8410
MCPM & 3 G67.0267 3.45869 1.99688 58.4348 75.6185 63.34 70.20
Total 18 75.7344 7.20317 1.69780 721524 79.3165 59.76 85.54

Post Hoc Tests

Multiple Comparisons

Dependent Variable: angle

Banferroni
Mean
Difference 95% Confidence Interval
(1) anodize (J) anodize (-J) Std. Error Sig. Lower Bound | Upper Bound
untreated Ti-6A-4Y  woi -2.83333 475731 1.000 -20.1922 14.5255
H3PO4 2 407333 475731 1.000 -13.2855 21.4322
MCPM 1 7.96000 475731 1.000 -9.3989 25.3189
H3PO4 6 3.02000 475731 1.000 -14.3389 20.3789
MCPM & 12.89333 475731 284 -4 4655 30.2522
woi untreated Ti-5AI-4V 283332 475731 1.000 -14.5255 201922
H3PO4 2 6.90667 475731 1.000 -10.4522 24.2655
MCPM 1 10.79333 475731 638 -G.5655 28.1522
H3PO4 G 585333 475731 1.000 -11.5055 23.2122
MCPM & 1572667 475731 094 -1.6322 33.0855
H3PO4 2 untreated Ti-GAI-4V -4.07333 475731 1.000 -21.4322 13.2855
woi -6.90667 475731 1.000 -24 2655 10.4522
MCPM 1 3.88667 475731 1.000 -13.4722 21.2455
H3PO4 6 -1.05333 475731 1.000 -18.4122 16.30565
MCPM & 8.82000 475731 1.000 -5.5389 26.1789
MCPM 1 untreated Ti-GAI-4Y -7.96000 475731 1.000 -25.3189 §.3989
wai -10.79333 475731 638 -28.1522 6.5655
H3PO4 2 -3.8B8667 475731 1.000 -21.2455 13.4722
H3PO4 6 -4.94000 475731 1.000 -22.2989 12.4189
MCPM & 493333 475731 1.000 -12.4255 22.2922
H3PO4 6 untreated Ti-GAI-4Y -3.02000 475731 1.000 -20.3789 14.3389




MCPM 6 483333 475731 1.000 -12.4255 22.2822
H3PO4 8 untreated Ti-GAI-4V -3.02000 475731 1.000 -20.3789 14.3389
Woi -5.85333 475731 1.000 -23.2122 11.5055
H3P0O4 2 1.05333 475731 1.000 -16.3055 18.4122
MCPM 1 4.94000 475731 1.000 -12.4189 22,2989
MCPM 6 9.87333 475731 802 -7.4855 27.2322
MCPM 6 untreated Ti-GAI-4V -12.89333 475731 284 -30.2522 4 4555
Woi -15.72667 475731 094 -33.0855 1.6322
H3P0O4 2 -8.82000 475731 1.000 -26.1788 8.5389
MCPM 1 -4.93333 475731 1.000 -22.2922 12.4255
H3PO4 & -9.87333 475731 802 -27.2322 7.4855
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APPENDIX D

Contact angle and the statistical analysis of the anodized films after UV irradiation for

24 h

Post Hoc Tests

Multiple Comparisons

Dependent Variable: angle

Bonfarroni
Mean
Difference 95% Confidence Interval
(I) anodize (J) anodize (I-J) Std. Error Sig. Lower Bound | Upper Bound
b UV untreated Ti-6A-4Y  a UV untreated Ti-GAl-4V 26.44000* 463239 .000 85775 44,3025
b UV woi -2.33333 463239 1.000 -20.6958 15.0291
3 UV woi 32.53333% | 4.63239 .000 14.6709 50.3958
b UV H3P0O4 2 6.78000 463239 1.000 -11.0825 246425
a UV H3IP04 2 27.05333| 4.63239 .000 9.1909 449158
b UV MCPM 1 12.43333 463239 856 -5.4291 30.2958
a UV MCPM 1 52.06000* 4 63239 oo 341975 59.9225
b UVH3PO4 6 5.93333 463239 1.000 -11.9291 237958
3 UVH3PO4 6 35.32667%| 4.63239 .000 17.4642 531891
b UV MCPM 6 12.89333 463239 681 -4.9691 30.7558
a UV MCPM 6 43.00667%| 4.63239 .000 251442 60.8691
b UV woi b UV untreated Ti-GAI-4Y 283333 463239 1.000 -15.0291 20.6958
3 UV untreated Ti-GAI-4Y 29.27333%| 463239 .0oo 11.4109 47.1358
a UV woi 35.36667% | 4.63239 000 17.5042 53.2291
b UVH3PO4 2 9.61333 463239 1.000 -8.249 274758
alUVH3IPO4 2 28 88667 463239 .ooo 12.0242 47 7491
b UV MCPM 1 15.26667 463239 201 -2.5958 33129
a UV MCPM A 5489333 463239 .ooo 37.0309 727558
b UVH3PO4 6 8.76667 463239 1.000 -9.0958 26.6291
aUVH3PO46 38.16000% | 4.63239 000 202975 56.0225
b UV MCPW 6 15.72667 463239 158 -2.1358 33.5891
aUVMCPM B 45.34000% | 453239 .000 27.9775 63.7025
b UVH3PO4 2 b UV untreated Ti-6Al-4V -6.78000 463239 1.000 -24. 6425 11.0825
a UV untreated Ti-BAl-4V 19.66000% | 4.63239 019 1.7975 37.5225
b UV woi -9.61333 4.63239 1.000 -27.4758 8.2491
a Uvwoi 25.78333% | 4.63239 001 7.8909 43,6158
aUVH3IPO4 2 2027333 | 4.63239 013 24109 38.1358
b UV MCPM A1 5.65333 463239 1.000 -12.2091 235158
a UV MCPM 1 45.28000% | 4.63239 000 27.4175 63.1425
b UVH3PO4 6 - 34667 4.63239 1.000 -18.7091 17.0158
aUVH3PO4 6 28.54667* | 4.63239 .000 10.6842 46.4091
b UV MCPM 6 6.11333 463239 1.000 -11.7491 23.9758
a UV MCPM 6 36.22667* | 4.63239 .000 18.3642 54.0891




b UV MCPM 1

b UVH3P0O4 6

b UVMCPM 6

b UV untreated Ti-6AI-4V
a UV untreated Ti-GAI-4Y
b UV woi

a Uv waoi

b UVH3P0O4 2

3 UVH3P04 2

a UV MCPM 1

b UVH3P0O4 6
aUVH3PO4 6

b UV MCPM 6
aUVMCPM &

b UV untreated Ti-BAI-4V
a UV untreated Ti-BAI-4V
b UV woi

a UV woi

b UVH3PO4 2
aUVH3IPO4 2

b UV MCPM A1

a UV MCPM A1
aUVH3IPO46

b UV MCPM &

a UVMCPM B

b UV untreated Ti-GAI-4V
a UV untreated Ti-GAI-4V
b UV woi

a Uvwaoi

b UVH3PO4 2

a UV H3P0O4 2

b UV MCPM 1

3 UV MCPM A

b UVH3PO4 6
aUVH3PO4 6
aUvVMCPM B

-12.43332
14.00667

-15.26667
20.10000%

-5.65333

14.62000

39.62667*

-6.50000

22809333

AB000

A0 RTAANE

-5.93333
20.50667*
-8. 76667
26.60000%
84667
21.12000%
6.50000
46.12667*
29.38333
6.96000
37.07333*

-12.89333
13.54667
-15.72667
19.64000%
-6.11333
14.16000

- 46000
39.16667*
-6.96000
2243333
30.11333

463239
463239
463239
463239
463239
463239
463239
463239
463239
463239
4 RA9309

463239
463239
483239
483239
4 63239
4 63239
4 63239
4 63239
4 63239
463239
463239

463239
463239
463239
463239
463239
463239
463239
463239
463239
463239
463239

856
387
201
015
1.000
282
.000
1.000
003
1.000
non

681
490
58
019
1.000
358
1.000
.000
1.000
.004
.000

-30.2958
-3.8558
-331201
22375
-23.5158
-3.2425
21.7642
-24.3625
50309
-17.4025
127109

-23.7958
26442
-26.6291
8.7375
-17.0158
3.2575
-11.3625
28.2642
11.5309
-10.9025
19.2109

-30.7558
-4.3158
-33.5891
17775
-23.9758
-3.7025
-18.3225
21.3042
-24.8225
45709
12.2509

54201
31.8691

25958
37.9625
12.2091
324825
57.4891
11.3625
40.7558
18.3225
48 4358

11.9291
38.3691

9.0958
44 4625
18.7091
38.9825
24 3625
63.9891
472558
24,8225
540358

49691
31.4091

21358
37.5025
11.7491
32.0225
17.4025
57.0291
10.9025
40.2958
47.9758
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APPENDIX E

Statistical analysis of the anodized films formed by Ethanol treatment

Post Hoc Tests

Dependent Variable: angle

Multiple Comparisons

Bonferroni
Mean
Difference 95% Confidence Interval
() anodize  (J) anodize (I-J} Std. Error Sig. Lower Bound | Upper Bound
Ano 1 Ano mix 13.44667 499041 108 -2.9591 298524
Ano 2 39.82000* 499041 001 23.4142 562258
Ano mix Ano 1 -13. 44667 499041 108 -29.8524 29581
Ano 2 2637333 499041 006 90676 427791
Ano 2 Ano 1 -39.82000% 4.99041 001 -56.2258 -23.4142
Ano mix -26.37333 4.99041 006 -427791 -9.9676

*. The mean difference is significant atthe .05 level.
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APPENDIX F

20, intensity and hkl of TiO, from JCPDS 00-021-1272

138

Patigrn : 00-021-1272
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Quality - High
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Anatase, syn
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