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ABSTRACT

Ti alloy (Ti-6Al-4V) is a one of the biomaterials that is extensively used in the
human body as implants, prosthesis, dental posts, and total hip and knee joint
replacements, due to its excellent mechanical properties and resistance to wear and
corrosion. They are able to form efficient artificial joints via couplings of metal-on-
polymer or metal-on-metal contacts. However, a high concentration of stress and direct
friction between the surfaces leads to the formation of wear debris and the release of
toxic metal ions into the human body, limiting its operational lifetimes. The aim of this
research is to modify the surface of the Ti-6Al-4V (Ti64) alloy by creating a high
adhesion thin film coating to improve its biocompatibility and decrease the release of
Aluminum and Vanadium ions from corrosion and debris. Tantalum oxide (Ta-O) is
proposed as a coating target material, deposited via the physical vapor deposition
magnetron sputtering. Tantalum and its corresponding compounds are biocompatible
materials with low ion release and high corrosion resistance. Adherent coating of
multiple thicknesses, with a multilayer structure consisting of metallic tantalum and
tantalum oxide, were subsequently deposited. The adhesion strength, hardness,
thickness, surface roughness, wettability, wear, and corrosion and cell culture analysis
of the substrate and coating were duly determined. According to the Taguchi
optimization analysis, the consequence represents improvement of 6.02 %, 1.22%,
3.8%, and 10.5% in adhesion, hardness, thickness, and surface roughness, respectively,
from the values obtained from 16 experiments. The sample with the highest adhesion
strength is recommended for biomedical applications and is regarded as the desired
sample, as it is the most durable coating. Its hardness achieved 88.5% of the highest
hardness. It is also 1.4 and 2.1 times thicker and rougher (surface), respectively.
Furthermore, the sample with a high adhesion strength of 2500 mN was heat treated in a

box furnace at 300, 400, and 500°C. The average adhesions were recorded to be 2555,



2635, and 1746 mN at 300, 400, and 500°C, respectively, while the average hardness
were determined to be 558, 577, and 470 HV at 300, 400 and 500°C, respectively, and
the verified surface roughness of the thermal treated coating surface at 300, 400, and
500 was 18.5, 7.96 and 10.1, respectively. The result showed that the effect of thermal
treatment significantly affected adhesion at 400°C. This study also attempted to
investigate corrosion and wear behaviors of fabricated Ta-O thin film coating onto Ti64.
The corrosion test was carried out in fetal bovine serum (FBS). The corrosion resistance
of the Ta-O film coated onto Ti64 substrate was significantly higher than the uncoated
and thermal treated coating layer Ti64 substrate post-immersion of 45 min in FBS. The
wear test was carried out on uncoated, coated Ti64 substrate, and treated coating layer
in the presence of an FBS lubricant less than 15 N load (naturally walking load) and
1.09 m/s (simulation medium walking speed). The specific wear ratio of Ta-O coating
for both untreated and thermal treated coating layer was significantly reduced to under
the uncoated substrate wear ratio. Friction coefficients 0.182, 0.152, and 0.150 were
realized for uncoated Ti64 substrate, Ta-O thin film coating, and thermal treated Ta-O
coating at 400°C, respectively. The friction coefficients of treated and untreated Ta-O
were almost equal. Therefore, it is suggested that due to noticeable corrosion and wear
resistant characteristics of the Ta-O layer, Ti64 substrate needs to be replaced by
untreated Ta-O coated onto a substrate specimen. Finally, Alamar Blue assay and cell
culture test confirmed the acceptable levels of nontoxicity and cell growth on the

surface of coated Ti64. This resulted in significant improvements to biocompatibility.



ABSTRAK

Aloi Ti (Ti-6AL-4V) adalah salah satu daripada bahan bio yang banyak
digunakan dalam tubuh manusia sebagai implan, prostesis, jawatan pergigian dan
pinggul dan lutut penggantian sendi kerana sifat-sifat mekanikal yang tinggi dan
rintangan haus dan kakisan. Mereka mampu untuk membentuk sendi tiruan berkesan
melalui gandingan logam-on-polimer atau logam ke logam kenalan. Walau
bagaimanapun, kepekatan yang tinggi tekanan, karat dan geseran langsung antara
permukaan membawa kepada pembentukan memakai serpihan dan pelepasan ion logam
toksik ke dalam tubuh manusia, menghadkan, akibat, hayat implan. Tujuan kajian ini
adalah pengubahsuaian permukaan Ti-6AL-4V (Ti64) dengan mewujudkan lekatan
yang tinggi lapisan filem nipis bagi meningkatkan biocompatibility mereka dan untuk
mengurangkan pelepasan daripada aluminium dan Vanadium ion terjadi disebabkan
oleh kakisan, dan serpihan. Tantalum oksida (Ta-O) dicadangkan sebagai bahan salutan
dengan menggunakan pemendapan wap fizikal (PVD) magnetron pemercikan.
Tantalum dan sebatiannya adalah bahan biocompatible dengan melepaskan ion rendah
dan ketahanan kakisan yang tinggi. Salutan pengikut ketebalan yang berbeza, dengan
struktur multilayer yang terdiri daripada dua, tantalum logam tulen dan tantalum oksida
telah didepositkan. Substrat dan permukaan salutan Ta-O telah disifatkan dengan cara
kekuatan lekatan, kekerasan, ketebalan, kekasaran permukaan, kebolehbasahan,
memakai, kakisan dan analisis kultur sel. Menurut analisis pengoptimuman Taguchi,
akibat yang mewakili peningkatan 6.02%, 1.22%, 3.8%, dan 10.5% pada melekat,
kekerasan, ketebalan dan kekasaran permukaan, masing-masing, berbanding nilai yang
diperoleh di kalangan 16 eksperimen. Sampel dengan kekuatan lekatan yang paling
tinggi adalah disyorkan untuk aplikasi bioperubatan dan dianggap sebagai sampel yang
dikehendaki kerana ia merupakan lapisan yang paling tahan lama di kalangan yang lain.

Kekerasan mencapai 88.5% daripada kekerasan sampel tertinggi. Selain itu, ia



mempunyai ketebalan 1.4 dan 2.1 kali lebih tinggi dan kekasaran permukaan, masing-
masing. Tambahan pula, sampel ini dengan kekuatan lekatan yang lebih tinggi 2500 mN
telah dirawat haba dalam kotak relau pada 300, 400 dan 500 ° C untuk meningkatkan
kekuatan lekatan. Perekatan purata dicatatkan 2555, 2635 dan 1746 mN pada 300, 400
dan 500 ° C, masing-masing. Kekerasan berkaitan purata diukur sebagai 558, 577 dan
470 HV. Di samping itu, kekasaran permukaan yang berkaitan dengan haba permukaan
salutan dirawat adalah 18.5, 7.96 dan 10.1 nm, masing-masing. Hasil kajian
menunjukkan bahawa kesan rawatan haba mempunyai lekatan yang paling tinggi pada
400 ° C. Kajian ini juga bertujuan untuk menyelidik kakisan dan memakai tingkah laku
yang direka Ta-O filem nipis lapisan ke Ti64. Ujian kakisan dijalankan dalam serum
lembu janin (FBS). Rintangan kakisan lapisan Ta-O adalah jauh lebih tinggi daripada
spesimen yang tidak bersalut dan haba dirawat lapisan Ta-O salutan selepas rendam 45
minit dalam FBS. Ujian haus telah dijalankan ke atas tidak bersalut, sampel bersalut dan
haba lapisan lapisan dirawat di hadapan FBS pelincir di bawah beban 15N (beban
secara semula jadi berjalan) dan 1.09 m/s (kelajuan berjalan simulasi). Nisbah memakai
tertentu Ta-O salutan untuk kedua-duanya, lapisan lapisan dirawat tidak dirawat dan
haba semakin berkurangan lebih rendah daripada tidak bersalut nisbah memakai
substrat. Pekali geseran 0,182, 0,152 dan 0,150 telah dicapai untuk tidak bersalut Ti64,
Ta-O lapisan filem nipis dan haba dirawat salutan Ta-O pada 400 ° C, masing-masing.
Seperti yang dapat dilihat, pekali geseran dirawat dan tidak dirawat Ta-O adalah hampir
sama. Jadi, tidak dirawat salutan Ta-O yang dicadangkan disebabkan oleh kakisan
ketara dan memakai ciri-ciri tahan. la akan dipertimbangkan untuk doktor bioperubatan.
Akhir sekali, AlamarBlue assay dan ujian kultur sel mengesahkan pencapaian yang
boleh diterima nontoxicity dan sel yang tumbuh di permukaan Ta-O salutan kerana ia

menunjukkan bertambah besar biocompatibility.
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CHAPTER 1: INTRODUCTION

1.1 Introduction

Technology has a remarkable effect on medical care, and currently, engineering
expertise has become closely intertwined in most medical discipline. Consequently,
mechanical engineering is seen as an integrated vis-a-vis medicine and engineering. It
has aided in the treatment of disease by providing or improving medical tools, such as
biomaterials, biological materials, artificial system, biosensors, and medical devices(D.
Franklyn Williams, 1987).

Biomaterials are generally defined as materials used in the body that is in
contact with biological system via implants or replacements in living tissue, either
natural or synthetic (J. Park, 2012; Ratner et al., 2004). In other words, biomaterials, by
definition, are a non-drug substance suitable for inclusion in systems that augment or
replace the functions of bodily tissue or organs. Biomaterials play a vital role in clinical
application, and are described as bio-metals, bio-composites, bio-ceramics, and
biopolymers.

Over the last a few decades, considerable advances have been made in the part
of medical implantation. Biocompatibility and durability of implants are still subjects of
interests, especially in the context of hard tissue implantation surgery of total hip joint
implants. Currently, implants are very successful, and are used in a wide range of
medicine application to enhance the quality of life and preserve lives, mostly as a result
of historical trial and error.

In the field of biomaterials science, understanding and measuring
biocompatibility is a necessity. Biocompatibility is the ability of a material to reside in
the body with the lowest degrees of implementation or to perform at an appropriate host

response in a specific application(s) (Ratner, 2011).



An implant is defined as a medical device made from one or more biomaterials
that is intentionally placed within the body, either totally or partially buried beneath an
epithelial surface. There are three terms where a biomaterial may be described in or
classified into representing the tissues responses, which are bio-inert, bioresorbable
(biodegradable), and bioactive (Geetha et al., 2009).

By definition, bio-inert materials are regarded as materials that lack any reaction
with living tissue in the presence of body solution(s). In other words, biomaterials
possess high chemical stability in-vivo, and examples of these include Ti, Co-Cr,
alumina (Al20z), zirconia (ZrO), and tantalum oxide (TaO2/Ta20s) (Poitout, 2004).
Based on the definitions; bio-resorbable, biodegradable, or bio-absorbable are all
regarded as materials made from dissolvable or absorbable material in body fluids, such
as glasses and synthetic hydroxyl apatite (HA) (Serruys et al., 2015). According to the
definition of bioactivity, a bioactive material is a bone bonding material and materials
where bone-like hydroxyapatite will form after they are dipped in a simulated body
fluid, for example chitosan (a linear polysaccharide composed) and calcium phosphates
(Bohner & Lemaitre, 2009; Kokubo & Takadama, 2006; Rezwan et al., 2006).

More effective means of affixing hard tissue implants for augmentation or
replacement involves three elements: the material system, the biologic profile, and
device design. Changes in both have been the direct result of advances in material
science (Jayaswal et al., 2010).

Materials used as medical implants and devices include stainless steel (SS
316L), cobalt chromium (Co-Cr) alloy, and Ti and its corresponding alloys. Researchers
discovered that corrosion and wear resulted in the release of elements such as Ni, Cr,
Co, Al, V from SS 316L, Co-Cr alloys, and Ti alloys into the body (Okazaki & Gotoh,
2005). Moreover, both SS 316L and Cr-Co alloys do not lead to sufficient stress transfer

to bones, due to their higher respective moduli. This will cause bone re-sorption and the



loosening of the implant after a few years. Also, the fatigue failure of hip joint implants
occur in cycles of loading and unloading over a few years (Teoh, 2000). Amongst
biomaterials implanted in the body, Ti-based material was favored due to its excellent
properties, such as high strength, low density, high immunity, inertness to body plasma,
higher biocompatibility, low modulus, and favorable formation of joints with bones and
tissue (Niinomi, 2002). Ti and its alloy use for biomedical implant dates back to 1930,
when it was utilized for cat femurs in a manner similar to alloys such as SS 316L and
CoCrMo alloy (vitallium). Commercially pure Ti (cpTi) and Ti64 are favored for
biomedical applications. Essentially, Ti64 alloy was developed for aerospace
applications due to its high corrosion resistance and brilliant biocompatibility, leading to
its subsequent use in biomedical applications.

Titanium and its alloys are usually base materials utilized in dental and
orthopedic fields, owing to suitable intrinsic properties: good biocompatibility, high
corrosion resistance, and excellent mechanical properties. However, the bonding
between titanium and bone tissue is not always strong enough, and could become a
critical problem. Unfortunately, when metals are used for orthopedic and dental
implants, there is the possibility of loosening after long periods of time. Commercially
pure titanium has different grades of purity (1 to 4), where it is measured by contents of
oxygen, carbon, and iron. Grade 4 cpTi are used to make dental implants due to it being
stronger. Titanium alloys mainly composed of Ti64 (grade 5 titanium alloy), with better
yield strength and fatigue properties than cpTi (Le Guéhennec et al., 2007).

Titanium alloy (Ti64) as a biomaterial has long been a main staple in implant
applications. The application of Ti and its alloy is ubiquitous in dental implants, parts
for orthopedic surgery, joint replacement for hips, shoulders, knees, spine, wrists and

elbows, bone fixation (nails) such as nuts and plats, screws and housing device for the



pacemakers, surgical instruments, components in high-speed blood centrifuges, and
artificial heart valves (C. Boehlert et al., 2005; Q. Chen & Thouas, 2015).

The alloy exhibits low shear strength and low wear resistance when used in an
orthopedic prosthesis. However, the alloy has a possible toxic effect, resulting from the
release of vanadium and aluminum ions (C. Elias et al., 2008; Malek et al., 2012).
Long-term health problems from the release of these ions, such as Alzheimer,
neuropathy, and ostemomalacia, remains a possibility (Nag et al., 2005). Furthermore,
V is relatively toxic both in oxide V20s and its elemental state, which are present on the
substrate’s surface (Eisenbarth et al., 2004).

To enhance the biomaterial Ti alloys characteristics, such as durability,
functionality, and biocompatibility, different surface improvement techniques have been
used, such as changing the material structure, precipitating uniform surface chemistry,
surface roughness, wettability, surface charge, surface energy, and hardness (Faria et al.,
2008; Velasco-Ortega et al., 2010), due to growth in Ti alloys implant demands (Y. Li
et al., 2014). The low mechanical strength of pure titanium was overcome by the
addition of aluminum and vanadium, resulting in Ti64 alloy that possesses mechanical
properties similar to those of SS 316L or Co—Cr alloys (Joseph et al., 2009). Ti64 alloy
has sufficient strength and corrosion resistance, but loses its biocompatibility in the
presence of vanadium or aluminum ions. Vanadium ions are cytotoxic, while aluminum
ions can cause neurological disorders (Bedi et al., 2009; CJ Boehlert et al., 2008; Joseph
et al., 2009; Seneff et al., 2012). The biomaterials’ surface plays a key role in the
response of a biological environment. Surface modification is regarded as a good way to
address this problem. Moreover, Ti alloys have high friction coefficient that leads to the
formation of wear debris. The produced debris causes inflammation, pain, and loosening
of implants from osteolysis (Klotch & Bilger, 1985). Owing to the aforementioned

problems of Ti alloys, the lifetime of implants is mostly limited to 10 - 15 years.



In fact, biomaterial bulk modification is replaced with surface modification to
improve the mechanical, tribological properties, and biocompatibility, due to the
consequences of bulk modifications, such as non-uniformity and plastically
deformation. Also, in some cases, the treated bulk surface reduces the biocompatibility
of the material. Instead, surface coatings are normally used to improve the surface
properties of the substrate without altering the characteristics of the bulk material.
Moreover, coatings can act as an effective barrier to minimize the release of ions that
might precipitate tribo-corrosion (Fauchais & Vardelle, 2012). It can increase the
hardness and produce excellent surface finish, thus reducing the friction and wear rates
(Chowdhury et al., 2008). However, one of the limitations of coatings is their adhesion
to the substrate allowing the interactions of chemical bonds between the layers.
Moreover, their abilities in cyclic loading condition are still being researched. It is
necessary to define coating dimensions (thickness, hardness and surface roughness),
which have the ability to protect the substrate from excessive wear (abrasive, fatigue
and corrosive) and provide low friction transfer film to the opposing surface. The ideal
fabrication process is of good quality, encompassing a dense and homogeneous coated
surface and excellent adhesion to the substrate. The deposition parameters play a crucial
role in defining the film’s properties in coating process.

In the context of wear resistance, corrosion resistance, and ion release in the
medical field and implant, surface modification plays a significant role in extending the
performance of orthopedic implant and devices made of Ti and its alloy and
improvement of wear resistance, corrosion resistance, and ion release. Various surface
modifications have been introduced to enhance the properties of Ti and its alloys.
Surface improvement methods involving physical deposition techniques such as plasma
spray coating and ion implantation (Fukumoto et al., 1999), and thermo chemical

surface modifications such as nitriding, carburization and boriding have been applied to



enhance the hardness of Ti alloy. In the context of physical deposition and thermal
spraying, chemical reactions do not occur. In the case of physical deposition, the
creation of surface modified coatings on Ti and its alloy are mainly observed on the
thermal, electrical energy, and kinetic levels.

In the current work, the physical vapor deposition (PVD) technique is regarded
as a surface treatment method that will help improve the malefaction of Ti64 alloy.
PVD process can be defined in the following forms. In a vacuum chamber, the target
materials (coating material) are evaporated or sputtered to form atoms, molecules, or
ions that are transported to the substrate surface. The evaporated target atoms are
embedded onto the substrate surface to promote high density and sometimes react with
the substrates’ surface materials. The deposited materials atoms form a layer on the
substrate’s surface. The vital parameters in PVD are: 1) generation of particles from the
target materials; 2) transport and film growth; 3) particles energy, density, substrate
temperature and reactive gas (such as nitrogen, acetylene or oxygen) condition; 4) direct
current (DC) power; 5) DC bias voltage; 6) deactivate gas properties (flow rate); 7)
vacuum pressure; 8) altitude between target and substrate; 8) deposition time. The PVD
coating process is used in wide range of applications, particularly for medical implants,
intricate devices, and in the aerospace industry. This technique is useful due to its lower
process temperature (ambient temperature-700 °C) and its ability to produce coatings
that are 2-5 um thick, on average.

Some of the PVD coating processes are evaporation (typically using cathodic arc
or electron beam sources), sputtering (using “magnetrons”, cylindrical or hollow
cathode sources), and ion plating. Evaporation is performed in vacuum at a working
pressure of 0.1-1 Pa, so the evaporated atoms are transported onto the substrates’
surface to coating growth. The substrate is held at ground potential, and the deposition

rate was set to 0.01-25 um/min. In the sputtering process, positive argon ions are



produced to bombard the target (cathode) and release the atoms into the vapor phase and
deposit onto the substrate surface. The inert argon gas pressure in the coating chamber
Is 2-15 Pa in a range to 100% flow rate and deposition rate is 0.025-1 wm/min, where it
shows a smaller amount than the evaporation deposition rate. In other words, it can be
said that the magnetron sputtering process is a plasma coating method, where the
sputtering material is ejected due to the bombardment of ions onto the target surface. In
the ion plating process, the target materials are vaporized in a vacuum chamber. lon
plating utilizes concurrent or periodic bombardment of the substrate and depositing film
by atomic-sized energetic particles, at a deposition rate of 0.01-25 pm/min.

The PVD method consists of the generation of plasma metal ions that are
transported by an electric field to the surface that is to be coated. The physical
deposition method has the ability to alter the deposition parameters over a wide range of
applications. The components forming the film are charged with high energies and
deposited onto a substrate with particular structural and thermal states (Miller, 1987).
PVD coatings are more corrosion resistant than coatings applied by the electroplating
process. However, it needs a cooling system to dissipate heat, and the rate of deposition
is also relatively slow (Y. Su et al., 1997). The biocompatibility of coated surfaces can
be judged by bacterial adhesion, wettability, cell growth rate on the surface, and cell
death rate by the wear generated debris.

In the current study, physical vapor deposition magnetron sputtering (PVDMS)
will be used due to its purported advantages, such as high performance coating process,
high deposition rates, large formation coating areas, low substrate heating, and low cost
of the coating process. Magnetron sputtering utilizes magnetic enhanced sources. The
sputtered atoms ejected from the target possess large energies that will be distributed
onto the substrate’s surface. The number of sputtered atoms to the number of energized

particles defines the sputtering efficiency. The sputtered target materials onto the



substrate indicate a uniform coating thickness, as well as the strong bonds to the
substrate (S.-J. Ding, 2003). The mass of sputtering ions and target determined the
efficiency percentage, where the maximum target angle can fall between 70° - 80°. The
deposition process is limited by the energy transported onto the substrate’s surface at
the small angles, despite the probability of the reflection of the bombarding ion
increasing at larger angles. There are some factors of the target materials that affect the
sputtering process, such as crystalline structure, surface roughness, and thickness of any
adsorbed layers on the target. The effect of the target temperature is negligible.

The PVDMS technology is described in the following manner: A water-cooled
target, so little radiation heat is generated, and almost any metallic and non-metalic
target material can be sputtered well, while conductive and non-conductive materials are
sputtered using DC bias voltage and radio frequency/medium frequency (RF/MF) power
respectively. Oxide (ceramic) coatings are sputtered at excellent layer uniformity and
smoothness, at high flexibility of sputtering equipment design.

Tantalum and its oxides are regarded as proper target materials on other
biomaterials surface that help enhance the mechanical and tribological properties, and
biocompatibility. Tantalum is a transition metal that remains relatively inert in-vivo.
Tantalum-based implants have displayed exceptional biocompatibility and safety
records in orthopedic, craniofacial, and dentistry literature (Kato et al., 2000). Ta and its
oxides are biocompatible materials, and they possess excellent corrosion resistance with
low ion release. They are also suitable in the coating of implant surface among most of
materials used in hip or knee implants, such as stainless steel, ceramic, cobalt—
chromium, and titanium alloys (Cristina Balagna et al., 2012). Recent studies have
shown that Ta and its oxide coatings exhibiting excellent cellular adhesion (Balla, Bose,

et al., 2010).



Tantalum and tantalum-based compounds are promising for biomedical
applications. A few advantages of Ta and Ta-O include low ion release and high
corrosion resistance, low toxicity, high biocompatibility, and higher wettability (Spriano
et al., 2005). Researchers have found that tantalum (Ta) were proven to possess good
potential for coatings, as they possess mechanical properties similar to bones—high
hardness and flexibility (Ching et al., 2014). It was demonstrated that Tantalum is a
highly ductile metal. It forms a stable oxide component (TaOz, Ta0s) on its
surface (Donkov et al., 2011; Hollerweger et al., 2013).

Based on the report by the Swedish Total Hip Replacement Association, 75% of
hip implants are affected by osteolysis, which is the most common indication that leads
to re-operation or revision (Malchau et al., 2004). Osteolysis is defined as a progressive
and an active resorption of bone matrix by osteoclasts along the natural formation of
bones. There are few biological reasons that may cause osteolysis. In total hip
replacement, wear debris and corrosion products lead to the occurrence osteolysis,
where the body attempts to clean up this debris and remove the corrosion products
naturally. It is a reaction of the autoimmune that causes the absorption of living bone
tissue (Agarwal, 2004).

The main objective of some experiments was to increase corrosion resistance.
The surface modification was realized in three main steps, and consists of the
elaboration of different inorganic and organic coatings. The first step was the
elaboration of electro-deposition of tantalum on the titanium oxide film of a titanium
substrate, the second step was the modification of the tantalum oxide (Ta-O) coating
with organophosphonic acids, and the final step was the nucleation and growth of
hydroxyapatite on the outermost layer of the system via immersion in a simulated body
fluid. The hybrid coating tantalum oxide/organophosphonic acids/molecular layer was

proven to be promising for orthopedic implants (Christelle Arnould et al., 2008).



Scientists have shown excellent corrosion-erosion resistance of tantalum

(secondary to stable surface oxidation layer) in a highly acidic environment, with no
significant weight or roughness changes compared to titanium and stainless steel
implants. They have studied the erosion and corrosion of tantalum as well. In the case of
Ta, pure corrosion and combined erosion—corrosion effects were studied by partially
protecting the materials from the impact of solid particles during tests. Tantalum
showed no significant weight or roughness changes. Erosion—corrosion mechanisms
were determined from microstructural studies by light and scanning electron
microscopy (SEM) (Bermudez et al., 2005).

Ta coating was formed on Ti substrate surface by laser process. The tribology
test have shown a significant wear resistance with low debris generation in simulated
body fluid. The wear rate of Ta was less than the Ti wear rate. Ta have demonstrated
high biocompatibility, wear resistance, toughness and bioactivity (Dittrick et al., 2011).

Pure Ta and its corresponding oxides have lower bacterial adhesion compared to
commercially available materials used in orthopedic implants. This is due to the higher
wettability of Ta’s surface in both distilled water and cell media. Furthermore, the study
confirms that Ta/Ta-O surface exhibit better interactions between cell and material due
to Ta’s higher surface energy. Researchers have evaluated bacterial adhesion to pure
tantalum and tantalum-coated SS316L vs. cpTi, Ti64 alloy, and grit-blasted, and
polished SS 316L. Finally, researchers have found that pure tantalum has lower or
similar S. aureus and S. epidermidis adhesion when compared with commonly used
materials in orthopedic implants (Schildhauer et al., 2006).

Researchers have evaluated the biocompatibility of refractory metals; titanium,
hafnium, niobium, tantalum, and rhenium were implanted in rats. The titanium,
hafnium, niobium, tantalum and rhenium wires were implanted in the subcutaneous

tissue of the abdominal region and in the femoral bone marrow of rats. No inflammatory
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response was observed around the implants. These results indicate that titanium,
hafnium, niobium, tantalum, and rhenium possess excellent biocompatibility and
osteoconductivity (Matsuno et al., 2001). However, much attention has been paid to
tantalum as a bioactive metal due to its tight fixation in bony defect as well as high
biological affinity for soft tissues. In order for tantalum to be compatible with bone, a
bone like apatite layer must first be formed on its surface (Balla, Bose, et al., 2010).

In fact, Ta and its oxide are suitable for cell adhesion, proliferation, and
differentiation. Additionally, Ta, or deposited films of Ta-O/Ta-N could be used for
cardiac and vascular devices, thanks to biocompatible properties (Leng et al., 2006;
Leng et al., 2001).

Since a proper biomaterial must possess essential properties such as excellent
mechanical and biological compatibility and improved wear and corrosion resistance in
the human body, this study attempts to improve the mechanical tribological properties,
and biocompatibility of the Ti64 alloy. Due to these promising factors, this study
intends to deposit Ta/Ta-O coating onto Ti64 alloy substrate to prohibit Ti64 from
malfunctioning and increase wear resistance, corrosion resistance, and biocompatibility

via the application of the PVDMS method.

1.2 Problem Statement
1. Ti64 loses its biocompatibility if vanadium or aluminum ions are
introduced into human tissues. Vanadium ions are cytotoxic, while Aluminum

ions causes neurological disorders.

2. Low corrosion resistance
3. Low wear resistance
4. Debris generation
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1.3 Objective

This study focused on tantalum oxide coatings, which is well known for its
excellent biocompatibility, chemical stability, higher wettability, and resistance to bio-
corrosion into Ti64 substrate to realize the following:

To form a high adhesion and durable Ta-O thin film coating layer to:

1. Reduce Aluminum and Vanadium ions release to improve

biocompatibility

2. Increase the corrosion resistance
3. Increase the wear resistance
4. Decrease the debris generation

1.4 Over view of thesis content

This Thesis of six chapters and is organized to explain the background of the
study, literature review, methodology, results together with data analysis and discussion,
thermal treatment and conclusions. The details of the chapters are summarized below:

Chapter 1 provides a general view on the background and gives the scenario of
the problems to be studied as a motivation of this work. Next, the objectives of this
study are identified. It also states the scopes and gives a brief methodology this was
used to solve the problems.

Chapter 2 presents the literature review on all issue related to biocompatibility
improvement of biomaterial based on coating materials and the coating processes. The
relevance and similar concepts reported by previous researchers are highlighted. This
helps to understand the subject matter presented in this study. Most importantly, the
research gap is realized for establishing the problem statement, objectives, scopes and
research methodology.

Chapter 3 describes the research methodology used in this study which consists
of experimental design, experimental setup, procedures, materials, apparatus and tests
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used for conducting the experiments and collecting data. The variables, procedures of
experiment and data collection techniques are clearly outlined. The detail of operating
parameters and specifications of all equipment are also included.

Chapter 4 exhibits the findings and results obtained from the experiments.
Optimization of coating process parameters is presented in this chapter. The obtained
data is analyzed and discussed to ensure the improvement of the chosen biomaterial’s
mechanical and tribological properties and its biocompatibility.

Chapter 5 reveals the thermal treatment process on the coated samples. This
chapter shows the comparison of mechanical and tribological test results of the uncoated
material and coated samples to choose the best samples for cell culture test then
introduce for implant application.

Chapter 6 concludes the findings of this study. Lastly, recommendations for
further consideration and future works pertaining to this project are suggested and

proposed.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction
Biomaterials Titanium (Ti) and Ti64 alloy are the main materials used in the
orthopedic surgery and dentistry due to its good biocompatibility, respectable corrosion
resistance, and brilliant mechanical properties. However, the bond between titanium and
bone tissue is rather weak, which could lead to serious problems. Due to the suitable
properties of Ti and Ti alloys such as biocompatibility and load bearing, these materials
are commonly used for medical implants. Regrettably, there is the risk of poor
biocompatibility loosening the implants after long periods of time when the biomaterials
are used for orthopedic and dental implants. This problem is common in joining parts,
as shown in Figure 2.1 (David Zieve, 2012). Surface modification is a possible
rectification to this problem. As soon as the biomaterial is implanted into a human body,
a few biological reactions will take place. Initially, water molecules and proteins are
adsorbed, followed by one of these processes:
1. The formation of new bone cells and cell proliferation, if any, can be used to
assume that the body accepts the implants.
2. Human body rejects the implant by exhibiting inflammations.
3. The formation of the fibrous tissue instead of bony interfaces prevents
osseointegration.
All of the aforementioned processes are dependent upon the implants’ surface
properties, such as surface chemistry compound, surface morphology, and roughness

and surface energy (Geetha et al., 2009).
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Figure 2. 1: Hip joint biomaterial application

Researchers believe that new materials will require the extensive involvement of
material scientists. Suitable mechanical properties and biocompatibility of certain
metals, particularly Ti and its alloys, render these materials useful for medical
applications. However, their usages are also associated with problems such as the
toxicity of the alloys, long-term degradation, and the risk of loosening for implants.

To reduce ion release, debris generation, and increase the corrosion resistance of
the material, we focused on tantalum (Ta) and its oxides, due to the fact that it is known
for its excellent biocompatibility and resistance to bio-corrosion. These novel and

excellent properties make tantalum oxide suitable for biomaterial applications.

2.2 Hip joint problems

The human hip joint are capable of tolerating high levels of stresses, and over
time, continuous exposure to these high levels of stresses will lead to damages. The
applied load on the hip joint is 4-5 times the body weight during walking (Bergmann et
al., 1993). Although total hip joint replacement has been used in orthopedics at
significant success rates (Trommer et al., 2015), problems remain with wear and
osteolysis (Affatato et al., 2016). Based on the wide usage of total hip joint replacement,
its development is mandatory for long-term survival of the patients. The aim of its
development is to maximize its durability and minimize material lost and cost vis-a-vis
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the real tasks. Ceramic materials are recommended for this purpose (Amaral et al.,
2015).

To form a suitable hip joint implant, the probability of the hip joint implant’s
problems should be known. To assist in the prevention of hip joint implant condition,
knowledge of the contribution of the implant structure and contact surface is necessary.

Due to problem of bearing a couple of metal on polyethylene in hip replacement,
metal-on-metal bearing was introduced as an alternative. Concerns about the wear of
polyethylene and the effect of its debris in the implement loosening have raised the
aforementioned hard-on-hard bearing couple (De Smet et al., 2008).

However, wear remains a problem for metal-on-metal in hip joint implants. The

consequence of wear is ion release, causing inflammatory and implant rejection.

2.3 Biomaterial to be used in hip joint surgery

In cases of artificial bone tissue and joints replacement, metallic biomaterials are
crucial (Niinomi, 2002). Based on literature, metals are suitable for load-bearing
applications compared to bulk ceramic, bio-glass, and polymers, due to their high
mechanical strength. Nowadays, stainless steel, cobalt-chromium based alloy,
magnesium, and titanium and its alloys are common in prosthesis orthopedic surgery
(Staiger et al., 2006).

Among the main aforementioned metallic materials for medical applications,
Ti64 has been the focus of many orthopedic and dental application fields, due to
excellent biocompatibility, low weight, and appropriate mechanical properties. Ti64 is
mainly used for implant devices replacing failed hard tissue, such as artificial hip joints,
and artificial knee joints. Moreover, Ti64 alloy is the biomaterial used for metal-on-
metal biomedical implants. Prior to using Ti and its alloys for biomedical applications,
it was used in the aerospace and military industrial complex during World War 1l. The
use of Ti and its alloys increased in bio-implant applications due to their superior
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mechanical characteristics and biocompatibility compared to conventional biomaterials
such as stainless steel and cobalt-based alloys.

There are limitations to these biomaterials, particularly Ti64, such as the
possibility of aluminum and vanadium ions release and/or particles via corrosion or
wear processes, which leads to toxicity and inflammatory responses that will reduce
biocompatibility post-implantation (Jacobs et al., 2003; J. Y. Wang et al., 1996). As
previously mentioned, Ti64 alloy is a very promising candidate in orthopedics, due to
its high specific strength. However, Ti64 has relatively low wear and abrasion resistance
due to its low hardness (Freese et al., 2001). These malfunction of Ti64 prompted
researchers to find methods of enhancing the hardness and abrasive wear resistance via
surface treatment (Peterson et al., 1988; Rieu et al., 1991).

To enhance the mechanical properties, wear and corrosion resistance, and
cytocompatibility, few methods such as PVD coatings, ion implantation, thermal
treatment, and laser treatment have been proposed. In the following sections, both
studies and researches on the improvement of mechanical properties, tribological (wear
resistance) properties, corrosion resistance and biocompatibility of the Ti64 alloy will
be discussed alongside the methods involved in the formation of PVDMS coating

layers.

2.4 Ti64 biomaterial alloy mechanical, tribological and biological behavior
2.4.1 Mechanical properties investigation

In order to improve the mechanical properties of the bulk Ti64 alloy, researchers
have applied a few methods, such as selective electron beam melting (de Formanoir et
al., 2016; Lu et al., 2016; Sallica-Leva et al., 2013; Song et al., 2012), electron beam
melting (EBM) or rapid manufacturing (RM) (Al-Bermani et al., 2010; Hrabe & Quinn,
2013; Jamshidinia et al., 2015; Koike et al., 2011; Murr, Esquivel, et al., 2009; Zhao et
al., 2015), laser shock processing (LSP) (Anand Kumar et al., 2014; Che et al., 2014; X.
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D. Ren et al., 2016; Spanrad & Tong, 2011), isothermal hydrogenation process (IHP)
(Shen et al., 2016), isothermal treatment temperature controlling process (S. Zhang et
al., 2016), and micro shot peening (SP) (Ahmed et al., 2016) by modifying the Ti64

structure and grain refinement. Figure 2.2 shows the common coating methods.
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Figure 2. 2: The common coating methods

Similarly, to enhance the mechanical properties, Jianging Su et al. and Zhecheva
et al. have used friction stir processing (FSP) in terms of changing structure of Ti64 (J.
Su et al., 2013; Zhecheva et al., 2005). Sun et al. carried out selective laser melting
process on the Ti64 substrate to develop porous structures. They improved the
mechanical properties of Ti64 sample for implantation in human body via structure
changing (J. Sun et al., 2013). The aim of Facchini et al.’s study was the improvement
of mechanical properties, particularly to the ductility of Ti64 samples by creating
multiple microstructures of the material. They produced a good ductile Ti64 alloy,
which is able to enhance interactions with the tissues for biomedical application by

multiple variants of selective laser melting (Facchini et al., 2010). In a related study,
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Murr et al. produced different structural layers to enhance the hardness of Ti64 sample
via electron beam melting (EBM) process and selective laser melting (SLM) (Murr,
Quinones, et al., 2009), while Jianfeng et al. performed the SLM method on Ti64 alloy
to enhance its mechanical properties (Jianfeng Sun et al., 2013) by using the Taguchi
statistical method (J. Sun et al., 2012). They applied the Taguchi method to determine
the best combination of SLM parameters at multiple levels. Usually, the SLM process is
used to form dense bulk materials and precipitate high mechanical properties and
hardness (Song et al., 2012). Since the changed structure of Ti64 alloy needs to be in its
best condition and shape to realize optimal mechanical properties, VVrancken et al. have
conducted the thermal treatment process after utilizing selective laser melting. They
have formed the proper layer microstructure to obtain the best mechanical properties by
altering the thermal treatment conditions (Vrancken et al., 2012). As previously
mentioned, the biomaterial structural changes to overcome to the mechanical problem
may lead to poor biocompatibility and produce non-uniform surfaces.

Mohseni et al. improved the surface hardness of Ti64 substrate by Ti/TiN/HA
multilayer physical vapor deposition coating. They formed Ti/TiN interlayer prior to
depositing the HA coating. Moreover, the coating surface roughness and coating
adhesion were improved by the optimization of PVD factors (Mohseni et al., 2015). In
another study, researchers coated the Ti64 surface with Ti/TiN by using friction stir
processing in the presence of nitrogen gas to improve the Ti64 surface hardness for
implants (B. Li et al., 2013).

Diamond like carbon-silver and diamond like carbon-titanium films were
deposited in different experiments on Ti64 substrates by Pulse laser deposition to
improve the alloy substrate’s surface hardness. The researchers reported that the results

have shown sufficient coating adhesion and micro hardness (Narayan, 2005).
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Researchers investigated the effect of PVD sputtering conditions and film
thickness on both the morphology and the resistivity of tantalum (Ta) thin films. They
have chosen Ta metal and glass wafers as coating materials and substrates, respectively.
The researchers found that the nucleation behavior changed during film growth. The Ta
film coating topology was rough due to the presence of columnar microstructure in Ta
coating (Grosser & Schmid, 2009).

Arnold and his colleagues proposed that the good bulk properties of Ti be

combined with the proper surface properties of Ta by using sol-gel deposition method

of a Ta-O coating on pure Ti. Furthermore, as orthopedics implants were part of their
long-term goals, they reported on the formation of a composite layer of Ta-O and
multiwall carbon nanotubes. Multiwall carbon nanotubes have been shown to have
excellent properties when interacting with osteoblasts and bone, so that it could
reinforce the implant (C. Arnould et al., 2010).

Researchers have found that the surface of biomaterial SS 316L can be improved
by the application of a tantalum/tantalum oxide PVD method that can tolerate plastic
deformation of the substrate without delamination. They figured out film cracks, which
occurred along the substrates’ plastic deformation inevitably and re-passivate in
physiological saline solution. So, a passive and biocompatible surface was then
recreated (Macionczyk et al., 2001).

Other researchers have indicated that pure Ta have a good potential as a coating
layer due to its mechanical properties being similar to bones and its high hardness and
flexibility (Ching et al., 2014). Researches have demonstrated that Ta is a highly ductile
metal. It forms a stable oxide compound on its surface (Black, 1994; Cardonne et al.,
1995). Furthermore, Tantalum oxide is a favorable ceramic material for biocompatible,
electronic, and optical and corrosion-protective applications (Donkov et al., 2011,

Hollerweger et al., 2013).
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Researchers studied the structure, bond strength, and apatite-inducing ability of
micro-arc oxidized tantalum and their respective responses to annealing. They deposited
tantalum oxide on pure tantalum using micro-arc oxidation (MAO) at different voltages
in electrolytic solutions of calcium acetate and B-glycerophosphate disodium. They
stated that the structure of Ta>Os coating at 450 V was crystalline, and when annealed,
the apatite became much stronger (C. Wang et al., 2016). Xue et al. deposited large
amounts of TiAl2Os coatings (50 um) and some rutile TiO2 layers onto Ti64 substrate
using MAO at higher voltages of up to 1000 V without any substrate structure
undergoing changes. They have observed that oxygen atoms have not diffused into alloy
substrate, while its nanohardness increased (Xue et al., 2002).

Plasma sprayed hydroxyapatite (HA) coating on Ti64 alloy have been utilized
due to their high biocompatibility. HA/yttria stabilized zirconia (YSZ)/ Ti64 composite
coatings also exhibited high mechanical properties. Based on these advantages,
researchers have coated the Ti64 powder with HA/YSZ particles using plasma spraying
coating method. HA/YSZ/Ti64 solid solution was formed from the plasma spraying
process. They investigated the effect of net plasma energy, plasma spray standoff
distance, post-spray heat treatment on microstructure, and mechanical properties. The
outcomes have exhibited significant microhardness improvement without changing the
structure at 600 and 700 °C for 12 h. This study revealed that the homogeneous
distribution of YSZ is key to reinforcing the composite elements for higher mechanical
properties (Khor et al., 2004).

Researchers hoped to solve the loosening issue of biomaterials that tends to
occur over an extended period of time. A thin Ta-O coating layer was obtained by layer-

by-layer (LBL) sol-gel deposition method onto a Ti substrate surface, and it was

expected to improve corrosion resistance in the body plasma and biocompatibility. This

experiment was followed by an improvement to the tantalum oxide surface with an
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organophosphonic acid creation monolayer, talented of reaction to the oxide surface,
and also improving hydroxyapatite growth (C. Arnould et al., 2009).

Dorn and his associates compared the corrosion resistance of Ta coating on
cobalt—chromium substrate with that of a titanium alloy sample at their joining point to
titanium-alloy femoral stem. They carried out some tests in a dry surrounding and two
liquids, one calf serum, and another mixed calf serum and bone particles. Corrosion
were not observed in the test of titanium sample in the dry assembly and in both wet
surroundings. Moreover, the Ta coating onto cobalt-chromium sample presented no
traces of corrosion or chemical reaction in any of the three environments. They

confirmed that the Ta coating protective effect on the top region of cobalt-chromium

substrates. They suggested the use of tantalum coating due to its high corrosion
resistance, as it might reduce the risk of implant failure (Dorn et al., 2014).

Pure Ta thin film coating was coated on a Silicon (Si) substrate, while prior to
the Ta deposition, a interlayer of silicon dioxide (SiO2) has been deposited by ion-beam-
sputtering method (Kohli et al., 2004).

In another research, tantalum nitride (TaN) coating layer was created by using
reactive PVDMS process and employing orthogonal design technology in order to
determine the properties of the biomedical implants. This research showed that the
adhesion properties between the film and substrate can be improved by optimizing the
sputtering gas pressure and substrate temperature. Furthermore, they confirmed that the
nitrogen gas pressure greatly affected the hardness of the tantalum nitride thin film, and
these results reported 40 GPa of hardness under optimal factor combinations. The
comparison of TaN, Ta and low-temperature isotropic pyrolytic carbon (LTIC) in terms
of blood compatibility showed that the blood compatibility of TaN coatings is far
superior. The researchers suggested that TaN can be used for the fabrication of

commercial artificial heart valves (Leng et al., 2001).
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Bermudez et al. have shown excellent corrosion-erosion resistance of Ta and its

oxide layers in an acidic environment. These material have shown no significant weight
or roughness changes compared to Ti and SS 316L implants (Bermudez et al., 2005).

(Golkovski et al., 2013) have deposited a Ti-Ta coating layer 2-2.5 mm thick
with a 3.9-22.4 wt% Ta content onto thick Ti plate by using electron beam deposition
method to investigate its mechanical performance. Applying Ta and Ti powder was a
part of these experiments, the consequence of which is the high mechanical
performance of the Ti-Ta coating layer.

Researchers have deposited Ta thin film onto the BK7 glass substrate using
direct current magnetron sputtering in low substrate temperature to investigate the effect
of temperature on Tantalum crystallization. They investigated the effect of temperature
on phase composition and crystallization orientation of Ta coating layer in a
temperature range from room temperature to 350°C. The results showed the growth of
hard and brittle tetragonal crystalline structure of Ta. The structural shape of tantalum
was conical, with large boundaries. Samples facing resistance was much larger at low
temperatures, which subsequently decreased with increasing substrate temperatures
(Dorranian et al., 2011).

The properties of tantalum biomaterial coating layer have been investigated by
(Hallmann & Ulmer, 2013). Ta has been deposited onto CoCrMo and Ti—Al-Nb alloys
substrates. They used DC magnetron sputtering to Ta deposition to obtain the desired
tough and ductile a phase of Ta, with thicknesses between 20 and 600 nm. In another
study, researchers have deposited Ta thin film coating onto steel substrate using DC
magnetron sputtering to obtain high coating adhesion (Gladczuk et al., 2004).

Among the Ta deposition investigations, H. Ren et al. have utilized PVDMS
method to deposit Ta thin film onto silicon and polycrystalline aluminum in order to

investigate the effect of ion bombardment on the crystallographic phase of the Ta thin
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film. They deposited Ta coating at conditions of ambient temperature, radio frequency,
and 0 to -300 V negative substrate bias voltage to control the energy of the ions
bombardments of the growing film (H. Ren & Sosnowski, 2008).

The compound Tantalum Oxide (Ta20s)/Al203, Ta;Os/HfO, and Ta0s/ZrO>
multilayered coatings were deposited onto the glass substrate in separate experiments by
atomic layer deposition (ALD) in order to investigate its hardness. Based on the results,
Ta20s/Al,03 have shown higher surface hardness compared to other compounds
(JOgiaas et al., 2015).

Researchers have deposited tantalum oxide (Ta-O) films on quartz glass
substrate by pulsed laser deposition (PLD) and ionized plasma-assisted pulsed laser
deposition (IPA-PLD) in order to study the mechanical and optical properties in the
presence of higher oxygen (He et al., 2008). In continuance from a previous study,
researchers have introduced the Ta-O film by PLD to study the effect of oxygen
pressure and annealing temperature on crystalline, morphological, and optical properties
of the coating (He et al., 2009).

Ta20s, AlO3, and TiO2 coatings were formed by ion-beam sputtering, which
were then heated from 400 to 1000 °C to analyze the effect of temperature on the
morphology and coatings structure. They have shown that the Ta.Os is more resistant to
change compared to TiO2 and Al>Os coatings (Shang et al., 2013).

(Farhan et al., 2013) deposited Ta>Os thin films on fused silica glass substrates
via ion-beam assisted deposition method to determine the best combination factor and
obtain the best optical and structural properties. They reported that the Ta>Os coating
was deposited at 300 eV ion beam energy, 60 pA/cm? ion current density, 20 sccm
oxygen, and 0.6 nm/s deposition rate resulted in superior optical and structural
properties. The Ta>Os coating was deposited on both B270 glass and crystalline Si

substrates by PVD under different coating conditions. The results revealed that the
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coating layer was denser, harder, and smoother at a low repetition frequency (f = 50
Hz), a low working pressure (P = 0.25 Pa), and a high O2/Ar gas ratio (Hala et al.,
2014).

2.4.2 Tribology (wear) and corrosion

The insufficient wear and corrosion resistance of medical implants in the body
plasma outcomes in the release of non-compatible metal ions by the implant materials
into the human body. The released ions and wear debris lead to the toxic and allergic
reaction (Hallab et al., 2005). The wear and corrosion resistance determines the lifetime
of the biomaterial. Therefore, the development of implants with higher wear and
corrosion resistance is a priority vis-a-vis the durability of biomaterials in body fluid.

Ti64 alloy has been a main biomaterial titanium alloy used in prosthesis
applications, due to its low wear resistance when used as implants. Moreover, there is
possibility of toxic effect from the release of vanadium and aluminum (Laheurte et al.,
2010).

Oxygen is a common element being deposited onto metals’ surface to improve
mechanical, physical, chemical, and biological properties. A number of studies have
stated that the wear resistance, corrosion resistance, and biocompatibility of the Ti64
alloy can be enhanced by oxygen diffusion to create titanium oxide (Fraker et al., 1983).
Vasylyev et al. deposited TiO2, Al,O3z and V.03 on a Ti64 substrate surface by
ultrasonic impact treatment process to increase hardness and wear resistance. The
treatment process was done in air at room temperature for 30-150 s. They formed a
thick (3.2 um), dense, and adherent oxide layer (Vasylyev et al., 2016). Work on
decreasing wear on coated Ti64 substrate with N2 and O coating layer was conducted.
The Ti64 substrate was coated using plasma-based ion implantation (PBII) at pulsed
voltage —10, —30 and —50 kV. It was found that the modified layer contains TiO>

compound more than TiO, Ti20s, TiN and Al,O3 layers. Comparison between the
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coated and uncoated Ti64 substrate showed higher wear resistant and hardness for the
coated substrate. This study showed that wear decreased at a higher rate while the
implanted voltage increased to -50 kv. Finally, the results also revealed that wear
resistant of the specimen implanted N2/O> mixture is superior to implanted O at similar
deposition conditions. This can be explained by the fact that No/O> diffusion exceeds O2
compared to the deposited coating layer that is denser (Feng et al., 2011). In similar
coating methods, Li et al. have implanted oxygen into three groups of Ti64 substrate at
—10, —30 and —50 kV pulsed voltage, respectively, with a pulse 30 us width and a
repetition rate of 100 Hz and 400 watt R.F. power and 6 x 10%® ions/cm? implantation
dose to prohibit of the vanadium ion release to increase wear resistant. They formed the
mixed Ti oxide layer in the form of TiO, TiO. and Ti»Os, where TiO. is dominant
resulting in decreased wear. Moreover, in the outermost coated surface, there were no
aluminium oxide or vanadium due to the affinity of Al and Ti with oxygen (J. Li et al.,
2006).

In 2004, Guleryuz, and H. Cimenoglu deposited TiO. on the Ti64 surface by
isothermal oxidation treatments process at 600 °C for 60 h in normal atmospheric
conditions to obtain higher corrosion-wear performance for biomedical applications
(Giileryiiz & Cimenoglu, 2004). They improved the wear and corrosion resistance of
biomedical Ti64 surface by changing the alloy structure via laser surface melting (LSM)
(Singh et al., 2006). In a different method, Bo Li et al. and Atapour et al. modified the
microstructure of Ti64 alloy substrate surface to enhance the hardness-wear
performance and corrosion resistance using the friction-stir processing (FSP) method
(Atapour et al., 2010; B. Li et al., 2014).

Strakowska et al. deposited thin diamond base layer and a hydroxyapatite (HAp)

top coating onto Ti64 alloy by chemical vapor deposition. The wear and corrosion test
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on the formed homogeneous and dense layers have shown improved wear and corrosion
resistance, resulting in enhanced biocompatibility (Strgkowska et al., 2016).

Titanium nitride (TiN) is an interesting, hard, and a refractory material,
revealing both covalent and metallic compounds (Bridges, 1987). In many biomedical
application studies, nitrogen gas was induced onto Ti64 substrate surface to form
titanium nitride coating and increase the wear resistance and corrosion resistance (Itoh
et al., 1999; Shokouhy et al., 2011; Sovak et al., 2015).

A multilayer TiAIN coatings were deposited onto Ti64 substrate using closed
field unbalanced magnetron sputter ion plating process to enhance wear resistance,
corrosion resistance, and coating adhesion. In this study, the Taguchi statistical method
was used to determine the best combination of deposition factors that include the -60 V
DC bias, 45% nitrogen gas flow rate, 8 A Ti target current, and 6 A aluminum target
current. As the result of this work, the coated Ti64 alloy handled higher wear and
corrosion resistance by TiAIN coating compared with that of the bulk alloy (Yi et al.,
2016).

In another study, the laser gas assisted process was used to modify the Ti64
surface properties in the presence of nitrogen gas to form of TiN layer on the surface.
The PVD process was used to deposit the TiN in order to achieve both higher surface
roughness and assess higher wear resistance (Yilbas & Shuja, 2000). Nolan et al.
deposited TiN and TiN/Ti2N onto Ti64 substrate surface by the PVD process and
plasma nitriding process, respectively, to investigate wear resistant. The TiN/Ti2N film
coating produced a higher hardness and strength surface. A reciprocating pin on plate
wear tests was carried out, where the pin was a ruby ball and the direction was vertical
to the direction of initial surface grinding. The time of each test was 15 min, while the
applied loads were 10, 20, and 40 N, respectively. The results revealed that the

TiN/Ti2N thin films coating showing a significant wear resistance and lower friction
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coefficient (Nolan et al., 2006). For the purpose of Ti64 surface wear resistance
enhancement, other researchers (Mubarak Ali et al., 2010; Yetim et al., 2009) have
deposited TiN coating on the Ti64 substrate surface by plasma nitriding process under
different conditions.

The surface of Ti64 substrate was coated by a dense and monolithic Alumina
(Al203) layer in order to improve the wear resistance for implantation in the hip joint.
The researchers have coated the Ti64 surface with Al powder using cold spraying and
micro-arc oxidation treatment on Al Oxide (Khanna et al., 2015). In order to increase
the wear resistance of the Ti64 surface, a TiO2/ZrO, composite layer was formed on the
surface of Ti64 alloy. The coating resulted in lesser amounts of cracks, pores, with a
thicker coating and higher roughness (Hong Li et al., 2015). It was shown in a study that
the bio corrosion of Ti64 was improved by using the micro-arc oxidation with the
creation of a barrier oxide coating on the alloy’s surface (Fazel et al., 2015).

Carbon as a biomaterial was introduced into Ti64 using the ion implantation and
deposition method to enhance the wear resistance, corrosion resistance, mechanical
properties, and biocompatibility. Carbon was deposited onto Ti64 substrate surface to
formed TiC layer by reaction between carbon and titanium. Although, an overdose of
deposited Carbon leads to decrease the hardness due to the graphite formation (Viviente
et al., 1999). In similar study, Pierret et al. deposited carbon on Ti64 surface using a
new implantation technique, which is based on a compact particle accelerator. They
have improved the wear resistance, friction coefficient and corrosion resistance, and
surface hardness due to the bonds between C and surface Ti (Pierret et al., 2014). In line
with a previously reported work, a TiC compound was fabricated on an Ti64 alloy in
order to increase corrosion resistance and improve short term properties by plasma
carburizing at 725 °C for 6 hr in the presence of Ar, Hz, and CH4 (de Oliveira et al.,

2015). Titanium/MoS; and Ti/carbon coatings were applied to a Ti64 substrate. In this
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research, the PVD method was used to coat the substrate and enhance its wear
resistance. The coated sample wear test was carried out against uncoated, NiPO4, and
MnPOas. NiPO4/Ti—-MoS; showed higher wear resistance and lower friction coefficient
(Cressman et al., 2015). Co-B4C-SiC-Y203 metal matrix composite (MMC) coatings
were formed on Ti64 alloy via laser cladding to improve the wear resistance. The result
of the experiments showed significant wear resistance of the coated Ti64 substrate
(Weng et al., 2015).

Spriano et al. and Ching et al., in separate studies, have deposited Ta/Ta-O
coating layer on the biomedical BioDur alloy (A kind of cobalt alloy) by thermal
treatment in molten salts at 1000°C. The deposited coating layer showed proper
diffusion, is continuous, and exhibited high adhesion. These researches reported that
higher temperatures lead to high diffusion rates of elements, create strong diffusion
bonds, and improve coating characteristics. The consequence of the hard coating is the
formation of protection in the presence of third body wears, such as ceramic or
polymeric debris. Low wear rate can occur if the coating layer is of high hardness and
low friction. The outcome of the experiment was the low generation of debris (Ching et
al., 2014; Spriano et al., 2005).

Long et al. pointed out that Ti and its corresponding alloy have poor shear
strength and wear resistance, both of which limits their subsequent biocompatibility. In
order to circumvent this, its modulus of elasticity, increased strain-controlled, and
fatigue resistance needs to be improved. The wear resistance of Ti alloys has shown
some enhancement, but its wear resistance needs more improvement (M. Long & Rack,
1998).

Researchers have shown that diamond-like carbon, titanium nitride, or micronite
coating layer on the SS 316L substrate deposited via the PVD-technique alters the

surface topography. The deposited coating layer with a 3 um thick has smoothened the
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surface of coated substrate. During their experiments, they discovered that the surface
roughness of the SS 316L disc had its wear path altered, while the surface roughness
remained similar. The low wear rate is vital for the long-term performance of femoral
head (Hoseini et al., 2008).

Dittrick et al. have investigated the performance of wear resistance of Ta coating
layer on Ti substrate using the laser process. They carried out linear reciprocating wear
test in a simulated body fluid to show a smaller wear rate. The wear rate was 10

“4mm3/(N.m) for Ta coating compared to the Ti surface. The results showed that Ta

coating can minimize the amount of wear debris. The results showed that Ta coatings
potentially minimize the bone-implant interface motion and decrease the induced
generation of wear debris, due to their brilliant bioactivity comparable to that of
hydroxyapatite (HA). Ta coating has high wear resistance and toughness compared to
popular HA coatings (Dittrick et al., 2011).

Researchers have reported that the materials and surface roughness effect on the
wear resistance in presence of lubricant, and consequently, the coefficient of friction
depend on the materials and surface finish quality (C. Balagna et al., 2012).
Furthermore, Spriano reported that in order to increase lubrication, wettability should be
better, because the coefficient of friction will be lower, and subsequently, the wear
resistant will be higher. Also, they have reported that Ta coating with a fine surface
roughness decrease the wear rate. They coated Ta thin layer onto CoCrMo substrate
have a surface roughness of 5-12 nm. This study showed that the lower wear rate of this
experiment compared to Ta coated on the BioDur alloy with a surface roughness of 40
nm (Spriano et al., 2005).

Raimondi et al. analyzed a total of 4 TiN coating layers on femoral heads, and
reported revised surgery from patient data. TiN fretting and damaged coating were

observed at 25% of the elements being examined. The damaged area was investigated
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using a microscope, and the surface roughness was observed to possess an average of
1.5 um tooth height. The average Ra value of the undamaged surfaces was less than the
damaged areas. The undamaged Ra was 0.02 um, while the damaged area Ra was 0.37
um. These researchers pointed out that the generated titanium nitride metallic particles
were released in a patients’ body due to the failure of coating adhesion. Consequently,
the head surface roughness increased an affected counter-face debris production.
Finally, they suggested that TiN-coated titanium alloy femoral heads was insufficient to
prevent wear in-vivo (Teresa Raimondi & Pietrabissa, 2000).

Liu et al. coated titanium nitride coating onto Ti64 alloy using a plasma-assisted
electron beam PVD technique to enhance the tribological and electrochemical
performance of the femoral head. The TiN coating showed a significantly lower Icorr,
implying that it reduced corrosion rates. The coated samples revealed premier corrosion
resistance. Moreover, the polarization resistance of the coated Ti64 substrates, measured
by the EIS modeling with an equivalent circuit, was 2—4 MQ cm? after 15 days of
dipping (Liu et al., 2003).

Researchers have investigated the surface chemical composition and chemical
state of titanium nitride alloy samples coated with Ta using the arc ion plating method.
The coated samples’ surfaces were characterized by X-ray photoelectron spectroscopy
(XPS). They detected a thin oxide film with Ta2Os in the upper layer and other tantalum
oxide components in the inner layer, and these oxides were formed on the tantalum thin
film coating as an outcome of natural passivation of Ta in the environment. The Ni ion
release from uncoated and coated substrates at a period of time was investigated by
atomic absorption spectrometry while the samples were immersed in sodium chloride
solution. Comparisons of uncoated with coated samples have shown that the uncoated
sample released ions at higher rates. lonic released decreased after an amount of time

has passed (Cheng et al., 2005).
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Ti and its alloys oxides were considered poor wear resistors during tribo-
chemical reactions at the contact area. Hong et al. increased wear resistance and
decrease Ti coefficient of friction due to the formation of TiO2 in studies involving
titanium wear test when in contact to Al2O3 (Hong & Winer, 1989).

Diamond-like carbon (DLC) was deposited onto the Ti64 alloy, SS 316L, and
CoCrMo alloy at the same coating process condition by filtered cathode vacuum arc
(FCVA) method to decrease wear and corrosion. The analysis of experimental outcome
have indicated that the Ti64/DLC had higher adhesion due to the strong bonds between
Ti elements of the substrate surface and C elements of the DLC. Moreover, the result
reported lesser wear and corrosion compared to other coated material (T. F. Zhang et al.,
2015).

The main objective of some experiments was to increase corrosion resistance.
They planned to achieve the objective based on three steps. The first step was to
develop the electro deposition of Ta onto the created titanium oxide film of Ti substrate,
while the second step involved the improvement of tantalum oxide (Ta-O) coating with
organophosphonic acids step, and the final step was to grow hydroxyapatite on the outer
layer of coating by immersion in a simulated body fluid (SBF). The hybrid coating Ta-
O/organophosphonic acids/cellular layer was shown to be suitable for medical implants
(Christelle Arnould et al., 2008).

Titania (TiO2) coating layers were deposited onto Ti64 substrate surface using
three methods: thermal oxidation, anodic oxidation, and the sol-gel process, all of which
improve the corrosion resistance of the alloy’s surface. The researcher reported that the
corrosion resistance of Ti64 substrate was significantly enhanced. They also pointed out
that the process, at a rate higher than natural oxide and its uncoated counterpart, resulted
in corrosion resistance of oxide layer. Furthermore, it was reported that corrosion

resistance is independent of the oxidation procedure (Velten et al., 2002).
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In other study, Jiang et al. covered Ti64 substrate surface with TiO2 using micro-
arc oxidation (MAO) process and super hydrophobic treatment in PFOTS solution to
enhance the corrosion resistance and biocompatibility. They determined the surface
morphology, surface roughness, corrosion resistance, wettability, and cytocompatibility
(Jiang et al., 2015). Ti64 samples were coated by plasma-assisted PVD with TiN and
TIAIN/TIAICIN coatings to determine its corrosion resistance. The researchers
conducted the corrosion test in 3.5 wt. % NaCl solution at 25, 60, and 80 °C. They
reported that the coated Ti64 samples corrosion resistance exceeded the uncoated
sample. Furthermore, the corrosion resistance of TiN and TiAIN/TIAICrN coated Ti—
6Al-4V alloy were showed similar results in term of Icorr and similar protective
behaviors. Finally, they determined that increasing temperature decreased corrosion
resistance (Oliveira et al., 2015). The corrosion resistance of nitride coated Ti64 alloy
by glow discharge (Rossi et al., 2003) and TiN coated Ti64 by thermo diffusion
treatment (Pohrelyuk et al., 2013) were tested in 5 wt. % HCl and Ringer’s solution,
respectively. The test results revealed a higher corrosion resistance for both uncoated
Ti64 specimens.

In case of coated Ti64 substrate with Al>TiOs/TiO> coating, Yerokhin et al. have
coated Ti64 alloy by AC plasma electrolytic oxidation (PEO) in a solution containing
aluminate, phosphate, silicate and sulfate anions, and some of their combinations at 4.3,
6.2, and 10.5 kVA/dm? anodic power density to increase the tribology and corrosion
resistance. They formed Al>TiOs/TiO2 coating on Ti64 substrate at 50-60 pum thickness,
575 kg/mm; harness, and high wear and corrosion resistance. Simultaneously, 60-90 um
SiO2/TiO> based films were created from silicate and aluminate—silicate solutions that
they were porous and low adhesion while the corrosion resistance was high due to

greater chemical stability (Yerokhin et al., 2000).
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Bhattacherjee et al. have deposited pure diamond-like-carbon (DLC) and
nitrogenated diamond-like-carbon (N-DLC) onto Ti64 substrate surface by ion beam
deposition process at low energies to enhance corrosion resistance. They found that the
coating adhesion was insufficient. They added an intermetallic layer by pure nano-
diamond powder to improve coating adhesion. They could increase coating adhesion,
hardness, and corrosion resistance compared with the N-DLC coating layer. The
researchers reported that nitrogen doping increased corrosion and hardness. The
hardness of N-DLC was less than the DLC coating, but the adhesion and corrosion
resistance increased (Bhattacherjee et al., 2015).

Tantalum oxide (TaOx), as a high corrosion resistance and inert material, was
studied by Awaludin et al. for the effects of electrochemical reduction treatment on the
physical and electrochemical properties on tantalum oxide. The tantalum oxide film was
deposited onto glassy carbon electrode using the electrochemical method. They
suggested that the electrochemically reductive treatment is an effective way to activate
TaOx in oxygen reduction reaction to transfer to stable oxide (Ta20s) form to prevent
further oxidation (Awaludin et al., 2015).

In a separate study, Gaogiang Xu et al. reported improved corrosion resistance
of Ti substrate surface by Ta-O coating layer that the coating layer was deposited onto
the Ti substrate using polymer-assisted deposition (PAD) technique (Xu et al., 2015). In
line of Ta-O deposition, Ta2Os was deposited on the Ti substrate surface using
hydrolysis—condensation process to compare coated and uncoated Ti corrosion
resistance. The test was conducted in the simulated blood plasma (SBP), and the results
of the potentiodynamic polarization curves and ion release measurements demonstrated
significant corrosion resistance for the Ta>Os coating surface (Y.-S. Sun et al., 2013).

Diaz et al. deposited tantalum oxide (Ta-O) and chromium oxide on steel

substrate by applying filtered cathodic arc deposition (FCAD) to compare their
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respective corrosion resistance. They reported that the coated sample with tantalum
oxide possessed higher corrosion resistance than chromium oxide (Diaz et al., 2012). In
a separate investigation, they deposited a 50 nm thick tantalum oxide (Ta2Os) layer onto
the steel substrate surface using both the Atomic layer deposition (ALD) and FCAD
methods individually to determine corrosion resistance of coated carbon steel. They
confirmed that the significant surface corrosion resistance was realized for coated steel
with tantalum oxide coating using the FCAD method (Diaz et al., 2013).

The materials’ biocompatibility depends on cell behavior when interacting,
particularly the cells’ attachment to the biomaterial’s surface. Surface characteristics of
biomaterials, such as topography, chemical compound, and surface energy have an
essential role in the case of osteoblast adhesion (Anselme, 2000).

In a different study, Amaya et al. improved the corrosion resistance of Ti64
alloy by altering the microstructure of the alloy. The performed the laser re-melting
treatment using high power diode laser to samples of Ti64. The researchers used two
groups of fluencies: high energy (10 to 30 KJ/cm?) and low and medium energy (0.5 to
10 KJ/cm?). They observed corrosion resistance being approved at lower and medium
applied energy, due to changing the structure to martensitic microstructure (Amaya-
Vazquez et al., 2012). Vasilescu et al. realized higher corrosion resistance of Ti64 alloy
using thermal treatment at elevated temperatures from 780 to 1100 °C. They have
plastically deformed the Ti64 microstructure to realize a+f (930 °C) and (1100 °C)
phases. Consequently, the alloy exhibited higher corrosion resistance post-thermo

mechanical processing (E. Vasilescu et al., 2009).

2.4.3 Biocompatibility/cytocompatibility
Materials used as medical implants must be non-toxic and should not cause any

inflammatory or allergic reactions in a biological environment. The appropriate
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biomaterials do not react with the plasma in the body known to be biocompatible (D. F.
Williams, 2008). So, the researchers attempt to improve the biocompatibility of Ti64
alloy coating, which is not expected to react in the body. The following studies are
related to biocompatibility improvement with different biomaterials via different
methods.

In 2015, the researchers have modified the surface of porous Ti64 using the
electron beam melting process. They covered the Ti64 surface with hydroxyapatite
using plasma spraying, and implanted both modified Ti64 alloys samples into distal
femur bone defects of sheep, bone formation, and osteointegration, all of which were
assessed after 2 to 4 months of implantation. They indicated that the modified surface
with HA coating showed superior bone formation and osteointegration capabilities
compared to the uncoated Ti64 (Huang et al., 2015).

Parker et al. deposited Strontium (Sr) elements onto Ti64 by hydrothermal
treatment to investigate the osteoblast cell culture, attachment, and proliferation. They
found that the Sr-containing oxide layer enhanced the biocompatibility compared with
untreated Ti64 surfaces (J.-W. Park et al., 2010). Kalantari et al. mixed magnesium
(Mg) powder with Ti64 porous scaffolds. This mixture were produced in two stages;
initially, the materials were mixed in steel die by applying 500 MPa of pressure and
sintered at 900 °C for 2 h. Finally, they reported that the cell attachment and
proliferation rate increased with increasing rates of Mg content (Kalantari et al., 2015).

In a study, the researchers investigated the advantages of Tantalum oxide
properties to glucose analysis in blood tests. They formed Tantalum oxide nanostructure
via the electrochemical iodization of tantalum. They reported that tantalum oxide
(Ta20s) is a suitable material for glucose analysis in blood due to its crystalline structure

(Suneesh et al., 2013).
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Comparison of pure tantalum and its oxide to commercial available materials,
such as stainless steel, and titanium and its alloy used as biomaterial showed lower
bacterial adhesion. This matter is due to higher hydrophilic of tantalum and its oxide
surface in both fetal bovine serum and distilled water. Moreover, Tantalum has a higher
surface energy, so tantalum and its oxide interacted well between material and cells.
Other advantage of tantalum and its oxide “surface low porosity” precipitated
interaction between the interface surfaces, resulting in high fatigue resistance, which
causes biological fixation.

In the field of Ta-O cytocompatibility, Xu et al., following their experiments,
have proven tantalum oxide’s coating biocompatibility by culturing osteoblast cell,
where the coating was formed onto a Ti substrate surface using the PAD method (Xu et
al., 2015). Ta20Os coating layer was formed on a glass substrate by e-beam evaporated
process to determine the effect of coating process and annealing process on
biocompatibility. The researchers have found that annealing improved the cyto-
compatibility of the T.Os coating in terms of total cell number, detached cells
percentage, and proliferation ratio in vitro (Donkov et al., 2010).

The Tantalum oxide film was deposited on the Ti implant using PVD in order to
improve the biocompatibility and anti-bacterial heavier of Ti substrate. The researchers
have also annealed the coated substrates’ surface post-PVD coating. They reported that
the Ta2Os showed significant cytocompatibility and anti-bacterial (Chang et al., 2014).
In another research, Sun et al. used the hydrolysis—condensation process to deposit
tantalum pentoxide (Ta2Os) on a Ti substrate. They also reported that the Ta>Os coating
enhances biological responses more than an uncoated Ti substrate surface (Y.-S. Sun et
al., 2014).

The cytocompatibility of the Ta>Os coating coated onto pure Ti substrate surface

was evaluated in terms of protein adsorption, cell adhesion, and growth of osteoblast
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cells. The results showed improvement of surface wettability, albumin adsorption, and
cell adhesion (Y.-S. Sun et al., 2013).

Researchers reported an appropriate coating layer does not only improve upon
friction and wear, but also increases the biocompatibility of implants materials (Rieker
& Kottig, 2002).

Tantalum creates stable oxides components (TaO2, Ta>Os) on its surface, which
has been reported to aid both in-vitro and in-vivo bone via acceptable hydroxyapatite
(Levine et al., 2006). Ta is understood to have similar material structures with bone. Ta-
O coatings are also deposited as interference and protective coatings layers (Chandra et
al., 2008).

The researchers have deposited Ta>Os coating on the Ti64 substrate using the
thermal treatment process. They studied the effect of tantalum oxide film structure and
properties on cell response. The results showed excellent biocompatibility of the Ta>Os
coating layer, especially in the case of thermal treated film with durable stoichiometric
Ta20s. The biological test respond have shown the desired results in the case of thermal
treatment at a 450°C coating (Donkov et al., 2011).

In another study, researchers have created a Ta-O and carbon nanotube coating
layers onto pure titanium by applying carbon nanotubes functionalized by phosphoric
acid. They offered a policy for the conception of resistant and homogeneous Ta-
Olcarbon nanotubes coatings, and observed strong bonds between carbon and
phosphate, wrapped by tantalum oxide during the sol-gel deposition process.
Furthermore, the result of cell culture test have confirmed their bioactivity and
hydroxyapatite growth (Anthony Maho et al., 2013).

Fereydon et al. investigated cell growth on Ta>Os coating surface that was
deposited onto stainless steel 316 substrate using ion beam assisted deposition (IBAD).

This coating machine was equipped with physical vapor deposition. The researchers
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have conducted the Alamar Blue assay that showed remarkable cell attachment to the
Ta20s coating compare to Titanium nitride (TiN) and silver (Namavar et al., 2006).
Tantalum and its various oxides coating are suitable metals for biomedical applications
in terms of cytotoxicity and their interactions with cells, as per (McNamara et al., 2015).
These researchers deposited Ta,Os onto TiN substrate using radio frequency (RF)-PVD
magnetron sputtering. Cell attachment was done on the Ta-O coating surface via the
application of the cell culture test. They proved the enhancement of biocompatibility of
TiN’s surface by Ta20s surface coating.

Comparison of pure tantalum to commercially available materials, such as
stainless steel, titanium, and its alloy being used as biomaterial showed lower bacterial
adhesion. This is due to higher hydrophilicity of tantalum surface in both fetal bovine
serum and distilled water. Moreover, Tantalum has a higher surface energy, so tantalum
properly interacts between materials and cells. Another advantage of tantalum “surface
low porosity” is due to the interaction between the interface surfaces, resulting in high
fatigue resistance, causing biological fixation.

Furthermore, researchers have evaluated bacteria adhesion on pure tantalum and
tantalum-coated stainless steel against pure titanium, Ti64 alloy, and stainless steel
using the cell culture test method. They reported that tantalum showed lower bacteria
adhesion compared to commonly used materials in implants (Schildhauer et al., 2006).

Matsuno et al. evaluated the biocompatibility of refractory metals, tantalum,
titanium, hafnium, niobium, and rhenium being implanted in laboratory mouse. They
carried out histological observation and elemental mapping. They did not observe any
inflammation around the implants and dissolution. All of the implants were captured by
thin fibrous tissue. The researchers speculated that new bone formation increased
remarkably when in contact with the implant during a few weeks of histological test.

This study confirmed that the titanium and tantalum have excellent biocompatibility
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(Matsuno et al., 2001). In another study, researchers have indicated that tantalum and its
stable oxide (TaO. and Ta.Os) layer are biocompatible. However, tantalum, as a
bioactive metal, has been the focus of much attention. Tantalum has shown excellent
bonds with soft tissue, and in order to bond, bones needs to form a hydroxyapatite layer
on its surface (Balla, Bose, et al., 2010).

Researchers have evaluated a porous tantalum biomaterial for it to function as a
scaffold for osteoblast cells ingrowth. Samples were characterized to determine its
hardness, structure, and tensile properties. The results indicated that the material creates
structural support during ingrowth bone. These characteristics and remarkable
biocompatibility of tantalum makes the metal suitable for a number of medical
applications and clinical investigations (Zardiackas et al., 2001).

A study was conducted on the effect of the structure and properties of e-beam
deposited Ta>Os coatings on the cell/material response. The surface properties, the
coating structure, cytotoxicity, cytocompatibility, surface free energy and fractional
polarity were examined. The cell culture test to determine the cells adhesive behavior on
the coating surface was conducted. The fine biological response parameters, such as
total cell number, detached cells percentage, and proliferation ratio were obtained in the
case of thermal treated Ta>Os coating layers with stoichiometric composition and major
values of the SFE polar part of the fractional polarity (Donkov et al., 2010).

Meng et al. have deposited Ta and its oxide onto a Ti substrate using plasma ion
deposition method in order to merge the desired properties of Ta and Ta-O coating layer
and Ti materials. They discovered a higher corrosion resistance after the deposition of
Ta and Ta-O on the Ti substrate, which was attributed to the more stable Ta-O in the
surface passive film. They reported that bioactivity of Ti was apparent after the
formation of Ta and Ta-O on the Ti substrate surface, as bone-like apatite was deposited

on the surfaces of Ti with Ta and Ta-O coating layer and was immersed in simulated
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body fluid for 4 weeks. To control of cytocompatibility of coated Ti, the cell culture test
was conducted on it in presence of MC3T3 cells (MC3T3 is an osteoblast precursor cell
line derived from mouse calvarias.) These cells were able to proliferate very well onto
the surfaces of the samples. This test showed proper cytocompatibility of coated Ti
substrates. These results have confirmed that the Ta and its oxide are suitable
biomaterials for implantations in a human body (Meng et al., 2013).

Ta is a refractory and biocompatible metal possessing suitable corrosion
resistance with low ion release. Ta is used as coating on the surface of biomaterials,
such as stainless steel, ceramic, cobalt-chromium, and Ti alloys being implanted in hips
or knees. (Cristina Balagna et al., 2012) studied the modification of cobalt—chromium—
molybdenum (CoCrMo) surface to develop its biocompatibility and reduce the metal
ion release and generated debris. These researchers have deposited Ta onto CoCrMo
alloys’ surface by using thermal treatment method in molten salts. They suggested that
the Ta coating layer at 1 pum thick is a proper implant to replace joining due to its
excellent wear resistance. They believe that Ta and its oxides are suitable coating
materials due to low ion release and high corrosion resistance.

Researchers have improved the biocompatibility of Co alloys and decreased
debris production, ion release, and cytotoxicity with the aid of a Ta thin film coating.
The deposition method consists of a thermal treatment in molten salts in order to realize
a dense tantalum thin film coating. Tantalum was chosen due to its biocompatibility,
high corrosion resistance, and low ion release. A total of three high carbon-CoCrMo
alloys were examined as substrates (Balagna et al., 2011).

Frandsen and colleagues have conducted cell culture test on titanium oxide and
tantalum biomaterials that are well known implants in the field of medicine. They
compared the response of human osteoblast cells to the surface of titanium oxide (Ti-O)

and Ta. The results showed that the Ta surface enhanced the alkaline phosphatase
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activity (ALP is a protein found in all body tissues.) and increased to 30% the amount of
bone-nodule being created (Frandsen et al., 2014).

In previous decades, studies have revealed that Ta coatings exhibiting brilliant
cellular adhesion. This is attributed to the hydrophilic characteristic of its configuration.
Ta is able to develop cell-material interactions due to its lower contact angle in
wettability test and its higher surface energy (Balla, Bose, et al., 2010).

Levine et al. reported the excellent biocompatibility of tantalum-tantalum
compound and titanium-titanium alloy. They have shown delicate differences in
interfacial tissue reaction between the two groups. Via FESEM, Ti and its alloy was
found to lack significant cell-material interaction, while tantalum implants displayed
excellent interactions (Levine et al., 2006).

(Balla, Banerjee, et al., 2010) confirmed that the deposition of dense Ta coating
on Ti by laser engineered net shaping (LENS) was successful. Also, in-vitro
biocompatibility test in the presence of human fetal osteoblast cell line (hFOB)
observed that cell-material interactions on the Ta coating surface are significantly better
than the Ti surface. This indicated that the Ta coating potential for improved biological
fixation.

Findlay et al. found that Ta and its compound are good substrates for the
attachment and growth of human osteoblasts cell culture test (7 days). Cell proliferation
was increased on Ta substrate surface on the final day (Findlay et al., 2004).

Researchers reported that Ta coating could improve surface hardness and in-
vitro bioactivity and biocompatibility of Co—Cr implants. The uniform and dense Ta
coating layer was deposited onto the substrate using direct current sputtering. They
showed 2.3 times improvement to the substrate surface hardness. Moreover, this study

reported the growth of apatite around the coated substrate surface after 4 weeks of
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immersion in simulated body fluid. Consequently, the biocompatibility of Co-Cr
substrate was enhanced (Pham et al., 2013).

Maho et al. deposited the Tantalum oxide (Ta:0s) and carbon nanotube
composite onto Ti substrate surface by using sol-gel process to improve the formation
of apatite. They used Tantalum oxide due to its high biocompatibility, bioactivity, and
high bio-corrosion resistance. Moreover, carbon nanotubes is particularly suitable in
reinforcing the compactness, homogeneity of the coatings, and the desired factor to
strengthen the interaction with bone. Through the experiments, the researchers
confirmed that this composite is capable of improving the hydroxyapatite formation
process by chemically binding with the tantalum oxide surface (A. Maho et al., 2012).

Researchers have stated that the formation of bonelike apatite on tantalum’s
surface in SBF was higher when its surface is thermal treated or soaked in NaOH. They
assumed that this is due to the higher potential of Ta surface post-treatment. The apatite
is formed on Ta surface in SBF in 4 weeks. In short period of time (1 week), the layer
was not formed on Ta’s surface, even when immersed in NaOH solution (Miyazaki et
al.,, 2002). Ta is a suitable biomaterial for cell adhesion, proliferation, and
differentiation. Additionally Ta/Ta-O deposited films and nitride could be used for
cardiac and vascular devices due to biocompatibility (Leng et al., 2006; Leng et al.,
2001).

There is a lack of research on Ti64 surface modification process, the best
combination of factor for coating adhesion/ hardness/ thickness/surface roughness, and

the coating layer surface integrity.

2.5 Physical vapor deposition technique to coat
Despite the excellent properties of Ti64 alloy, such as formability,

machinability, corrosion resistance, and biocompatibility, Ti64 cannot be used for all
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clinical requirements. Therefore, surface modification is mostly suggested to enhance
mechanical properties, tribological properties, and biological behaviors.

Holmberg et al. showed that coatings are normally used to improve the surface
properties of the substrate without altering bulk materials (Holmberg & Mathews,
1994). Antunes et al. reported that coatings could act as an effective barrier to minimize
the release of ions assigned to tribo-corrosion (Antunes & De Oliveira, 2009; Fauchais
& Vardelle, 2012; Wood, 2007). Researchers have also pointed out that coatings can
increase the hardness and maintain excellent surface finish and increase wear resistance,
thus reducing friction and wear rates (J. Chen et al., 2013; Chowdhury et al., 2008;
Voevodin et al., 1999). However, the coating layer adhesion to the substrates’ surface
limits the interactions between the chemical bonds and the coating film. Researchers
also studied the abilities of coatings layers in cyclic loading conditions. It is necessary
to define the coating method, coating layer dimensions, and mechanical properties, such
as thickness, hardness, and surface roughness, all of which have the ability to protect the
substrate from inordinate wear (abrasive and corrosive) and provide a low friction
coating layer on the contrary surface. Furthermore, the biocompatibility of the materials
should be studied to determine their cytocompatibility and cell proliferation. Based on
these criteria, this study attempts to review previous works related to the present scope
in the context of substrate materials, coatings materials, coating method, mechanical
properties of the coatings, bio-tribology, and biocompatibility properties of materials.

It is common knowledge that there are techniques that improves the mechanical
properties of materials’ surfaces. Researchers used coatings as a technique to coat
biomaterials’ surface with different materials. Physical vapor deposition is an effective
process that helps improve mechanical properties due to it being a dry coating method,
clean, cheap, allow thickness control, and results in smooth coating surfaces. PVD is

also capable of creating alloy and ceramic coatings at multiple chemical composition,
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which allows for controlled protective layers, mechanical properties, and wear-

resistance (Navinsek et al., 1999). Figure 2.3 shows a model PVDMS machine.

Figure 2. 3: Physical vapor deposition magnetron sputtering machine

In order to enhance the aforementioned properties and characterize the Ti64
substrate, it is proposed that the physical vapor deposition magnetron sputtering be
used. As previously mentioned, the PVDMS process is characterized by high density
coating, multi layers, strong adhesion, low substrate temperature, lower surface
roughness, surface homogeneity, and coating layer thickness control. Sputtering is a
common method to form layers due to its associated low cost in coating almost any
materials.

The PVDMS system is capable of delivering large ions of any complex
shape/size to a substrate under wide range of pressure and substrate temperatures. It is
used in different applications such as aerospace, automotive industries, photovoltaic,
and medical apparatuses. It is also well known that refractory and ceramic materials are

difficult to deposit by any established coating method.

45



The PVYDMS method is applicable for coating refractory and ceramic materials,
such as tantalum and tantalum oxide onto a substrate. There are also many attempts to
deposit thin films onto Ti64 substrate to improve the surface integrity by PVDMS (J. D.
Long et al., 2002; Nelea et al., 2004). In some studies, a layer of hydroxyapatite (HA)
and a multilayer of HA/Ti were deposited onto Ti64 substrate by PVDMS to improve
biocompatibility (S.-J. Ding, 2003; S. J. Ding et al., 1999).

Physical vapor deposition magnetron sputtering was used to modify many
biomaterials’ surfaces, examples being protective films enriched in Ta or Ta carbide
deposited by means of magnetron-sputtering or electrochemical deposition from molten
salts on steel substrates (Gladczuk et al., 2004; S. Lee et al., 1999), or by means of
molten salts on carbon fibers (Dong et al., 2008). In another study, Titanium substrates
were coated with tantalum layers 5 um thick using PVD. The tantalum layers showed a
(110)-preferred orientation. The coated samples were hardened by oxygen diffusion.
Using X-ray diffraction, the crystallographic structure of the tantalum coatings was
characterized, comparing untreated and diffusion hardened specimen conditions. The
hardening effect of the heat treatment was determined by Vickers microhardness testing.
The increase of surface hardness caused by oxygen diffusion was at least 50% (Hertl et

al., 2014).

2.6 Chapter Summary

Due to the biocompatibility of Ti64 alloy, tantalum, and tantalum oxide, they are
used as part or whole implants in a human body. Ta and its oxide are used in bulk form
or protective thin layer to enhance mechanical properties, wear resistance, corrosion
resistance, and biocompatibility. The PVYDMS method is a promising coating method

for biomedical applications due to its purported advantages.
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CHAPTER 3: METHODOLOGY

3.1 Introduction

In order to deposit coatings, certain facilities are needed, such as substrates,
target materials, coating method and procedure, and specials tests to confirm the results.
This study fowled the procedure which as shown in Figure 3.1. We will detail the

requirements of our intended experiments in this chapter.
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Figure 3. 1: Flowchart of methodology
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3.2 Proposed Material and Coating Method

Tantalum oxide (Ta-O) is proposed as a coating on a Ti64 substrate. PVDSM is
the selected surface treatment for this purpose. PVD is a family of coating processes
where thin films are deposited by the condensation of a vaporized form of the desired
film material onto a substrate. This process is carried out in a vacuum at temperatures
100 - 220°C. The average thickness of various PVD coatings is 2-5 microns. The
advantages of PVD are:

The coatings are harder and more corrosion resistant than coatings formed by
other processes. Most coatings possess extended temperature resistance, excellent
impact strength, coating adhesion, and abrasion resistance, and are very durable. Many
substrate materials can be coated: metals, alloys, ceramics, glass, and polymers. The
properties of the coating (such as hardness, structure, chemical and temperature
resistance, adhesion) can be accurately controlled. These coatings are generally used to
improve hardness, wear resistance, and oxidation resistance.

Thus, such coatings are used in a wide range of applications, such as: Aerospace,
automotive, surgical/medical, dies and molds for all manner of materials processing,

cutting tools, firearms, and optics, thin films (window tints and food packaging)

3.3 Design of experiment

To coat films of Ta oxide onto a Ti-alloy substrate, an experimental design
needs to be prepared. It will include factors and levels of each factor according to the
Taguchi statistical method to realize the best combination of factors (Bizhan Rahmati et
al., 2014). The standardized Taguchi method according to the experimental design Lie
(4% orthogonal array is used to realize the strongest adhesion. The biological adaptation
is used the culture cell under a description culture test, which will be described in the

next section. The standard orthogonal array consists of sixteen tests with four control
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factors and four different experimental state levels for each factor. The factors and

levels are tabulated in Table 3.1.

Table 3. 1: Control factors and experimental condition levels

Symbol Variable Factors Level (i)
i=1 =2 i=3 i=4
A DC Power (Watt) 200 250 300 350
B Temperature (°C) 100 140 180 220
C Argon flow rate (sccm) 30 40 50 60
D Oxygen flow rate (sccm) 4.5 6 7.5 9

The sixteen experiments detailing the combination of experimental condition
levels for each control factor (A-D) are shown in Table 3.2. 16 experiments were
accomplished in a random sequence to remove any other invisible factors, which might

also contribute to the strongest adhesion.
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Table 3. 2: Standard Lis (4)  orthogonal array, sixteen experiments with detail of the
combination levels

Experiment Control factors and Levels(i)

no. A B C D
1 i=1 1 1 1
2 i=1 2 2 2
3 i=1 3 3 3
4 i=1 4 4 4
5 i=2 1 2 3
6 i1=2 2 1 4
7 i=2 3 4 1
8 i1=2 4 3 2
9 i=3 1 3 4
10 =3 2 4 3
11 i=3 3 1 2
12 i=3 4 2 1
13 i=4 1 4 2
14 i=4 2 3 J°
15 i=4 3 2 4
16 i=4 4 1 3

3.4 Sample preparation

Prior to the deposition of Tantalum (Ta) oxide films onto Ti64 substrates by
PVD magnetron sputtering (SG Control Engineering Pte Ltd), the Ti64 alloy substrate
possessing the properties tabulated in Tables 3.3 and 3.4 were sectioned by wire cut
machine at dimensions of 25x10x2 mm, followed by being grounded with 800 to 2500-
grit SiC abrasive paper, and cleaned with distilled water to remove the micro scales. The
samples were then ultrasonically cleaned with acetone for 10 minutes prior to

deposition.

Table 3. 3: Ti64 components

Component  Wt.%

Al 6

Fe Max 0.25
(0] Max 0.2
V 4

Ti Balance
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Table 3. 4: Mechanical properties of Ti64

Density 4.43 glcc
Hardness, Vickers 349
Tensile Strength, yield 880 MPa
Modulus of Elasticity 113.8 GPa
Compressive Yield Strength 970 MPa
Melting point 1660 °C

3.5 Physical vapor deposition (PVD) process

After the orthogonal array (OA) has been selected, the second step in the
Taguchi optimization method is to run the experiments based on that particular OA. The
about-to-be-coated Ta (the mechanical properties stated in Table 3.5) was prepared for
the PVD Magnetron Sputtering machine (SG Control Engineering Pte Ltd, Model:

TF450). The experiments were conducted using the experimental setup shown in Figure

3.2.
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Figure 3. 2: Experimental set-up of PVD

For this purpose, initially, the Ti64 substrate was coated with a thin tantalum

layer (Ta properties are shown in Table 3.5.) for 20 minutes, and then the coating was

continued for 120 minutes with the tantalum and oxygen simultaneously form the

highest adhesion using DC power magnetron sputtering.
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Table 3. 5: Properties of tantalum (Ta)

Atomic number 73

Atomic mass 180.95

Melting point 2996°C/3269°k
Boiling point 5425 -5475°C
Density 16.60 g/cm?®
Hardness 200-210 HV
Modulus of elasticity 20 °C 186 GPa
Coefficient of linear thermal expansion at 20 °C 6.4x10° K1

Recrystallization temperature (annealing time: 1 hour) 900-1450 °C

3.6 Surface thermal treatment

The thermal treatment was carried out in a box furnace to study the adhesion
improvement of Ta-O coating onto Ti64 substrate with low and high thin film adhesion.
This requires careful monitoring of the heat-up rate until the target temperature was
reached. The three annealing temperatures for heat treatment were set to 300, 400, and
500°C. The heating rate was adjusted to 5°C min™ until the target temperature was
reached, at which the specimens were kept for 60 min. In the final step, the samples
were left in the furnace to cool naturally (B Rahmati, Sarhan, Kamiab, et al., 2015).

Figure 3.3 shows a schematic diagram of the thermal treatment process.
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Figure 3. 3: Temperature vs time schematic graph of thermal processing

3.7. Measuring

To measure and determine the properties, morphology, component materials,
and structures, a few tests are needed, such as scratch test, surface morphology test
(Field Emission Scanning Electron Microscopy) , X-ray diffraction (XRD) test, Energy
dispersive X-ray analysis (EDX) test, surface hardness test, wear test, wettability test,

corrosion test, and cell culture test.

3.7.1 Scratch test

The scratch tester quantitatively measured the film-to-substrate adhesion
strength, as shown in Figure 3.4. A Rockwell-type diamond indenter (25 pum radius)
applied an initial load of 0 mN. This initial load was gradually increased at a fixed rate
of 9.2 mN/s and sliding velocity of 2 um/s up to ~2000/3000 mN maximum load for
low or high adhesion strengths. During the test, the scratch length was set to 700 pm.
The critical load (Lc) in the scratch test could be used to calculate adhesion strength.
The magnitude of Lc was obtained using acoustic signal, friction curve, and microscope
observation. The acoustic signal produced by film delamination may serve to

characterize Lc.
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Figure 3. 4: Scratch tester machine

3.7.2 Field Emission Scanning Electron Microscopy

To determine the molecular surface and cross section structures, a Zeiss Gemini
field emission scanning electron microscope (FESEM) was used (Figure 3.5). A field-
emission cathode is used in the electron gun to provide narrower probe beams with
low/high electron energy. This capacity of this equipment provides better resolution and

minimizes sample charging and damages.
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Figure 3. 5: Zeiss Gemini field emission scanning electro microscope
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To prepare the samples for SEM of cross-section imaging, the cross section of a
sample’s edge was mounted and ground with 1000 - 2500 grit SiC paper. The cross
section surface was then polished with diamond liquid from 6 to 1 pm, and

subsequently cleaned in a distilled water bath to ultrasonically remove impurities.

3.7.3 Energy dispersive X-ray analysis
The Energy dispersive X-ray analysis (EDX) was conducted to identify the

elemental composition of coated Ti64 surface.

3.7.4 X-ray diffraction

X-ray diffraction (XRD) analysis of Ti64 substrates coated by thin layers of Ta
and Ta-O were conducted to quantify the percent crystallinity of samples shown in
Figure 3.6. The phase structure and purity were examined by grazing incidence X-ray
(GIXRD) analysis with a PANalytical Empyrean X-ray diffractometer (Cu-Ka

radiation) over a 26 range from 10° - 80°.

Figure 3. 6: PANalytical Empyream X-ray diffractometer
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3.7.5 Hardness, Surface roughness and thickness measurements
The micro-hardness test machine was used to measure surface hardness. The
layer’s hardness was determined to be 1.961 N by a HMV Shimadzu Micro Hardness

tester, shown in Figure 3.7.

Figure 3. 7: HMV micro hardness tester Shimadzu

The surface roughness (Ra) is a key factor in determining many phenomena: the
wetting behavior against liquids, the reactivity at the solid/liquid interfaces, the wear
behavior under tribological conditions, the biological response like adhesion of protein,
and the cell attachments, which necessitates its measurement in this work.

Considering the role and the effects of the surface morphology on the behavior
and properties related to the interaction between two parts in contact and on the
determination of hydrophobicity, roughness measurements were performed on the
polished surface of the samples used for wetting tests by the sessile drop technique and
tribological tests. The surfaces were prepared using similar procedures, i.e. polishing
with diamond pastes up to 1um. Surface roughness of the Ta-O coating was
characterized with an AFM machine shown in Figure 3.8 (AFP-200 Ambios
Technology Inc, Santa Cruz, California) on a randomly selected surface area, while the

thickness test was conducted to determine the thickness of Ta-O thin film coating.
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Figure 3. 8: Atomic force microscopy machine

3.7.6 Tribology (wear) test

This study defines tribology behavior as wear and friction analyses. The
tribology test was carried out using a tribometer (TR 283 Series, DUCOM, Bangalore,
India), with a modified pin-on-disk contact configuration. Reciprocating housing driven
by an electrical motor provided the reciprocating sliding motion. The form of the sliding
speed was rectangular. A load sensor attached to the specimen holder was used to
measure the frictional force. WinDucom software was installed on the computer for data
acquisition. The WinDucom software controlled the test sequence on the machine,
based on temperature and test duration, frequency, and amplitude. The Ti64 pin sample
(cylindrical surface) was installed into a metallic holder and restricted to zero degrees of
freedom. The center of the pin holder was loaded in a direction normal to the coated
Ti64 located below the pins. The pin was moving along in the reciprocating direction

where the disk was fixed. Figure 3.9 shows the wear test experimental setup.
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Figure 3. 9: (a) tribometer and (b) Schematic diagram of test set-up

The experimental parameters were selected based on a simulated hip joint,
defined in terms of contact pressure, speed, and lubrication. Table 3.6 lists the
experimental conditions for each test. Applied loads were calculated with the simulated
contact pressure of the hip joint (Mischler & Munoz, 2013; Widmer et al., 2001). The
holder had a speed of 1.09 m/s (simulated medium walking speed) (Bergmann et al.,
2001), and was loaded under 15 N (Hertz pressure 162 MPa), similar to other published
articles for hip joints (Mattei et al., 2011). Each test was carried out for 12 minutes and
an average friction coefficient was calculated. Prior to testing, each sample (pin and
disk) was placed into an ultrasonic cleaner in distilled water for 10 min to remove any
remaining debris. Prior to and after testing, the cleaned disks were dried and allowed to

stand in an environment with controlled humidity and temperature for 48 h. Finally, an
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FESEM analysis was carried out to check for cracks on the sample’s surfaces from
sliding and wear debris characterization. Fetal bovine serum was used as the lubricant
for these experiments. All the tests were carried out while the samples were flooded
with lubricant, and each test was repeated thrice.

The sliding contact zone was fully soaked in a lubricant where the temperature
was kept at 37 °C throughout the tests. The pins were made by Ti64 “grade 5” 6 mm in

diameter and 7 mm in length. The test was set to 6 mm stroke length.

Table 3. 6: Friction test parameters

Pin and disc

Load (N) 15

Hertz contact pressure (GPa)  0.162

Sliding velocity (m/s) 1.09

Stroke length (mm) 6

Lubricant Fetal Bovine Serum
Temperature (°C) 37

3.7.7 Wettability (surface hydrophobicity/hydrophilicity) test

Wetting is the capability of a liquid to spread on the surface of a solid material,
precipitating the formation of intermolecular interactions called wettability (degree of
wetting). In fact, wettability is related to both surface hydrophobicity and
hydrophilicity. The word hydrophobic comes from the Greek roots hydro- (meaning
water) and -phobia (meaning fearing or hating) (Bohacek & McMartin, 1992). By
definition, hydrophobicity is called to characteristics of any materials that lack any
charge to dissolve in water. Water is known as a polar molecule, meaning that it carries
a partial charge between hydrogen and oxygen. Despite this fact, hydrophilic (water

loving) material is defined as any of materials that dissolve in water. Based on the
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foundation of wettability, it is classified to three types of degrees, with each describing
wettability performance as can be seen in Figure 3.10. First, zero contact angles imply
the perfect degree of wetting, showing high strength of adhesive and cohesive between
the liquid and solid surface interaction. A contact angle less than 90° (Low contact
angle) specifies that the wettability of the surface is much desired. Also, liquids with
low contact angles on a solid surface demonstrate the hydrophobicity/hydrophilicity of
the solid surface, while liquids with contact angles greater than 90° (high contact angle)
creates a compact liquid droplet shape that it is regarded unwettable and unfavorable

(Eustathopoulos et al., 1999).

Liquid droplet

~0° N 180°

Complete High Moderate Low Non

Figure 3. 10: Schematic of contact angels

In order to determine the surface and interfacial interaction that takes place in
uncoated, coated of Ti64 and thermal treated Ta-O coating in contact with liquid media,
contact angle was measured using a contact angle meter (OCA15E Germany) shown in
Figure 3.11 with a droplet size of 2 puL selecting fetal bovine serum. The contact angle

was detected after 10 min when the droplet was stable.
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Figure 3. 11: Wettability tester machine

3.7.8 Corrosion test

Corrosion testing refers to the processes conducted in laboratories in order to
solve, prevent, or mitigate problems related to corrosion. These processes can be
applied in industrial materials and infrastructural products, and are often used for failure
analysis.

In this research, corrosion measurements were performed via linear scan
voltammetry (LSV) on the uncoated and coated Ti64 specimens as the working
electrodes (WE), saturated calomel electrode (SCE) as the reference electrode, and a
platinum wire as the counter electrode (CE). All three electrodes were immersed in a
bovine solution. The LSV were conducted after 45 minutes immersion in the fetal
bovine serum solution. LSV  experiments were performed using a
potentiostat/galvanostat from AutoLab (Netherlands); model PGSTAT30 with general-
purpose electrochemical software (GPES) was installed in a computer and interfaced
with the potentiostat. The scan range for the polarization curves was —1.5V to +1.5 V

(SCE) at a scan rate of 25 mVs . Figure 3.12 shows the setup of the corrosion test.
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Figure 3. 12: Schematic view of the corrosion test

3.7.9 Cell culture test

The Alamar Blue assay was conducted to diagnose biocompatibility or
cytocompatibility of the materials. The Alamar Blue (Resazurin) assay is designed to
quantitatively measure the proliferation of human and animal cell, bacteria, and fungi,
and accordingly, osteoblast cells was used in this study. Bioassay is also used to
determine relative cytotoxicity of agents (Fields & Lancaster, 1993).

As seen in Figure 3.13, the Ti64 samples were cut to dimensions 5x5x2 mm to
carry out cell culture test and Alamar Blue assay. Then, their surfaces were polished
rough, following the procedure adopted for Ta-O deposition method. The best
combination of factors was applied to obtain the highest adhesion based on the

confirmation test.
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Figure 3. 13: The image of cell culture test and alamarBlue assay on uncoated and
coated Ti64 samples

During the second stage, cytocompatibility of Ti64 and Ta-O was evaluated
using osteoblast cells based on the samples’ application. All specimens were sterilized
by autoclaving at 120 °C for 120 min prior to the cell culture test. The autoclaved
samples were placed in an oven to dry. The well plates were selected to store the
sterilized specimens. Approximately 50,000 human fetal osteoblast (hFOB) cells were
seeded onto the samples in each well plate. 1 mL Dulbecco’s Modified Eagle’s Medium
(DMEM/F12, Sigma, St. Louis, MO) was supplemented with 20% fetal bovine serum,
and 1% antibiotic antimycotic was mixed to form a culture medium. 1 mL of medium
was dropped into each well. The osteoblast cells were incubated in an atmosphere of
95% air and 5% CO2 at human body temperature (37 °C). The specimens were
displaced and placed in new similar size well plates with DMEM after 24 h of
incubation.

The proliferation of osteoblast cells was evaluated by Alamar Blue test. At the
1%t 3" and 7" day, DMEM was brought out, and another 1 mL DMEM containing 10%
Alamar Blue was replaced in each well. The plates were incubated for another 4 h, and

the absorbance value was measured at 21=570 and A,=600 nm (Ataollahi et al., 2014),
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from which the percentage of reduced Alamar Blue was calculated. Decreased amounts
of Alamar Blue imply a higher concentration of living cell. After the absorbance
evaluation, specimens were washed with a Phosphate-buffered saline (PBS) solution.
This solution is a water-based salt liquid that matches the molarity and ion condensation
of the liquids in human body plasma. In addition, 1 mL DMEM was added to each well
for increased incubation. The culture solution was changed every 2 days to continue the
cell culture test.

Cultured specimens were removed from the medium after 1, 3, and 7 days
incubation for FESEM characterization. Samples were placed in formalin for 10 min,
and then gently rinsed with PBS 2-3 times. The samples were fixed with 2%
paraformaldehyde and 2.5% glutaraldehyde in 0.1 M cacodylate. Then, the fixed
samples were dehydrated in 30, 50, 70, 90, and 100% ethanol for 5 min, followed by a
hexamethyl disilane drying procedure. Prior to FESEM cell morphology imaging, the

samples were coated with gold palladium.

3.8 Chapter Summary

In this study, PVDMS and pure Ta metal and oxide were selected for coating to
determine the best adhesion with fine hardness, thickness, and surface roughness of Ta-
O coating onto Ti64 substrate compared to the lowest thickness, surface roughness, and
the highest hardness for biomedical applications. For this aim, the Taguchi statistical
method was selected for the experiments. The best combination of PVDMS factors will
be found and redone to confirm the result and characterize the specification of Ta-O
coating thin layer according to requirements such as wear and corrosion resistant and
biocompatibility. Prior to finding the best answer to our objectives, we will carry out
thermal treatment to understand the effective surface thermal treatment on higher and

lower adhesion of Ta-O coating.
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CHAPTER 4: RESULTS, DATA ANALYSIS AND DISCUSSIONS

4.1 Introduction
To best answer the research questions and objectives, the results need to be
analyzed, and potential outcomes from experimental data discussed. The following

section will discuss consequences.

4.2 Adhesion, hardness, thickness and surface roughness results

The scratch test machine, hardness detector, and profilometer were used to
determine the mechanical characteristics using the suggested experimental setup. The
scratch test has been used to assess the adhesion of thin hard coatings and is a useful
tool for coating development or quality assurance (Bull, 1991). By carefully analyzing
the observed failure modes in the scratch test, it is possible to identify adhesive failures,
and in some cases, these occur in regions where the stress state is relatively simple and
quantification possible (Bull & G.-Berasetegui, 2006) Figure 4.1(a) and (b) show the
scratch test results of a lower (the Ta-O coating is still attached onto the substrate
surface without delamination) and higher adhesion among experiments with 713 and

2358 mN adhesion strength, respectively.
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Figure 4. 1: Scratch test for (a) Lower adhesion: exp. no.18, (b) higher adhesion
strength: exp. no. 11

Figure 4. 2 (a) and (b) show the low and high hardness test result with 430 and

534 HV amongst 16 experiments respectively.

."Hiéhésthérdness,_ X

Figure 4. 2: The hardness test image of (a) Low hardness: exp. no. 7 and (b) high
hardness: exp. no. 13

FESEM and intensity were trained on the cross section of best adhesion of Ti64,

as shown in Figure 4. 3(a) and (b).

68



= = 500 l’l‘\"r "
4 ) ".) ,l “‘ }N
X | (\ \
400-\ }l, IM"IJ i,
3004 | ,J |'
200 "rP Y,
‘ srhliarotnlly
100 3 ;'.A‘ﬁ‘ }N Jf-'mﬁwm:’“x
| Y R N Py .
0- W 02 RN ¥ u*- 2w J'ttnj:"‘:“'*'w*"“*

p

Oxygen Ka1, Tantalum Lat Titanium Ka1

(b)

Figure 4. 3: (a) FESEM image and (b) intensity graph from the cross section of the
coated surface of higher adhesion strength: exp. no.11

To quantify the samples crystallinity percentage, the phase structure and purity
were examined by grazing incidence X-ray diffraction (GIXRD) analysis with a
PANalytical Empyrean X-ray diffractometer (Cu—Koa radiation) over a 26 range from 5°
to 80°. XRD were conducted from higher thin film adhesion sample and two
experiments more: one before and one after. Figure 4. 4 shows the results from XRD

scan.

Intensity
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Figure 4. 4: XRD graph of experiments number (a) 10, (b) 11, (c) 12
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Figure 4. 5 shows measured the lowest thickness of thin film with 1.89 pum

among 16 experiments.
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Figure 4. 5: Measured thin film graph of lowest coating thickness exp. no.5

Table 4.1 shows the measured values of adhesion strength, hardness, thickness,
and surface roughness. Each test was carried out thrice, and the average (AV) and
standard deviation (SD) were calculated. These values are summarized in Table 4.1.
The standard deviation represents the dispersion of a set of data values. As seen in the
Table, at least 66% (2 from 3) of the measured values for adhesion, hardness, thickness,

and surface roughness are in the range of one standard deviation.
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Table4. 1: Measured adhesion strength, hardness, thickness and surface roughness

Measured Values

EI)(; Adhesion (mN) Hardness (HV) Thickness (pum) Surface roughness (um)
1 2 3 AV S.D. 1 2 3 AV SD. 1 2 3 AV SD. 1 2 3 AV S.D.
1 1398 1453 1350 1400 52 463 460 450 458 7 33 36 35 35 02 0.030 0.034 0.028 0.031 0.003
2 1349 1431 1394 1391 41 524 526 535 528 6 22 27 25 25 03 0.024 0.020 0.029 0.024 0.005
3 759 792 698 750 48 520 528 530 526 5 22 21 23 22 01 0.046 0.042 0.052 0.047 0.005
4 395 404 410 403 8 463 468 471 467 4 36 32 39 36 04 0138 0159 0.187 0.161 0.025
5 891 850 867 869 21 460 475 471 469 8 16 17 21 18 03 0.055 0.040 0.045 0.047 0.008
6 820 790 810 807 15 461 468 450 460 9 23 21 23 22 01 0.046 0.051 0.049 0.049 0.003
7 895 925 879 900 23 431 434 426 430 4 31 36 37 35 03 0.053 0061 0.067 0.060 0.007
8 1394 1495 1575 1488 91 458 470 471 466 7 29 34 32 32 03 0.030 0.039 0.042 0.037 0.006
9 1288 1205 1348 1280 72 509 520 525 518 8 34 4 36 37 03 0.059 0.057 0.047 0.054 0.006
10 1642 1700 1823 1722 92 476 491 489 485 8 42 41 38 40 0.2 0.094 0.063 0.072 0.076 0.016
11 2257 2491 2325 2358 120 506 520 499 508 11 37 35 31 34 03 0.025 0.024 0.028 0.026 0.002
12 2079 2084 2217 2127 78 462 456 475 464 10 36 3.7 32 35 03 0.036 0.036 0.035 0.036 0.001
13 1195 1145 1348 1229 106 553 540 510 534 22 48 49 47 48 0.1 0.020 0.019 0.018 0.019 0.001
14 1530 1475 1641 1549 85 521 502 499 507 12 46 47 5 48 0.2 0.024 0.025 0.027 0.025 0.002
15 1825 1935 1815 1858 67 424 476 420 440 31 36 35 31 34 03 0.030 0.024 0.031 0.028 0.004
16 2385 2140 2375 2300 139 459 459 479 466 12 31 34 34 33 0.2 0024 0.050 0036 0.037 0.013
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4.3 Data analysis and Discussions
To analyze the data, optimize the parameters, and identify which process
parameters are statistically considerable, the Signal/Noise (S/N) response analysis,

analysis of variance (Pareto ANOVA), and interaction analysis were used.

4.3.1 (S/N) Response analysis

The methods for calculating the S/N ratio are categorized into three key classes,
depending on whether the favorite quality characteristics: the larger the better, the
smaller the better, or the more nominal the better. In this case, adhesion and hardness
the larger values are always favored, while we would like smaller values for thickness

and surface roughness. The equation for calculating the S/N ratio (in dB) is as follows:

“Smaller the better”:

S 1

N =-10log H (Z yi2 )J. Equation (4. 1)
“Larger the better”:

% =—10log %[Zyi.zj, Equation (4. 2)

Where n is the number of the individual measured response, in this case n = 3
and yi; is the individual measured adhesion, hardness, thickness, and surface roughness
in Table 4.1 and (j) is the experiment number from 1 to 16. The S/N values function
shown in Equations (4.1) and (4.2) is a performance measurement parameter to develop
processes insensitive to noise factors. For each factor, S/N ratios define the degree of
predictable performance of a process in presence of noise factors. Table 4.2 shows the

calculated S/N ratio.
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Table4. 2: Calculated S/N ratio

Experiment No. S/N Ratio(dB)
Adhesion Hardness Thickness Surface roughness
1 62.91 53.21 -10.80 30.238
2 62.86 54.46 -7.87 32.178
3 57.46 54.42 -6.85 26.586
4 52.10 53.39 -11.07 15.779
5 58.78 53.41 -5.17 26.543
6 58.13 53.25 -6.99 26.248
7 59.08 52.68 -10.82 24.350
8 63.42 53.37 -10.03 28.554
9 62.12 54.28 -11.31 25.258
10 64.69 53.72 -12.12 22.221
11 67.43 54.12 -10.74 31.794
12 66.54 53.33 -10.90 28.954
13 61.73 54.54 -13.63 34.417
14 63.77 54.10 -13.57 31.916
15 65.37 52.83 -10.65 30.903
16 67.20 53.36 -10.38 28.364

Additionally, Tables 4.3, 4.4, 4.5, and 4.6 show the S/N response for adhesion,
hardness, thickness, and surface roughness, respectively. As an example of S/N
response calculation, A; is the average of all S/N values corresponding to the same
parameter level (i) under ‘A’ in Table 4.3. In this case, (i) is equal to 1, 2, 3, or 4. The
difference under Ai column is equal to the maximum minus the minimum of the S/N
response values. Similarly, the S/N response values and the differences were calculated
for Bi, Ci and Di. The rank is given in order from the highest to the lowest difference
values. The significance of each factor is determined based on the value of the

difference of S/N.
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Table4. 3: S/N response data for adhesion strength

Level of Parameter S/N Response Data(dB)

Ai Bi Ci Di

Level 1 -58.85 -61.42 -63.94 -63.09

Level 2 -59.87 -62.39 -63.40 -63.90

Level 3 -65.22 -62.36 -61.73 -62.07

Level 4 -64.56 -62.34 -59.43 -59.45

Max. -58.85 -61.42 -59.43 -59.45

Min. -65.22 -62.39 -63.94 -63.90

Difference 6.37 0.96 4.51 4.46

Rank 1 4 2 3

Table4. 4: S/N response data for hardness

Level of Parameter S/N Response Data(dB)

A B; Ci D;

Level 1 -53.87 -53.87 -53.49 -53.33

Level 2 -53.18 -53.88 -53.52 -54.13

Level 3 -53.87 -53.53 -54.05 -53.73

Level 4 -53.73 -53.37 -53.59 -53.45

Max. -53.18 -53.37 -53.49 -53.33

Min. -53.87 -53.88 -54.05 -54.13

Difference 0.69 0.52 0.56 0.80

Rank 2 4 3 1

Table4. 5: S/N response data for thickness

Level of Parameter S/N Response Data(dB)

A B (¢ D;

Level 1 -9.15 -10.23 -9.73 -11.52

Level 2 -8.25 -10.14 -8.65 -10.57

Level 3 -11.27 -9.77 -10.44 -8.63

Level 4 -12.06 -10.59 -11.91 -10.00

Max. -8.25 -9.77 -865 -8.63

Min. -12.06 -10.59 -11.91 -11.52

Difference 3.80 0.83 3.26 2.89
Rank 1 4 2 3

Table4. 6: S/N response data for surface roughness

Level of Parameter S/N Response Data(dB)
Ai B; G D;

Level 1 26.20 29.11 29.16 28.86

Level 2 26.42 28.14 29.64 31.74

Level 3 27.06 28.41 28.08 25.93

Level 4 31.40 25.41 24.19 2455

Max. 31.40 29.11 29.64 31.74

Min. 26.20 25.41 24.19 24.55
Difference 520 3.70 545 7.9

Rank 3 4 2 1




Figures 4.6, 4.7, 4.8, and 4.9 show the S/N response graphs for selecting the best
combination levels for highest adhesion strength and hardness, and lowest thickness and
surface roughness, respectively. The highest S/N response would reflect the best
response, which results in the highest noise for adhesion strength and hardness, while
the lowest S/N response would reflect the best response, which results in the lowest
noise for thickness and surface roughness. This is the criterion employed in this study to
determine optimal parameters. Based upon the criteria of highest S/N response, from
Figure 4.6, the DC power (A3, 300 watt) with the substrate temperature (B2, 140 °C),
argon flow rate (C1, 30 sccm) and oxygen flow rate (D2, 6 sccm) were determined to be
the best choices for obtaining the highest adhesion strength. From Figure 4.7, the DC
power (Al, 200 watt) with the substrate temperature (B2, 140 °C), argon flow rate (C3,
50 sccm), and oxygen flow rate (D2, 6 sccm) were determined to be the best choices for
obtaining the highest hardness.

On the other hand and based on the S/N Ratio criteria, it can be seen from Figure
4.8 that the DC power (A2, 250 watt), substrate temperature (B3, 180 °C), and the argon
flow rate (C2, 40 sccm) with oxygen flow rate (D3, 7.5 sccm) were determined to be the
best choices for obtaining the lowest thickness.

Finally, from Figure 4.9, it can be seen that the DC power (A4, 350 watt),
substrate temperature (B1, 100 °C), and argon flow rate (C2, 40 sccm), oxygen flow
rate (D2, 6 sccm) were the best choices for obtaining the lowest surface roughness.

In conclusion, the optimal parameters combination for higher adhesion strength, higher
hardness, lower thickness, and lower surface roughness were set to (A3 B2 C1 D2), (Al

B2 C3 D2), (A2 B3 C2 D3), and (A4 B1 C2 D2), respectively.
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Figure 4. 6: S/N response data of factors (a) DC power, (b) substrate temperature, (c)
argon gas flow rate and (d) oxygen gas flow rate, for adhesion strength

76




a) DC power S/N response for
Hardness

54.00

53.80 A

o
[/

53.20

53.60 \\
53.40 \\ //
V

S/N Response (dB)

53.00

52.80

Al A2 A3 A4

S/N Response (dB)

b) Temperature S/N response
for Hardness

54.00

53.90

53.80
53.70 \\

53.60 \\

53.50 \\

53.40 N
53.30

53.20

53.10

B1 B2 B3 B4

c) Argon gas S/N reponse for
Hardness

54.10
54.00

53.90
53.80 /' \\

53.70
53.60 ‘/

53.50

S/N Response (dB)

53.40

53.30

53.20

C1 C2 c3 C4

S/N Response (dB)

d) Oxygen gas S/N reponse for
Hardness

54.20

54.00

N\
/\

53.80 // \K\\
53.60

53.40 / \
4

53.20

53.00

D1 D2 D3 D4

Figure 4. 7: S/N response data of factors (a) substrate temperature, (c) argon gas flow
rate and (d) oxygen gas flow rate, for hardness
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Figure 4. 8: S/N response data of factors (a) DC power, (b) substrate temperature, (c)
argon gas flow rate and (d) oxygen gas flow rate, for thickness
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Figure 4. 9: S/N response data of factors (a) DC power, (b) substrate temperature, (c)
argon gas flow rate and (d) oxygen gas flow rate, for surface roughness

In the present study, different optimization techniques, including Taguchi,
Pareto, ANOVA, and interaction analyses were used to attain the optimum parameter
combinations for the best coating adhesion strength, surface hardness, thickness, and
surface roughness. Initially, pure tantalum was deposited onto Ti64 to form a strong
adhesion between the top layer and the substrate. The deposition of an interlayer to
adapt the chemistry of junction zone is strongly advocated (HM Li et al., 2012; D. Ren
& Liu, 2014). Another route is to curb energy deposition at the interface to limit the
formation of unwanted phases. This can be attained with the aid of quick kinetics fusion

processes, such as electron beam method (Tomashchuk et al., 2010) or non-fusion
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techniques, such as friction stir welding (C. W. Tan et al., 2013) or diffusion bonding
(X. Wang et al., 2013). At the second stage along the PVDMS process, pure tantalum
was coated onto Ti64 substrate in the presence of oxygen in different parametric
conditions. The most important parameters to be investigated were DC power, substrate
temperature, argon flow rate, and oxygen flow rate. The effect of thin film multilayer
Ta/TaO, coating on Ti64 was observed in various conditions and the best adhesion
strength and surface hardness occurred with parameter combinations A3B2C1D2 and
Al1B2C3D2, respectively. Moreover, thinner film and optimal surface roughness were
realized with A2B3C2D3 and A4B1C2D2 combinations, correspondingly.

Parameter combination A3B2C1D2 is the condition where the best coating

adhesion of Ta/TaO, on Ti64 was realized (Figure 4.6). The outcomes clearly indicated

that applying DC power in the range of 200-300 W improves the coating adhesion

property; however, when DC power increased, the adhesion strength declined. This
phenomenon is potentially attributed to the additional energy available to the growing
film. Thus, high-energy atoms possess greater mobility to locate low-energy surface
sites, therefore maximizing the adhesion characteristics. At constant pressure and with
increasing DC power, the ion density increased, hence the sputtering rate increased with
increasing power. If power were increased further, the sputtering rate would decrease
due to back diffusion (Chee Wee Tan & Miao, 2009; Zalnezhad et al., 2013b). In this
study, the chamber pressure was kept constant, so back diffusion occur at higher power
(350 W), where the ionized and sputtered particles became more energetic and collided
with each other.

It was also observed that the maximum coating adhesion strength was obtained
at a critical load of ~2500 mN, where temperature was also found to affect the
substrate’s adhesion strength. 140 °C (B2) was determined to be the best temperature

for maximum surface adhesion. This may be attributed to increased substrate surface
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atom energy at 140 °C, where atoms shake in their place and form cavities. At this
temperature, the target ions penetrated the substrate surface cavities, acting as anchors
in the substrate surface. The atoms facilitated a denser substrate surface. Consequently,
the released ions formed good adhesion between the coating layer and substrate surface
(Cheng et al., 2006). Nonetheless, with increasing temperature, the movements between
the atoms amplified and collided with one another. Thus, the ions released from the
target lowered the chance of adequate penetration into the substrate’s surface. Hence,
the bond between the substrate surface atoms and ions released at higher temperature
was not as strong as the ones at 140 °C.

Argon gas is another parameter that affects the adhesion between substrate and
thin film coating. The noted enhancement in adhesion strength cannot be attributed to
the increase in argon flow rate, as Argon gas does not alter the chemical nature of Ti64,
since it is a neutral gas. When the argon rate was raised from 30 to 60 sccm, Ta/TaO:
coating adhesion to substrate did not amplify. By further increasing the argon content,
the Ta interlayer did not become stronger; instead, adhesion strength was noticeably
reduced. Generally, the properties of deposited film depend on the deposition
conditions. In this experiment, it is evident that argon gas affects the adhesion of the
thin film layer. The adsorption or occlusion of argon gas on the substrate’s surface
during the deposition clearly played a key role in affecting the formation of high
adhesion (M. H. Lee et al., 2003). 30 sccm argon gas seemed to produce the optimum
strength for adhesion enhancement in the present deposition conditions. Similar to the
higher range of argon gas flow rate, more Ta atoms were released, which is followed by
collisions between the atoms and the existing particles in the chamber.

Oxygen flow rate, as an additional parameter affecting adhesion strength,
appeared to be a vital parameter in forming TaO2 by PVDMS coating technique. It is

clear from Figure 4.6(d) that the 6 sccm oxygen flow rate is the best value for higher
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coating-to-substrate adhesion strength, while anything over 6 sccm will not enhance
adhesion strength. This phenomenon is attributed to the brittle behavior of TaO;
ceramic, which increases with enhanced oxygen content.

Figure 4.7 displays the S/N response graph for surface hardness. It is clear that
200 W DC power is the best value for higher surface hardness of a Ta/TaO2-coated
specimen. This is probably due to the ionized and sputtered particles becoming more
energetic, which increased the sputtering rate, creating a denser surface. Surface
hardness of 494.8 HV was achieved at 200 W DC power. However, when DC power
rose from 200 - 250 W or from 300 - 350 W, more frequent impacts takes place between
the sputtered and chamber particles (argon gas and ions). As a consequence of this,
decreasing sputtering rates were observed in these sputtering power ranges. Meanwhile,
increasing DC power from 250 to 300 W contributed to increased ion impact, which led
to increased ion energy. Irrespective of the thin layer material in this process, the ion
energy was not the only criterion; the size, charge, and mass of ions also affected the
film layer coating process (Pradhan et al., 2005). For this reason, in this DC power
range, hardness did not increase in a similar manner as it would at 200 W.

Substrate temperature is also an essential parameter in PVDMS that affects the
quality and mechanical properties of thin film coating. When the substrate temperature
increased from 100 to 140 °C, the surface hardness increased, further increasing the
temperature to 220 °C and decreasing the hardness of the coated surface. It is believed
that the substrate temperature significantly influenced the control of atom delusions
during Ta/TaO2 growth. The best parameter condition for surface hardness was obtained

at 140 °C (B2). Moreover, there was also a relationship between coating hardness and

argon flow rate in the argon—oxygen gas mixture. The deposited coating hardness

increased from 482.52 to 504.84 HV when the argon content rose from 30 to 50 sccm

(Figure 4.7). The best surface hardness of Ta/TaO: thin film coating was achieved at 50
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sccm of argon (C3). Furthermore, oxygen flow rate played a vital role in surface
hardness, such that when the oxygen rate rose from 4.5 to 6 sccm, the surface hardness
increased to the highest value of 509.60 HV; but with a further increase from 6 to 9
sccm, hardness decreased. This is because in the presence of oxygen, the coated layer
became harder on the account of the creation of a ceramic material structure. When
higher oxygen rate was introduced, the Ta target surface was fully covered with oxide
(Kubart et al., 2010), hence the deposition rate was lowered so that the hardness of the
coated layer was reduced.

The effect of different PVD coating parameters for the lowest thickness was
investigated, and the A2B3C2D3 parameter combination was identified. Ta/TaO>
coating thickness decreased with increasing DC power from 200 to 250 W, but with
further DC power increase from 250 to 350 W (Figure 4.8(a)), the coating thickness
increased. This happened at higher DC power because the reaction between oxygen and
tantalum occurred at higher levels. Greater tantalum oxide layer growth took place at
higher DC power. In this case and as shown in Fig. 4.8, the coating at 200 W DC power
was considered thin, but a thinner coating layer was achieved at 250 W DC power.
Further increasing DC power made thicker the coating layer.

Substrate temperature is a parameter that plays a significant role in Ta-O coating
layer development as well (Figure 4.8(b)). When the substrate temperature was
increased from 100 to 180, the Ta-O coating layer thickness decreased. This
phenomenon was attributed to the decreased development of the oxide layer at higher
temperatures. However, with further temperature increase, the coating layer gets thicker.
This is because at this temperature level more oxygen was diffused in the coating layer,
hence the thickness of the coating layer increased due to the oxide layer’s fragility and

lower density.
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Furthermore, Figure 4.8(c) shows the effects of argon gas flow rate on the
thickness of the coating layer. At 40 sccm argon gas flow rate, the lowest level of Ta
atoms were released to create Ta-O; thus less oxidation occurred and a thinner coating
layer was developed. With a further increase in argon gas flow rate, more Ta atoms
were released from the target surface and they reacted with oxygen to create a thick
oxide layer on the substrate. Moreover, at lower argon gas flow rate (30 sccm), Ta
atoms being released were not sufficient to create more Ta-O, so the layer was less
dense and thicker.

For further investigation, Figure 4.8(d) shows the effects of oxygen gas flow rate
on the thickness of the coating layer. According to Figure 4.8(d), the lowest coating
layer thickness was observed at 7.5 sccm oxygen flow rate, which indicates that less
oxidization occurred compared with other points. This may be attributed to the fact that
setting other parameters (DC power, temperature, argon gas flow rate) at this oxygen
flow rate level was insufficient for a thicker oxide layer, as pointed out previously.

Finally, the influence of different coating parameters on surface roughness was
also investigated. Increasing the DC power resulted in greater adatom mobility and
nucleation density. The ideal DC power to achieve the best surface roughness is point
A4 (Figure 4.9). Ta/TO; thin film with the best surface roughness was attained at 350 W
DC power (Al), 100 °C substrate temperature (B1), 40 sccm argon gas flow rate (C2),
and oxygen gas flow rate of 6 sccm (D2).

At higher DC power of 350 W, the coating became increasingly compact, dense,
and smooth. Surface roughness decreased when DC power rose from 200 to 350 W. The
surface roughness value of TaO> coating at temperature (B1), argon flow rate (C2), and
oxygen (D2) was 0.017 um. The variations in coating surface roughness and
morphology may be attributed to fluctuating ion energy/ion flux. Increasing DC power

resulted in greater adatom mobility and nucleation density. In addition, the highly
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mobile adatoms could move or diffuse into the inter-grain voids due to greater energy
ion bombardment, resulting in a denser structure (Bertrand et al., 2000; Zalnezhad et al.,
2013a).

4.3.2 Analysis of variance (Pareto ANOVA)

An alternative method to analyze the data for the optimization process used the
analysis of variance using Pareto ANOVA. Tables 4.7, 4.8, 4.9, and 4.10 present Pareto
ANOVA for adhesion, hardness, thickness, and surface roughness, using the S/N
response data from Tables 4.3, 4.4, 4.5, and 4.6, respectively. The summation of squares
of differences (S) for each control factor is calculated in a way that, for example, Sa can

be obtained by the following equation (4.3):

Sa= (A1- A2)%+ (A1-As)’+ (A2-Az)? + (As-Ag)? Equation (4. 3)

Similarly, Sg, Sc, and Sp were calculated. The contribution ratio for each factor
was calculated as the percentage of summation of squares of differences for each factor
to the total summation of the squares of differences. The cumulative contribution and
contribution ratio of all parameters for adhesion, hardness, thickness, and surface
roughness were plotted in Figures 4.10, 4.11, 4.12, and 4.13.

From Table 4.7 and Figure 4.10, it can be seen that the best levels of factor
combination for the maximum adhesion were found to be the DC power (A) with
highest contribution of 72.29 %, followed by the argon gas flow rate (C) with 13.69 %,
oxygen gas flow rate (D) with 12.11%, and finally, the substrate temperature (B) with
1.91 %. The DC power, argon gas flow rate, and oxygen gas flow rate are considered
prominent  factors, having a cumulative contribution of 98.09 %
(72.29%+13.69%+12.11%). The Pareto ANOVA analysis recommends that (A3 B2 C1
D2) is the finest parameters combination to achieve the highest adhesion strength.

From Table 4.8 and Figure 4.11, it is found that the oxygen flow rate (D) has

the highest contribution 33.09 %, followed by the DC power (A) with 31.45%, argon
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gas flow rate (C) with 26.34%, and finally the substrate temperature (B) with 9.12 %.
The Pareto ANOVA analysis recommends that (Al B2 C3 D2) is the finest parameters
combination to obtain the highest hardness.

From Table 4.9 and Figure 4.12, the best levels of factor combination for
minimum thickness were found to be (A2 B3 C2 D3). The DC power and oxygen flow
rate parameters were regarded as prominent factors, having a cumulative contribution of
78.68%.

Finally, to find the best combination for the finest surface roughness from Table
4.10 and Figure 4.13, it was garnered that Oxygen flow rate (D) with 51.46% has
highest contribution rate, followed by DC power (A) with 19.66%, argon gas flow rate
(C) with 18.59%, and substrate temperature (B) with 10.28%. In this context, (A4 Bl

C2 D2) combination is the finest.

86



Table4. 7: Pareto ANOVA for adhesion

S/N S/N Response data(dB)
Substrate Argon gas Oxygen gas
Control factor level(i) bc ?:)wer Temperature = flow rate flow rate
(B) (C) (D)
Level 1 58.83 61.39 63.92 63.08
Level 2 59.85 62.37 63.39 63.86
Level 3 65.20 62.33 61.69 62.03
Level 4 64.52 62.32 59.40 59.43
Total Summation 248.40 248.40 248.40 248.40
Square of Differences(S) 70.52 1.86 13.36 11.81
Total summation of
squares of differences 97.55
St=SA+SB+SC+SD
Contribution Ratio (%) 72.29 1.91 13.69 12.11
Cumulative Contribution 72.29 74.20 87.89 100.00
Optimum Combination A3 B2 c1 D2
Overall Optimum A3,B2,C1,D2
Adhesion
120
100 /
80
X
2 50 I contribution
E ratio %
40 =g cumulative
20 Contribution
0
A3 B2 C1 D2
Factor

Figure 4. 10: Diagram of contribution and cumulative contribution for adhesion



Table4. 8: Pareto ANOVA for hardness

S/N S/N Response data(dB)
. DC power Substrate Argon gas | Oxygen gas
Control factor level(i) (A) Temperature | flow rate flow rate
(B) (C) (D)
Level 1 53.869 53.86 53.48 53.33
Level 2 53.18 53.88 53.51 54.12
Level 3 53.864 53.51 54.04 53.73
Level 4 53.71 53.36 53.58 53.44
Total Summation 214.62 214.62 214.62 214.62
Square of Differences(S) 0.98 0.28 0.82 1.03
Total summation of
squares of differences 3.10
St=SA+SB+SC+SD
Contribution Ratio (%) 31.45 9.12 26.34 33.09
Cumulative Contribution 31.45 40.58 66.91 100.00
Optimum Combination Al B2 Cc3 D2
Oygrall Optimum A1,B2,C3,D2
conditions for all actors
Hardness
120
100 /
80

60 I contribution

ratio %
40 —¢—cumulative
20 I l: contribution
0 |
Al B2 C3 D2

Factor

Ratio %

Figure 4. 11: Diagram of contribution and cumulative contribution for hardness



Table4. 9: Pareto ANOVA for thickness

S/N S/N Response data(dB)
DC Substrate Argon gas | Oxygen gas
Control factor level(i) power | Temperature | flow rate flow rate
(A) (B) (C) (D)
Level 1 -9.15 -10.23 -9.73 -11.52
Level 2 -8.25 -10.14 -8.65 -10.57
Level 3 -11.27 -9.77 -10.44 -8.63
Level 4 -12.06 -10.59 -11.91 -10.00
Total Summation -40.72 -40.72 -40.72 -40.72
Square of Differences(S) 14.98 1.05 7.06 14.92
Total summation of
squares of differences 38.01
St=SA+SB+SC+SD
Contribution Ratio (%) 39.42 2.75 18.57 39.26
Cumulative Contribution | 39.42 42.17 60.74 100.00
Optimum Combination A2 B3 Cc2 D3
Oygrall Optimum A2,B3,C2,D3
conditions for all actors
Thickness
120
100 /
80
X
2 50 N contribution
§ ratio %
% —&—cumulative
20 contribution
0
A4 B4 C4 D1
Factor

Figure 4. 12: Diagram of contribution and cumulative contribution for thickness



Table4. 10: Pareto ANOVA for surface roughness

S/N S/N Response data(dB)
DC Substrate Argon gas Oxygen gas
Control factor level(i) power | Temperature | flow rate flow rate
(A) (B) (C) (D)
Level 1 26.20 29.11 29.16 28.86
Level 2 26.42 28.14 29.64 31.74
Level 3 27.06 28.41 28.08 25.93
Level 4 31.40 25.41 24.19 24.55
Total Summation 111.08 111.08 111.08 111.08
Square of Differences(S) 20.06 10.49 18.96 52.49
Total summation of
squares of differences 102.00
St=SA+SB+SC+SD
Contribution Ratio (%) 19.66 10.28 18.59 51.46
Cumulative Contribution 19.66 29.95 48.54 100.00
Optimum Combination A4 B1 C2 D2
verall imum
con?jiteiois :‘)oF;taII :ctors A4,B1,C2,D2

Surface roughness
120

100 /
80
60 / I contribution
/ ratio%
40

=—4=——cumulative
20 contribution
i m N
Cc4

Al B4 D4

Factor

Ratio %

Figure 4. 13: Diagram of contribution and cumulative contribution for surface
roughness



4.3.3 Interaction analysis

As an expression of the relation or association between two or more independent
variables, a statistical interaction was defined in quantitative data analysis. This relation
or association is beyond what would be expected by chance and means that one cannot
just add together the effects of each independent variable upon a dependent variable; if
an interaction is present, then the effect of each independent variable varies depending
on the other independent variable(s). In this research, to analyze the data for
optimization process, the interaction analysis was used as an alternative method.
Adhesion strength, substrate temperature, coating thickness, and surface roughness
interaction data analysis were created in Tables 4.11, 4.12, 4.13, and 4.14 respectively,
by the S/N ratio data from Table 4.2. It can be seen that (A3 B2 C1 D2), (A1 B2 C3
D2), (A2 B3 C2 D3) and (A4 B1 C2 D2) were determined to be optimal parametric
combination to obtain the highest adhesion strength, highest hardness, lowest thickness,

and lowest surface values, respectively.
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Table4. 11: Interaction data analysis for adhesion strength

AXB B1 B2 B3 B4 Total Highest total response
Al 62.91 62.86 57.46 52.10 | 235.34
A2 58.78 58.13 59.08 63.42 | 239.40
A3 62.12 64.69 67.43 66.54 | 260.78 A3
Ad 61.73 63.77 65.37 67.20 | 258.08
Total 24554 | 249.46 | 249.34 | 249.27
Highest total response B2
AXC C1 c2 C3 C4 Total Highest total response
Al 62.91 62.86 57.46 52.10 | 235.34
A2 58.13 58.78 63.42 59.08 | 239.40
A3 67.43 66.54 62.12 64.69 | 260.78 A3
Ad 67.20 65.37 63.77 61.73 | 258.08
Total 255.67 | 253.55 | 246.77 | 237.61
Highest total response C1
AXD D1 D2 D3 D4 Total Highest total response
Al 62.91 62.86 57.46 52.10 | 235.34
A2 59.08 63.42 58.78 58.13 | 239.40
A3 66.54 67.43 64.69 62.12 | 260.78 A3
Ad 63.77 61.73 67.20 65.37 | 258.08
Total 252.31 | 255.44 | 248.14 | 237.72
Highest total response D2
BXC C1 c2 C3 C4 Total Highest total response
Bl 62.91 58.78 62.12 61.73 24554
B2 58.13 62.86 63.77 64.69 | 249.46 B2
B3 67.43 65.37 57.46 59.08 | 249.34
B4 67.20 66.54 63.42 52.10 | 249.27
Total 255.67 | 253.55 | 246.77 | 237.61
Highest total response C1
BXD D1 D2 D3 D4 Total Highest total response
B1 62.91 61.73 58.78 62.12 | 245.54
B2 63.77 62.86 64.69 58.13 | 249.46 B2
B3 59.08 67.43 57.46 65.37 | 249.34
B4 66.54 63.42 67.20 52.10 | 249.27
Total 252.31 | 255.44 | 248.14 | 237.72
Highest total response D2
CXD D1 D2 D3 D4 Total Highest total response
C1 62.91 67.43 67.20 58.13 | 255.67 C1
C2 66.54 62.86 58.78 65.37 | 253.55
C3 63.77 63.42 57.46 62.12 | 246.77
Cc4 59.08 61.73 64.69 52.10 | 237.61
Total 252.31 | 255.44 | 248.14 | 237.72
Highest total response D2
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Table4. 12: Interaction data analysis for hardness

AxB B1 B2 B3 B4 Total Highest total response
Al 53.21 54.46 54.42 53.39 215.48 Al
A2 53.41 53.25 52.68 53.37 212.71
A3 54.28 53.72 54.12 53.33 215.45
Ad 54.54 54.10 52.83 53.36 214.83
Total 21545 | 215,52 | 214.04 | 213.45
Highest total response B2
AxC C1 Cc2 C3 C4 Total Highest total response
Al 53.21 54.46 54.42 53.39 215.48 Al
A2 53.25 53.41 53.37 52.68 212.71
A3 54.12 53.33 54.28 53.72 215.45
A4 53.36 52.83 54.10 54.54 214.83
Total 213.93 | 214.03 | 216.18 | 214.33
Highest total response C3
AxD D1 D2 D3 D4 Total Highest total response
Al 53.21 54.46 54.42 53.39 215.48 Al
A2 52.68 53.37 53.41 53.25 212.71
A3 53.33 54.12 53.72 54.28 215.45
A4 54.10 54.54 53.36 52.83 214.83
Total 213.32 | 216.49 | 214.91 | 213.75
Highest total response D2
BxC C1 C2 C3 C4 Total Highest total response
B1 53.21 53.41 54.28 54.54 215.45
B2 53.25 54.46 54.10 53.72 215.52 B2
B3 54.12 52.83 54.42 52.68 214.04
B4 53.36 53.33 53.37 53.39 213.45
Total 213.93 | 214.03 | 216.18 | 214.33
Highest total response C3
BxD D1 D2 D3 D4 Total Lowest Highest total
B1 53.21 54.54 53.41 54.28 215.45
B2 54.10 54.46 53.72 53.25 215.52 B2
B3 52.68 54.12 54.42 52.83 214.04
B4 53.33 53.37 53.36 53.39 213.45
Total 213.32 | 216.49 | 214.91 | 213.75
Highest total response D2
CxD D1 D2 D3 D4 Total Highest total response
C1 53.21 54.12 53.36 53.25 213.93
C2 53.33 54.46 53.41 52.83 214.03
C3 54.10 53.37 54.42 54.28 216.18 C3
C4 52.68 54.54 53.72 53.39 214.33
Total 213.32 | 216.49 | 214.91 | 213.75
Highest total response D2
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Table4. 13

- Interaction data analysis for thickness

AxB B1 B2 B3 B4 Total Highest total response
Al -10.80 -7.87 -6.85 -11.07 | -36.60
A2 -5.17 -6.99 -10.82 | -10.03 | -33.01 A2
A3 -11.31 | -12.12 | -10.74 | -10.90 | -45.06
A4 -13.63 | -13.57 | -10.65 | -10.38 | -48.22
Total -40.90 | -40.55 | -39.06 | -42.38
Highest total response B3
AxC Cl C2 C3 C4 Total Highest total response
Al -10.80 -7.87 -6.85 -11.07 | -36.60
A2 -6.99 -5.17 -10.03 | -10.82 | -33.01 A2
A3 -10.74 | -10.90 | -11.31 | -12.12 | -45.06
A4 -10.38 | -10.65 | -13.57 | -13.63 | -48.22
Total -3891 | -34.58 | -41.76 | -47.64
Highest total response C2
AXD D1 D2 D3 D4 Total Highest total response
Al -10.80 -7.87 -6.85 -11.07 | -36.60
A2 -10.82 | -10.03 -5.17 -6.99 -33.01 A2
A3 -10.90 | -10.74 | -12.12 | -11.31 | -45.06
A4 -13.57 | -13.63 | -10.38 | -10.65 | -48.22
Total -46.09 | -42.27 | -34.52 | -40.01
Highest total response D3
BxC Cl1 C2 C3 C4 Total Highest total response
Bl -10.80 -5.17 -11.31 | -13.63 | -40.90
B2 -6.99 -7.87 -13.57 | -12.12 | -40.55
B3 -10.74 | -10.65 -6.85 -10.82 | -39.06 B3
B4 -10.38 | -10.90 | -10.03 | -11.07 | -42.38
Total -3891 | -34.58 | -41.76 | -47.64
Highest total response C2
BxD Dl D2 D3 D4 Total Highest total response
B1 -10.80 | -13.63 -5.17 -11.31 | -40.90
B2 -13.57 -7.87 -12.12 -6.99 -40.55
B3 -10.82 | -10.74 -6.85 -10.65 | -39.06 B3
B4 -10.90 | -10.03 | -10.38 | -11.07 | -42.38
Total -46.09 | -42.27 | -34.52 | -40.01
Highest total response D3
CxD Dl D2 D3 D4 Total Highest total response
Cl -10.80 | -10.74 | -10.38 -6.99 -38.91
C2 -10.90 -7.87 -5.17 | -10.65 | -34.58 C2
C3 -13.57 | -10.03 -6.85 -11.31 | -41.76
c4 -10.82 | -13.63 | -12.12 | -11.07 | -47.64
Total -46.09 | -42.27 | -34.52 | -40.01
Highest total response D3
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Table4. 14: Interaction data analysis for surface roughness

AxB Bl B2 B3 B4 Total Highest total response
Al 30.24 | 32.18 | 26.59 | 15.78 | 104.78
A2 26.54 | 26.25 | 24.35 | 28.55 | 105.69
A3 25.26 | 22.22 | 31.79 | 28.95 | 108.23
A4 3442 | 3192 | 30.90 | 28.36 | 125.60 A4
Total 116.46 | 112.56 | 113.63 | 101.65
Highest total response Bl
AxC C1 Cc2 C3 C4 Total Highest total response
Al 30.24 | 32.18 | 26.59 | 15.78 | 104.78
A2 26.25 | 26.54 | 28.55 | 24.35 | 105.69
A3 31.79 | 2895 | 25.26 | 22.22 | 108.23
Ad 28.36 | 30.90 | 31.92 | 34.42 | 125.60 A4
Total 116.64 | 118.58 | 112.31 | 96.77
Highest total response C2
AxD D1 D2 D3 D4 Total Highest total response
Al 30.24 | 32.18 | 26.59 | 15.78 | 104.78
A2 24.35 | 2855 | 26.54 | 26.25 | 105.69
A3 28.95 | 31.79 | 22.22 | 25.26 | 108.23
A4 31.92 | 34.42 | 28.36 | 30.90 | 125.60 Ad
Total 115.46 | 126.94 | 103.71 | 98.19
Highest total response D2
BxC C1 C2 C3 C4 Total Highest total response
B1 30.24 | 26.54 | 25.26 | 34.42 | 116.46 B1
B2 26.25 | 32.18 | 31.92 | 22.22 | 112.56
B3 31.79 | 30.90 | 26.59 | 24.35 | 113.63
B4 28.36 | 28.95 | 28.55 | 15.78 | 101.65
Total 116.64 | 118.58 | 112.31 | 96.77
Highest total response C2
BxD D1 D2 D3 D4 Total Highest total response
B1 30.24 | 3442 | 26.54 | 25.26 | 116.46 B1
B2 31.92 | 32.18 | 22.22 | 26.25 | 112.56
B3 2435 | 31.79 | 26.59 | 30.90 | 113.63
B4 28.95 | 2855 | 28.36 | 15.78 | 101.65
Total 115.46 | 126.94 | 103.71 | 98.19
Highest total response D2
CxD D1 D2 D3 D4 Total Highest total response
C1l 30.24 | 31.79 | 28.36 | 26.25 | 116.64
Cc2 28.95 | 32.18 | 26.54 | 30.90 | 118.58 C2
C3 31.92 | 2855 | 26.59 | 25.26 | 112.31
C4 2435 | 34.42 | 2222 | 15.78 | 96.77
Total 115.46 | 126.94 | 103.71 | 98.19
Highest total response D2
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4.4 Confirmation test

The latest stage in the Taguchi optimization method is to conduct a confirmation
test using these optimal parameters combination; (A3B2C1D2) for adhesion strength,
(A1B2C3D2) for hardness, (A2B3C2D3) for thickness, and (A4B1C2D?2) for surface
roughness to confirm the recommendations after the finest levels of all control factors,
as represented in Table 4.15. This research is repeated sixteen times and the average
S/N ratio of the measured adhesion strength, hardness, thickness, and surface roughness
were calculated. The consequence represents improvement of 6.02 %, 1.22%, 3.89%,
and 10.5% in adhesion, hardness, thickness and surface roughness, respectively, were
compared to the values obtained from experiments shown in Table 4.15. Actually, all
the measurable values related to the latest experiment’s parametric combination
“A3B2C1D2”, “A1B2C3D2”, “A2B3C2D3” and “A4B1C2D2” were measured in the

confirmation tests.

Table 4.15: confirmation test result for the adhesion strength, hardness, thickness and
surface roughness

Measured values

Control factors and Levels (i)

Reading

Confirmation

test DC Substrate Argon  Oxygen AV SD.
Power  temperature gas gas 1 2 3
(A) (3) (C) (D)

Adhesion (mN) 3 2 1 2 2500 2490 2511 2500.33 10.5
Hardness (HV) 1 2 3 2 532.5 546 543 540.5 7.09
Thickness (um) 2 3 2 3 1.69 173 177 1.73 0.04
Surface 4 1 2 2 0.016 0019 0017 0.01733 0.002

roughness (um)

In this research work, the sample with the highest adhesion strength (2500.33
mN) was recommended for use to create structures for implants, as it represents a more

durable coating that is essential for realizing higher lifetimes in the human body.
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However, in this direction, the correlation between the highest Ta-O coating layer
adhesion and its hardness, thickness, and surface roughness (Ra) should be investigated,
as it is very important to pinpoint the achievement level of the proposed sample vis-a-
vis other mechanical properties. From Table 4.15, it is clear that the highest adhesion
sample recorded was 478.4 HV, 2.4 um and 0.037 pum in hardness, thickness, and
surface roughness (Ra), respectively. This indicates that 88.5% of the desired hardness
value was achieved by the sample. Moreover, the coating thickness and surface
roughness of this sample were 1.4 and 2.4 times higher than the measured values in the
confirmation test; however, it should be noted that smaller values were required for both

coating thickness and surface roughness (B Rahmati, Sarhan, Zalnezhad, et al., 2015).

4.5 Wettability (Hydrophobicity/Hydrophilicity)

Many researches attempted to show the correlative relationship between surface
wettability and biocompatibility (C. N. Elias et al., 2008; L. Hao et al., 2005; Tamada &
Ikada, 1993). Furthermore, the higher wettability has a significant effect on reducing
biological friction, and that higher wettability leads to considerable implant durability
(Annarelli et al., 1999; Ponsonnet et al., 2003). Clearly, the desired technique to achieve
the higher wettability characteristics of a biomaterial's surface is of interest.

Based on the description of wettability, this study attempt to measure the contact
angles. Hydrophilicity is an advantage for bioactive materials, as well as appropriate
cell attachment, spreading, and proliferation (Webster et al., 2001). Figure 4. 14(a)
shows the FBS contact angel of 49.6 + 3° with Ti64 and Figure 4. 14(b) shows the FBS
contact angel of 62.4 + 3° with Ta-O coating after 10 min. According to category of
contact angles, the measured contact angle of both uncoated and coated samples show

that the both surfaces are high wettable.

97



(@)

Figure 4. 14: Water droplet profiles on surface of; (a) uncoated Ti64 with 49.60° contact
angle and (b) coated Ti64, exp. no.11 with 62.4° contact angle

4.6 Tribology (wear)

The wear test carried out with 15 N load, at 1.09 m/s, and 6 mm stroke for 12
minutes (720 S), while the samples were immersed in FBS lubricant. The Atomic Force
Microscopy (AFM) 3D images of wore surfaces were done for uncoated Ti64 and the
higher adhesion of Ta-O coating onto Ti64. Figure 4. 15 (a, b) shows the worn surface’s
topography. Figure 4.15(a) shows wore surface of uncoated sample with 2.356 pum the
highest point. Figure 4.15(b) illustrates the surface of coated sample after wear test with
243.4 nm the highest point. From the figures, it is found that wore surface of coated

sample is still smooth compare to uncoated sample.
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BN

Figure 4. 15: AFM 3D images of wore surface for: (a) uncoated and (b) Ta-O coating at
higher adhesion

FESEM were examined from generated debris of uncoated and coated Ti64.
Figure 4. 16(a) and (b) show the generated debris shape of uncoated and coated
substrates. As can be seen in Figure 16(a), the collected debris of wore uncoated surface

are too big with sharp corner compare to the collected debris of wore coated surface

(Figure 16(b)).

Debris

Figure 4. 16: FESEM of collected debris of: (a) uncoated and (b) coated Ti64 substrate
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Some randomly collected derbies are spotted on the wear housing. Figure 4.
17(a, b) shows the EDX result of the debris generated by uncoated and coated
substrates. Based on EDX of debris, the collected particles of wore coated surface show
that the most elements indicate Ti, Al and VV compare to the EDX of debris of uncoated
surface. It means that the most particles were separated from the Ti64 surface of pin. In

the other word, the Ta-O coated surface is too harden than the uncoated surface.
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Figure 4. 17: EDX of the collected debris after wear test from: (a) uncoated specimens
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The coefficient of friction measured (shown in Figure 4. 18) by wear test
software for uncoated and coated Ti64 were tested under 15 N load, 1.09 m/s, 6 mm
stroke, 37 °C, and immersed in FBS lubricant. The wear test have indicated 0.182
(0.013) and 0.150 (0.009) coefficient friction (standard deviation) for uncoated and
coated surface, respectively. The coefficient friction of Ta-O coated surface is less than
the uncoated surface coefficient friction. The comparison between the coefficients

frictions shows 0.17 percent improvement for coated surface.

Frictional coefficient

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750
Cumulative time (s)

------ Ti-6Al-4V substrate

Ta-O coating layer

Figure 4. 18: Coefficient of friction wear test of uncoated and coated Ti64

4.7 Corrosion

As shown in Figure 4. 19, the potentiodynamic polarization studies were carried
out on uncoated Ti64 substrate and on the coated specimens with higher adhesion TaO>
coating layer separately, which were then immersed in the FBS solution. The
corresponding mean values and standard deviation of corrosion potential (Ecorw),
corrosion current density (Icorr), and polarization resistance (R;) are represented in Table
4.16, where Ecor is descriptive of the substrate’s tendency to corrode, whereas Icorr

indicates the corrosion rate.
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Figure 4. 19: Tafel slopes from linear scan voltammetry at 25 mV s for the uncoated
Ti64 and TaO; coating onto Ti64 specimens

Table4. 16: Ecor, lcorr and Rp values of uncoated and coated Ti64 substrate surfaces

Specimens T (min) Ecorr (V) Lor (A /cmM?) Rp (Ohm cm?)
uncoated

45 0.366[0.023] 2.560x107[1.664x1078] 5.014x10°[3.5x10%
substrate
coated

45 0.165[0.0106] 6.770x10%8[4.739x107°] 2.276x106[1.457x10°]
substrate

4.7.1 Data analysis and discussions

From the given data in Table 4.16, the Ecor 15 0.366(0.023) V for uncoated Ti64,
and 0.165(0.0106) V for the TaO; coating. Moreover, lcor of Ti64 is 2.560x0
7(1.664x10%) A/cm? and 6.770x10%(4.739x10) A/cm? for the TaO; coating. According
to the polarization curves for the uncoated and coated substrate surfaces, the TaO> thin
layer coating exhibited a stable surface film, since the anodized specimens immersed for
45 min had a very low Icorr value.

Surface properties and corrosion resistance are vital characteristics of the

biocompatibility of biomaterials. The internal fluid of the body is highly corrosive,
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which is why the chemical stability of the applied biomaterial as an implant is vital from
a biocompatibility perspective. Serious corrosion is a possibility in the biomaterials if
they are implanted in the body. Usually, corrosion occurs when the metal surface is
partially shielded from the surrounding environment. Researchers (Smith & Hashemi,
2006) reported that corrosion have two major effects; first, the surface integrity of the
implants faces to risk of failure as a result of the corrosion behavior, which leads to
untimely failure, and second, the corrosion products causes undesired reaction in the
body. Human body is capable of equilibrating exciting ions in physiological condition.
The concentrations of various ions were significantly increased around the tissue when
the external material is implanted in the body. Consequently, the patient who has
implants in the body will sense this in the tissue around the implant. The corrosion
debris will then move into other parts of the body. The body’s immune system will
remove the debris from around the tissue (Virtanen, 2008). Alloying, surface coating,
and appropriate implant design reduces the risk of corrosion in medical implants.
Surface films play a key role in corrosion and osteointegration processes of implants,
and numerous surface modifications of alloy implants were performed to improve
corrosion resistance (Fathi & Azam, 2007).

The corrosion resistance of the coating thin film is attributed to the ceramic form
of Ta-O that revealed high stability. Indeed, a stable Ta-O coating on the passivated
coating surface aims to achieve a corrosion resistance layer that it is relatively bioinert
in body fluids. Nevertheless, various surface coating methods, such as electrochemical
deposition (Zein El Abedin et al., 2005), ion implantation (Pelletier et al., 2002), and
melting (E Vasilescu et al., 2010) were used to create a Ta and Ta-O coating thin film
compound onto Ti metals to improve corrosion resistance. The dense Ta-O coating layer

causes an increase in corrosion resistance.
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4.8 Cell culture test result

Osteoblast cells proliferation on control Ti64 substrate and Ta-O coating layer
was investigated by applying Alamar Blue (Resazurin) assay. Resazurin is a blue color
solution that it is used as oxidation-reduction indicator in cell viability test for bacteria
and mammalian cells and measuring aerobic respiration. It shows the cells’ viability
percentage by changing the color from blue to pink, where the latter indicating that the
cells are alive. Figure 4.20 shows the FESEM of cell growth and concentration on the
specimens at 1%, 3%, and the 7™ day. The result showed the significantly increasing cell
growth on the Ta-O coating with increasing cell culture day. The FESEM images
showed the uniform distribution of the cells, which are attached to the coated surface.

Naturally, the implant’s surface is vital towards the determination of biological
responses. The outcomes of this study show that the cell culture on the Ti64 surface can
be improved significantly by the PVDMS coating method. A development of cell
spreading and adhesion was represented on transversally and longitudinally directed Ta-
O coating surfaces.

Human fetal osteoblast cell (hFOB) cells attachment and proliferation in contact
with control-Ti64 and Ta-O coating were studied at 1%, 3 and the 7" day.
Approximately 40% cell growing was observed on the coated samples at day 7 by the
cell concentration study on the both uncoated and coated specimens. The result reported
that Ta-O coating could increase cell proliferation on the coated implant surface. No
significant difference in the cell was observed on day 1 and 3, however the number of
cells increased noticeably at higher concentrations on the Ta-O coating surface at day 7.
These facts proved that Ta-O coating can be favorable for cell proliferation (Meng et al.,
2013) .

It is confirmed that the Ta-O coating layer can significantly improve the

biocompatibility of Ti64 substrate in-vitro. In terms of the optimum parameters of
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PVDMS coating method, it can also be effective on the cell attachment at higher coating
adhesion due to a denser and homogenous surface. The Ta-O coating leads to durability

when facing body fluid.

DEC 10 2014

¥ Days3, coated sample

Day 7, uncoated sample

Cells
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Figure 4. 20: FESEM images from the cell culture test after 1, 3 and 7 days for uncoated
and coated samples
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As seen in Figure 4. 21, the amount of reduction of Alamar Blue was increasing
gradually on both uncoated and coated samples with increasing culture time. As per the
recorded cell growth rate, it is clear that the cell proliferated on the coated samples at
higher levels than the uncoated samples. Significant difference can be observed between
the cell attachment on Ta-O coating and control Ti64 from the 3" day of the culture
time, confirming that the cells could augment well on Ta-O coating layer. Moreover,
higher average cell attachment on the Ta-O coating surface compared to uncoated Ti64
substrate surface was certified with Alamar Blue assay, which specifies the higher
bioactivity of the coated surface (Liang Hao & Lawrence, 2005). The absorption
percentage of Resazurin was calculated to determine the proliferation rate of osteoblast

cells by applying Equation 4.4 (Gang et al., 2004):

((SOX)AZAAI - (gox)/11A/12)
((ERED)/11A'/12 — (erep) A’ /11)

Equation (4. 4)

X 10

Percentage reduction of Alamar Blue =

Where,

€ox = molar extinction coefficient of Resazurin oxidized from (BLUE)
€rep = molar extinction coefficient of Resazurin reduced from (RED)
A = absorbance of test wells

A = absorbance of negative growth control wells

A1 (wavelength) = 570 nm

A, (wavelength) = 600 nm
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Figure 4. 21: Alamar Blue assay illustrating osteoblast cells proliferation on control
Ti64 and Ta-O coating according to a function of cell culture days

Ti64 is considered a biomaterial with brilliant cyto-compatibility that is most
commonly used for medical implants. The higher roughness Ti64 surface was shown to
be desirable for cell attachment (Takeuchi et al., 2005). In the present work, cell
attachment on Ta-O coating deposited onto Ti64 substrate surface was greater than that

of uncoated Ti64 surface.

4.9 Chapter Summary

Based on the results, the finest adhesion, hardness, thickness and surface
roughness were summarized in factor combination of “A3B2C1D2”, “A1B2C3D2”,
“A2B3C2D3”, and “A4B1C2D2”, and mechanical characteristics such as hardness,
thickness, and surface roughness of samples at the highest adhesion were compared to
the results tabulated in Table 4.16. The comparison have shown that the hardness of the
desired sample covered 88.5% of the finest hardness, and the thickness and surface
roughness of the desired sample were 1.4 and 2.4 time higher than the finest thickness
and surface roughness, respectively. The comparison of the thermal treated Ta-O

coating at 400 °C to higher adhesion among the untreated samples showed 5.4%
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adhesion strength improvement. Thermal treated Ta-O coating wear test have presented
almost similar frictional coefficient with the untreated one, while treated Ta-O coating
indicated lower corrosion resistance. The desired sample wear and corrosion test have
shown significant improvement compared to the uncoated Ti64 substrate and treated
Ta-O coating.

According to the cell culture test results, cell proliferation on the Ta-O coating

was noticeably higher than the cell attachment on the Ti64 surface.
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CHAPTER 5: SURFACE THERMAL TREATMENT

5.1 Introduction

To determine and compare the improvement percentage of surface thermal
treatment effect on adhesion of Ta-O thin film coating after PVDMS coating method,
the coated samples were classified into two groups with lower and higher PVDMS
adhesion strengths. Characterization methods were done on samples after thermal
treatment, and then hardness and surface roughness of the highest adhesion were

measured for comparison with the test results, which will be discussed below.

5.2 FESEM, XRD, EDX and scratch test result of thermal treated Ta-O coating at
the lower PVDMS adhesion

At the first phase, the sample with lower Ta-O coating was selected to for
thermal treatment experiments. FESEM images of the cross sections before and after
thermal surface treatment and an intensity graph of the related samples are shown in
Figure 5.1(a-d). Figure 5.1(a) shows the cross section and intensity graph of an
untreated specimen. Figure 5.1(b), (c) and (d) illustrate the cross section and intensity
graph of samples treated at 300, 400 and 500°C, respectively. The FESEM images
indicate the coatings’ lamellar structure. Figure 5.1 show the diffusion rate of Tantalum
and oxygen and chemical composition of Ti64, Ta-O, and Ti. The influence of film

morphology on the electrochemical properties of tantalum oxide is evident.

111



Ti-6Al-4V

Ti-6Al-4V

0

02 04 08 Ul

(a) Untreated thin film coating
1000—5 ~~ OKal

: " AlKal
800 TiKal

: 7V Kal
600— Ta Mol
400;
200;;

DR R S B Gkt Lt A i ot A e e g

34 3.6 3

Ti-6Al-4V

200

B

r|1 ﬁﬂﬁ\ﬁ“ﬁ.ﬂ!ﬁ?e'ﬁ‘h A

4]

0

~ 0Kal

" AlKal
Ti Kod.

~ VKl
Ta Mal

(d) Thin film coating treated at 500°C

Figure 5. 1: FESEM cross-sectional view and intensity micrographs of coated samples
at argon flow rate and oxygen flow rate 50% and 6% respectively, 140°C substrate
temperature and 200 W DC power: (a) untreated surface, (b) thermal treated surface at

300 °C, (c) thermal treated at 400 °C, (d) thermal treated at 500 °C
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The XRD patterns were compared to standard card JCPDS#005-0682 for Ti,
JCPDS#004-0788 for Ta, JCPDS#015-0206 for TasO and JCPDS#008-0255 for Ta20s.
Figure 5.2 displays the XRD patterns of the substrates (Ti64) and as-prepared coatings
before and after thermal treatment at 300, 400, and 500°C for 1 h. In accordance with
this figure, the XRD profile of the substrate (S1) contains several peaks located at
approximately 35.4°, 38.5°, 40.4°, 53.3°, 63.6°, 71° and 76.9°, which were attributed,
respectively, to the (1 00), (002),(101),(102),(110),((112) and (201)
orientations of the Ti64 substrate (JCPDS#005-0682). According to the S2 XRD profile
following the PVDMS process, the main characteristic peaks of the as-prepared coating
belong to high crystalline Ta (JCPDS#004-0788) and TasO (JCPDS#015-0206), which
overlapped due to significant phase evolution after the PVDMS process. In this case, no
Ta,Os characteristic peaks were detected in the XRD patterns, suggesting that no
crystallization occurred during the coating process. During surface thermal treatment at
300 (S3), 400 (S4), and 500°C (S5), tantalum oxide layer crystallization occurred, and
consequently, Ta,Os characteristic peaks with orthorhombic structure (JCPDS#008-

0255 for Ta20s) were identified.
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Figure 5. 2: XRD patterns of the substrate (Ti64) and as-prepared coatings before and
after thermal treatment at 300, 400, and 500°C for 1 h; S1 for substrate; S2 for coated

substrate; S3, S4 and S5 for coated samples treated at 300, 400 and 500°
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Figure 5.3(a-d) show the FESEM of Ta-O coatings on specimen surfaces before
and after thermal treatments. Figure 5.3(a) show the surface coating before thermal
treatment, and Figure 5.3(b), (c), and (d) show the surface coatings after thermal
treatments at 300, 400, and 500°C, respectively. According to these figures, the surface
coating became denser as the temperature increased from 300 - 500°C. Above 300°C,
the Ta-O density growth rate increased strongly due to Ta self-oxidation from the
oxygen in the furnace along with thermal treatment at higher temperatures. FESEM
characterization reveals that different thermal treatment temperatures resulted in
different surface morphologies during surface treatment. The dense and smooth coating
in the current study is possibly a result of the presence of additional Ta-O, high oxygen
ion concentration, high temperature, and thermal treatment time, all of which favored

the formation of a uniform coating.
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Figure 5. 3: FESEM surface topography of coated Ti64 samples: (a) untreated, (b)
treated at 300°C, (c) treated at 400°C, and (d) treated at 500°C

The elemental composition of Ta-O coating surface was identified before and
after thermal treatment by energy dispersive X-Ray analysis (EDX). Figure 5.4(a-d)
show the EDX before and after thermal treatments. From these plots, it was found that
the oxygen element density on the coated surface increased during surface thermal
treatment from 300 - 500°C. Figure 5.4(a) show the wt. % of Ta and oxygen before
thermal treatment and Figure 5.4(b), (c) and (d) show the densities of Ta and oxygen
elements after thermal treatments at 300, 400, and 500°C, respectively. Figure 5.4(d)
indicate the highest percentage of oxygen on the treated surface at higher thermal

treatment temperature (500°C). In contrast, Figure 5.4(a) show the lowest percentage of
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oxygen prior to thermal treatment. Moreover, Figure 5.4(b) and (c) indicate that the

percentage of oxygen was higher after treatment compared to the untreated thin film

coating. These graphs illustrate that the formation of tantalum oxide was higher at

400°C compared with 300°C thermal treatments. Essentially, the tantalum oxide layer

had formed prior to surface treatment, but concluded after the thermal treatment was

completed. In particular, oxidation gradually increased during thermal surface treatment

from 300 - 500°C. These results are in complete agreement with the XRD results shown

in Figure 5.2.
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Figure 5. 4: EDX of coated Ti64 substrate surface: (a) untreated Ta-O layer, (b) Ta-O
layer treated at 300°C, (c) Ta-O layer treated at 400°C, and (d) Ta-O layer treated at

500°C
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In this study, scratch adhesion testing was performed on untreated and treated
samples to measure the Lc. The critical loads are specified in Figure 5.5(a-d), which
shows the failure characteristics of Ta-O-coated Ti64. Figure 5.5(a) represent the
scratch failure load prior to thermal treatment. Figure 5.5(b), (c), and (d) illustrate the
Lc after thermal treatment at 300, 400, and 500°C, respectively. In Figure 5.5(a), it is
observed that the critical load to remove the coating layer is 713 mN. However, in
Figure 5.5(b), (c), and (d), the adhesion strengths observed are 911, 1617, and 1907 mN,
respectively. According to the scratch test results, thermal treatment affects thin film
coating adhesion, whereby thin film layer adhesion to the substrate is stronger at 500 °C
(Figure 5.5(d)) than at lower temperatures. This may be due to layer atoms penetrating
into the substrate surface, creating a more powerful bond at temperatures increasing

from 300 - 500°C.
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Figure 5. 5: Load and depth vs distance graphs for: (a) untreated Ta-O layer with 713

mN Lc; (b) Ta-O layer treated at 300°C with 911 mN Lc; (c) Ta-O layer treated at
400°C with 1617 mN Lc; and (d) Ta-O layer treated at 500°C with 1907 mN Lc
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As per Figure 5.6(a), a Ta-O thin film coating was formed on the Ti64 substrate
surface during the PVDMS process. XRD analysis (Figure 5.2(S2)) was conducted for
TasO on Ti64 substrate surface. Moreover, in the EDX analysis of untreated specimens
illustrated in Figure 5.4(a), the presence of Ta and O in the thin film coating
composition was proven. The untreated sample scratch test demonstrated a 713 mN
adhesion, which is insufficient to deter layer delamination from the Ti64 substrate. Due
to the shallow diffusion of Ta-O into the substrate’s surface, surface thermal treatment
was carried out on the coated substrates at different temperatures (300, 400, and 500°C).
Based on Figure 5.1(b), (c), and (d), the layers became denser, and the percentage of
oxygen element rose throughout thermal treatment from 300 to 500°C, respectively.
Moreover, the diffusion of Ta and oxygen into the substrate surface is evident, as the
surface gradually grew. This indicates that coating adhesion increased from 713 to 911,
1617, and 1907, as shown in Figure 5.5(a), (b), (c), and (d), respectively. The rise in
oxygen element in the Ti64 substrate surface coating layer may have happened, owing
to the free oxygen in the furnace and oxygen captured in the coating layer. The oxygen
reacted with free Ta in the coating layer. Sufficient reaction time and proper conditions
were available for tantalum oxide to form during thermal treatment. As seen in the
XRD analysis (Figure 5.2(S3, S4, S5)), oxidation was completed at 300, 400, and
500°C, respectively. These conditions facilitated strong adhesion between the Ta-O thin
film layer and Ti64 substrate surface. Essentially, Ta-O diffused into the substrate
surface throughout thermal treatment. Moreover, transition metal oxides are
theoretically more stable due to a large decrease in the standard Gibbs energy. Thus,
TaO; and Ta0s, as transition metal oxides, are stable (Ushikubo, 2000). The reaction of
TaOx is:

2Ta0,+0?2 « Ta05 + 26 1)
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This chemical equation indicates that both TaO, and Ta.Os are stable (Wei et al.,
2008).

Figure 5.6 display the increasing trend of the thin film-substrate surface critical
load. The scratch test critical load improved after thermal treatment at 300, 400, and
500°C, respectively (Figure 5.5), meaning the Ta-O thin film coating elements diffused

properly into the Ti64 substrate surface, which did not easily delaminate.
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Figure 5. 6: Critical load vs temperature graph, before and after thermal surface
treatment at different temperatures on lower PVD adhesion
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5.3 FESEM, XRD, EDX, wettability, scratch, hardness, thickness, surface
roughness test result of thermal treated Ta-O coating at the higher PVDMS
adhesion

At the second phase, the sample with the higher Ta-O coating was chosen for
thermal treatment experiments. FESEM images of the cross sections before and after
thermal surface treatment, and an intensity graph of the related samples, are shown in
Figure 5.7(a-d). Figure 5.7(a) show both the cross section and line scanning of an
untreated specimen at higher adhesion. Figure 5.7(b), (c), and (d) illustrate the cross
section and line scanning treated samples at 300, 400, and 500°C, correspondingly. The
FESEM images show the coatings lamellar structure. Similarly, Figure 5.7 shows the

diffusion rate of Tantalum and oxygen and chemical composition of Ti64, Ta-O, and Ti.
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The influence of film morphology on the electrochemical properties of tantalum oxide is

evident at 300 and 400°C.
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Figure 5. 7: FESEM cross-sectional view and intensity micrographs of coated samples
at argon flow rate and oxygen flow rate 30% and 6% respectively, 180 °C substrate
temperature and 300 W DC power: (a) untreated surface, (b) thermal treated coating at
300 °C, (c) thermal treated at 400 °C and (d) thermal treated at 500 °C
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Figure 5.8 shows the XRD profiles of the as-prepared coating (S1) before and
after thermal treatment at 300 (S2), 400 (S3), and 500 °C (S4) for 1 h. As can be seen,
the XRD patterns shown in Figure 5.8(a) were well indexed as being the tantalum and
tantalum oxide phases based on standard data. For the as-prepared sample (S1),
diffraction peaks other than that of the Ta phase (#004-0788 for Ta; body-centered
cubic (bcc) crystal structure) were observed. These peaks were characterized as being
due to TaO>’s low crystalline phase. In the case of treated sample at 300 °C (S2), the Ta
phase is simply observed, and only one peak with a low intensity due to the TaO> was
observed at approximately 54.850°. The XRD patterns reveal pronounced changes in
the 26 angle and intensity for the treated samples at 400 and 500 °C. During thermal
treatment at 400 °C (S3), all the representing peaks corresponding to TaO- disappeared
completely, and the XRD profile indicated major Ta, TaOx and Ta>Os phases. This
suggests that annealing at 400 °C may change the phase structure of the tantalum oxide
phase from TaO. to TaOx and Ta2Os phases. The development of highly crystalline
tantalum oxides would be expected to be detected in the case of S4 when the coated
sample was annealed at 500 °C, considering the crystallization of thin film through
thermal treating. However, the majority of the diffraction peaks could be indexed as the
hexagonal phase, due to the (1 00), (002),(101),(102),(103)and (112
diffractions of Ti in accordance with JCPDS#001-1198. This effect was possibly due to
the delamination of the as-prepared coating or the formation of a heterogeneous thin
film within thermal treatment at 500 °C. Moreover, two characteristic peaks were
recognized as (1 1 0) and (2 1 1) diffractions of cubic Ta according to JCPDS#004-
0788. Figure 5.8(b) displays the magnified XRD profiles in the ranges of 36° < 26 <
40°, 41° < 20 < 65° and 63° < 20 < 70°. From this figure, the XRD profiles for the
annealed samples at 400 and 500 °C exhibit significant changes in the 26 angle. Here,

the peak shift can be caused by strain or by changes in chemical composition. In the
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case of strain resulting from planar stress - very likely in a thin layer - diffraction peaks
would be shifted to lower angle for compressive stress and to higher angle for tensile
stress. Moreover, changes in stoichiometry can produce similar effects. Consequently, a
drastic change in chemical composition and the formation of a solid solution may
increase lattice constants, thus decreasing the diffraction angle 26. Based on the
obtained data, the lattice constant of the as-prepared coating was 3.3413 A, which rose
to 3.3486 and 3.3804 A in the case of the annealed specimens at 300 and 400 °C,
respectively. In contrast, at high temperature annealing, the lattice constant decreased to
3.3025 A and the 20 angle shifted to higher angle due to the chemical and structural
evolutions. These findings suggest that the phase composition and structural features of

thin films may be strongly influenced by the annealing temperature.
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Figure 5. 8: XRD profiles of the as-prepared coating (S1) before and after thermal
annealing at 300 (S2), 400 (S3), and 500 °C (S4) for 1 h as well as the magnified XRD
patterns in the ranges of 36° <260 <40°, 41° <20 < 65° and 63° <20 <70°

Figure 5.9(a-d) show the FESEM of

Ta-O coatings on specimen surfaces before

and after thermal treatment, while Figure 5.9(a) show the surface coating before thermal

treatment, and Figure 5.9(b), (c) and (d)

treatment at 300, 400, and 500 °C, respect

show the surface coatings after thermal

ively. As can be seen in these figures, the

surface coating became denser as the temperature increased from 300 to 500 °C.
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Beyond 300 °C, the Ta-O density growth rate strongly increased due to Ta self-
oxidation from the oxygen in the furnace, along with thermal treatment at higher
temperatures. The FESEM characterization reveals that different thermal treatment
temperatures produced different surface morphologies during surface treatment. The
dense and smooth coating in the current study is possibly the result of the presence of
additional Ta-O, high oxygen ion concentration, high temperature, and thermal

treatment time, all of which favored the formation of a uniform coating.
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Figure 5. 9: FESEM surface topography of coated Ti64 samples with high adhesion: (a)
untreated, (b) thermal treated at 300°C, (c) thermal treated at 400°C, and (d) thermal
treated at 500°C
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The elemental composition of Ta-O coating surface was identified before and
after thermal treatment by energy dispersive X-Ray analysis (EDX). Figure 5.10(a-d)
show the EDX before and after thermal treatment. From these plots, it is found that the
oxygen element density on the coated surface increased during surface thermal
treatment from 300 to 500 °C. Figure 5.10 (a) shows the wt. % of Ta and oxygen before
thermal treatment, while Figure 5.10(b), (c) and (d) show the densities of Ta and oxygen
elements after thermal treatment at 300, 400, and 500 °C, respectively. Figure 5.10(d)
indicate the highest percentage of oxygen on the treated surface at higher thermal
treatment temperature (500 °C). In contrast, Figure 5.10(a) show the lowest percentage
of oxygen before thermal treatment. Moreover, Figure 5.10(b) and (c) indicate that the
percentage of oxygen was higher after thermal treatment compared to the untreated thin
film coating. Moreover, these plots (Figure 5.10(b) and (c)) illustrate that the formation
of tantalum oxide exceeded 400 °C compared with the 300 °C thermal treatment.
Essentially, the tantalum oxide layer had formed before surface treatment, but
concluded after thermal treatment completed. In particular, oxidation increased
gradually during thermal surface treatment from 300 to 500 °C. These results are in

complete agreement with the XRD results shown in Figure 5.8.

128



cps/eV. cps/eV

101
° (a) Ta @ (b)
104 Ta
¢ Tantalum 8
o
* Oxygen
o
o
o
o
2
ok . °
a 0 a2 a
O’T I 1 o 1 I \T‘ T T 1 I T I \T‘ T
1 2 3 4 5 6 7 8 9 3 4 5 6 7 8 9
keV keV
ps/eV ps/eV.
T2 ® ®
: (c) : (d)

T e S e e e L e N A Eaa LI LA B s o o o
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9

Figure 5. 10: EDX of coated Ti64 substrate surface: (a) untreated Ta-O coating, (b)
thermal treated Ta-O coating at 300°C, (c) thermal treated Ta-O coating at 400°C, and
(d) thermal treated Ta-O coating at 500°C

Fetal bovine serum contact angle measurement indicates that treated Ta-O
coating at 400 °C was capable of improving the hydrophobicity of untreated Ta-O
coating on Ti64 substrate, as shown in Figure 5.11. Figure 5.11(a) shows the FBS
contact angle of 62.4 + 3° with untreated Ta-O thin layer coating after 10 minutes, and
Figure 5.11(b), (c) and (d) illustrate the FBS contact angle of 42.6 = 3°, 39.5 £ 3°, and
53.8 + 3° with thermal treated Ta-O thin film coating at 300, 400, and 500°C,
respectively.

Solids surfaces were divided into two main types based on their interaction with

liquids; high energy and low energy surfaces. Materials with high-energy surfaces, such
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as metals, glasses, and ceramics, are known as hard solids due to the covalent, ionic, or
metallic chemical strong bonds, and due to the fact that they require huge input energy
in order to break, so they are called “high energy materials”. Most molecular liquids
achieve complete wetting with high-energy surfaces.

The second type of solids, called low-energy materials, possesses weak
molecular crystals, such as fluorocarbons and hydrocarbons. In these materials,
molecules are held together by physical force, such as van der Waals and hydrogen
chemical bonds. Due to these weak forces, a lower input energy is needed to break
them; hence they are called “low energy materials”. Low energy surface can lead to
either complete or partial wetting, depending on the chosen liquid (Loeb & Schrader,
2013).

Based on the contact angles, the treated Ta-O coating sample at 400°C is more
hydrophilic, essentially because the thermal treated Ta-O coating surface possessed
higher surface energy compared with an untreated Ta-O coating surface (Balla,

Banerjee, et al., 2010).
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Figure 5. 11: Image of measured wettability: (a) untreated thin layer coating with 62.4
contact angle, (b) thermal treated surface at 300°C with 42.6° contact angle, (c) thermal
treated surface at 400°C with 39.5° contact angle, and (d) thermal treated surface at 500

°C with 53.8°

In this study, scratch adhesion testing was performed on untreated and treated
samples to measure the critical load (Lc). The critical loads are specified in Figure
5.12(a-d), which shows the failure characteristics of the Ta-O thin layer coated onto
Ti64. Also, these figures illustrate the Lc before and after thermal treatment at 300, 400,
and 500°C, respectively. In Figure 5.12(a-d), the observed adhesion strengths are 2500,
2555, 2635, and 1746 mN, respectively. Based on the scratch test results, thermal
treatment affects thin film coating adhesion, where the thin film layer adhesion to the
substrate is stronger at 400°C than at other temperatures. This may be due to layer
atoms penetrating into the substrate surface, creating a more powerful bond at

temperatures increasing from 300 to 400°C.
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igure 5. 12: Load and depth vs distance graphs for: (a) untreated Ta-O coating at higher
adhesion, (b) thermal treated Ta-O coating at 300°C with 2555 mN Lc, (c) thermal
treated Ta-O coating at 400°C with 2635 mN Lc, and (d) thermal treated Ta-O coating

at 500°C with 1746 mN Lc

As seen in Figure 5.13(a-c), the hardness, thickness, and surface roughness test

on the treated Ta-O coating samples at 400°C temperature were carried out, where the

values 581.6 HVo.2, 0.057 um, and 2.6 um were determined at the highest adhesion,

respectively.
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Figure 5. 13: The captured image of Ta-O coating; (a) hardness test, (b) thickness and
(c) surface roughness ‘Ra’' at highest adhesion at 400 °C

Figure 5.14 displays the increasing of the thin film-substrate surface critical load
up to 2635 mN at 400 °C, then decreasing to 1746 at 500 °C. The Lc improved after
thermal treatment at 300 and 400 °C, respectively, meaning that the Ta-O thin film

coating elements diffused properly into the Ti64 substrate surface, while the treated
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surface at 500 °C was delaminated, and the Lc was 1746 mN. It shows that the surface

became excessive dense and brittle at 500 °C, rendering it easily delaminated.
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Figure 5. 14: Critical load vs temperature graph, before and after thermal treatment Ta-
O coating at different temperatures

In the Ta-O coating thermal treatment, the oxygen element increase in the Ti64
substrate surface coating layer may have occurred due to existence of free oxygen in the
furnace and oxygen taken in the coating layer. The oxygen will react with free Ta metal
elements in the coating layer. Adequate reaction chance and appropriate conditions were
available for tantalum oxide to form along thermal treatment. As observed in the XRD
analysis (Figure 5.2(S3, S4, S5)), oxidation was completed for low adhesion at 300,
400, and 500 °C, respectively. These conditions aided strong adhesion between the Ta-
O layer and Ti64 substrate surface. Basically, Ta-O diffused into the substrate surface
during thermal treatment. Moreover, increased adhesion have occurred at 300 and 400
°C during the thermal treatment at higher adhesion Ta-O coating layer, with 2555 and
2635 mN respectively, while the Ta-O coating layer adhesion decreased to 1746 mN at
500 °C. It shows that the layer becoming more of an oxide, consequently, it is more

brittle and fragile. Due to the brittle Ta-O coating layer, the coating layer was easily
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delaminated from the Ti64 surface. This shows that increasing the thermal treatment
temperature is not useful in increasing any value of PVDMS process realized adhesion.

XRD analysis (Figure 5.8(S2)) was conducted for TaO2 on Ti64 substrate
surface. Moreover, as can be seen in Figure 5.10(a), the EDX analysis of untreated
specimens at higher adhesion proved the presence of Ta and O in the thin film coating
composition. According to the confirmation test result, the untreated sample scratch test
showed 2500 mN adhesion, which is sufficient to prevent layer delamination from the
Ti64 substrate surface. When investigating the highest adhesion of Ta-O on the
substrate surface, surface thermal treatment was carried out on the coated substrates at
different temperatures (300, 400, and 500 °C).

The results of scratch test indicate that coating adhesion increased up to 2635
mN, as shown in Figure 5.12. The increase in oxygen element in the Ti64 substrate
surface coating layer may have occurred, owing to the free oxygen in the furnace and
oxygen captured in the coating layer. The oxygen reacted with free Ta in the coating
layer. Sufficient reaction time and proper conditions were available for tantalum oxide
to form during thermal treatment. As can be seen in the XRD analysis (Figure 5.8(S2,
S3, S4)), oxidation was completed at 300, 400, and 500 °C, respectively. It seems that
these conditions facilitated strong adhesion between the Ta-O thin film layer and Ti64
substrate surface, while thermal treatment at 500 °C created a weak adhesion between
Ta-O thin film layers with the substrate. This might occur due to the denser and more
brittle surface.

From the cross section FESEM image and line scanning (Figure 5.7), it was
found that the Ta intermediate layer gradually disappeared due to oxidation, and
diffusion of the elements is quite deep on the opposite surfaces during temperature
increase. From Figure 5.7(c), removing the Ta intermetallic layer and elemental

diffusion are observable at 400 °C. Despite this, Ta-O layer was not observed on the
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treated sample at 500 °C (Figure 5.7(d)) due to the brittle and delaminated coating layer,

as shown in Figure 5.15.

Figure 5. 15: Delaminated layer image of thermal treated Ta-O coating at 500 °C

5.4 Tribology (wear) test result of thermal treated Ta-O coating at the highest
adhesion

Wear test was conducted based on the wear condition mentioned in the
methodology section on thermal treated Ta-O coating at highest adhesion. The test
indicates the friction coefficient of wore thermal treated Ta-O coating. Figure 5.16
represents 0.150(0.009) average friction coefficients (standard deviation) for thermal
treated Ta-O coating. This coefficient is almost equal to 0.152(0.01) frictional
coefficient for thermal treated coating layer at higher adhesion, which is achieved along

the PVDMS process.
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Figure 5. 16: Coefficient of friction wear test of untreated and treated T-O coating

5.5 Tribology result analysis and discussions

Comparison of friction coefficient of the thermal treated and untreated Ta-O
coating samples shows that there was not any significant improvement. It means that in
the case of wear test, both untreated and treated Ta-O showed similar outcomes.

The volume of wear particles is a critical factor in predicting wear extension.
The normal force and sliding distance affected the wear volume. The wear rate will
increase with increased sliding load and distance.

In this study, wear resistance was tested using the setup shown in section 3.7.6 to
evaluate the performance of wear resistance. The specific wear ratio was calculated
using the following formula (Equation 5.1) (Ching et al., 2014):

K=V./L.S Equation (5. 1)

Where K (mm*N'm™), V5, (mm?®), L (N) and S (m) are the specific wear ratio,
wear volume, and applied load and sliding distance, respectively.

The samples were weighed before and after the wear tests to calculate the
amount of weight lost (using the above formula). The specific wear ratios calculated
were 7.78 and 2.22 (mm>/Nm) for uncoated and coated Ti64 substrates, respectively.

The coated samples showed significantly lower specific wear ratio compared to the
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uncoated specimens. It is clear that the Ta-O coating layer improved the wear rate of the
titanium alloy.

The results indicate that negligible friction took place for both specimens under
similar loads and speeds. The Ta-O coating improved friction coefficient by 17%,
signifying that the Ta-O ceramic thin film coated onto Ti64 had higher wear resistance
than the uncoated substrate. As seen in the AFM images (Figure 4.15a&b), the profile of
the worn Ta-O coating layer with 0.032 um surface roughness (Ra) was still smoother
than the Ti64 substrate with 0.114 um surface roughness. This demonstrates that the
surface damage was not intense, and moderate friction occurred.

As seen in Figure 4.17(a) from chapter 4, the particles included Ti, Al, and V in
different volumes, and the amount of these percentages of particles compared with the
exciting particles in Figure 4.17(b) is invariably lower. The random particles no. 1-6
were mentioned as examples in the EDX analysis. These consequences show that the
generated particles can be separated from Ti64 substrate and pin. Despite this, from
Figure 4.17(b), it can be found that the most generated particles are related to the pin
and that its material is Ti64. It means that the surface of coated specimen is harder than
the uncoated substrate, and the surface of coated specimen is more wear resistant. The
surface of coated sample is denser and harder than the uncoated surface.

Due to the poor hardness of Ti64 substrate, the Ti64 pin can press into the
substrate relatively deeper, leading to shearing stress. Abrasion between the uncoated
substrate and pin produces a plastic deformation on the substrate surface. Due to the
smearing and deformation of substrate surface, the surface may be lost in a relatively
smooth manner. In contrast, a higher hardness of the Ta-O ceramic coating resists the
plastic deformation. This phenomenon leads to smaller wear ratio during the sliding

process.
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Orthopedic implants, particularly the joint prosthesis, are designed to act in a
similar natural joint in terms of normal range of motion. The consequences of implant
motion are friction and wear. Wear generates debris, causing tissue inflammation,
leading to osteolysis. Moreover, increasing friction induces heat generation and
undesirable chirp noise. Friction and wear are the result of relative motion of interface
of surfaces, which can be addressed by decreasing surface roughness. Applying
lubricants between the surface interfaces decreased friction and wear. Fluid film
lubrication (Jalali-Vahid et al., 2001; Jin et al., 2003), mixed lubrication (N. Ren, 2009;
Scholes et al., 2000), and boundary lubrication (Briscoe et al., 2006; Hills, 2000) are
some example of these lubrications. This study did not attempt to investigate the
mechanism of lubrication, but we should point out that body fluid act as lubricants in
the hip-joint area. It acts as a natural lubricant in the form of fluid film and boundary
lubrication in the joints. Based on definition, in the boundary lubrication, a lubricant
film adheres to the contact surfaces, which reduces friction (Coles et al., 2010), and in
the fluid film lubrication, a fluid film is formed between the bearing surfaces,
completely separating them. Debris of softer material decrease the wear rate by
attaching themselves on the harder material surface (Shanbhag et al., 1997). The debris
form thin films on the harder material surface that acts as a bridge between the contact
surfaces (Archibeck et al., 2000). The wear rate is decreased by increasing the contact
area (Hauert, 2003).

Figure 5.17 (a, b) show the wear tracks on the uncoated and coated substrates. It
indicates that the wear path of Ti64 substrate was wider. It can also be seen that the
existing track was deeper compared to the coated surface after wear. Evidently, intense
abrasion wears was evident on the uncoated surface. The SEM images display a few
grooves and rims along the sliding track. Figure 5.17(b) illustrate the morphology of the

worn coated surface, whereby the wear path on the Ta-O coating surface was shallower,
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narrower, and smoother than the uncoated substrate. Figure 4.17(a, b) AFM approves

the achieved result description from Figure 5.17.

Figure 5. 17: FESEM of wore surface of: (a) uncoated Ti64 substrate and (b) ceramic
Ta-O coating layer onto Ti64

5.6 Corrosion test result of thermal treated Ta-O coating at the highest adhesion
Corrosion test was conducted on thermal treated Ta-O coating at the highest
adhesion to examine corrosion resistance. This test was carried out according to the
corrosion procedure condition stated in the methodology section. As shown in Figure
5.18, corrosion test was formed on uncoated Ti64, coated Ti64, and thermal treated Ta-
O coating separately while dipped in FBS solution. The corresponding average values
and standard deviations of corrosion potential (Ecorr), corrosion current density (lcorr),
and polarization resistance (Rp) are represented in Table 5.1, where Ecorr explains the
substrates' tendency to corrode, and lcorr Specifies the corrosion rate. From the given
data, the Ecorr was 0.527 V for thermal treated Ta-O coating. Moreover, the lcorr and Rp
of thermal treated Ta-O coating were 2.545x10° A/Cm? and 1.418x10%® Ohm/Cm?,
respectively. Based on the polarization plots for the uncoated Ti64 substrate, untreated

Ta-O coating, and thermal treated Ta-O coating, the untreated Ta-O thin-layer coating
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exhibited a stable surface film, since the anodized specimens immersed for 45 min had

very low leorr Values.

(@) Uncoated Ti64
(b) Ta-O coating
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Figure 5. 18: Tafel slopes from linear scan voltammetry at 25 mV s for the uncoated
Ti64, untreated TaO; coating and thermal treated Ta-O coating at 400 °C

Table 5. 1: Ecorr, lcorr and Rp values of uncoated Ti64, Ta-O coating and thermal treated

Ta-O coating
Specimens Ecorr (V) leorr (Al cm?) Rp (Ohm /cm?)
Uncoated 2 . 5 4
TiBALAY 0.366[0.023]  2.560x107[1.664x10%] 5.014 x 10°5[3.5%10%]
Ta-O coating 0.165[0.0106]  6.770x10[4.739x10°]  2.276 x 10°[1.457x10]

Thermal treated Ta-

-5 -6 3 3
O coating at 400 °C 0.527[0.035]  2.545x10°[1.782x10°] 1.418 x 10°[1.04x107]

5.7 Corrosion results analysis and discussions

In the current work, a dense Ta-O layer was produced on Ti64 surface using the
PVDMS process. This dense Ta-O thin film enhanced the corrosion resistance (i.e.,
increased the corrosion potential and decreased the anodic current and Ti ion release) of
the Ti64 sample in FBS. By contrast, as seen in FESEM Figure 5.7(c), the intermetallic
Ta layer was removed from thermal treatment at 400 °C. This could be due to the Ta-O
coating layer becoming highly electronegative from moving Ta atoms towards both Ta-

O layer and Ti64 interface. The Ta atoms were induced on both sides. Since the Ta
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intermetallic layer is not saturated and needs to be oxidized, the Ta/Ta-O coating layer
shows high electronegativity, precipitated by the presence of oxygen. As seen in Figure
5.18, the Lo of treated Ta-O coating (2.545%107° A/cm?) was higher than Ieor of the
untreated Ta-O coating (6.770x10°®). One of the reasons for low corrosion resistance is
the high Icor and oxidation rate (Grevey et al., 2015; C. Wang et al., 2016) during
thermal treatment at 400 °C. Outcomes of the corrosion test results showed low
corrosion resistance of treated Ta-O coating due to the movement of the Ta intermetallic

layer into the Ti64 substrate and Ta-O coating layer.

5.8 Chapter Summary

The best combination of PVDMS factors to realize the highest Ta-O coating
adhesion is A3B2C1D2. Thermal treatment was conducted to improve Ta-O coating
adhesion. The thermal treatment increased the coating adhesion and had lower friction
coefficient similar to untreated Ta-O coating surface. Based on the corrosion test,
untreated Ta-O coating had a remarkably higher corrosion resistance. Therefore,
thermal treatment is not an appropriate method to improve corrosion and use in the body
as implants, due to the loss of biocompatibility. Unlike thermal surface treatment,
biocompatibility could not be enhanced with increasing Ta-O coating adhesion. The
thermal treatment experiment has showed that the Ta-O coating adhesion was increased
at 400 °C. With increasing thermal temperature to 400 °C, Ta atoms move from
intermetallic layer to the contact surfaces, then it leads to increased oxidation
probability, which causes corrosion, followed by loss of biocompatibility. Surface
passivation is a promising method to increase corrosion resistance, but in the current
experiments, the Ta atoms in the coating layer after thermal treatment help decrease
corrosion resistance due to increased electronegativity, and consequently reduce
biocompatibility. Surface properties and corrosion resistance are vital characteristics
pertaining to biocompatibility of the biomaterials.
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Wear tests results of the uncoated Ti64, Ta-O coating, and thermal treated Ta-O
coating have shown that result of Ta-O coating had lower friction coefficients compared
to the Ti64 surface. On the other hand, the friction coefficient of Ta-O coating was

almost equal to the thermal-treated Ta-O coating friction coefficient.

143



CHAPTER 6: CONCLUSION AND FUTURE WORK

6.1 Conclusion

In this study, the optimal PVDMS process parameters of Ta/TaO, coating on
Ti64 alloy biomaterial for better surface integrity were explored to increase coating
performance. Four PVDMS parameters, including DC power, substrate temperature,
argon gas flow rate, and oxygen gas flow rate at four levels each, were considered.
Based on optimization (Taguchi and Pareto ANOVA) and the results, the following
conclusions are made.

The best adhesion strength between coating and substrate (2500 mN) is
achievable by applying 300 W DC power, 140°C substrate temperature, 30 sccm argon
gas flow rate, and 6 sccm oxygen gas flow rate. Second, parametric combination
A1B2C3D2 results in maximum surface hardness. Third, the parameter combination
250 W DC power, 180 °C substrate temperature, 40 sccm argon gas flow rate, and 7.5
sccm oxygen gas flow rate may produce the thinnest Ta/TaO; layer coated onto Ti64.
Finally, the best surface roughness is obtained with the highest DC power (350 W),
lowest substrate temperature (100 °C), 40 sccm argon gas flow rate, and 6 sccm oxygen
gas flow rate.

The sample with the highest adhesion strength is regarded as the desired sample,
as it represents the most durable coating. Accordingly, the characteristics of the sample
with the best adhesion strength were compared with the best characteristics achieved in
other samples. It was found that the hardness achieved 88.5% of the highest hardness.
Moreover, the best sample had values 1.4 and 2.1 times higher for thickness and surface
roughness, respectively. Hence, this sample of Tantalum Oxide (Ta-O) thin film coating
with the highest adhesion strength is recommended for use in biomedical implantation
(biomedical joining prosthesis), for it exhibits the most durable coating with acceptable
hardness, thickness, and surface roughness.
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This study demonstrated that the adhesion strength of Ta-O thin film coating is
more sensitive to thermal surface treatment at increasing temperatures from 300 - 500
°C. The diffusion of Ta-O layer elements and Ti64 surface elements into each other as a
result of temperature plays a major role in the adhesion strength between the coating
layer and Ti64 substrate surface. Processing temperature seems to considerably affect
adhesion strength. Thus, higher temperature favors superior adhesion strength. The
higher adhesion strength (1907 mN) observed at higher thermal treatment temperature
(500 °C) could be explained by the better penetration of Ta-O elements into the
substrate surface, as well as the formation of a dense, thin layer coating. It represents
that the low thin film adhesion improved 267.46% at 500 °C. Moreover, thermal
treatment is a good reason why Ta,Os forms, which is a type of Ta-O with stable
oxidation and whose adhesion strength is affected by thermal treatment temperature.
On the other hand, the high adhesion of Ta-O thin film coating is not sensitive at
increasing temperature from 300 - 500 °C. The result showed that with increasing
temperature from 300 - 400 °C, the thin film adhesion on the Ti64 substrate increased to
2555 and 2635 mN, respectively. It showed 5.44% improvement at 400 °C. Despite
increasing the temperature to 500 °C, adhesion decreased to 1746 mN because of
delamination and increased brittleness of the Ta-O coating layer.

The corrosion tests have shown that the corrosion resistance of TaO: thin film
coating was higher than the Ti64 corrosion resistance after immersion in FBS, which
shows that the Ti64 surface with a thin film TaO: layer is impressive in enhancing the
passive layer resistance. Moreover, lcor Of the uncoated, coated and treated coated
samples is 2.560 x107, 6.770 x10® and 2.545x10° A/lcm?, respectively. These findings
show that the corrosion resistance behavior of TaO: thin film coated onto Ti64 is

remarkably higher than the uncoated and the treated coated of Ti64 surface. Clearly, this
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study suggests that the use of tantalum oxide reduce the risk of implant failure due to
corrosion.

Wear experiments showed that the wear resistance of Ta-O coating layer and
treated Ta-O coating layer were higher than the uncoated Ti64 surface, which is
speculated to be from debris generation. The specific wear rate of Ta-O coating layer
with 2.22 mm3/Nm and treated coating layer with 2.13 mm®Nm are lower than the
specific wear rate of Ti64 substrate with 7.78 mm3/Nm. It was also pointed out that
wore coated surface and wore treated coated surface were smoother compared to
uncoated surface under desired condition. Comparing Ta-O coating layer (untreated and
treated) friction coefficients (0.152 and 0.150) to the uncoated Ti64 friction coefficient
presented ~17% improvement.

Biocompatible Ti64 alloy surface have been coated by Ta-O thin layer in
PVDMS. The coated surface showed an enhance cell growth and proliferation compared
to uncoated Ti64 surface. This study showed that coated Ti64 alloy substrate provided
significantly enhanced cellular attachment and viability above that of the uncoated
alloy, and consequently, are promising candidates to be utilized as biological implants.
Moreover, the results offered here indicate that significantly increased biocompatibility
resulted from investigated Ta-O coating thin layer, showing great potential to provide

improved biocompatibility of Ti64 implants.

6.2 Future work

On the subject of attaching implant to bone, the durability of the implant
depends not only to the biomaterials’ surface quality, but also on cement degradation.
Failure begins with loosening at the interface surface by micro-movements between the
bio-metal and the cement, causing bio-metal particles generation and the release of

metal ions. Poor mechanical properties of cement lead to decrease the lifetime of
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implant inside the body. Future work can be the improvement of the cement mechanical

properties, biocompatibility, and adhesion strength to the bone.
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