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| . INTRODUCTION

Titanium (Ti) is known to be one of the valve metals (Al, Ta, Nbo, V, W) whose Ti
oxide (mainly Ti02) is continuously formed on its surface when exposed to an
atmosphere containing oxygen, and surface corrosion is suppressed by this layer.
In this case, the generated natural oxide film has a thickness of 2 to 5 nm and
improves the corrosion resistance of the metal. Such as metal corrosion resistance
increases the biocompatibility by inhibiting dissolution of metal in vivo". However,
the degree of osseointegration between the naturally occurring Ti oxide layer and
the bone is weak and it is continuously destroyed after implantation. Orthopedic
implants made of titanium have a life expectancy of 10 to 15 years”®. For this
reason, many studies have been actively conducted to improve the bioactivity
through the Ti surface modification in order to improve the bonding of the
implants in the bone tissue and the bone. In the natural bone, bone is mainly
composed of Ca and P, additionally, and contained the mineral elements such as Si,
Sr, Mn, Mg, and Zn and so on. Calcium (Ca) activates Ca—sensing receptors in
osteoblast cells. Phosphate (P) shows anti-inflammatory effect and stimulates bone
formation in vitro by activation protein synthesis in osteoblasts. Silicon (Si)
shows essential for metabolic processes, formation and calcification of bone
tissue. Strontium (Sr) shows beneficial effects on bone cells and bone formation
in vivo. Manganeses (Mn) is known to have beneficial role for the skeleton and
mineralization”. Magnesium (Mg) is known to have increased bone cell adhesion and
stability. Especially, zinc (Zn) is found in numerous enzymes and is known as a
trace elements in vertebrates. The Zn ion can affect the body and the skeleton in
particular. It has been demonstrated to have a wide variety if roles in various
processes in the mammalian system, such as immune defense and wound healing”.

To enhanced biocompatibility, surface treatment of Ti alloys were widely used for
biomaterial such as pulsed laser deposition, plasma spray, magnetron sputtering,
alkali treatment, electron-beam physical vapor deposition, and electrochemical

)

deposition&41. Especial ly, Plasma electrolytic oxidation is known as an excellent

_1_
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method in the biocompatibility of biomaterial due to quickly coating time and
control led coating condition. The plasma electrolytic oxidation oxide layer and
diameter modulation of Ti alloys can be obtained function of improvement of cell
adhesion™ .

Also, radio frequency (RF) megnetron sputtering is a versatile deposition technique that can
produce uniform, dense and hard coatings with a thickness < 1 mm that are homogeneous in
structure and composition. Even thouch electro-deposited and RF-sputtered surface have many
advantages, comparison of surface dharacteristics between electro-deposited and R—sputtered
surface was not researched. Zn coated micropore surface can improve bone strength, reduce
interfacial failure®. According to a previous study, Ti-BAI-4V after plasma electrolytic
oxidation in solutions containing Ca, P, and Zn ions presented superior in improving the
biocompat ibility if the humen body™'®. And, studies have been presented that enhanced the
calcification of ostedblasts when Zn is oombined to biological coating materials by
sputter ing method™.

Therefore, in the study, we investigated surface characteristics of zinc
coatings on the PEO-treated Ti-6A1-4V by RF—sputtering.
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Il'. BACKGROUND

2.1. Properties of bio—metallic materials

Orthopedic and dental implants, which are implanted in human tissues for
long periods of time, must not be toxic to living cells and have a long
lifespan because the fatigue load is applied for a long time. In addition,
the abrasion resistance between the femoral head and the acetabular cup
should be excellent™. Generally, metallic materials for living body which
should have such characteristics include stainless steel (316L), cobalt
(Co=Cr) alloys, titanium and alloys. 316L is used as a medical material
because of its low cost and good corrosion resistance, but it cannot
withstand continuous load and it can cause side effects that weaken bone
strength. Titanium and Ti-6Al-4V alloys, on the other hand, have excellent
biocompatibility with bone-Iike elastic modulus and have been widely used as
artificial joints and dental implant materials'®®. Table 1 shows the
properties of biomaterials when selecting or developing bio alloys.

The affinity of the bio alloys is determined by the reactivity between the
initial bone fiber cell and the metal and the reactivity with the metal ion
or metal oxide eluted in the body, that is, the corrosion product with the
bone fiber cell, the biological fluid, the blood. Ti, Nb, and Zr are known
as metal elements that are excellent in corrosion resistance in vivo, and
are not toxic to corrosion products, fibrous cells, biological fluids, and
the like and thus have excellent biocompatibility. Fig. 1 shows that the
elements of Fe, Co, Bi, Ag, Sr, Mg, V, Cu, Zn, Cd and Hg are highly
cytotoxic®”. On the other hand, Ti, Ti alloys, Ta, Nb, Zr, and Pt are

elements or alloys with excel lent biocompatibility®?".
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Table 1. Properties of biomaterial®

— Osseointegration
Biocompatibility - Bio—corrosion resistance
— Adverse tissue reaction

- Elastic modulus

- Tensile, yield strength

- Elongation

- Toughness

- Fatigue crack initiation, and propagation
— Hardness, wear resistance

Mechanical properties
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2.2. Ti alloy as biomaterial

The metallic materials used as biomaterials must take into account the
biostability associated with the immune response and the biocompatibility
associated with the properties of the material. Due to these demanding
requirements, metal materials that can be used as biomaterials are extremely
limited; stainless steel (316L), Co-Cr alloys, Ti and Ti-6Al-4V alloy, etc.
Among them, the Ti alloy has very low density, the elastic modulus most
similar to that of the bone tissue, and has excellent mechanical and
corrosion resistance characteristics, and is most popular as an implant
material.

Pure Ti is an element belonging to 4 period 4 tribes on the periodic table
and divided into 4 types from grade | to IV, representatively, it is
distinguished as Ti-6Al1-4V and Ti-6A1-4V extra low interstitial (ELI). Ti is
the ninth most abundant element following O, Si, Al, Fe, Ca, Na, K, and Mg
among the constituents of the crust, Table 2 shows the composition of Ti and
its alloys®™. Ti has a specific gravity of 4.54 g/ot and is 1.6 times
heavier than Al (2.71 g/or) and 60 % lighter than Fe (7.87 g/cm), It
corresponds to light metal. Pure Ti has a melting point of 1668 C and
higher than Fe (1536 C), and has a low coefficient of thermal expansion
and thermal conductivity®®.

As shown in Fig. 2, the Ti-6A1-4V alloys consists of two alloys, HCP (a
phase) and BCC (B phase), the a phase is stable from room temperature to
882.5 C and B phase is stable at temperatures above 882.5 C. The usual
Ti-6A1-4V alloy is manufactured by heating the B phase transformation
temperature as closely as 882.5 C, in order to precipitate B phase
particles on a fine o phase base structure and grain boundary, was
annealing. Phase transition from a phase to B phase occur at a temperature
of 882.5 C due to its high melting point, thermal conductivity and electric

26,27)

conductivity Table 3 shows the physical property of Ti with phase
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transformation at 882.5 C%.

Ti is excellent in corrosion resistance and firmly adhering to the
titanium oxide film formed on the surface, so that it has a large effect of
inhibiting corrosion into the inside of the material, and is immediately

regenerated even if the passivation film is destroyed.
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Fig. 2. Allotropic transformation of titanium®?"
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Table 2. Composition of CP titanium and alloys (wt. %)%

Titanium N C H Fe 0 Al ) Ti

CP grade | 0.03 0.10 0.015 0.02 0.18 - - balance
CP grade Il 0.03 0.10 0.015 0.03 0.25 - - balance
CP grade Il 0.03 0.10 0.015 0.03 0.35 - - balance
CP grade IV 0.03 0.10 0.015 0.05 0.40 - - balance
Ti-6Al1-4V  alloy 0.05 0.08 0.015 0.30 0.20 5.50-6.75 3.50-4.50 balance
Ti-6Al1-4V  ELI alloy 0.05 0.08 0.012 0.10 0.13 5.50-6.50 3.50-4.50 balance

-9-
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Table 3. Physical property of titanium®

Property a-Ti (>99.9 wt. %)
Linear expansion coefficient 8.36 - 10° K
Thermal conductivity 14.99 W/m - K
Specific heat capacity 523 J/Kkg - K
Electrical resistivity 56-107 Q -m
B/a Transform. temperature 882.5 C
Young's modulus 115 GPa
Shear modulus 44 GPa
Poisson's ratio 0.33
Density 4.51 g/cm’

- 10 -
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2.3. Titanium dioxide (TiOp)

In general, metals are exposed to the atmosphere and form an oxide film
natural ly. This is caused by a reaction with gas in the atmosphere. Theoretically,
Ti forms oxides such as TiO, TiOz, Ti20s and Tis0s, and TiO. is the most
stable oxide®™. When the Ti implant is placed in the human body, the
surrounding tissue of the implant surface is connected to the TiO, layer. Ti
surfaces can bond tightly to bone tissue directly by forming apatite layers
between the interface. This bone-like apatite layer can accelerate the
process of osseointegration®. When this oxide is exposed to oxygen, an oxide
film having a thickness of 10 A is formed within 1/1000 second, and within
one minute, this oxide film becomes 100 A thick. The biocompatibility of the
Ti implants is determined by the surface characteristics of the Ti0: layer,
when oxygen is sufficiently supplied, the formed TiO, has a high bioactivity
on the electrically negatively charged surface, and hydroxy! groups (OH) are
well formed on the surface. In addition, it can be said that the implant is
passivated that if the implant is oxidized and the oxide film is not
destroyed under physiological conditions. These passivated Ti are very few’".

In addition, TiO, is the only naturally occurring oxide of Ti at
atmospheric pressure, exhibits three polymorphs; anatase, rutile, and
brookite. It is classified according to the amorphous state and the
temperature change, and be transferred from a metastable brookite and an

anatase phase to a stable rutile phase™ .

Brookite phase is a relatively
unstable substance as orthorhombic structure and exists mainly in anatase
phase and rutile phase which exist in a tetragonal structure. The crystal
form used as a photocatalyst is anatase and rutile phase, among these, an
anatase phase is known to have excellent photolytic activity®. The crystal
structure and physical properties of TiO, are shown in Fig. 3 and Table 4,

respect ively®.

_11_
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Rutile Brookite Anatase

Fig. 3. Crystal structure of Tios®,
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Table 4. Physical properties of Ti0,®

Property Anatase Rutile
Crystal structure Tetragonal Tetragonal
Atoms per unit cell (Z) 4 2
Space group lé%Tnd JDéivnn
m
Lattice parameters (nm) a=0.3785 a = 0.4594
c=0.914 ¢ = 0.29589
Unit cell volume (nm®)? 0.1363 0.0624
Density (kg m®) 3894 4250
Calculated indirect band gap
(eV) 3.23-3.59 3.02-3.24
(nm) 345.4-383.9 382.7-410.1
Exper imental band gap
(eV) ~ 3.2 ~ 3.0
(nm) ~ 387 ~ 413
Refractive index 2.54, 2.49 2.79, 2.903
Solubility in HF Soluble Insoluble
Solubility in H0 Insoluble Insoluble
Hardness (Mohs) 5.5-6 6-6.5
Bulk modulus (GPa) 183 206

# Since the numbers of atoms per unit cell is halved upon going from rutile

to anatase, the lattice parameters and unit cell volumes must be viewed

accordingly.

Collection @ chosun
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2.4. Surface treatment for titanium34)

Ever since metal implants based on the osseointegration of the modern
concept of 1969 were first practiced in Sweden, for the past 30 years Ti and
Ti alloys have had the best clinical results. Ti and Ti alloys form a dense
passive film on the surface, which is excellent in corrosion resistance and
biocompatibility. However, since Ti does not have bioactive properties, it
is slow in osteogenesis, has a long healing period, and has weak adhesion
between bone and implant. In order to solve these drawbacks, studies have
been carried out to increase the surface area of the implants, to change the
surface shape, and to improve the bone bond strength through physical and
chemical surface treatment. Since 1990, a variety of surface modification
attempts have been made to increase the adhesion rate with bone tissue while
minimizing the absorption of bone around the implant and to improve the
affinity with the surrounding soft tissue and the bonding strength. Table 5
shows an overview of surface modification methods for Ti and its alloys

implant® .

_14_
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Table 5. Overview of surface modification methods for Ti and its alloys implantsw

Sur face modification methods

Modified lyaer

Objective

Mechanical methods
Machining
Griding
Polishing

Blasting
Chemical method

Chemical treatment
Acidic treatment
Alkaline treatment

Hydrogen peroxide treatment

Sol-gel

Anodic oxidation

CvD

Biochemical method

Physical method
Thermal spray
Flame spray
Plasma spray
HVOF

DGUN
PVD

Evaporation
lon plating
Sputtering
lon implantation and deposition
Beam-line ion
implantation
PIII

Glow discharge plasma treatment

Rough or smooth surface formed by
subtraction process

< 10 nm of surface oxide layer

1 um of sodium titanate gel

~ 5 nm of dense inner oxide and

porous outer layer
T 10 um of thin film, such as

calcium phosphate, Ti02 and
silica

T 10 nm to 40 um of Ti0, layer,
adsorption and incorporation of
electrolyte anions

1 mm of TiN, TiC, TiCN, DLC
thin film

Modification through signalized
titania, photochemistry,

sel f-assembled monolayers,
protein-resistace, etc.

30 to 200 um of coatings, such
as Ti, HA, calcium silicate,
Al20s, Zr0z, Ti02

1 um of TiN, TiC, TiCN, DLC,
and HA thin film

10 nm of surface modified
layer and/or ~ gm of thin film

1 nm to
modified layer

100 nm of surface

Produce specific surface
topographies; clean and roughen
surface; improve adhesion in bonding

Remove oxide scale and contamination
Improve biocompatibility,
bioactivity or bone conductivity
Improve biocompatibility,
bioactivity or bone conductivity

Improve biocompatibility,
bioactivity or bone conductivity

Produce specific surface
topographies;
resistance; improve

biocompatibility, bioactivity or

bone conductivity
Improve wear resistance, corrosion

resistance and blood compatibility
Induce specific cell and tissue

response by means of
surface—immobilized peptides,
proteins, or growth factors

improved corrosion

Improve wear resistance, corrosion
resistance and biological properties

Improve wear resistance, corrosion
resistance, blood compatibility and
biological properties

Modify surface composition; improve
wear, corrosion resistance, and
biocompatibility

Clean, sterilize, oxide, nitride
surface; remove native oxide layer

Collection @ chosun
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2.4.1. Plasma electrolytic oxidation (PEO) process on Ti alloy

Ti implanted in the human body is brought into contact with the tissue by
a thin oxide film, and this TiO, plays an important role in biocompatibility.
The TiO. formed on the surface is excellent in corrosion resistance and
durability against chemical substance, |t can catalyze organic and inorganic
chemical reactions, since it has a large dielectric constant, it can induce
stronger Van der Waals forces than other oxides. Therefore, when the Ti0; is
artificially grown on the surface of the implant, the shape, thickness, and
mixed elements greatly affect the reaction between the hard tissue.

PEO method is advantageous in that the thickness and shape of the Ti0. can
be easily controlled and reproducibility that more superior than the
oxidation film formation method and the chemical oxidation method of heat
treatment in the atmosphere. Local heating occurs at the defective area in
the oxide film to cause breakdown, and as the high current flows through the
electrode and the electrolyte, the heated electrolyte in the pore is
captured, the high heat vaporized the electrolyte. Plasma composed of vapor
and accelerating electrons ionized by electric discharge is formed in liquid
state, and the ionized oxygen gas and the titanium combine to form an oxide
film. Also, this phenomenon lasts on the surface of the entire Ti0, as
sparking continues around the pores where the breakdown has become a
vulnerable part due to another defect or high heat. After the oxide layer is
formed, an oxide film is repeated formation and destruction by plasma
discharge. At this time, when the applied voltage is stopped, the surface
roughness are increased and a non-uniform porous surface is obtained™ .

Ouring the PEO process, the main reactions leading to oxidation at the

anode are as follows™:
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At the Ti/Ti oxide interface:
Ti < Ti% + 2¢". (1)
At the Ti oxide/electrolyte interface:

2H0 = 20 + 4H' (2)

(oxygen ions react with Ti to form oxide),

2H:0 < 0, (gas) + 4H + 4e (3)

(0. gas evolves or stick at electrode surface).
At both interfaces:
Ti%" + 207 < Ti0, + 2¢. (4)

In the PEO process, substances and surface shapes effective in covariance
are added to the anodic oxide film as required according to the composition
and concentration of the electrolyte, the temperature, the current density
and the forming voltage structure favorable to physical bonding can be
obtained, a structure favorable to physical bonding can be obtained, and
chemical bonding can be induced through chemical components and tissue
changes. Particularly, the separation phenomenon at the interface, which is
a difficult point in the coating process, is not a problem because the

anodic oxide coating is strongly chemically bonded®®®
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2.4.2. RF-magnetron sputtering using physical vapor deposition (PVD)®

Methods for forming thin films and nanostructure include PVD and CVD
methods. PVD is wusually wused to make high-quality thin films or
nanostructures, and since the vacuum environment is required, it is expensive
equipment, when rapid deposition on a large area, the CVD method is used. In
general, PVD methods are used to obtain better quality deposition surfaces.

Examples of the vapor deposition method corresponding to PVD include
sputtering, electron beam vapor deposition, thermal vapor deposition, laser
molecular vapor deposition, and pulse laser vapor deposition. Of these,
sputtering is the most effective method for improving corrosion resistance of
thin films and nanostructures. Such a sputtering method is classified into DC
sputtering, RF sputtering, and magnetron sputtering, and In the case of OC
sputtering, when the cathode is impacted by ions, Since electrons are lost
from the cathode surface, in case of the electrode becomes an insulating
layer, the glow discharge cannot be maintained at the DC voltage. Therefore,
lost electrons can not be replaced. This cathode surface decreases the
potential difference, and in case of the cathode is an insulator, ions will
accumulate because electrons cannot be provided. Because of this the

insulator is not sputtered.
For Ar' in DC-sputtering:
Arf + e — Ar (5)
When this accumulation occurs, the Ar' ions do not collide with each other

due to the + charge accumulated on the target and the electrostatic

repulsion, so that they can not be sputtered.
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To sustain a glow discharge using an insulator target, replace the DC power
supply with an RF power supply, and Impedance matching network must be
implemented. The RF sputter prevents the accumulation of charge on the target
surface by continuously changing the polarity of the applied voltage, and
sputtering of non-metals, insulators, oxides, and dielectrics other than
metals is possible. A target to which a permanent magnet is attached to a
cathode and which applies a magnetic field in a direction parallel to the
target surface is called a magnetron target, and since the magnetic field is
parallel to the target surface, it is perpendicular to the electric field.
Therefore, the electrons receive the force of Lorentz, and they are spiraling
movement because they are accelerated by the turning motion. Prevent not
electrons to escape near the target, and because the electron keeps turning
in, around, the plasma is kept very close to the target, and as the plasma
density increases in the nearby region, the ion exchange rate increases.

When magnetron sputtering is sputtered using a metal ‘target, by
simultaneously flowing the inert gas (Ar"), when a (=) voltage is applied to
the cathode, the electrons emitted from the cathode collide with the Ar gas

atoms, and It is mainly used to form a compound thin film by ionizing Ar.
For Ar" in RF-sputtering:

Ar + ¢ (primary) = Ar* + e (primary) + e (secondary) (6)

Fig. 4 is a Schematic diagram of the physical release principle of the
sputter system. During magnetron sputtering on any material, the thin film
is formed in the form of a solid solution alloy, a compound, or a mixture of

the two, in which particles of the reactive gas (Ar") are mixed in the metal
thin film.
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2.4.3. Zinc (Zn)

It is known that zinc (Zn), strontium (Sr), magnesium (Mg), sodium (Na),
silicon (Si), silver (Ag) and yttrium (Y) which constitutes the human body,
plays an important role in bone formation because it affect bone density.

640—42 )

The role of each ion in the human body, as shown in Table In

particular, ZnO is used as a source of Zn, which serves important and critical

roles in growth, development and well-being in humans and animals® .

Zn0 can
present three crystal structures: Wurtzite, zinc blende and rocksalt, as shown
in Fig. 5. At ambient conditions, the thermodynamically stable phase is the
Wurtzite structure, in which every Zn atom is tetrahedrally coordinated with

four oxygen atoms“a).

As a result of previous research®™ have tested the in
vitro antibacterial activity of ZnO, using pure nanoparticles or nanoparticle
suspensions, also known as nanofluids. These Zn0 has shown antimicrobial
activity against Gram-negative bacteria such as Pseudomonas aeruginosa,
Campy lobacter jejuni and Escherichia coli. Recently, the preparation of
Zn-substituted microporous films and the formation and growth of microporous

d'218:15:36%8) 71 is known as a calcium substitute

film crystals have been studie
because it has a structure in which the cation lattice structure of HA can be
easily substituted with various elements. In this case, the particle shape,
lattice size, crystallinity, and thermodynamic characteristics of the powder
are influenced, and cation (Zn*, Mg®, Sr?*) and anion (Si0s*, F, C0:*) are
mainly used as substitution ions™. In addition, Zn is one of the major
substitution ions of calcium, and the amounts contained in enamel, dentine,
and bone are 263 ppm, 173 ppm, and 39 ppm, respectively, and the eighth most
abundant cation in the extracellular temperament of bone®. Table 7 shows the
comparative composition of enamel, dentine, and bone. Zn deficiency reduces
nucleic acid metabolism, proteinogenesis and bone growth and activity in vivo,
thereby increasing the functionality of the fracture.

Therefore, it is expected that the addition of Zn in the Ca-deficient HA
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lattice affects the Ca/P ratio, thereby facilitating the formation of B-TCP and
thus having excellent biocompatibility and having characteristics comparable to
hard tissue'®. The following steps represent the chemical modification reaction
sequence for the substitution of the Ca and Zn ions, noting that Zns(P0s)s - 4H,0

is the main component of the Zn—-Ca—P coating“ﬁ).

Ca®* + HPos” — CaHPOs (7)

3CaHP0; — Cas(P04), + HsPO4 (8)

37n%" + 2H:POs + 2H' + 4H:0 + 66 — Zns(P0s)2-4H:0 + 3H 1 (9)
— 22 —
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Table 6. Effect of selected metallic ions on human bone metabolism and

angiogenesis summary of |iterature studies

40-42)

lon

Biological response in vivo / in vitro

Si

Ca

Zn

Mg

Sr

Cu

@ essential for metabolic processes, formation and calcification of bone tissue
@ dietary intake of Si increases bone mineral density (BMD)
@ aqueous Si induces HAp precipitation

® Si (OH)4 stimulates collagen | formation and osteoblastic differentiation
@® Favours osteoblast proliferation, differentiation and extracellular matrix (ECM)

mineralization
@ activates Ca-sensing receptors in osteoblast cells, increases expression of growth
factors, e.g.

IGF=1 or IGF-II
@ stimulates expression of matrix la protein (MGP) a key regulator in bone formation
@ shows anti-inflammatory effect and stimulates bone formation in vitro by activation

protein synthesis in osteoblasts
@ increases ATPase activity, regulates transcription of osteoblastic differentiation

genes, e.g. collagen |, ALP, osteopontin and osteocalcin
@ stimulates new bone formation

@® increases bone cell adhesion and stability (probably due to interactions with
integrins)
@ shows beneficial effects on bone cells and bone formation in vivo

@ promising agent for treating osteoporosis
@® significant amounts of cellular Cu are found in human endothelial cells when

undergoing angiogenesis

@® promotes synergetic simulating effects on angiogenesis when associated with
angiogenic growth factor FGF-2

@ stimulates proliferation of human endothelial cells

@ induces differentiation of mesenchymal cells towards the osteogenic |ineage
@ stimulates RNA synthesis in fibroblast cells

@ dietary boron stimulates bone formation

_23_

Collection @ chosun



Rocksalt Zinc blende Wurtzite

--------

(b)
Fig. 5. Zn0 crystal structures: cubic rocksalt (a), cubic zinc blende (b),

and hexagonal Wurtzite (c). The shaded gray and black spheres represent zinc

and oxygen atoms™.
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dentin, and bone®

Table 7. Comparative composition of human enamel,

Dentine Bone

Ename

36.6

40.3
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18.3

4.8

4.8

3.0

0
0.07
0.6
0.05
0.1
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1
0.07

1
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0.07
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IIl. MATERIALS AND METHODS

3.1. Preparation of samples

Ti-6Al-4V EL|I disk (grade 5, Timet Co. Ltd, Japan) with diameter; 10 mm,
thickness of 3 mm was as substrate sample in the study. The pre-treatment of
samples was conducted as follows; polishing with 100 - 2000 grit sandpaper, rinsing

in distilled water and ultrasonically cleaning in ethyl alcohol for 10 min.

3.2. PEO treatment on the alloy surface

Pre-treated samples were used as anodes (sample name: Ca/P) and Pt rod was used
as cathode in different electrolytic bathes as shown in Table 8. The schematic
diagram of PEO treatment system is shown in the Fig. 6. Electrolytes were used
for 0.15 M calcium acetate + 0.02 M calcium glycerophosphate for PEO process.

A pulsed OC power supply (KEYSIGHT Co., Ltd.; USA) was employed for PEO
process. The optimum applied voltage and PEO-treated time were selected to be 280
V and 3 min, respectively. The temperature of the electrolyte was kept below 25
° C by a cooling system. The PEO-treated samples were rinsed with distilled

water, and then dried using warm air.
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Fig. 6. Schematic diagram of PEO treatment system.
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Table 8. The condition of electrochemical deposition

Working equipment

DC Power supply (KEYSIGHT Co., Ltd.; USA)

Working electrode

Sample (Ti-6Al-4V alloys)

Counter electrode

High dense carbon

Electrolyte 0.15 M Calcium acetate monohydrate [CsHsCaOs - Hx0]
+ 0.02 M Calcium glycerophospate [CsH/Ca0sP]
Applied voltage 280 V
Applied current 70 mA
Time 3 min

Collection @ chosun
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3.3. Zinc coating by the radio-frequency (RF) magnetron sputtering

The Zn thin film was coated using a RF-magnetron sputtering system (A-Tech
system Co., Korea). The schematic diagram of RF-magnetron sputtering system
is shown in Fig. 7. And the condition for Zn coating is shown in Table 9.
The distance between the substrate and the target was 80 mm, and Zn target
with a diameter of 4 inch was used for sputtering. The pressure in the
chamber was initially set to less than 10° Torr. A mass flow controller was
used to generate a 40 sccm argon (Ar) gas flow into the chamber. The coating
pressure of the Ar gas atmosphere was maintained at 2.0 ~ 4.0 X 107 Torr,
and a RF power of 60 W was applied for 0, 1, and 3 min (sample name: Ca/P
for O min, 1 min/Zn for 1 min, 3 min/Zn for 3 min), which led to the
formation of plasma. Prior to coating, pre-sputtering was carried out with

Ar gas using a shield to protect the sample for 5 min.
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Fig. 7. Schematic diagram of RF-magnetron sputtering system.
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Table 9. The coating condition of RF—magnetron sputtering

Coating condition

TiOz film

Equipment
Target
Base pressure
Working pressure
Gas
Pre-sputtering
Deposition time

Power supply

RF sputtering
Zn (99.99%)
107 Torr
10 Torr
Ar (40 sccm)
10 min
0, 1, 3 min
60 W

Collection @ chosun

_31_



3.4. Surface characterization for Ti—6Al-4V alloys

To RF-sputtered Zn coatings on PEO-treated sample surfaces were characterized by
using a field-emission scanning electron microscopy (FE-SEM, S-4800, Hitachi
Co., Japan), and thin-film X-ray diffractometer (TF-XRD, X'pert Pro MPD,
PANalytucal Co., Netherlands) with Cu K. radiation. Energy dispersive X-ray
spectroscopy (EDS, E-MAX, Horiba Co., Japan) was used to analyze the Ca, P, and

Zn in the RF-sputtered Zn coating surface after PEO treatment.

3.5. Cell culture test

MC3T3-E1, an osteoblast—like cell line, was extracted from a mouse skull was
appropriately dispensed at a concentration of 1 x 10° cells / ml. Cells were
cultured in a-MEM (a-minimum essential medium) medium supplemented with 10 %
fetal bovine serum (FBS), 10 U/m¢ penicillin/streptomycin. The cells were
cultured at 37 C and 5 % CO> continuously, and the culture medium was changed
every 2~3 days until sufficient growth of the cells occurred. Cells were
seeded on a 12 well-plate at a concentration of 1x10° cell/m¢, and after
incubation at 37 C for 24 h. To observe cell attachment pattern by FE-SEM,
the cells were washed 3 times with PBS (phosphate buffer saline) and fixed
with 2.5 % glutaraldehyde solution for 2 h. After that, cell were dehydrated
as from 40 % to 100 % increased by 10 % every 15 minutes of mixture

solution of ethanol and distilled water at room temperature.
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IV.. RESULTS AND DISCUSSION

4.1. Surface characterization of RF—sputtered Zn coatings on PEO-treated
Ti-6Al-4V al loys

Formation of a porous oxide film according to the PEO method is an effective
method for producing an Hydroxyapatite (HA) layer. Being formed the irregular
TiO, layer, the HA coating on the surface formed in the pores improves implant
surface for osteoblast adhesion on the surface. Success of implant surgery
depends on the formation of surrounding osseointegration. The contact surface
between the implant interface and the bone is very important. Therefore, to
obtain sufficient contact with the bone after implantation is essential to
improve the biocompatibility of the implant by increasing the surface area of
the implant. The rough surface formed by surface treatment is well formed
osseointegration and cell morphology and growth. In addition, recent studies on
Zn—doped HA films have attracted much attention due to good biocompatibility.
Based on these results, It tried to improve the biocompatibility by using PEO
treatment and Zn-coating.

Fig. 8 shows FE-SEM images of the RF-sputtered Zn coatings on PEO- treated
on Ti-6AI-4V alloys for various sputtering time. Fig. 8 (a, a-1, and a-2)
shows the PEO-treated surface in electrolyte containing Ca and P ions at 280
V. Fig. 8 (b, b-1, and b-2) and (c, c-1, and c-2) shows Zn coated surface
with various sputtering time: 1 min and 3 min, respectively. The surface of
oxide films by typical of samples after PEO coating showed formation of many
micro—pores with uniform distributions. Although the RF-sputtering was carried
out after PEO-treated surface, the morphology of RF-sputtered was not
different from PEO-treated surface with low magnification. All the
morphologies of RF-sputtered surface showed the small particles covered with

droplet shape on the pore inside and surface parts. Especially, the surface
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part showed many numbers of particles compared to pore inside. As the
sputtering time increased, the circular particles of Zn coatings on the
Ti-6A1-4V alloys increased at pore inside and surface parts. In addition, in
case of morphology of Zn coated micro-pore on Ti-6AI-4V alloys by
electrochemical method, circular particle appear to be more distinct. And all
the morphologies of Zn coatings on the micro-pore formed Ti-6Al-4V alloys
showed many circular particles at surface part. It is confirmed that these
droplet particles in the sputtering process are formed with the bombardment of
the substrates by energetic particles™’.

Fig. 9 shows the content of Ca, P, and Zn with Zn-sputtering time on
PEO-treated Ti-6Al-4V alloys for pore inside and surface part in the EDS
results of point analysis. According to EDS results, surface of RF-sputtered
Zn coating on Ti-6Al-4V alloys were covered entirely with the Zn film. It
should be noted that the [CatZn]/P ratio for the Zn coating on the PEO-treated
Ti-6A1-4V alloys of the surface was 1.59, 1.63, and 4.92 for low-magnification
total area as shown in Fig. 10. As the sputtering time increased, [CatZn]/P
ratio for the RF-sputtered Zn coatings after PEO-treated on Ti-6Al-4V alloys
were increased with Zn content as shown in EDS analyses of Table 10. This is
probably due to the increased Zn content on the surface by sputtering.
Therefore, when the sputtering time is increased, the Ca/P ratio is almost the
same as the bone but the [CatZn]/P ratio is greatly increased by the increase
of Zn content. In addition, it assumed that growing in perpendicular direction
of sputtering coated layer was confirmed at substrate of columnar structure.

Fig. 11, 12, and 13 show the EDS mapping for distributions of implanted
elements on the PEO-treated surface and contented elements on the Zn—coating
after PEO-treated Ti-6A1-4V alloys. For the Ti-6Al-4V alloys modified with Ca/P
and Zn coating, the surface of the micro—pore structure was completely covered
and as the sputtering time was longer, the EDS mapping data for Zn coating at
Ti-6Al1-4V confirmed the uniform distribution of large amounts of Zn. |In
addition, less distribution of Zn was detected within the pore inside than on

the surface part. Thus, it is determined that Ca, P, and Zn undergo uniform
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distribution over the entire crystal particles upon the substitution of Ca with
Zn. It is thought that Zn increases the biocompatibility and mitigates bone
reaction in the implant surface. The release of Zn in the body is strongly
mediated by the bone reservoir, and Zn incorporation into implants may promote
bone formation on the implant surface® .

Fig. 14 shows the TF-XRD peaks of the RF-sputtered Zn coatings on the
PEO-treated Ti-6Al1-4V alloys in order to observe the formation of oxide film
and crystallinity at various sputtering times. In case of PEO-treated sample
and Zn coatings after PEO-treated Ti-6Al-4V alloys, peaks showed at 25 °
which was confirmed to be anatase crystal phase which is one of Ti0> crystal
phases, in comparison with JCPDS (Joint Committee on Powder Diffraction
Standards, PCPOFWIN) #21-1272. Additionally, 27 ° of peak can be observed,
which is a rutile structure, which is another crystal phase of Ti0Oz, which
could be confirmed by the JCPDS #21-1272. As the sputtering time became
longer, it was observed that the amorphous peak was increased, whereas crystal
phase was decreased. The position of anatase peak was shifted slightly to a
lower angle, in the case of Zn coating on the Ti-6Al-4V alloys in Fig 14;
antase peak of Ca/P (26 =25.40 ° ), 1 min/Zn (26 =25.38 ° ), and 3 min/Zn
(26 = 25.38 ° ), respectively. The shifted peaks can be appeared in the case
of increased internal distortion. Therefore, It is thought that shifted peaks
of anatase is occurred due to distortion of titanium oxide films for PEO and
sputtering process. In addition, It is considered that HA-a crystal phase is
increased, which leads to thinning of the oxide film*™. Through the
experiment, it could confirm that the Zn-sputtering time affect the
crystallinity of Zn coatings®*®"”. That is, Zn coatings showed the amorphous
structure from Fig. 14(d). Also, in order to find out the crystallite size on
the surface, using the anatase peak formed on surface of Zn—sputtering on
PEO-treated Ti-6Al-4V alloy as shown in Table 11, the crystallite size at the
diffraction angle ofanatase peak are calculated as Scherrer's equation®.

_ 0.9
(B cosb

(10)
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where D is the diameter of crystallites, B is the full width at half-maximum
peak intensity (FWHM: radians), © is the angle of incidence for the X-rays
(Bragg angle), and A is the X-ray wavelength (Cu Ka: A = 0.15406 nm).
According to the values calculated by the equation, the FWHM and crystallite
size (nm) of the anatase phase with respect to the Zn-sputtering time after
the PEO treatment in the Ti alloy were 4.32 X 10° and 1.73 / 6.59 X 10°
and 1.66 / 5.46 X 10 and 2.00, respectively. These results indicated that
the crystallite size increased due to localized heating when the surface was

exposed to plasma in the solution at high voltage%).
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Fig. 8. FE-SEM images of the RF-sputtered Zn coating on PEO-treated Ti—6Al1-4V
alloys for various sputtering time:
(a) PEO-treated surface in electrolyte containing Ca and P ions,
(b) Zn coated surface for 1 min,
(c) Zn coated surface for 3 min,
(a-1) 10,000 magnification of (a), (a—2) 30,000 magnification of (a),
(b—1) 10,000 magnification of (b), (b—2) 30,000 magnification of (b),
(c-1) 10,000 magnification of (c), and (c—2) 30,000 magnification of (c).
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Fig. 9. FEESBM images and EDS analyses of the RF—sputtered Zn coating on PEO-treated
Ti-6Al-4V al loys for pore inside and surface part:

(a) PEO-treated surface in electrolyte containing Ca and P ions at pore, (b) Zn coated
surface for 1 min at pore, (c) Zn coated surface for 3 min at pore, (a—1) PEO-treated
surface in electrolyte containing Ca and P ions at surface, (b-1) Zn coated surface

for 1 min at surface, and (c-1) Zn coated surface for 3 min at surface.
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Fig. 10. Variation of [Cat+Zn]/P ratio with RF-sputtering time on PEO-treated
Ti-6A1-4V al loys.
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Table 10. EDS analysis results of pore inside and surface part

Samples (wt.%) Ca/P Min/Zn 3Min/Zn

Elements pore sur face pore sur face pore sur face
0 K ) 20.99 44 .41 32.32 42 .61 14.16 36.82
Al K 2.42 2.58 2.18 2.77 1.47 2.17
P K 7.08 6.75 7.08 7.85 5.58 4.66
Ca K 8.75 7.46 8.86 8.49 5.79 4.68
Ti K 56.51 36.43 45.58 33.22 52.04 30.95
V K 4.25 2.37 1.59 1.00 2.99 2.30
/n K - - 2.39 4.06 17.97 18.42
Total 100.00
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Fig. 11. EDS mapping images of the PEO-treated Ti—6Al-4V alloys in electrolyte

containing Ca and P.
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Fig. 12. EDS mapping images of the RF—sputtered Zn coating on PEO-treated Ti-6Al-4V

alloys for 1 min/Zn coating.
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Fig. 13. BDS mapping images of the RF—sputtered Zn coating on PEO-treated Ti-6AlI-4V

alloys for 3 min/Zn coating.
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Fig. 14. XRD spectra of the RF-sputtered Zn coating on PEO-treated Ti—6Al-4V
alloys in various sputtering time: (a) Ti-6Al-4V, (b) Ca/P, (c) 1 min/Zn
coating, and (d) 3 min/Zn coating.

_44_

Collection @ chosun



Table 11. The variation of crystallite size with Zn-sputtering time on PEO-treated surface

anatase phase Diffraction FWHM Crystallite
angle (26) (radian) size(t)
Zn—-sputtering time
Ca/P 25.40 4.32 X 10:; 1.73
min/Zn 25.38 6.59 X 10_3 1.66
3min/Zn 25.38 5.46 X 10 2.00
—_ 45 —_
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4.2. In vitro evaluation using MC3T3 cells

Fig. 15 is a FE-SEM images of MC3T3-E1 osteoblast cells grown on various
surface-treated Ti-6AI-4V alloys surfaces at 37 C for 24 h. For the
experimental group, surface treated samples (PEO-treated and Zn coating on
PEO-treated samples) were used and bulk samples were used as a control group.
As a result, cell proliferation and differentiation were observed more actively
in the experimental group than in the control group. In the case of bulk
samples, the number and growth of cells were slow, whereas in surface-treated
samples, cells grew in various forms. In particular, lamellipodia and filopodia
growth were observed in various directions in Ca/P and 1 min/Zn coated samples,
in general, filopodia are well adhered to the inside of pores in 1 min/Zn and 3
min/Zn samples with micro/nano-shapes except for bulk which has un-treatment on
the alloy.

This was followed by MTT assay, which is directly related to cell
viability and mitochondrial activity. The evaluation of MC3T3-E1 osteoblasts
cell adhesion and proliferation on the surface of the control and
exper imental groups was made by MTT assay. The un—treated bulk was used as a
control group, Ca/P, 1 min/Zn and 3 min/Zn coated surfaces were used as
exper imental groups at the same conditions, and cell viability as shown in
Fig 16. MTT analysis showed that the surface of PEO-treated and Zn coating
showed higher survival rate than the un-treated surface, and the surface of
Imin/Zn-sputtered showed the highest survival rate at 103.02 %. In
particular, Zn-contained surfaces showed better cell differentiation and

48.54.%)  Zn_implanted titanium

survival rates. According to previous study
presented partly antibacterial effect on both £. co// and S. aureus, and it
stimulates proliferation, wearly attachment and spreading activity of
osteoblastic MC3T3-E1 cells did®°*’  This suggested that the initial
adhesion and growth of cells were strongly dependent on surface roughness.

It can be seen that the coexistence of micro—pores, nano-surfaces and
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bioactive elements contained Zn sputtering particles was maximized compared

to the case where only micropores exist**”.

As a result of the study, the surface of Ti—-6Al1-4V alloys coated with Zn

for 1 min by sputtering showed a good biocompatibility.
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Fig. 15. FE=SEM images of MC3T3-E1 cell cultured on the RF—sputtered Zn coating on
PEO-treated Ti—6AlI-4V alloy for 24 h:

(a) Ti-6Al-4V, (b) Ca/P, (c) 1 min/Zn, (d) 3 min/Zn,

(a-1) X 5,000 of (a), (b-1) X 5,000 of (b), (c-1) X 5,000 of (c), (d-1) X 5,000
of (d), (a2) X 10,000 of (a), (b2) X 10,000 of (b), (c2) X 10,000 of (c),
(-2) X 10,000 of (d), (a-3) X 30,000 of (a), (b-3) X 30,000 of (b), (c3) X
30,000 of (c), and (d-3) X 30,000 of (d).

_48_

{“/Collection @ chosun



120

100 -

"a“

Cell Viability (%)

40
20
0
Ti-6Al-4V 1 min/Zn 3 min/Zn
Samples

Fig. 16. The results of MIT assay for MC3T3—E1 seed on different surface conditions.
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V. CONCLUSIONS

In this study, surface characteristics of zinc coatings on the PEO-treated

Ti—-6A1-4V by RF-sputtering have been researched.
The results were as fol lows;

1. The surface of oxide films by typical of samples after PEO coating

showed formation of many micro—pores with uniform distributions.

2. All the morphologies of RF-sputtered surface showed the small particles

covered with droplet shapes on the pore inside and surface parts.

3. As sputtering time increased, the circular particles of Zn coatings on

Ti—-6A1-4V alloy increased at pore inside and surface parts.

4. As the sputtering time increased, [CatZn]/P ratio for the Zn coating on
the PEO-treated Ti—6A1-4V alloys increased.

5. As the sputtering time increased, the amorphous phase was increased,

whereas crystal phase was decreased.

6. As a results of MIT analysis using MC3T3-E1 cell, Zn coated surface

showed a higher cell proliferation rate than PEO-treated Ti-6A1-4V alloy.
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