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| . INTRODUCTION

Dental materials have been successfully used for a variety of biomaterial,
and different designs, commercial pure titanium (Cp-Ti), Ti-6Al-4V alloy,
nickel-titanium shape memory alloys are widely used for dental materials due
to offers several benefits, excellent corrosion resistance and enhanced
biocompatibility [1-3]. Especially, Ti-6Al-4V is the most widely used
material due to its excellent strength, good corrosion resistance in
clinical use. However, Ti-6Al-4V alloy has properties of high elastic
modulus when compared with that of bone and potential adverse human
effects[4, 5]. For this reason, new B type Ti alloys are composed of
non—-toxic elements such as Nb, Ta, Zr, Hf, Mo and Sn due to lower elastic
modulus, excellent corrosion resistance and enhanced biocompatibility.
Especially, Ta and Nb can reduce the modulus of elasticity when alloyed with
Ti due to B-stabilizer [4, 6, 7]. To enhanced biocompatibility, surface
treatment on Ti alloys were widely used for biomaterial such as pulsed laser
deposition, plasma spray, magnetron sputtering, alkali treatment,
electron—-beem physical vapor deposition, and electrochemical deposition
[8-13]. Especially, electrochemical anodic oxidation is known as excellent
method in the biocompatibility of biomaterial due to quickly coating time
and controlled coating condition.[16] The anodizing oxide layer and diameter
modulation of Ti alloys can be obtained function of improvement of cell
adhesion [14, 15]. Hydroxyapatite (HA; Caipn(POs)s(OH)2) was widely known as
being osteo-conductive, and was able to promote bone in—growth and
attachment to the surface of the implant during the early stages of the
implantation [16, 17]. Some of studies have been developed for HA coatings
with good mechanical properties on Ti alloys for dental implant application.
An ideal HA coating is expected to be fully dense and to have a good
adhesion at the coating with Ti interface to minimize Ti-body fluid contact
[18].
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In this study, we investigated the surface characteristics of

hydroxyapatite film on the micro—pore structured Ti-35Ta—xNb alloys by

electrochemical deposition method.

II'. BACKGROUND

2.1 Titanium [19]

The Ti is found in Reverend William Gregor in 1798. Because of titanium
exist in a constituent of practically all crystalline rock and its high
reactivity, Ti has not become more widely used until the latter half of the
twentieth century [19]. For this reason, Ti has difficulty getting pure Ti
and even now Ti is still very expensive compared with, for example,
stainless steel. Fig. 1 shows transformations of Ti. Basically, Ti and
Ti-based alloys can classified into o type (HCP : hexagonal-closed packed
crystalline structure), near o type, (a+B type, and B type (BCC:
body-centered cubic crystalline structure) alloy groups. Alloying elements
added to Ti were divided into two groups: o stabilizers and (either singly
of C, 0, and N or in combination), dissolve into the Ti matrix and are
strong solid solution strengthener which produce little change at the
transformation temperature (B-transus: 883 C for pure Ti) from the HCP to
the BCC structure of pure Ti when heating and from the BCC to HCP when
cooling [19-21].
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Fig. 1. Allotropic transformation of Ti [22].
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2.1.1 Cp-Ti [23]

Cp-Ti is a white, lustrous metal which has the attraction of low density,
good ductility and constitutes an important alloying element with many other
metals. Alloys of Ti are widely used in the aircraft industry and have
military applications because of their light weight, strength and ability to
withstand high temperatures. Under the category of 'unalloyed grades' of
ASTM specification, there are five materials classified in this group; they
include ASTM grade 1 (99.5% Ti), grade 2 (99.3% Ti), grade3 (99.2% Ti),
grade 4 (99.0% Ti).

* Grade 1 : grade 1 Cp Ti is the lowest strength unalloyed Ti with a
sightly lower residual content. Both oxygen and iron residuals improve
the impact strength. Oxygen acts as an interstitial strengthener,
maintaining a single a phase HCP microstructure. lron acts as a second
B phase BCC grain refiner, offering moderate strengthening capabilities.
The lower residual content makes grade 1 the lowest strength Cp Ti.

* Grade 2 : grade 2 is the most frequently selected Ti grade in industrial
service having well-balanced properties of both strength and ductility.
The strength levels are very similar to those of common stainless steel
and its ductility allows for good cold formability.

* Grade 3 : Cp Ti grade 3 possesses a slightly higher strength due to its
slightly higher residual content (primarily oxygen and also nitrogen)
with slightly lower ductility.

* Grade 4 : grade 4 is the highest strength grade of the Cp Ti series; it

serves mainly in the aerospace/aircraft industry [23, 24].
2.1.2 Ti-6A1-4V alloy [25]
Ti-6Al1-4V alloy is widely used for dental materials due to their excellent

biocompatibility and good mechanical properties. The Ti-6Al-4V, is a

promising clinical implant material because the alloy has higher fatigue

_4_
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strength compared to pure Ti [25]. This alloy belongs to the a + B phase
alloy group and is particularly popular because of its high corrosion
resistance and the reputed low toxicity of ions released from the surface
due to dense and protective passive oxide (which is mainly Ti02) film
formation. Ti-6A1-4V (which is, in some articles, marked as Ti-6/4) exhibits
good mechanical and excellent tissue compatibility properties that make it
well suited for biomedical applications where a bone anchorage is required,
particularly for implant applications. Ti-6AI-4V ELI| is also available and
employed in the medical area. When aluminium(Al) and vanadium(V) are added
to Ti in only small quantities the strength of the alloy is much increased
over that of Cp-Ti. Al is considered to be an a stabilizer and with V
acting as a B stabilizer, the temperature at which the a to B transition
occurs is depressed such that both the a and B forms can exist at room
temperature. For the Ti—6A1-4V alloy considerably higher tensile properties
[26] are achievable than for pure Ti which makes it attractive for use in
high stress-bearing situations, such as the hip prosthesis and artificial
knee joint. Nevertheless Cp-Ti is widely used for dental implants and so far

the lower strength has not proved to be a problem.

2.1.3 Ti-Ta alloy system [27]

An interesting study was dine by Breme et al [27]. is used isoelastic
porous sintered Ti-30Ta alloy and Ti wire loop ti accomplish the mechanical
compatibility in endosseous dental implant systems. Their mechanical
properties were optimized by the production parameter such as sintering and
DB. The functionality was tested after insertion into an artificial jaw
which had properties corresponding to the natural mandibular. |t was
reported that the elastic properties of both implants are similar to the
properties of the bone, and the implant has a safe severe plastic

deformation was investigated [28].
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2.1.4 Ti-No al loy system [29]

Ti-Nb alloys have been shape memory alloy (SMA) characteristics at room
temperature, and their SMA properties can be considerably improved by thermo
mechanical treatment. Because Ti-Nb alloy has metastable B Ti alloy and
solution treated it, followed by aging at 482 C. Especially,
Ti-35Nb-7Zr-5Ta alloys exhibited 0.2 % off set yield strength of 1,300 MPa
with 8 % elongation, due to w + B and w + a + B phase precipitation and
this enhanced strength makes the alloy a candidate for bone plates and screw
[29].

2.1.5 a and B Ti alloys [31]

The a to B transformation temperature of pure Ti either increases or
decreases based on the nature of the alloying elements. Table 1 shows
element of a and B stabilization. The alloying elements such as (Al, 0, N,
etc.) that tend to stabilize the a phase are called a stabilizers and the
addition of these elements increase the B transus temperature, while
elements that stabilize B phase are known as B stabilizers (V, Mo, Nb, Fe,
Cr, etc.) and addition of these elements depress the B transus temperature
[30]. The basic design of the alloys is the substitution of and Al with Nb,
Ta, Zr and Hf, which are in groups 4 and 5 in the periodic table 1. On the
other hand, B phase show a low Young's modulus and may prevent street

shielding as used for bone fixtures [31].
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Table 1 Elements of o and B stabilization [31]

Element Type Element Type Element Type Element Type

Vv B —I'somor phous Mn B -Eutectoid Ag B -Eutectoid Sn Neutral/ B -Iso
Nb B —I'somorphous Fe B -Eutectoid W B -Eutectoid Al a

Mo B —Isomorphous Co B -Eutectoid Pt B -Eutectoid 0 a

Ta B —I'somorphous Ni B -Eutectoid Au B -Eutectoid N a

Re B —Isomor phous Cu B —-Eutectoid Hf Neutral/B-Iso

Cr B -Eutectoid Pd B -Eutectoid Zr Neutral/ B -lso

_7 -
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2.1.6 B Ti alloys [31]

Most B Ti alloys contain small amounts of o stabilizers which permit
second phase strengthening to high levels at room to moderate temperatures.
The BCC B phase is ductile, and therefore B Ti alloys are easily cold
formation. The B alloys are prone to ductile to brittle transformation, and
thus are not used for cryogenic applications. The major alloying elements
for B alloys elements of Mo, Nb and Ta are also the elements that are
considered to be very biocompatible, more so than the o stabilizing
elements like Al and Ti.

The B alloys may be strengthened by the solid solution effect of the B
Stabilizer additions, but large strength increases also result from small
volume (typically <5%) second phase precipitation during heat treatment.
Because of attractive hot and cold workability properties, much effort has
been devoted to creating specialized B Ti alloys for specific applications.
Even though the interest in, and the manufacture of, B Ti grades is
growing, the total worldwide output of Ti mill products includes only a few

percent of B Ti alloys by weight [31].
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2.2 Ceramic [32]

Calcium phosphates (CaP) are the most common family of bioceramics well
known for their use in biological applications. Table 2 shows various
calcium phosphate according to Ca/P ratio. They belong to the family of
biocompatible apatites and there are several CaP phases, the most common
being HA. Other structures include brushite (DCPD; CaHPO, -2 H.0) and
tricalcium phosphate (TCP; Cas(P04)2). At the physiological pH of 7.2-7.6 HA
is most stable of all the calcium phosphates. Therefore, HA has attracted
attention of biomaterial researchers. Several low and high temperature
approaches have been reported for synthesizing HA and brushite while TCP is
synthesized primarily using high temperature methods [32]. Characteristics

of these three CaP phases are given below.
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Table 2 Main calcium phosphate (CaP) [33]

Name Symbol (s) Formula Ca/P
Monocalcium phosphate monohydrate (MCPM) and (MCPH) Ca(HzP04)2H0 0.5
Monocalcium phosphate anhydrous (MCPA) and (MCP) Ca(HaP04)2 0.5
Dicalcium phosphate dihydrate (Brushite) (DCPD) CaHPO4+2H.0 1
Dicalcium phosphate anhydrous (Monetite) (DCPA) and (DCP) CaHPO, 1
Octacalcium phosphate (0CP) Cag(HPO4)2(P04) 425H:0 1.33
a-Tricalcium phosphate (a-TCP) Caz(P04)2 1.5
B-Tricalcium phosphate (B-TCP) Cas(P04)2 1.5
Amorphous calcium phosphate (ACP) Cay(P04)y*nH0 1.2-2.2
Hydroxyapatite (HA) and (HAp) Cai0(P04)s(0H)2 1.67

—_ 10 —_
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2.2.1 Hydroxyapatite [38]

Biomaterials are used to replace parts of a living system or to function in
intimate contact with living tissue. Fig. 2 shows structure of bone in the
Size of macro scale to nano scale. Especially, the nano scale is composed by
collagen molecular and HA crystal. They are intended to restore, replace, or
treat any tissue, organ, or function of the body. HA is similarity to the
mineral part of bone [34]. Calcium phosphate is usually carbonated HA with a
Ca/P ratio of less than 1.67. The HA has been of interest owing to its
excel lent biocompatibility [35], affinity to biopolymers and high osteogenic
potential [36]. Because It has been well documented that HA can promote new
bone ingrowth through osteo-conduction mechanism without causing any local
or systemic toxicity, inflammation or foreign body response [37]. When a HA
based ceramic is implanted, a fibrous tissue-free layer containing
carbonated apatite forms on its surfaces and contributes to the bonding of
the implant to the living bone, resulting in earlier implant stabilization

and superior fixation of the implant to the surrounding tissues [38].

_11_

Collection @ chosun



Whole bone Tissue structure Microstructure Nanostructure

Osteon (Haversian system)
(~ 200 pm)

Lamellae (~ 7 ym) T h .;tmm;;aﬁta
ydroxy

Collagen fibrils (~ 50 nm) {~ 50 = 25 x 2 nm)

Periosteum

Collagen fiber (~ 5 pm)

Osteonic canal

Collagen molecules

’ Hydroxyapatite crystals Cnllagan-ir.iple helix
Microscopic view {(~ 300 % 1.5 nm)
Mineralized fibrils

Compact bone

Blood vessels

Macro Nano

Fig. 2. The hierarchical structure of typical bone at various length scales [38].
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2.2.2 Surface modification techniques [39]

In Table 3, surface modification techniques are categorized according to
their processes and purposes. Major purpose of surface modification is to
improve hard tissue compatibility or accelerate bone formation. Research to
improve hard tissue compatibility involves two approaches based on the
resultant surface layer: a calcium phosphate and Ti oxide layer with the
thickness measured in micrometers and a surface-modified layer with the
thickness measured in nanometers. Most of these processes have been
developed since the 1990s. Fig. 3 shows the history of the surface treatment
technique to improve hard tissue compatibility. Surface property is
particularly significant for biomaterials, and thus surface modification
techniques are particularly useful to biomaterials. Dry process (using ion
beam) and wet process (which is performed in aqueous solutions) are
predominant surface modification techniques. In particular, electrochemical
technique in the wet process is important near recently. Immobilization of
bone formation factors such as bone morphological protein, BMP, or
biomolecules such as collagen and peptide to metal surface is another
technique to improve hard tissue compatibility. On the other hand, the
immobilization of biofunctional molecules such as poly(ethylene glycol),
PEG, to the metal surface to control the adsorption of proteins and adhesion

of cells, platelets, and bacteria is attempted.

_13_
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Table 3 Categorization of surface treatment techniques of metals for medical devices according to
purpose [39]

the process and

Electrochemical process  cnemical and

Dry process Micro-arc oxidat o Hydrothermal
process
Hydroxyapatite or calcium phosphate coating Commercialized Commercialized Studied
TiOz, or CaTiOs coating Commercialized Commercialized
Sur face-modified layer formation Commercialized
Immobilization of functional molecules and biomolecules Studied Studied
— 14 —
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- -
| RF magnetorn sputtering
| Plasma spray |

Pulse laser deposition

| Electrochemical precipitation ‘

| Heat-substrate process

HAP/CaP coating
| Low voltage process
\ | Micro-arc oxidation
—
4 | -

| Ca ion implantation | CaTiO; sputter deposition

| Alkaline + heating

Hydrothermal treatment in Ca solution |
Ilmmersion in Ca solution|

Non-HAP coating | Immersion in H,0, |

Surface modified layer i T — ]/

>

Time
Fig. 3. History of surface treatment technique to improve hard tissue
compatibility. Approaches to improving hard tissue compatibility are
categorized based on the resultant surface layer: calcium phosphate
layer formation with thickness measured in micrometers and

surface-modified layer formation with thickness measured in
nanometers [39].
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2.2.3 Micro—pore oxidation [39]

Micro-pore oxidation is a relatively convenient technique for forming oxide
layer on metals. Fig. 4 shows surface of micro-pore structured Ti-35Ta
alloy. It is effective for the formation of porous or irregular-shaped TiO;
layer on Ti substrate and Ta0s layer on Ta substrate. The advantage of
micro-pore oxidation is that coating layer is not only porous but also
uniformly coated on metal surfaces with complex geometry. Anodically
electrochemical deposition and micro-pore oxidation are not clearly
distinguished. In the case of the formation of an oxide layer with
connecting pore to the substrate metal by high voltage, this technique is
usual ly categorized as micro-pore oxidation. In this sense, some of the
electrochemical techniques explained above belong to micro-pore oxidation.
Micro-pore oxidation is currently used to obtain thick and porous oxide or
HA layer [39-43]. Ultraviolet irradiation of micro-pore oxidation coating in

distilled water enhances bioactivity. This technique is also applied to Ta.
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Calcium monohydrite + 0.02 M Calcium glycerophosphate at 3 min [39].
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2.2.4 HA coating [55]

Electrochemical treatment is used commonly to form an HA layer on Ti [44].
The carbonate-containing HA with a desirable morphology such as plate,
needle, and particle could be precipitated on a Ti substrate, it is
advantages of be bone growth and penetration depth, with a more direct
contact between the tissue and the implant surface[45,46]. The B-TCP is
coated on Ti for immobilization of collagen [47]. Low-voltage alternating
current is also effective to precipitate calcium phosphate on Ti [48]. This
technique is useful for the treatment of thin wire and fiber without the
dissolution of Ti. The HA coating method is used for enhance
biocompatibility such as immersion, sol-gel, plasma spray, sputtering and
electrochemical deposition [49]. Especially, electrochemical deposition
method is adjusted to thickness and pore size [50]. Nano-grained calcium
phosphate is electrochemically deposited on Ti using acidic electrolytes
[51]. The coating layer contains dicalcium phosphate dihydrate (55-85 nm in
grain size) with a small amount of HA (20-25 nm); the content of HA
increases with the increase of the current density [52]. An electrochemical
method of producing nanocrystalline HA coatings on Ti surface is reported
[53,54]. Also, HA is coated by dynamic voltage during electrophoretic
deposition [55].

_18_
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. MATERIALS AND METHODS

3.1. Preparation of Ti-35Ta—xNb alloys

The Ti-35Ta—xNb alloys, with Nb contents ranging from O and 10 wt. % were
prepared using CP-Ti (G&S Ti, Grade 4, USA), Nbo (Kurt J. Lesker Company,
99.95 wt.% purity, USA) and Ta (Kurt J. Lesker Company, 99.95 wt.% purity,
USA). The Ti-35Ta-xNb alloys were manufactured from the component metals,
using a vacuum arc-melting furnace (SVT, KOREA) with a water—cooled copper
hearth and a high-purity Ar atmosphere. The Ti-35Ta—xNb ingots were remelted
at least six times in order to avoid inhomogeneity. The ingots of
Ti-35Ta-xNb alloy were obtained in the form of rod with about length of 60
mm and diameter of 10 mm, and ingots were approximately 20 g in weight. The
ingots of Ti-35Ta-xNb alloy were homogenized in Ar atmosphere at 1000 C
(MSTF-1650, MS Eng, KOREA) for 12 h followed by 0 C water quenching. To
manufacture the cylindrical specimens with diameter of 10 mm and thickness
of 3 mm), ingots were cut off by diamond wheel cutting system (Accutom-5,
Struers, Denmark). The sample was polished by standard ANSI silicon carbide
papers of different grades ranging from 100 to 2000 and finally alumina (1
um) polished, ultrasonically cleaned in deionized water and dried in

flowing nitrogen.
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3.2. Analysis of surface characteristics for Ti—-35Ta—xNb al loys

The phase and composition of the Ti-35Ta—xNb alloys were determined by
using an X-ray diffractometer (XRD, X'pert PRO, Philips). Ni-filtered Cu K,
radiation was used in this study. Phase was identified by matching each
characteristic peak with JCPDS files. The Ti—-35Ta-xNb alloys, micro—pore and
hydroxyapatite coating surfaces were observed by optical microscopy (OM,
olympus, BX 60M, Japan), field-emission scanning electron microscopy
(FE-SEM, Hitachi, 4800, Japan) and energy dispersive x-ray analysis (EDX,
Oxford ISIS 310, England). The etching treatment was performed in Keller's
reagent with 2 ml HF, 3 ml HCl, 5 ml HNO3, and 190 ml H.0.
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3.3. Micro—pore formation on the Ti alloy surface

The electrochemical experiment consisted of a two electrode configuration
with platinum. The electrolyte used was 0.15 M Calcium acetate monohydrate +
0.02 M Calcium glycerophospate at room temperature. The electrochemical
anodization was carried out at constant voltage (280 V) for 3 min (KDP-1500,
KOREA) .
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3.4. Electrochemical deposition

Precipitation of HA is performed on the alumina polished and micro—pore
treated Ti-35Ta-xNb alloy surfaces using a potentiostat (PARSTAT 2273,
Princeton Applied Research, USA). The electrochemical setup for HA
deposition consisted of a three-electrode configuration with a carbon
electrode and a saturated calomel electrode (SCE) as the counter electrode
and reference electrode, respectively. The electrolyte for HA deposition was
composed of 2.5 mM Ca(NOs), -4 H0 + 1.5 mM NHHPO4 in distilled water; the
Ca/P ratio for the electrolyte was 1.67. A single voltammetry cycle was
composed of a 2 s deposition time with potential E ranging from -1.5 V to
0.3 V (vs. SCE electrode) and scan rate of 500 mV/s, followed by a break
time of 2 s. The number of cycles employed for this electrochemical HA

deposition, performed at 80 ° C. Overall analysis is summarized in Table 4.

Table 4 The conditions of electrochemical deposition

Electrochemical deposition

Working equipment EG&G Co, Model: PARSTAT 2273
Working electrode Samples (Ti-35Ta—xNb al loys)
Reference electrode SCE
Counter electrode High dense carbon
electrolyte 2.5 mM Ca(NO3)2-4 H.0 + 1.5 mM NHsHoPO4
Working temperature 80 £ 17T
deposition time 2 second
Scan rate 500 mV/sec
Scan definition - 1500 mV ~ + 300 mV
cycle 5, 30, 50 cycles
_22_
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3.5 Morphology observation of surface treatment on the Ti-35Ta—xNb alloys
The morphology of the porous titanium oxide and HA film on Ti—-35Ta-xNb a
|loys characterized by a field-emission scanning electron microscopy

(FE-SEM, Hitachi S-4800, Japan) and X-ray diffractometer (XRD, X'pert PRO,
Philips).
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3.6. Corrosion test for Ti-35Ta—xNb alloys

Corrosion behaviors were investigated using a standard three-electrode
cell having the specimen as a working electrode and a high dense carbon
counter electrode. The potential of the working electrode was measured
against a saturated calomel electrode (SCE) and all specimen potentials were
referenced to this electrode. The corrosion properties of the specimens were
first examined by a potentiodynamic polarization test (potential range from
-1500 to 2000 mV) at scan rate of 1.67 mV/s in 0.9 % NaCl solution at 36.5
+ 1 C. (PARSTAT 2273, EG&G Company, USA). Using an automatic data
acquisition system, the potentiodynamic polarization curves were plotted and
both corrosion rate and potential were estimated by Tafel plots by using
both anodic and cathodic branches. The condition of electrochemical

corrosion test were shown in Table 5.

Table 5 The conditions of electrochemical corrosion test

Potentiodynamic test

Working equipment EG&G Co, Model :PARSTAT 263A
Working electrode Samples (Ti-35Ta-xNb alloys)
Reference electrode SCE
Counter elctrode High dense carbon
electrolyte 0.9 % NaCl
Working temperature .5+ 17T
Gas purging Ar gas, 10 minute
Scan rate 100 mV/min
Scan definition - 1500 ~ + 2000 mV
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IV. RESULTS AND DISCUSSION

4.1. Microstructure of Ti-35Ta—xNb al loys

Fig. 5 shows the microstructure of the Ti—-35Ta-xNb alloys with different
Nb content (0 and 10 wt. %) after heat treatment at 1000 C for 12 h in Ar
atmosphere, followed by 0 C water quenching. For Ti-35Ta alloy is observed
needle-like a phase, which can be seen in Figure 5(a) and (b). The
needle-like also is observed at Ti-35Ta-10Nb alloy in Fig. 5(c) and (d) but
this microstructure has more equiaxed B phase. |t is considered that
needle-like martensite plates were transformed to equiaxed B phase with in
Nb content and homogenization treatment at 1,000 C in 12 h followed by ice
water quenching. The elements of Ta and Nb is stabilized B phase [56-58].
For more accurate analysis, Ti—-35Ta-xNb alloys is carried out XRD analysis
in range of O to 80 degree. Fig. 6 shows the peaks on the XRD patterns of
homogenized Ti-35Ta—xNb alloys. The peaks of Ti-35Ta-xNb alloys are check
using JCPDS card data for element standards. The peak intensity of
Ti-35Ta-10Nb alloys showed higher B phase with increment of Nb content,
whereas, that of a” phase decreased. And Ti-35Ta-xNb alloys showed
homogeneous crystal structure by quenching. It confirmed that Nb contents to
Ti alloy plays role in increasing the B phase with eguiaxed structure by
stabilized B phase [56]. In addition, element of Ta has influence on
formation of hexagonal martensite and orthorhombic martensite. |t is assumed
that this alloy has law elastic modulus and can be appled bone materials
[59].
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Fig. 5. OM, FE-SEM images and EDS analysis of Ti-35Ta—xNb alloys after heat treatment at 1000 C for 12 h in Ar
atmosphere, followed by O C water quenching: (a) OM images of Ti-35Ta (b) FE-SEM images of Ti-35Ta (c) OM
images of Ti-35Ta—10Nb (d) FE-SEM images of Ti-35Ta-10Nb.

_26_

ZICollection @ chosun



B Ti-35Ta-10Nb

—— Ti-35Ta
IG 1
u‘ / n
5 R " a B
.|“.|: o u ;'l. A
E *’P"-““Mwnw-m.:,.,...,ﬂ;”f'-,,u‘ | m iwwm.-,.wmuﬁf"mh“mmummmwf"d-n-w"' Ny \‘J.‘"‘"'—IJIL\A‘W#M.J-
fomf \ I

A
R U S P

20 30 40 50 60 70 80
2 Theta (degree)

Fig. 6. XRD patterns of Ti-35Ta—xNb alloys after heat treatment at 1000 C

for 12 h in Ar atmosphere, followed by 0 C water quenching.
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4.2. The micro—pore surface morphology of Ti—-35Ta—xNb alloys

Fig. 7 shows the XRD patterns of Ti-35Ta—xNb alloys by anodization in 0.15 M
calcium acetate monohydrate + 0.02 M calcium glycerophospate at 240 V to 320
V for 3 min. The spark shows at approximately 170 V, the XRD peaks of 240 V
shows broad line. The XRD peaks of 280 V is observed rutile peak, the peaks
of 320 V is observed rutile peak and anatase peak. Especially, the more
voltage is increased, the more intensity is increased. The reason that
occurrences of spark at 170 V is spark discharge surface due to insulation
breakdown of the surface [60, 61]. Also through Fig. 7, the more voltage is
increased, the more micro-pore barrier layer is increased. The fractions of
rutile in the anodic oxides were calculated using the following equation
[62].

frutile = 0679 (|rutile /{|rutile+ |anatase}) + 0312 (|rutile /{|rutile+ |anatase})2

Analysis of fiuie, the values of fruie are as shown in Table 6. The more
voltage is increased, the more values of fruile are increased. Fig. 8 shows
FE-SEM images of micro-pore formed on Ti-35Ta-10Nb alloys in 0.15 M Calcium
acetate monohydrate + 0.02 M Calcium glycerophospate. The pore size is
increased as the voltage increased, it is confirmed that pores are formed as
a whole. This result is associated with Fig. 7 XRD analysis data. Therefore,
The more voltage is increased, The more pore size and thickness of barrier

layer is increased [63].

Table 6 Voltage values of rutile

|ruti|e |anatase frutile

240 V 20 37 0.278

280 V 30 47 0.313

320 V 173 245 0.336
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Fig. 7. XRD patterns of Ti-35Ta-10Nb alloys with variation of applied
voltages in 0.15 M calcium acetate monohydrate + 0.02 M calcium

glycerophospate from 240 V to 320 V for 3 min.
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Fig. 8. FE-SEM images of micro—pore formed on Ti—-35Ta-10Nb alloys in 0.15 M calcium acetate monohydrate + 0.02 M
calcium glycerophospate ; (a) 240 V, (b) 280 V, (c) 320 V.
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Fig. 9 shows the FE-SEM images of micro—pore formed on Ti-35Ta-xNb alloys by
anodization in 0.15 M Calcium acetate monohydrate + 0.02 M Calcium
glycerophospate at 280V for 3 min. The Fig. 9(a) and Fig. 9(c) show bare
micro-pore surfaces of Ti-35Ta-xNb alloys at 280 V for 3 min, the Fig. 9(b)
and Fig. 9(d) show NaOH treated micro-pore surfaces of Ti-35Ta-xNb alloys at
280 V for 3 min. The process of NaOH treatment is performed in 5 M NaOH
solution at for 10 min. It is conformed that more rough micro-pore surface
showed in the case of NaOH treated Ti—-35Ta-xNb alloys. From the investigate
the micro-pore structure, it has been observed in micro-pore inside of pore
in the case of NaOH treatment as shown in Fig. 10. it is confirmed that
nano-sized network structure was formed. The surface of nano—sized network
structure was known as NasTisOy; and NapTigOiz [64]. In case of similar
coating, calcium phosphate film was immersed in SBF solution after alkali
treatment [65]. In case of biomaterial, the sizes of network structure and
micro-pore can be used for good biological materials, that is, this
structure has advantage with cell culture due to provide a good cell

environment and to increased surface area[66].
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Fig. 9. FE-SEM images of micro—pore formed on Ti-35Ta-xNb alloys in 0.15 M
calcium acetate monohydrate + 0.02 M calcium glycerophospate; (a)

Ti-35Ta (b) NaOH treated Ti-35Ta (c) Ti-35Ta-10Nb (d) NaOH treated
Ti-35Ta—10NDb.
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10. FE-SEM images of NaOH treated micro—-pore formed on Ti-35Ta alloy in 0.15 M calcium acetate monohydrate +

Fig.

0.02 M Calcium glycerophospate.
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The micro—-pore size has influence on alloy production as shown in Fig. 9.

Fig. 11 shows the corelation between micro-pore formation time and applied
voltages on Ti-35Ta—xNb alloys. The experiment is carried out for 3 min at
the time of maintenance to 280V. The voltage increased proportionally up to
170V with high slope according to time, and then, variation of voltage with
low slope is observed from 170V to 280V. It is thought that occurrences of
spark discharge at 170 V is mainly appeared on surface due to insulation
breakdown of the surface [60,61].

Fig. 12 shows The corelation between micro-pore formation time and current
density on Ti-35Ta—xNb alloys. The first current density was kept
continuously at 12 mA/cm’, and then, current density was suddenly changed to
0 mA/cm® at 280 V due to the formation of barrier layer [62]. Especially,
current density is changed irregularly at 0 mA/em’. It is confirmed that
electrical wunstability is appeared on the surface due to fornmation of
micropores. The analysis of Fig. 11 and Fig. 12 is summarized as shown in
Table 7. From the Table 7, in the process of forming micro—pore structured,
the rate of forming barrier layer has been slow down with addition of Nb
content. In previous paper, the dissolution rate of barrier layer is
influenced by metallic phase [63]. As a result, the element of Nb has

influence on alloy resistance and morphology of barrier layer.
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Fig. 11. The corelation between micro—pore formation time and voltage on
Ti-35Ta—xNb alloys.
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Fig. 12. The corelation between micro-pore formation time and current
density on Ti-35Ta—xNb al loys.
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Table 7 Voltage and current density value of Ti-35Ta—xNb al loys

Inflection point 280 V Pre stabilized 0 mA
t (second) Vol tage t (second) | t (second) mA t (second)
Ti-35Ta 11 170 V 78 78 12.4 mA 84
Ti-35Ta—10Nb 17 172 V 132 128 13.1 mA 138
— 37 —
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4.3. Morphology of electrochemical deposition on Ti-35Ta—xNb al loys

Fig. 13 shows FE-SEM images of NaOH treated Ti-35Ta alloy in 2.5 mM
Ca(NOs)2-4 H0 + 1.5 mM NHsHPOs. The Fig. 13(a) and Fig. 13(b) shows FE-SEM
images of HA coatings on NaOH treated Ti-35Ta-xNb alloy. Fig. 13(c) and Fig.
13(d) shows FE-SEM images of high magnifications of HA coatings on NaOH
treated Ti-35Ta—xNb alloy. Both HA coatings on Ti-35Ta and Ti-35Ta—-10Nb
alloy were formed on surface with general forms, especially, the HA shape of
Ti-35Ta alloy is larger than that of Ti-35Ta-10Nb alloy. According to
previous paper, the shape of HA is important role to decide the final shape
and size[67]. And it is confirmed that the shape of HA has is affected by
Nb content as shown in Fig 11 and Fig 12.
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Fig. 13. FE-SEM images of NaOH treated Ti-35Ta alloy in 2.5 mM Ca(N0Os)2-4 H:0
+ 1.5 mM NHH:PO,; (a) Ti-35Ta, (b) Ti-35Ta-10Nb, (c) high
magnification of Ti-35Ta, (d) high magnification of Ti-35Ta-10Nb.
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Fig. 14 shows the shapes of initial HA on Ti-35Ta-10Nb alloy in 2.5 mM
Ca(NOs)2-4 H0 + 1.5 mM NHH:POs. As shown in Fig. 14, the initial HA
precipitation was formed in pore inside and outside. The formation of
nucleation is leading to surface potential and temperature, which is
evaluate to previous paper [68, 69].

Fig. 15 shows FE-SEM images of HA coating on NaOH treated micro—pore
structured Ti-35Ta-xNb alloy in 2.5 mM Ca(NOs)2-4 H.0 + 1.5 mM NHH:POs. Fig.
15(a) shows flower—Iike HA shape, Fig. 15(c) shows flower—Iike HA shape of
bi-phase. Also, the HA sizes of Ti-35Ta-10Nb alloy is bigger than that of
Ti-35Ta alloy. It is confirmed that morphology of micro-pore depended on Nb
content.

Fig. 16 shows FE-SEM images of HA coated and NaOH treated micro—pore
structured Ti-35Ta-xNb alloy in 2.5 mM Ca(N0Os)2-4 H:0 + 1.5 mM NHHPOs. The HA
coating is formed on the whole surface, the HA size of Ti-35Ta—10Nb alloy
shows the bigger than that of Ti-35Ta alloy. The deposition cycles
increased, the size of precipitates increased [70]. The porous and HA doped
surface of Ti-35Ta-xNb alloys has advantage of cell growth on the surface.

Especially, HA coated layer can be applicated to dental implant [71].
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Fig. 14. FE-SEM images of initial step of HA crystal nucleation on NaOH treated Ti—-35Ta—-10Nb alloy in 2.5 mM
Ca(NO3)2:4 H0 + 1.5 mM NHHPO;s with 5 deposition cycles. (a) X 2,000, (b) 20,000 high magnification of (a),
(c) 100,000 high magnification of (a)
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Fig. 15. FE-SEM images of HA coatings on NaOH treated micro—-pore structured
Ti-35Ta—xNb alloy in 2.5 mM Ca(NO3)2:4 H.0 + 1.5 mM NH:H.PO4 with 30
deposition cycles; (a) Ti-35Ta, (b) high magnification of Ti-35Ta,
(c) Ti-35Ta-10Nb, (d) high magnification of Ti-35Ta—10Nb.
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Fig. 16. FE-SEM images of HA coatings on NaOH treated micro—-pore structured
Ti-35Ta-xNb alloy in 2.5 mM Ca(NOs)2-4 H0 + 1.5 mM NHH.PO, with 50
deposition cycles; (a) Ti-35Ta, (b) high magnification of Ti-35Ta,
(c) Ti-35Ta-10Nb, (d) high magnification of Ti-35Ta—10Nb.
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In order to detail discussion, Fig 17 and Fig 18 show corelation between
voltage and current densities for Ti-35Ta-xNb alloys. From the figures show
that the current density value of non treated Ti—-35Ta—xNb alloys is lower
than that of micro-pore structured Ti-35Ta-xNb alloys. Also, current density
is changed with Nb content. The following equation shows the reduction and
oxidation of cathode reaction [64].

2 HPOS + 2 ¢ — 2 HPOS + Hp [1]
2 HPOSZ + 2 e — 2P0 + He (2]
2H' +2e = H (3]
2H0+2¢e — Ho +20H (4]

It is result that chemical reaction take place in electrolyte solution and
surface. The anodic oxide film to containing calcium and phosphorus is
ionized to calcium ion(Ca’*) and phosphorus ion(P0") as initial cathode
reaction. It's ions are reaction with electrolyte solution, calcium
phosphate film is formed in surface. The ionized Ca® and PO, ions in oxide
film is reduced CaHPOs; and H:P0;” and the reaction is repeated by 3 and 4.
This reaction is carried out in anodized surface, HA is coated on anodized
surface by additions 5 and 6.

ca®* + HPO — CaHPO, (5]
PO/ + H0 — H:POSZ + OH (6]
10 Ca® + 6 PO, + 2 OH — Cayo(P0s)s(OH)2 (7]

From Fig. 17, and Fig. 18, as the width of current density is increased, the

HA size is increased. At the same voltage, resistance is inversed current
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density. Therefore, the precipitation properties of surface treated alloy

is depended on surface morphology and current density.
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Fig. 17. The corelation between voltage and current densities on Ti-35Ta—xNb
alloys; (a) HA coated on bulk Ti-35Ta-xNb, (b) HA coated on
micro—pore structured Ti-35Ta—xNb.
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Fig. 18. The corelation between voltage and current densities on Ti-35Ta—xNb
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Table 8 Voltage value of bulk and anodize surface on Ti—35Ta—xNb alloy

0.3V -1.5V
start end | start — end | start end | start — end |
Ti-35Ta -3.66 X 10*|-7.60 X 10| 3.94 X 10™ 2.78 X 10° | 1.61 X 107° 1.17 X 107
Bulk
Ti-35Ta-10Nb | -3.05 X 10*|-5.36 X 10*| 2.31 X 10 2.23 X 10° | 1.34 X 107° 8.9 X 10
Ti-35Ta -3.44 X 10*|-1.45 X 10*| 1.99 x 10™ 1.44 X 10° | 1.01 X 107° 4.3 %X 10"
Anodized
Ti-35Ta-10Nb | -3.05 X 10*|-1.98 X 10°* 1.07 X 107 4.36 X 10*| 2.64 X 10 1.72 X 107
— 48 —
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4.5. Corrosion test

Fig. 19 shows the bulk surface and micro—pore structured Ti-35Ta-xNb
alloys polarization curves after potentiodynamic test in 0.9 % NaCl solution
at 36.5 = 1 C. The results for Ecr (corrosion potential), lerr (corrosion
current density) and lsw (corrosion current density of oral environment at
300 mV)is shown in Table 9. These values were obtained from the polarization
curves and Tafel plots using both the cathodic and anodic branches of the
curves, respectively. From non treated and micro-pore treated Ti-35Ta-xNb
alloys surface, the Ecorr value of Ti-35Ta alloy is higher than that of
Ti-35Ta-10Nb alloy. Also, the Il value of Ti-35Ta alloy is lower than that
of Ti-35Ta-10Nb alloy. The polarization curves were shifted to left side
with increasing Nb content and micro-pore structured Ti-35Ta-xNb alloys. It
is confirmed that barrier layer and Nb20s film increased the corrosion

resistance and it can be improved osseointegration [72].
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Fig. 19. Anodic polarization curves of Ti—-35Ta—xNb alloys with surface

treatment.
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Table 9 Eeorr, lcorr and lagomv Value of Ti—35Ta—xNb al loy

Al loy Ecorr | corr | 300mv
Ti-35Ta - 380 mv 8.63 X 107 A/cm®  1.84 X 107 A/cm®
Bulk
Ti-35Ta-10Nb - 393 mV 8.47 X 10" A/em®  4.65 X 10° A/cm®
Ti-35Ta - 479 mV 8.22 X 10" A/em®  3.69 X 10° A/cm®
Anodized
Ti-35Ta-10Nb - 429 mV 1.00 X 10 A/cm®  3.45 X 10° A/cm®
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V. CONCLUSIONS

In this study, the surface characteristics of hydroxyapatite film on the
micro-pore structured Ti-35Ta—xNb alloys by electrochemical deposition
method were investigated by using various experimental instruments.

The results were as fol lows;

1. Microstructure of alloys were transformed form o' phase to B phase,
and a needle-like to an equiaxed structure as Nb content increased.

2. The Ti-35Ta and Ti-35Ta-10Nb alloy showed only o'+ B phase and
crystal structure from XRD analysis.

3. The number of micro—pore increased as Nb content increased and the
micro-pore size increased as voltage increased.

4. Nano network structure was formed on NaOH treated Ti—-35Ta-xNb al loys.

5. HA size of Ti-35Ta-10Nb alloy is bigger than that of Ti-35Ta alloy.

6. Flower—like HA shape showed on the Ti—35Ta alloy surface, whereas, the
bi-phase flower—Ilike HA shape showed on the Ti-35Ta-10Nb alloy. HA size
on the Ti-35Ta—10Nb alloy is bigger than that of Ti-35Ta alloy.

7. Corrosion resistance of Ti-35Ta-xNo alloys increased as Nb content

increased.
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