대한치과재료학회지 48(3) : 191-210, 2021
Korean Journal of Dental Materials (Korean J Dent Mater)
ISSN:2384-4434 (Print); 2384-3268 (Online)
Available online at http://www.kadm.org
http://dx.doi.org/10.14815/kjdm.2021.48.3.191

Original Article

치과임플란트용 Ti-Ta-Ag-Pt 합금에 형성된 나노튜브의 표면특성
김승표, 최한철*
조선대학교 치과대학 치과재료학교실

Surface characteristics of nanotube-formed Ti-Ta-Ag-Pt
alloys for dental implants
Seung-Pyo Kim, Han-Cheol Choe*
Advanced Functional Surface & Biomaterials Research Lab, Department of Dental Materials
& Research Center of Nano-Interface Activation for Biomaterials, College of Dentistry,
Chosun University Gwangju, Republic of Korea
본 연구에서는 나노튜브로 형성된 치과 임플란트용 Ti-Ta-Ag-Pt 합금의 표면 특성을 조사하였다. 이를 위하여 Ti-xTa-2Ag-2Pt합은
Ta 함량을 10, 30 및 50 wt%로 변화하여 진공 아크 용해로를 사용하여 제조한 다음, 1050 ℃에서 1시간 동안 열처리한 후 균질화처리하였다.
Ti-xTa-2Ag-2Pt(x = 10-50 wt%) 합금의 나노튜브 형성은 1.0 M H3PO4 + 0.8 wt% NaF 전해액에서 30 V의 DC 전원을 사용하여
수행하였다. 광학 현미경(OM), 전계 방출 주사 전자 현미경(FE-SEM), 에너지 분산형 X선 분광법(EDS), X-선 회절법(XRD), 젖음성
및 나노 압입 시험을 통하여 표면특성을 조사하였다. 그 결과 다음과 같은 결론을 얻었다. Ti-xTa 합금의 미세조직은 α''상(Widmanstätten
구조)과 β상 등축 구조로 구성되었으며 α상의 XRD 피크는 Ta 함량이 증가함에 따라 낮아지고 β상의 XRD 피크는 증가하였다.
Ti-30Ta-2Ag-2Pt 합금의 탄성계수는 다른 합금보다 낮게 나타났다. Ti-10Ta-2Ag-2Pt 및 Ti-30Ta-2Ag-2Pt 합금에서 규칙화된 나노튜브의
배열을 보였다. Ti-50Ta-2Ag-2Pt 합금에서 나노 입자가 발견되었으며 Ta 함량이 증가함에 따라 크고 작은 나노튜브의 직경이 각각
증가 및 감소하였다. 나노튜브는 바늘과 같은 구조를 갖는 Widmanstätten상에서 성장하지 않았고 또한 결정립계에서도 나노튜브가
형성되지 않았다. TiO2의 아나타제상은 Ti-30Ta-2Ag-2Pt 합금에서 나타났고 Ti-50Ta-2Ag-2Pt 합금에서 사라졌다. 나노튜브로 형성된
Ti-30Ta-2Ag-2Pt 합금의 접촉각은 다른 합금보다 작게 나타났다.
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Introduction

anodization has attracted considerable interest. TiO2
nanotubes are especially important because of their

Titanium (Ti) and Ti-6Al-4V alloys are excellent metallic

unique physical and chemical properties that can be used

medical materials because of their excellent combination

in a variety of applications (10). The nanostructured

of mechanical properties, corrosion resistance, and

surface was prepared by anodizing a fluoride-containing

biocompatibility, and are widely used in dental and

electrolyte, such as (NH4)2SO4-NH4F mixture, chromic

orthopedic implants (1). However, the Ti-6Al-4V alloy

acid-HF mixture, HF, H2SO4-HF mixture, and H3PO4-NaF

stimulates inflammation and osteolysis of the implant due

mixture, to form self-organized nanotubes of TiO2 (11–13).

to the toxicity of stimulation caused by the influence of

When titanium oxide nanotubes are formed on the surface

Al and V ions, which lead to the resorption of adjacent

of titanium alloy, adhesion and cell attachment are greatly

bone tissues due to the large difference in elasticity

improved

modulus between the implant and the adjacent bone

Electrochemical anodization seems to be a relatively

tissues (2). The ideal biomedical implant materials should

straightforward way to convert titanium implant surfaces

have excellent biocompatibility, high strength, good

into nanostructures (15). However, there is little research

corrosion resistance, and low elastic modulus, similar to

on the surface treatment of alloys with added Pt and

human bones (3, 4). In addition, because the Ti alloy

Ag, which have antibacterial action, low modulus of

has no antibacterial action, it is difficult to treat

elasticity, and non-toxic elements that are harmless to

implant-associated bacterial infections (5). To overcome

the human body.

and

bone

fusion

is

improved

(14).

these disadvantages, many other Ti alloys have been

Therefore, in this study, the surface characteristics of

developed that have a low modulus of elasticity, such

nanotube-formed Ti-Ta-Ag-Pt alloys for dental implants

as non-toxic elements of Ta, Zr, Nb, Mo, and Hf, which

were researched using various experimental instruments.

are harmless to the human body (4). In particular, Ta
has similar chemical properties to glass and is immune

Materials and Methods

to attack from almost all acids except concentrated HF
(6). In addition, Ti-Ta alloys are attracting attention for
their excellent corrosion resistance due to oxide films

In this study, Ti-xTa-2Ag-2Pt quaternary alloys used

of TiO2 and Ta2O5 (7). Silver is much stronger than Cu

were prepared from pure Ti (G&S Titanium, Grade 4,

and has a broad spectrum of antimicrobial activity, and

USA), Ta (99.95% purity, Kurt J. Lesker Company, USA),

a small amount of Ag can lead to a very strong antimicrobial

Ag (99.99% purity, iTASCO company, Korea), and Pt

effect. It is also reported that the addition of an appropriate

(99.99% purity, iTASCO company, Korea) with Ta content

concentration of Ag improves the strength and grindability

of 10, 30, and 50 wt%. Each alloy was melted 6 times

of the titanium alloy while maintaining high elongation

using a vacuum arc-melting furnace (Model MSTF-1650,

and reducing the modulus of elasticity (8). It has been

MS Eng., Korea) under a high-purity argon atmosphere

reported that Pt is more active in the galvanic series than

to improve alloy homogenization. The alloy was

Ag, and thus significantly enhances the Ag antibacterial

homogenized by heat treatment at 1050 ℃ for 1 h in

effect due to galvanic action (9).

a high-purity argon atmosphere and followed by

Among the surface modification techniques used to

quenching in 0 ℃ water. For the experiments, each sample

improve the bioactivity of dental implants, titanium

was first cut to a 3-mm thickness using a high-speed
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diamond-cutting machine (Accutom-5, Struers, Denmark)

measurement speed was set to 0.500 mm/s and the

at a speed of 2000 rpm. Samples of 3-mm thickness were

measurement length was set to 4.000 mm. The surface

polished with 100–2000 grit sand paper and then polished

wettability test was performed on the surface and anodized

with 0.3-µm Al2O3 slurry. The polished samples were

surface using a water contact-angle goniometer (Kruss

ultrasonically cleaned in deionized water and dried in

DSA100, Germany) in distilled water-drop mode with 6-µL

flowing

on

drops. The contact angles were measured by the sessile

Ti-xTa-2Ag-2Pt (x = 10–50 wt%) alloy was performed using

droplet method with the help of a contact angle meter,

a DC power source (Agilent E3641 A, USA) as a

which contains an automatic drop-deposition system and

two-electrode system, using platinum as a counter

video camera.

nitrogen.

The

nanotube

formation

electrode and a working electrode as an anode. All the

Results and Discussion

nanotube formations were anodized at room temperature
for 2 h with a DC power supply of 30 V in 1.0 M H3PO4
+ 0.8 wt% NaF electrolyte solution. After the experiment,

Fig. 1 shows the microstructure of Ti-xTa and

the sample surface was washed with ethanol and distilled

Ti-xTa-2Ag-2Pt alloys with Ta content of 10, 30, and 50

water and air dried. The Ti-xTa-2Ag-2Pt alloy was

wt%. Fig. 1 (a) to (c) show the optical micrographs (OM)

chemically etched in a Keller’s solution (190 mL H2O

for Ti-xTa alloys, and (d) to (f) show the OM results

+ 3 mL HCl + 5 mL HNO3 + 2 mL HF) and then an

for Ti-xTa-2Ag-2Pt alloys. In Fig. 1 (a) to (c), the

optical microscope (OM, Olympus BM60M, Japan) was

microstructure of the Ti-xTa alloy has an α',α''-phase

used to observe the microstructure. The surface

which are needle-like structures and a β-phase of

morphology and structural characterization of the samples

equiaxed structure. As the Ta content increases, the

after nanotube formation was carried out with

martensite α' and α" phase gradually disappears and

field-emission scanning electron microscopy (FE-SEM,

only the equiaxed structure appears. In the previous study

Hitachi 4800, Japan), which was also capable of

on Ti-Ta alloys, the orthorhombic (α'') martensite was

energy-dispersive X-ray spectroscopy (EDS) analysis. The

observed for high Ta contents ranging from 26 to 52

phases were identified by X-ray diffraction (XRD) using

wt%. When the Ta content exceeds 65% by weight, there

a diffractometer (X'pert PRO, Philips, Netherlands) and

is a single β phase, quasi-stable body-centered cubic

Cu Kα radiation (λ = 1.54060 nm). The diffraction peaks

(bcc), or orthorhombic (α'') martensite structure (3). As

from the atomic planes were compared to files from the

shown in Fig. 1 (d), the microstructure of the

Joint Committee on Powder Diffraction Standards (JCPDS).

Ti-xTa-2Ag-2Pt alloy shows properties similar to those

The elastic modulus and Vickers hardness of the

of the Ti-xTa alloy; the Ti-50Ta-2Ag-2Pt alloy did not

Ti-xTa-2Ag-2Pt alloys were measured three times for each

have a martensitic structure and showed only complete

samples using a nano-indentation tester with an allowable

equiaxed structure. It is considered that Ta, which is a

load range of 500 mN, pulling speed of 10 N/min, fine

stabilizing element in the Ti alloy, modifies the martensitic

depth range of 40 µm, and large depth range of 200

starting deformation temperature due to the influence of

µm (TTX-NHT3, Anton Paar, Austria). The surface

Ag and Pt alloys. In a previous study (16), it was reported

roughness of the samples was measured by using a surface

that, in the case of an alloy containing 2.0–4.0 wt% silver,

roughness tester (Surfcorder SE 1700, Kosaka Lab. Ltd.,

the formation of the acicular α-phase was observed inside

Japan) and measured using a probe method. The

the β-phase, and the acicular phase became thinner with
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Figure 1. OM images of Ti-xTa-2Ag-2Pt alloys after heat treatment at 1050 ℃ for 1 h in Ar atmosphere, followed by 0 ℃ water
quenching: (a) Ti-10Ta alloy, (b) Ti-30Ta alloy, (c) Ti-50Ta alloy, (d) Ti-10Ta-2Ag-2Pt alloy, (e) Ti-30Ta-2Ag-2Pt alloy, and (f)
Ti-50Ta-2Ag-2Pt alloy.

194

increasing silver content. In Fig. 1 (a) and (d), the thickness

as shown in Fig. 1 and Fig. 2. Moreover, no distinct

of the needle-like structure may be thinned by the addition

diffraction peaks due to the addition of Ag and Pt were

of Ag and Pt, which is consistent with the results reported

observed. It is considered that the Ti2Ag and Ti3Pt (20)

in the paper (16). The addition of a small amount of

phases of a small amount of alloy were completely

Pt was found to significantly improve the antimicrobial

dissolved due to the homogenization treatment (8).

performance of Ag. For this reason, it is thought that

Fig. 4 shows the results of nano-indentation test for

the addition of Pt affects the microstructure by the active

measuring the elastic modulus and Vickers hardness. As

formation of Ag ions (9, 17).

shown in the graph, the Ti-30Ta-2Ag-2Pt alloy was found

Fig. 2 shows an FE-SEM image showing the

to be shifted to the right in the load–displacement graph,

microstructure of Ti-xTa and Ti-xTa-2Ag-2Pt alloys with

and the elastic modulus was also the lowest among the

Ta contents of 10, 30, and 50 wt%. Fig. 2 (a) to (c)

alloys at 72.10 GPa. When 30% of Ta is added to Ti,

show the FE-SEM images for Ti-xTa alloys, and (d) to

the elastic modulus reaches its minimum as the β structure

(f) show FE-SEM images for Ti-xTa-2Ag-2Pt alloys. As

is formed, and when Ta is increased again, other phases,

shown in the OM image in Fig. 1, Ti-xTa alloy and

such as ω phase, appear and increase the elastic modulus

Ti-xTa-2g-2Pt alloy showed a Widmanstätten structure (18)

(3). The elastic modulus of the Ti-xTa-2Ag-2Pt alloy is

with a fine orthorhombic structure, as shown in Fig. 2

much lower than that of the conventional CP Ti and

(a, b, d), and an equiaxed structure, as shown in Fig.

Ti-6Al-4V alloys (about 125 GPa), and can reduce the

2(e, f), and the morphology of the microstructure changed

stress-shielding effect (21). The addition of an appropriate

with increasing Ta content. In Fig. 2 (c) and (e), we

concentration of Ag is believed to improve the strength

can observe that a Widmanstätten-type microstructure that

and grindability of the titanium alloy while maintaining

is slightly different from the OM analysis results; the grain

a high elongation and reducing the modulus of elasticity

boundaries are observed. This is considered to be because

(8).

the α" structure is very finely distributed or the etching

There are several reports on the elastic modulus of

treatment is slightly less. However, when Ag and Pt are

the various stages of titanium alloys. The ω phase has

added, the needle-like structure is greatly thinned and

the highest elastic modulus, the elastic modulus of the

disappears, as shown in Fig. 2 (e and f).

α" phase is lower than that of the α' phase, and the

Fig. 3 shows the XRD pattern of the Ti-xTa-2Ag-2Pt

β phase has the lowest elastic modulus (3, 22). It is

alloy. The β-phase and α-phase peaks were detected

well known that the elastic modulus, one of the intrinsic

at all peaks in the case of Ti-xTa-2Ag-2Pt alloy (x = 10,

natures of materials, is determined by the bonding force

30, and 50 wt%). As the Ta content increased, the α-phase

among atoms. This bonding force is not only related to

peak decreased and the β-phase peak increased. It is

the crystal structure, but also to the distances among atoms,

clear that the β-volume fraction of the alloy increases

and it can be affected by alloying addition, heat treatment,

because tantalum is the β-stabilizer element of the

and plastic deformation (22). The elastic modulus mainly

titanium alloy (19). The martensite structure of the α

depends on the chemical composition, that is, it is sensitive

-phase peak appears at 2θ = 34°, 39°, 40°, 52°, and

to the Ta content (3). It is believed that the titanium

76°, and the equiaxed structure of the β-phase peak

alloy can bring about a stabilized β-Ti structure and an

appears at 2θ = 38°, 56°, and 70°. These peaks show

antibacterial effect due to the presence of Ta, Ag, and

similar results to those observed in the microstructure,

Pt. The highest Vickers hardness value was 556 HV for
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Figure 2. FE-SEM images of Ti-xTa-2Ag-2Pt alloys after heat treatment at 1050 ℃ for 1 h in Ar atmosphere, followed by 0 ℃ water
quenching: (a) Ti-10Ta alloy, (b) Ti-30Ta alloy, (c) Ti-50Ta alloy, (d) Ti-10Ta-2Ag-2Pt alloy, (e) Ti-30Ta-2Ag-2Pt alloy, and (f)
Ti-50Ta-2Ag-2Pt alloy.
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Ti-10Ta-2Ag-2Pt alloy and 399 HV for Ti-50Ta-2Ag-2Pt
alloy.
The surface hardness of Ti-xTa and Ti-xTa-2Ag-2Pt
alloys was found to increase with the increasing
needle-like structure (Widmanstätten) and decrease with
the formation of the β-phase. It is believed that this
is due to the internal stress generated by the formation
of the martensite structure (23). The elastic modulus and
Vickers hardness values are shown in Table 1.
Table 1. The elastic modulus and Vickers hardness value

of Ti-xTa-2Ag-2Pt alloys.
Properties
Elastic modulus
(GPa)

Vickers hardness
(Hv)

Ti-10Ta-2Ag-2Pt

142.04

556.07

Ti-30Ta-2Ag-2Pt

72.10

426.45

Ti-50Ta-2Ag-2Pt

87.07

399.58

Specimens

Figure 3. XRD patterns for the homogenized Ti–xTa–2Ag-2Pt
alloys.

Fig. 5 shows FE-SEM image of the nanotube morphology
of Ti-xTa and Ti-xTa-2Ag-2Pt alloys in the 1.0 M H3PO4
+ 0.8 wt% NaF electrolytes for 2 h at an applied potential
of 30 V. Fig. 5 (a–c) shows the top morphologies of
nanotube on Ti-xTa alloy with 30000× magnifications
and Fig. 5 (d–f) shows the top morphologies of the
nanotube

on

Ti-xTa-2Ag-2Pt

alloy

with

30000×

magnification. The Ti-10Ta and Ti-30Ta alloy nanotubes
in Fig. 5 (a) and (b), respectively, show clearly formed
nanotubes on the surface, and Ti-50Ta in Fig. 5 (c) shows
the formation of nanoparticles. In the Ti-xTa-2Ag-2Pt alloy
shown in Fig. 5 (d–f), the formation of highly arrayed
nanotubes can be observed only in the Ti-10Ta-2Ag-2Pt
Figure 4. Load-displacement graphs of Ti-xTa-2Ag-2Pt alloys
from nano-indentation test.

and Ti-30Ta-2Ag-2Pt alloys shown in Fig. 5 (d–e); the
shape of the nanoparticles was seen in the Ti-50Ta-2Ag-2Pt
alloy.

The

Ti-10Ta-2Ag-2Pt,

Ti-30Ta-2Ag-2Pt,

and

Ti-50Ta-2Ag- 2Pt alloys showed a similar appearance to
the conventional Ti-xTa alloys. The average diameters
of the large and small nanotubes are (a) 180 nm and
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Figure 5. FE-SEM micrographs showing views of the surfaces of the nanotube layers formed on the Ti-xTa and Ti-xTa-2Ag-2Pt alloys
in 1.0 M H3PO4 with 0.8 wt. % NaF electrolyte after anodization for 2 h at 30V : (a) : Ti-10Ta, (b) : Ti-30Ta, (c) Ti-50Ta, (d)
Ti-10Ta-2Ag-2Pt, (e) Ti-30Ta-2Ag-2Pt, and (f) Ti-50Ta-2Ag-2Pt.
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105 nm, (b) 200 nm and 95 nm, (c) 160 nm and 97

formation is probably affected by the irregular and regular

nm, (d) 138 nm and 99 nm, (e) 179 nm and 99 nm,

structure of the surface according to crystal structures.

and (f) 151 nm and 93 nm, respectively. It is indicated

Fig. 6 shows the FE-SEM image of bottom view of

that the nanotubes in the Ti-xTa-2Ag-2Pt alloy were slightly

nanotube-formed Ti-xTa-2Ag-2Pt alloys in the 1.0 M H3PO4

smaller than those in the Ti-xTa alloy. Moreover, the

+ 0.8 wt% NaF electrolytes for 2 h at an applied potential

dissolution rate of the oxide layer depends on the metallic

of 30 V. Fig. 6 (a–c) shows the low-magnification image

phases of substrate. For this reason, it is considered that

and Fig. 6 (d–f) shows the high-magnification image. To

the growth is slowed by the slow attack of fluoride ions

analyze the size of the nanotubes more accurately, we

on the oxide film containing Ag and Pt, although the

used an image analyzer (Image J, Wayne Rasband, USA)

influence of Ta is large (13). As shown in Figs. 5 (c)

to measure the number and diameter of large and small

and 5 (f), the β phase is present in the dented part

nanotubes in a high-magnification image of the nanotube

and the nanopore is formed in the flat part where the

bottom. The measured data are shown in Table 3. As

α phase is present. An unstable phase, such as α'', can

shown in Table 3, the nanotube diameter increases slightly,

be easily dissolved in fluoride solution, whereas the stable

the number of small nanotubes gradually decreases, and

β phase is difficult to dissolve in this solution (24).

a large number of large nanotubes are formed as the

From the surface roughness analysis, the arithmetic

Ta content increases. In Fig. 6, it can be seen that as

mean roughness (Ra) values of the Ti-xTa-2Ag-2Pt alloy

the Ta content increases, the area of the small and large

were 0.060, 0.077, and 0.120, respectively. The Ra values

nanotubes becomes wider. These phenomena were

of the Ti-xTa-2Ag-2Pt alloy after nanotube formation were

indicate that Ta has a role in the formation of a stable

0.585, 0.473, and 0.180, respectively, as shown in Table 2.

oxide film that protects the alloy surface from fluoride

The surface of the nanotubes has high roughness because

ion attack, and that areas devoid of nanotubes act as

the surface is etched by the fluorine ions, and the tendency

subsequent nucleation sites for the smaller tubes (25).

to decrease as the Ta content increases is because the

The Ti-50Ta-2Ag-2Pt alloy in Fig. 6 (c) shows two regions:

texture changes to the α phase to the β phase. It is

dark and bright. This shows that the nanotube layer grew

considered that the case where the β phase is mixed

at different rates. The nanotube diameter of the Ti alloy

becomes rougher than the case where only the β phase

depends on TiO2 and Ta2O5, and various nanotube

exists. In addition, it is thought that the roughness is

diameters can be achieved. Therefore, nanotube

decreased due to uniform etching on the surface, as shown

regulation can be controlled by the Ta content (26).
Fig. 7, Fig. 8, and Fig. 9 show FE-SEM images of the

in Fig. 1. The Ti-xTa-2Ag-2Pt alloy after nanotube

Table 2. The surface roughness value of Ti-xTa-2Ag-2Pt alloys.

Specimens
Surface
roughness
(µm)
Ra(µm)

Ti-10Ta2Ag-2Pt

Ti-30Ta2Ag-2Pt

Ti-50Ta2Ag-2Pt

Nanotube+
Ti-10Ta2Ag-2Pt

Nanotube+
Ti-30Ta2Ag-2Pt

Nanotube+
Ti-50Ta2Ag-2Pt

0.060
(±0.013)

0.077
(±0.009)

0.120
(±0.073)

0.585
(±0.246)

0.473
(±0.05)

0.180
(±0.024)
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Figure 6. FE-SEM micrographs showing views of the bottom of the nanotube layers formed on the Ti-xTa-2Ag-2Pt alloys in 1.0 M
H3PO4 with 0.8 wt. % NaF electrolyte after anodization for 2 h at 30V : (a) Ti-10Ta-2Ag-2Pt at low magnification, (b) Ti-30Ta-2Ag-2Pt
at low magnification, (c) Ti-50Ta-2Ag-2Pt at low magnification, (d) Ti-10Ta-2Ag-2Pt at high magnification, (e) Ti-30Ta-2Ag-2Pt at high
magnification, and (f) Ti-50Ta-2Ag-2Pt at high magnification.
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Table 3. The diameter and number of nanotube of Ti–xTa–2Ag-2Pt alloys.

Specimens

Nanotube diameter (nm)

2

Numbers of nanotube (N/µm )

Large

Small

Large

Small

Ti-10Ta-2Ag-2Pt

138.3(±6.5)

99.4(±8.4)

20

58

Ti-30Ta-2Ag-2Pt

179.8(±14.7)

99.8(±10.1)

23

28

Ti-50Ta-2Ag-2Pt

158.9(±17.9)

110.6(±10.9)

30

16

Figure 7. FE-SEM micrographs showing views of the microstructure surfaces of the nanotube layers formed on the Ti-10Ta-2Ag-2Pt
alloys in 1.0 M H3PO4 with 0.8 wt. % NaF electrolyte after anodization for 2 h at 30V : (a) : ×500, (b) : ×8,000, (c) ×10,000, (d)
×25,000.

microstructure surfaces on nanotube-formed Ti-xTa-2Ag-

Ti-10Ta-2Ag-2Pt alloy of Fig. 7, the non-uniform surface

2Pt alloys in the 1.0 M H3PO4 + 0.8 wt% NaF electrolytes

of the oxide layer can be observed in Fig. 7 (b) in the

for 2 h at an applied potential of 30 V. As shown in

direction of the arrow in the low-magnification image

Fig. 7 and Fig. 8, nanotubes grown on the grain boundaries

of Fig. 7 (a). Fig. 7 (c) shows the formation of uniform

can be observed in the nanotubes formed on the

nanotubes. Fig. 7 (d) shows that the nanotubes did not

Ti-10Ta-2Ag-2Pt and Ti-30Ta-2Ag-2Pt alloys. In the

grow in a needle-like structure (Widmanstätten). This is
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Figure 8. FE-SEM micrographs showing views of the microstructure surfaces of the nanotube layers formed on the Ti-30Ta-2Ag-2Pt
alloys in 1.0 M H3PO4 with 0.8 wt. % NaF electrolyte after anodization for 2 h at 30V : (a) : ×1,000, (b) : ×3000, (c) ×10,000,
(d) ×3,500.

thought to be due to the α phase of the needle-like

nanotube growth (27). In the Ti-50Ta-2Ag-2Pt alloy of

structure with internal stress, as observed in Fig. 1 and

Fig. 9, nanotubes were not observed, only nanoparticles.

Fig. 2.

This is because the nanoporous layer is formed on the

The Ti-30Ta-2Ag-2Pt alloy in Fig. 8 confirmed that the

surface, and the nanotube layer then grows below the

nanotubes were formed on both grain boundaries and

nanoporous layer. At this stage, the tube begins to grow

surfaces, as shown by the arrows, and it was confirmed

at different rates due to alloying elements, such as Ta,

that the Ti-30Ta-2Ag-2Pt alloy was divided into two

Ag, and Pt, and may be different in the α phase or

disordered structures. It can be seen that nanotubes are

β phase (18). It can be seen that the growth behavior

not formed at the grain boundaries by fluoride ions, and

of nanotubes can be affected by the microstructure.

the grain boundaries are heavily corroded, especially at

Fig.

10

shows

the

EDS

mapping

image

of

the edges. This is because the grain boundary is unstable,

cross-sectioned nanotubes of Ti-xTa-2Ag-2Pt alloys in 1

compared to the matrix. It is believed that some grain

M H3PO4 + 0.8 wt% NaF electrolytes for 2 h at an applied

boundaries are more etched than others are because

potential of 30 V. Fig. 10 (a) is a cross-sectional image

oxidation and dissolution reactions take place during

of Ti-30Ta-2Ag-2Pt alloy after nanotube formation, and
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Figure 9. FE-SEM micrographs showing views of the microstructure surfaces of the nanotube layers formed on the Ti-50Ta-2Ag-2Pt
alloys in 1.0 M H3PO4 with 0.8 wt. % NaF electrolyte after anodization for 2 h at 30V : (a) : ×500, (b) : ×3,500, (c) ×20,000,
(d) ×50,000

Figure 10. EDS mapping analysis results of the cross-section of the nanotube layers formed : (a) Ti-30Ta-2Ag-2Pt alloy and (b)
Ti-50Ta-2Ag-2Pt alloy.
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Table 4. EDS analysis results of nanotube formed Ti–xTa–2Ag-2Pt alloys.

Specimen
Elements
(wt%)

Ti-10Ta-2Ag-2Pt

Ti-30Ta-2Ag-2Pt

Ti-50Ta-2Ag-2Pt

Surface

Bottom

Flaked

Surface

Bottom

Flaked

Surface

Bottom

Flaked

O

28.12

28.19

25.43

35.85

35.19

9.95

30.15

45.49

7.94

Ti

55.89

54.82

52.15

30.12

34.25

57.89

24.97

16.00

31.99

Ag

0.66

0.99

0.68

1.17

0.65

0.63

0.04

1.09

0.61

Ta

10.41

13.94

19.27

25.33

26.02

29.18

42.57

33.35

57.83

Pt

4.92

2.06

2.47

7.54

3.88

2.36

2.27

4.07

1.64

Total

100

100

100

100

100

100

100

100

100

Fig. 10 (b) is a cross-sectional image of Ti-50Ta-2Ag-2Pt

that the Ta, Ag, and Pt ions are uniformly distributed

alloy after nanotube formation. Fig. 10 (a) and (b) show

over the entire surface of the alloy, which is thought

that the Ta, Ag, and Pt ions are uniformly distributed.

to be helpful for cell adhesion and cell growth. In addition,

When Ag and Pt are excessively agglomerated on the

nanotubes grown in β-type alloys are suitable for

TiO2 nanotube, the bioactivity may deteriorate due to

biomedical applications, as demonstrated by in vitro and

the electrochemical reaction in the mixed electrolyte.

in vivo testing (27).

Therefore, excessive agglomeration must be prevented

Fig. 12 shows the XRD pattern of nanotube-formed

(28). Furthermore, the mapping distribution of Ag and

Ti-xTa-2Ag-2Pt alloy with Ta content. The anatase phase

Pt in Figure 10 (a) and (b) is well distributed in the

of TiO2 was detected at the peaks of all alloys and showed

nanotube

bioactivity

a strong peak tendency in Ti-30Ta-2Ag-2Pt alloy that was

performance is good. When the dental implant is

decreased in Ti-50Ta-2Ag-2Pt alloy. It seems to be the

implanted into the human body, it is expected to increase

role of the Ta content, due to the formation of Ta2O5

osseointegration and reduce healing time due to the

film instead of TiO2 film. The presence of the TiO2 anatase

antibacterial effect. The results of the EDS analysis after

phase on the titanium surface provides an advantageous

formation of the Ti-xTa-2Ag-2Pt alloy nanotubes are

environment favored by the cells (13). The anatase phase

shown in Table 4. The EDS analysis results from the

is more suitable for apatite formation than the rutile phase

data are in good agreement with the EDS mapping results.

because of the crystallographic matching between the

As shown in Table 4, a certain amount of Ag and Pt

biomimetic apatite of the (0001) plane and the (110) plane

were detected at the bottom portion of all the alloys near

for anatase is better than that between the biomimetic

the substrate.

apatite of the (0001) plane and the (101) plane for rutile

layer,

suggesting

that

the

Fig. 11 shows the EDS mapping image of the surface

phase (29). As the Ta content increases, the peaks of

of nanotube-formed Ti-xTa-2Ag-2Pt alloys in 1 M H3PO4

Ta2O5 tend to increase gradually, as shown in Fig. 12.

+ 0.8 wt% NaF electrolytes for 2 h at an applied potential

Fig. 13 shows the result of the wettability test of the

of 30 V. As shown in Fig. 10, it can be clearly confirmed

Ti-xTa-2Ag-2Pt alloy. Fig. 13 (a–c) shows the contact angle
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Figure 11. EDS mapping analysis results of the surface of the nanotube formed: (a) Ti-10Ta-2Ag-2Pt alloy, (b) Ti-30Ta-2Ag-2Pt alloy,
and (c) Ti-30Ta-2Ag-2Pt alloy.

Figure 12. XRD patterns for the nanotube-formed Ti–xTa–2Ag-2Pt alloys.
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of the Ti-xTa-2Ag-2Pt alloy on the surface of the etched

philicity or hydrophobicity) determined through contact

microstructure. Fig. 13 (d–f) shows the contact angle of

angle measurements is an important parameter affecting

the Ti-xTa-2Ag-2Pt alloy to the surface after nanotube

the biological response to the implanted biomaterial (30).

formation. Wettability can affect protein adsorption and

In the case of the etched surface, the contact angles are

activation, platelet adhesion, cell adhesion, and blood

(a) 62.10°, (b) 74.22°, and (c) 67.65°. The contact angle

clotting. Furthermore, the surface wettability (hydro-

of the etched surface is slightly different due to the

igure 13. Contact angles showing the Ti–xTa-2Ag-2Pt alloy surfaces: (a) etched Ti-10Ta-2Ag-2Pt, (b) etched Ti-30Ta-2Ag-2Pt, (c) etched
Ti-50Ta-2Ag-2Pt, (d) nanotube formed Ti-10Ta-2Ag-2Pt, (e) nanotube formed Ti-30Ta-2Ag-2Pt, and (f) nanotube formed Ti-50Ta-2Ag-2Pt.
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formation of needle-like and equiaxed structures with

(Widmanstätten), and nanotubes are not formed at the

the variation in Ta content, as shown in Fig. 1. After

grain boundaries by fluoride ions, and the grain

the nanotube formation on the Ti-xTa-2Ag-2Pt alloy, the

boundaries are heavily corroded, especially at the edges.

contact angles are (d) 12.79°, (e) 11.60°, and (f) 17.28°.

The anatase phase of TiO2 was detected at the peaks

In the case of the etched surface, the contact angle of

of all alloys and showed a strong peak tendency in

the Ti-30Ta-2Ag-2Pt alloy was the highest, but the contact

Ti-30Ta-2Ag-2Pt alloy, whereas anatase peak was

angle after nanotube formation was the lowest in the

decreased in Ti-50Ta-2Ag-2Pt alloy. In the case of the

Ti-30Ta-2Ag-2Pt alloy. It is thought that wettability can

etched surface, the contact angle of the Ti-30Ta-2Ag-2Pt

be varied based on the influence of the size of two

alloy was higher than that after the nanotube formation.

diameters, large and small, and microstructure of substrate
as the Ta content increases. Therefore, it is considered
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Surface characteristics of nanotube-formed Ti-Ta-Ag-Pt
alloys for dental implants
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In this study, the surface characteristics of nanotube-formed Ti-Ta-Ag-Pt alloys for dental implants were studied using various
experimental instruments. The Ti-xTa-2Ag-2Pt quaternary alloys were manufactured using a vacuum arc-melting furnace with
varying Ta contents (10, 30, and 50 wt%) and then homogenized by heat treatment at 1050 ℃ for 1 h. The nanotube formation
of Ti-xTa-2Ag-2Pt (x = 10–50 wt%) alloy was performed using a DC power source of 30 V in 1.0 M H3PO4 + 0.8 wt% NaF
electrolyte solution. The surface characterization was performed using optical microscopy (OM), field-emission scanning electron
microscopy (FE-SEM), energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), and wettability and nano-indentation
tests. The microstructure of the Ti-xTa alloy was composed of an α''-phase (Widmanstätten structure) and a β-phase equiaxed
structure. The XRD peak of the α phase became weaker and that of the β phase became stronger with increasing Ta content.
The elastic modulus of Ti-30Ta-2Ag-2Pt alloy was lower than those of the other alloys. The highly ordered nanotubes were
formed in the Ti-10Ta-2Ag-2Pt and Ti-30Ta-2Ag-2Pt alloys; nanoparticles were found in the Ti-50Ta-2Ag-2Pt alloy. The diameters
of the large and small nanotubes increased and decreased, respectively, with increasing Ta content. Nanotubes did not grow
in a needle-like structure (Widmanstätten), and nanotubes are not formed at the grain boundaries and edges. The anatase
phase of TiO2 was detected in Ti-30Ta-2Ag-2Pt alloy and disappeared in Ti-50Ta-2Ag-2Pt alloy. The contact angle of the
nanotube-formed Ti-30Ta-2Ag-2Pt alloy was lower than those of the other alloys.

KeyWords : Ti-xTa-2Ag-2Pt alloys, Nanotube, Elastic modulus, α and β phase, Contact angle
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