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Electrochemical Characteristics of  
Nanotubular Ti-25Nb-xZr Ternary Alloys for 

Dental Implant Materials
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Department of Dental Materials, Research Center of Nano-Interface Activation for Biomaterials & Research Center for 

Oral Disease Regulation of the Aged, College of Dentistry, Chosun University, Gwangju, Korea

Purpose: The purpose of this study was to investigate the electrochemical characteristics of nanotubular Ti-25Nb-
xZr ternary alloys for dental implant materials.
Materials and Methods: Ti-25Nb-xZr alloys with different Zr contents (0, 3, 7, and 15 wt.%) were manufactured using 
commercially pure titanium (CP-Ti), niobium (Nb), and zirconium (Zr) (99.95 wt.% purity). The alloys were prepared 
by arc melting in argon (Ar) atmosphere. The Ti-25Nb-xZr alloys were homogenized in Ar atmosphere at 1,000°C 
for 12 hours followed by quenching into ice water. The microstructure of the Ti-25Nb-xZr alloys was examined by a 
field emission scanning electron microscope. The phases in the alloys were identified by an X-ray diffractometer. The 
chemical composition of the nanotube-formed surfaces was determined by energy-dispersive X-ray spectroscopy. Self-
organized TiO2 was prepared by electrochemical oxidation of the samples in a 1.0 M H3PO4+0.8 wt.% NaF electrolyte. 
The anodization potential was 30 V and time was 1 hour by DC supplier. Surface wettability was evaluated for both the 
metallographically polished and nanotubeformed surfaces using a contactangle goniometer. The corrosion properties 
of the specimens were investigated using a 0.9 wt.% aqueous solution of NaCl at 36°C±5°C using a potentiodynamic 
polarization test. 
Result: Needle-like structure of Ti-25Nb-xZr alloys was transform to equiaxed structure as Zr content increased.
Nanotube formed on Ti-25Nb-xZr alloys show two sizes of nanotube structure. The diameters of the large tubes 
decreased and small tubes increased as Zr content increased. The lower contact angles for nanotube formed Ti-
25NbxZr alloys surfaces showed compare to non-nanotube formed surface. The corrosion resistance of alloy increased 
as Zr content increased, and nanotube formed surface showed longer the passive regions compared to non-treatment 
surface.
Conclusion: It is confirmed that corrosion resistance of alloy increased as Zr content increased, and nanotube formed
surface has longer passive region compared to without treatment surface.
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mailto:hcchoe@chosun.ac.kr


11

InSeop Byeon, et al: Electrochemical Characteristics of Nanotubular Ti-25Nb-xZr Alloys

J Korean Dent Sci 2017;10(1):10-21

Introduction

Commercially pure titanium (Cp-Ti) and Ti-6Al-
4V (α+β type) alloys are widely used in dental 
implants because of their favorable mechanical 
properties, excellent corrosion resistance, reasonable 
cost, and biocompatibility1). However, Ti-6Al-4V-
based implants suffer from toxicity and elastic 
modulus mismatch between the Ti-6Al-4V alloy 
(~100 GPa) and the bone (~10 to 40 GPa), which 
can cause insufficient loading on the bone adjacent 
to the implant, leading to an eventual failure of the 
implant2,3). 

And, aluminum (Al) easily dissolves in an acid 
solution, exposed to acid environment and can be 
resorbed in the body, and then resorbed aluminum 
penetrates slowly into the cells and may interfere 
with the transcription of DNA. Aluminum inhibits 
bone mineralization. Therefore, aluminum may 
play a role in the development of Alzheimer’s 
disease and bone fragility. Also vanadium (V) has 
been suggested to be caused by mechanisms of 
induction of oxidative stress, inhibition of DNA 
repair4,5). 

Recently, these apprehensions have led to the 
develop ment of a new type of titanium alloys 
without aluminum and vanadium. βrich TiNb
Zr alloys have been reported to be promising 
alternatives to Ti-6Al-4V alloys for dental implants 
owing to their low elastic modulus and non-toxic 
composition6).

Furthermore, niobium (Nb), a well-known β sta
bilizer, present in these alloys reduces their modulus 
and proprietarily occupies the Ti sites present 
in these alloys, thus resulting in solidsolution 
strengthening and precipitation hardening7,8). It is 
well-known that two stable phases, namely, the β 
and α phases, and three metastable phases, namely, 
the α, α”, and ω phases exist in βtype Ti alloys. 
The β phase of bodycenterd cubic crystal structure 
(BCC) exists at higher temperatures, while the α 
phase of hexagonal closepacked crystal structure 

(HCP) exists at lower temperatures9). The addition 
of zirconium (Zr) alloys results in high standard of 
blood compatibility when used in cardiovascular 
implants and leads to better corrosion resistance 
due to the formation of stable oxide layer10).

Titanium dioxide (TiO2) films formed on Ti 
surfaces have been reported to have excellent 
biocompatibility. In addition, it is well-known that 
protective stable oxides on Ti surfaces provide 
optimum osseointegration. The stability of such 
(TiO2) films depends on their composition, 
thickness, structure, and the chemical and physical 
properties of Ti surfaces, and thus, affects the 
implant success rate11).

In order to develop implant materials with 
improved biocompatibility, ordered (TiO2) film 
nanotubes have been created on Ti alloys by using 
an anodization method. It has been reported that 
the formation of nanotubular surfaces having 
a thickness comparable to that of the native 
oxide results in a very strong reinforcement of 
the bone response12,13). In addition, by carefully 
controlling the applied voltage, concentration 
and pH of electrolytes, and anodization time, it is 
possible to control the diameter and size of such 
nanotubes. The electrochemical anodization process 
is generally used for the surface treatment of 
metals, particularly to obtain surfaces with porous 
structures14,15). Regular arrays of oxide nanotubes 
can grow on many metals such as Zr, Nb, and 
Ti16,17). Many researchers have carried out on 
nanotube formation on Ti-alloy, whereas, there are 
a few researches on the phenomena of corrosion on 
the nanotube formed Tialloy surface. 

Therefore, in this study, the electrochemical charac
teristics of nanotubular Ti-25Nb-xZr ternary alloys 
for application in dental implants were investigated 
by using various experimental methods.

Materials and Methods

In this study, Ti-25Nb-xZr alloys with different Zr 
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contents (0, 3, 7, and 15 wt.%) were manufactured 
using CP-Ti (Grade 4; G&S Titanium, Wooster, 
OH, USA), Nb, and Zr (99.95 wt.% purity; Kurt 
J. Lesker Company, Jefferson, PA, USA). The 
alloys were prepared by arc melting in argon 
(Ar) atmosphere. The Ti-25Nb-xZr alloys were 
homogenized in Ar atmosphere at 1,000°C for 
12 hours followed by quenching into ice water. 
The samples for electrochemical measurements 
were prepared by polishing the alloys first with a 
sandpaper (100~2,000 grit) and finally with a 0.3 
μm Al2O3 slurry. All the polished specimens were 
ultrasonically cleaned in acetone (for 10 minutes) 
and distilled water and were finally dried in air. 

The microstructure of the Ti-25Nb-xZr alloys was 
examined by a field emission scanning electron 
microscope (FESEM, 4800; Hitachi, Tokyo, Japan). 
The specimens for the FE-SEM analysis were etched 
in Keller’s solution consisting of 2 ml HF, 3 ml HCl, 
5 ml HNO3, and 190 ml H2O. The phases in the 
alloys were identified by an X-ray diffractometer 
(XRD, X’pert PRO; Philips, Amsterdam, Nether-
lands) using a Cu target (Kα, λ=0.15406 nm). The 
peaks were indexed by comparing the observed 
data with the standard data provided by the inter-
national center for diffraction data (ICDD). The 
chemical composition of the nanotubeformed 
surfaces was determined by energy-dispersive 
X-ray spectroscopy (EDS, Oxford ISIS 310; Oxford 
Instruments, Oxfordshire, England). The EDS 
detector operated at an accelerating voltage of 15 
kV and an electron voltage of 137 eV. The working 
distance was 15 mm.

The anodizing experiment setup for nanotube 
formation consisted of a two-electrode configuration 
with platinum as the counter electrode and the 
samples as the working electrodes. Self-organized 
TiO2 was prepared by electrochemical oxidation 
of the samples in a 1.0 M H3PO4+0.8 wt.% NaF 
electrolyte. The anodization potential was 30 V 
and time was 1 hour by DC supplier (E3641A; 
Agilent, Santa Clara, CA, USA). Surface wettability 

was evaluated for both the metallographically 
polished and nanotubeformed surfaces using 
a contact-angle goniometer (DSA100; Kruss, 
Hamburg, Germany) in the sessile drop mode 
with 5 μl water drops. The corrosion properties of 
the specimens were investigated using a 0.9 wt.% 
aqueous solution of NaCl at 36°C±5°C using a 
potentiodynamic polarization method. The test was 
performed under deaerated conditions, which were 
achieved by sealing the corrosion cell and initially 
purging it with Ar for 15 mintues. The investigation 
was carried out in a standard three-electrode cell 
using the specimens as the working electrode, a 
saturated calomel electrode (SCE) as the reference 
electrode, and a carbonrich electrode as the counter 
electrode. The biocompatibility of the specimens 
was examined by carrying out a potentiodynamic 
polarization test in the potential range of –1,500 
to 2,000 mV at a scan rate of 1.667 m V/s. The 
corrosion potential (Ecorr) and corrosion current 
density (Icorr) of the samples were determined from 
their polarization plots obtained using a high
precision potentiostat (PARSTAT 2273; EG&G, 
Gaithersburg, MD, USA).

Result and Discussion

Fig. 1 shows the microstructure of the Ti-25Nb-
xZr alloys. Fig. 1 shows the FE-SEM images of the 
Ti-25Nb-xZr alloys with varying Zr contents. As 
shown in Fig. 1A and D, the α” phase grains had 
a needle-like shape. It was known to martensitic 
structure. The alloy with 15 wt.% Zr was mainly 
composed of the β phase unlike the other samples. 
The content of the martensitic structure formed 
along with the α” phase decreased gradually 
with an increase in the Zr content, whereas, the β 
phase content increased with an increase in the Zr 
content. The reason for this is that the effect of the β 
stabilizing element of Nb and Zr to the influence of 
employed chain martensite and equiaxed structure, 
at the same time, it can be seen that presence18,19).
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Table 1 show the EDS analysis results for the 
Ti-25Nb-xZr alloys. The EDS results reveal that 
the alloy surfaces were composed of Ti, Nb, and 
Zr and their overall composition consistent with 
the nominal composition. It can also be observed 
that the addition of Zr increased the content of Zr 
alloying element from EDS analysis, and it was the 
composition of the alloys. 

Fig. 2 shows the XRD patterns of the Ti-25Nb-xZr 
alloys with different Zr contents. The XRD patterns 
of the Ti-25Nb alloy exhibited two phases: the β 
(BCC structure) and α” (orthorhombic structure) 
phases. In the case of the Ti25Nb alloy (Fig. 2; ‘(a)’), 
the intensity of the α” (020) peak was high, while 
that of the α” (110), (112), (113), and (020) peaks was 
low. The Ti-25Nb alloy also exhibited a βphase 
(110) peak near 38.5°. The intensity of this peak was 

low. The Ti-25Nb-3Zr, Ti-25Nb-7Zr, and Ti-25Nb-
15Zr alloys showed predominant (211), (220), and 
(110) β phase peaks. This observation is consistent 
with the FE-SEM result for the Ti-25Nb-15Zr alloy. 

15.0 kV 1.00k 50 m�15.0 kV 1.00k 50 m�

15.0 kV 1.00k 50 m�15.0 kV 1.00k 50 m� A B

C D

Fig. 1. Field emission scanning 
electron microscope image 
showing microstructures of Ti-
25Nb-xZr alloys. (A) Ti-25Nb. 
(B) Ti-25Nb-3Zr. (C) Ti-25Nb-
7Zr. (D) Ti-25Nb-15Zr.
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Fig. 2. X-ray diffractometer peaks of Ti-25Nb-xZr alloys; (a) Ti-
25Nb, (b) Ti-25Nb-3Zr, (c) Ti-25Nb-7Zr, (d) Ti-25Nb-15Zr.

Table 1. Energy-dispersive X-ray spectroscopy analysis results of Ti-25Nb-xZr alloys 

Sample Ti-25Nb (wt.%) Ti-25Nb-3Zr (wt.%) Ti-25Nb-7Zr (wt.%) Ti-25Nb-15Zr (wt.%)

Ti 73.43 71.48 65.79 56.47

Nb 26.57 26.49 27.67 26.74

Zr 0 2.03 6.54 16.79

Total 100 100 100 100
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It is known that the martensitic transformation 
temperature of an alloy decreases with increase 
in the content of β-stabilizing elements in it. As 
a result, the XRD results were consistent with 
the FE-SEM result of the Ti-25Nb-xZr alloy. The 
XRD results also revealed that the content of the 

martensitic structure formed along with the α” 
phase decreased gradually with an increase in the 
Zr content, whereas, the β phase content increased 
with an increase in the Zr content20,21). The XRD 
peaks were indexed using the ICDD file #44-1294 
and #44-1288 for Ti.

5.0 kV 30.0k 1 m� 5.0 kV 30.0k

5.0 kV 30.0k 5.0 kV 30.0k

A B

C D1 m�

1 m�

1 m�

Fig. 3. Field emission scanning 
electron microscope images 
showing the top view of TiO2 
nanotube formed on Ti-25Nb-
xZr alloys. (A) Ti-25Nb. (B) Ti-
25Nb-3Zr. (C) Ti-25Nb-7Zr. (D) 
Ti-25Nb-15Zr.

15.0 kV 10.0k 5 m� 15.0 kV 10.0k 5 m�

15.0 kV 10.0k 5 m� 15.0 kV 10.0k 5 m�

A B

C D

Fig. 4. Field emission scanning 
electron microscope images 
showing the cross-section view 
of TiO2 nanotube formed on Ti-
25Nb-xZr. (A) Ti-25Nb. (B) Ti-
25Nb-3Zr. (C) Ti-25Nb-7Zr. (D) 
Ti-25Nb-15Zr.
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Fig. 3 shows the top-view FE-SEM images of the 
nanotube layers formed on the surface of the Ti
25Nb-xZr alloys. Fig. 4 shows the overall view of 
the nanotube arrays. At higher magnifications, the 
nanotubes were found to be slightly squeezed into 
an elliptic shape. From Fig. 4, the average diameter 
of the nanotubes was estimated to be about 100 
nm. It has been reported previously that by varying 
the anodization time and voltage or electrolyte 
composition, the dimensions of nanotubes can be 
changed22,23). Fig. 4 shows the FE-SEM images of the 
nanotube cross-section layers. Ti-25Nb-xZr alloys 
composition can cause the change of nanotube 
structure with ordered morphology with increased 
length. In order to capture the bottom-view images 

of the nanotubes, the flakedoff nanotube pieces 
lying upside down were scratched mechanically. 
Fig. 5 shows the bottom-view FE-SEM images of 
the nanotube surfaces. It can be seen that the self
organized nanotube layers consisted of arrays of 
tubes with large and small pore sizes. The average 
diameter of the tubes with larger pores varied from 
approximately 190 to 230 nm, while that of the 
tubes with smaller pores varied from approximately 
90 to 120 nm. The reason behind this difference in 
the nanotube structures was the incorporation of 
Zr element in the Ti-25Nb-xZr alloys. The diameter 
of the tubes with larger pores decreased, while that 
of the tubes with smaller pores increased with an 
increase in the Zr content, as shown in Fig. 5.

15.0 kV 50.0k 1 m� 15.0 kV 50.0k 1 m�

15.0 kV 50.0k 1 m� 15.0 kV 50.0k 1 m�

A B

C D

Fig. 5. Field emission scanning 
electron microscope images 
showing the bottom view of 
TiO2 nanotube formed on Ti-
25Nb-xZr. (A) Ti-25Nb. (B) Ti-
25Nb-3Zr. (C) Ti-25Nb-7Zr. (D) 
Ti-25Nb-15Zr.

Table 2. Energy-dispersive X-ray spectroscopy analysis results of nanotube formed Ti-25Nb-xZr alloys 

Sample Ti-25Nb (wt.%) Ti-25Nb-3Zr (wt.%) Ti-25Nb-7Zr (wt.%) Ti-25Nb-15Zr (wt.%)

Ti 72.81 46.17 39.82 35.81

Nb 24.79 17.89 17.67 17.17

Zr 0 6.82 8.59 17.40

O 2.4 29.12 33.92 29.62

Total 100 100 100 100
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Table 2 shows the EDS analysis results for the 
nanotube-formed Ti-25Nb-xZr alloys. Ti, Nb, Zr, 
and O were detected. The overall composition was 
consistent with the nominal composition of the 

alloy systems. As the Zr content increased from 0 
to 15 wt.%, the Ti content decreased from 72.81, 
46.17, 39.82, and 35.81 wt.%, respectively. It has 
been reported that the composition of nanotubes 
formed on the surface of Ti alloys depends upon the 
elements in present in the alloys, further suggesting 
that the Zr content in the alloys prepared in this 
study could affect the formation of oxides within 
the nanotube layer7). That is, ZrO2 has a role in the 
formation of nanotubes on the Ti-xZr and Ti-30Ta-
xZr alloy surface. Also, in the previous research, the 
transformation of β phase to α phase accelerated 
with increasing Zr content. Therefore, these phases 
and Zr oxide affected the formation of uniform 
nanotube structure, nanotube size and layer in the 
fluoride solution13).

Fig. 6 shows the XRD patterns of the nanotubes 
formed on the Ti-25Nb-xZr alloys obtained by 
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anodization in the 1 M H3PO4+0.8 wt.% NaF elec-
trolyte. No sharp peaks were detected, indicating 
that the nanotubes were amorphous in nature and 
did not contain the crystalline anatase or rutile TiO2 
phases, which could be formed after annealing. The 
XRD patterns for the αtitanium and βtitanium 
phases showed peaks similar to those observed in 
Fig. 2. As the Zr content increased, the intensity of 
the α peak decreased. This peak disappeared in 
the alloy with 25 wt.%. The β phase was dominant 
in the three XRD patterns. Previous studies have 
shown that amorphous titanium oxide nanotubes 
can be converted to crystalline TiO2 anatase and 
rutile phases by annealing at 500°C for 2 hours in air 
atmosphere24). 

Fig. 7 shows the variation of various parameters 
of the nanotubular Ti-25Nb-xZr alloys with the Zr 
content. Fig. 7A shows the contact angle values, Fig. 
7B shows the number of nanotubes after the surface 
treatment, and Fig. 7C shows the size and thickness 
of the nanotubes as a function of the Zr content. The 
nanotube-formed alloy surfaces had lower contact 
angles than the untreated alloy surfaces. The Zr 

content affected the pore size and length of the 
tubes. With an increase in the Zr content, the tube 
length increased, while the pore size decreased. 
A Ti-25Nb-xZr alloy has good affect the two-size 
structure, and small size nanotube increased slowly 
as Zr content increased. However, the nanotubes 
with larger pores were not affected significantly. 
As the Zr content increased from 3 to 15 wt.%, 
large variations were observed in the diameter and 
thickness of the nanotubes with both large and 
small pore sizes22). 

Fig. 8 shows the photographs of the contact angle 
for water on the non-nanotube formed (a) Ti-25Nb 
and (b) Ti-25Nb-15Zr alloys and nanotube-formed 
(c) Ti-25Nb and (d) Ti-25Nb-15Zr alloys. These are 
important for predicting the cell proliferation and 
biocompatibility of the alloys. The contact angles 
of the untreated Ti-25Nb and Ti-25Nb-15Zr alloys 
were 75° and 79°, respectively, whereas, those of 
the nanotube-formed Ti-25Nb and Ti-25Nb-15Zr 
alloys were 17° and 27°, respectively. The nanotube-
formed Ti-25Nb-xZr alloys exhibited a lower 
contact angle than the nonnanotube formed alloys. 

75 79

17 27

A B

C D

Fig. 8. Contact angles for Ti-
25Nb-xZr alloys surfaces; 
(A) non-treatment Ti-25Nb, 
(B) non-treatment Ti-25Nb-
15Zr, (C) nanotube-formed Ti-
25Nb, (D) nanotube-formed 
Ti-25Nb-15Zr.
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The surface of the nanotube-formed Ti-25Nb-xZr 
alloys showed better wettability than that of the 
untreated alloys. Such a high wettability leads to a 
good biocompatibility for the implant surface, also, 
have a surface morphology of nanotube structure 
which is important to achieve improved cell 
adhesion on Ti alloy implant surfaces25). 

Fig. 9 shows the average and standard deviation 
of the contact angle for water on the treated and 
nanotube-formed Ti-25Nb-xZr alloy surfaces. 
The contact angle of the Ti-25Nb-xZr alloys did 
not change with an increase in the Zr content. 
For the alloys with 0 wt.% Zr, the contact angle 

of the untreated surface was 75°, while that of the 
nanotube-formed surface was 17°. For the alloys 
with 3 wt.% Zr, the contact angle of the untreated 
surface was 79°, while that of the nanotube-formed 
surface was 18°. For the alloys wit 7 wt.% Zr, the 
contact angle of the untreated surface was 82°, 
while that of the nanotube-formed surface was 20°. 
For the alloys with 15 wt.% Zr, the contact angle 
of the untreated surface was 79°, while that of the 
nanotube-formed surface was 27°. The degree of 
surface roughness is considered to be an important 
factor for the contact angle of an implant surface, 
and an optimum implant surface morphology to 
achieve biocompatibility requires a high surface 
roughness and a low contact angle. Therefore, it 
can be stated that the properties of the nanotube 
structure on Ti implants affect their biocompatibility 
and cell adhesion26).

Fig. 10 shows the results of the potentiodynamic 
tests (potential ranging from –1,500 to +2,000 
mV) for the untreated and nanotubeformed Ti
25Nb-xZr alloys in a 0.9 wt.% NaCl solution at 
36.5°C±1°C. It can be seen from the results that the 
Icorr for the untreated surfaces decreased with an 
increase in the Zr content. In addition, the Ti-25Nb-
7Zr alloy showed the lowest Icorr. The reason behind 
the improvement in the corrosion resistance with an 
increase in the Zr content is believed to be the rapid 
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formation of thick passive films of TiO2, Nb2O5, and 
ZrO2 on the specimen surface. From Fig. 10B, it is 
clear that the untreated Ti-25Nb-xZr alloys showed 
larger passive regions. The potentiodynamic test 
results, i.e., the corrosion current density (Icorr), 
corrosion potential (Ecorr), current density at 300 
mV (I300), and current density in the passive region 
(Ipass) for the specimens are shown in Table 3. 
The Icorr, Ecorr, I300, and Ipass were obtained from the 
polarization curves using Tafel plots on the linear 
portions of the cathodic and anodic branches of the 
polarization curves near zero current density. It 
can be seen that the nanotube-formed Ti-25Nb-xZr 
alloys showed a high Icorr and a low Ecorr. However, 
the passive regions of the nanotubeformed surface 
were larger than those of the untreated surface.

Therefore, it was successfully demonstrated that 
the corrosion resistance of the Ti-25Nb-xZr alloys 
increased with an increase in the Zr content, and 
the nanotube-formed surface showed larger passive 
region than the untreated surface24,25).

Conclusion

The microstructure of the arc-melted Ti-25Nb-xZr 
alloys changed from α-phase (with a needle-like 
structure) to β-phase (with an equiaxed structure) 
with an increase in the Zr content from 0 to 15 
wt.%. The bottom-surface FE-SEM images of the 
nanotube layers showed a different structure with 
small and large pores. The nanotube layers showed 

a highly ordered morphology and an increased 
layer thickness with an increase in the Zr content. 
The nanotube-formed Ti-25Nb-xZr alloy surfaces 
showed a considerably better wettability than the 
untreated alloy surfaces. The corrosion resistance 
of the alloys increased with an increase in the Zr 
content, and the nanotube-formed surfaces showed 
larger passive regions than the untreated surface. 
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