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With CP Ti sample as control, the electrochemical measurements were used to investigate the corrosion
resistance of low modulus Ti16Nb shape memory alloy in Hank's solution with pH value 7.4. The OCP curves
show that the passive film on the Ti16Nb alloy surface is quite stable. The tafel plots and anodic polarization
curves prove that the Ti16Nb alloy has excellent anti-corrosion properties in Hank's solution, which is even
better than that of CP Ti. The XPS analysis reveals that the composition of the oxide film on Ti16Nb alloy is
mainly TiO2 and Nb2O5. The indirect cytotoxicity results prove that Ti16Nb alloy has an excellent
biocompatibility as CP Ti with high proliferation rate approaching that of the negative control group.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Titanium and titanium based alloys are widely used in
biomedical application, especially the CP Ti, Ti–6Al–4V alloys,
TiNi alloys and Ti–6Al–7Nb alloy. However, since the toxicity of
vanadium and hypersensitivity of nickel was pointed out [1], and
aluminium was found to be related with the inducing of senile
dementia [2], a lot of efforts have been done to develop toxicity
element free Ti based alloys. To meet this requirement, the alloying
elements to Ti should be non-toxic to human body to avoid or
minimize adverse reactions. Several pioneering works have been
reported on the binary Ti-based alloys with non-toxic and beta
stabilizing elements such as Ti–Hf [3], Ti–Ta [4], Ti–Mo [5], Ti–Zr
[6]. Ti–Nb binary alloys are recently found to have many
interesting properties with appropriate Nb content, such as low
elastic modulus and shape memory effect, which makes them
potential candidate biomedical materials for replacing TiNi alloys
[7]. Yet up to date the information about the corrosion behavior
and biocompatibility of the Ti–Nb alloys is scarce. In this particular
work, Ti16Nb alloy has been further investigated in terms of their
corrosion resistance, oxide film composition, and indirect cyto-
toxicity test.
ll rights reserved.
2. Material and methods

The details on the preparation of the Ti–16at.%Nb alloy specimen
had been reported in our previous work [7]. Here the
10 mm×10 mm×1.5 mm slices solid solution treated at 750 °C for
1800s were used. After mechanically polished via a standard
procedure to a wet sand paper of 2000# grit, all the specimens
were cleaned with acetone, ethanol and distilled water in turn in an
ultrasonic bath and then dried in air.

The electrochemical measurements were performed using an
electrochemical analyzer (CHI 650C, CHI, Austin, TX) controlled from a
computer. The electrolytes cell was maintained at 37 °C throughout the
test using a suitable water bath. The sample was set as a ‘working’
electrode (anode), a platinum electrode acting as a counter electrode
and a saturated calomel electrode was used as the ‘reference’ electrode.
TheOCPmeasurementwasmaintained up to 3.6×104 s. Tafel plotswere
conducted from −0.6V (vs. SCE) to 0.6V (vs. SCE) at an increasing
potential rate of 1 mV/s. The anodicpolarization curves were measured
from −0.5V (vs. SCE) to+2.5V (vs. SCE) with a scan rate of 0.5 mV/s
after dipping the specimen into the correspondingelectrolyte for 3600 s.
The simulated body liquid electrolyte, prepared from the analytical
reagents and de-ionized water, was Hank's solution with pH value 7.4.
All the electrochemical measurements were carried out in triplicate.

X-ray photoemission (XPS) analysis was performed with an
Axis Ultra spectrometer using mono Al Kα (1486.6 eV) radiation at
vacuum pressure of 10−9 bar, 15 kV and 15 mA. The binding
energy was calibrated using Cls hydrocarbon peak at 284.8 eV.
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Fig. 2. XPS survey spectra of the Ti16Nb sample surface after corrosion in Hank's
solution with pH value 7.4.
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Indirect cytotoxicity test was carried out according to a standard
procedure described in reference [8] using murine fibroblast cells
(L929 cell). CP Ti was used as a control group and 100% alloy extracts
were used during the test.

3. Results and discussion

3.1. OCP curves

The corrosion potential values as a function of immersion time for
Ti16Nb alloy samples in Hank's solution with pH value 7.4 have been
investigated in the open circuit potential, as shown in Fig. 1(a). It can
be seen that after the initial periods (0–10,000s) there is no significant
fluctuation in the curve of the Ti16Nb alloy sample, with a stable long
period till the end of the experiment, indicating a quite stable surface
condition, similar to that of the CP Ti sample, and the potential is kept
around−0.157V for the Ti16Nb alloy, a little higher than that of the CP
Ti (around −0.183V). It indicates that the Ti16Nb alloy has high
thermal dynamic stability in Hank's solution with pH value 7.4.

3.2. Potentiodynamic polarization

The potentiodynamic polarization curves of the Ti16Nb alloy in
comparison to that of CP Ti in Hank's solutionwith pH 7.4 are shown in
Fig. 1(b). After Tafel region, broad and distinctive passivation and
repassivation regions were observed in the anodic polarization curves
of all the alloy samples. Meanwhile, a slight but consistent current
Fig. 1. The electrochemical measurement results in Hank's solution with pH value 7.4 at
37 °C : (a)OCP curves; (b) potentiodynamic polarization.
density increase was observed in the curve of Ti16Nb alloy above1.3 V
and followed by a long range of repassivation from 1.6 V till 2.5 V, the
same as that of CP Ti. It is also clearly seen that the curve of the Ti16Nb
alloy is at the left side of that of the CP Ti, indicating that the
passivation current density of the Ti16Nb alloys is lower than that of
CP Ti, which means the Ti16Nb alloy has better anti-corrosion
resistance than that of CP Ti. The passivation current density is
among 4.16–5.72 µA/cm2 for Ti16Nb alloy and 5.67–7.8 µA/cm2 for CP
Ti, and the repassivation current density is among 12.1–13.4 µA/cm2

for Ti16Nb alloy and 18.2–20 µA/cm2 for CP Ti in Hank's solution.
The corrosion potential (Ecorr) and the corrosion current density

(Icorr) can be estimated from the Tafel plots. It can be noted that the
Ti16Nb sample has lower Icorr (3.557(±1.281)×10−3 µA cm−2)
and lower Ecorr (−0.403±0.020 V), in comparison with CP Ti
(Ecorr=−0.341±0.020 V, Icorr=7.616(±0.145)×10−2 µA cm−2).
It also proved that the corrosion rates of the Ti16Nb alloys in the
Hank's solution with pH value 7.4 were very low. It means the
passive film formed on the Ti16Nb alloys are quite stable with few
ion releasing to the electrolyte, and make them even have a better
protective effect than that of CP Ti.

3.3. XPS analysis

Fig. 2 shows the XPS survey spectra of the Ti16Nb alloy sample
surface before sputtering, whereas Fig. 3 (a)–(b) present the XPS
spectra of the Ti2p and Nb3d for the Ti16Nb alloy sample after
electrochemical measurement in the Hank's solution (pH 7.4). Before
sputtering, the Ti2p1/2 and Ti2p3/2 peaks are located at binding energy
position of 464 eV and 458 eV respectively (Fig. 3 (a)), denoting to the
presence of TiO2. Nb3d presents two obvious peaks, one is located at
the line position 210 eV and another is 207 eV (Fig. 3(b)). These two
peaks correspond to Nb3d3/2 and Nb3d5/2, which coincides with the
standard values of Nb2O5. The formation of oxide is also reflected by
the O1s spectrum (Fig. 2). Therefore, it can be concluded that the
passive film formed on the TiNb alloys after anodic polarization is
mainly composed of TiO2 and Nb2O5. Meanwhile Ca2+ (Ca2p peaks
position at 347.1 eV and 350.9 eV) and P–O (P2p peak position at
133.4 eV) were also found in the oxide film (Fig. 3 (c) and (d)).

After sputtering for 150s, it can be seen that the broad Ti2p and
Nb3d peaks were insufficient to be indexed as any of the special
features of Ti and Nb, which suggests the surface of Ti16Nb alloy
consists of non-stoichiometric Ti and Nb oxide state. With the
sputtering process proceeding, the position of main peak Ti2p spectra
obtained after 600 s sputtering are located at 460 and 454 eV with the
characteristic of Ti, and the position of main peaks Nb 3d spectra are
located at 205.6 and 202.9 eV with the characteristic of Nb.



Fig. 3. XPS spectra of Ti16Nb alloys after corrosion in the Hank's solution with pH value 7.4: (a) Ti2p region; (b) Nb3d region; (c) Ca2p region; (d) P2p region.
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3.4. Cytotoxicity test

Fig. 4 shows the results of the indirect cytotoxicity test for the
Ti16Nb alloy samples, with the culture microplate as negative control
and DMSO as positive control. It can be seen that the result of Ti16Nb
alloy samples is close to that of the negative control. Although it is still
a little lower than that of CP Ti for all the test periods (2d, 4d, 7d),
there is no significant difference analyzed by One-way ANOVA. It
confirmed that the Ti16Nb alloy samples do not present any cytotoxic
effect and have excellent in vitro biocompatibility. This is mostly due
to the extremely stable oxide layer formed on the Ti16Nb alloy surface
which can inhibit the inner metal ion releasing.
Fig. 4. Indirect cytotoxicity test for the TiNb alloys on L929 cell after 2, 4 and 7 days
culture in extraction mediums.
4. Conclusions

The Ti16Nb alloy is found to own excellent anti-corrosion proper-
ties compared to the CP Ti. A stable film would be formed on the
surface of the Ti16Nb alloy samples when contacted to the electro-
lytes. The oxide film on the Ti16Nb alloy is mainly composed by TiO2

and Nb2O5, and has an inhibiting barrier effect on the inner metal ion
releasing. The extracts of Ti16Nb alloy are found to have no adverse
effect on the L929 cell viability. All these results indicated that Ti16Nb
alloy would be promising metallic biomaterial with low elastic
modulus and acceptable shape memory effect.
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