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In this work, corrosion resistance of the passive films formed on a biomedical grade NiTi shape
memory alloy (SMA) surface in phosphate buffered saline (PBS) was improved using a simple linear
cyclic potentiodynamic polarization technique. The results shown that the modification of NiTi SMA
surface by cyclic potentiodynamic polarization between -0.9 V and a given anodic potential for a
specified cyclic scan number resulted in a formed passive film which obviously enhanced corrosion
resistance (both pitting and general) when compared to the naturally formation of a passive film. The
influence of anodic potential limit and scan numbers on the pitting corrosion resistance was discussed.
The capacitance analysis demonstrated that cyclic potentiodynamic polarization for the NiTi SMA
surface under the given conditions caused an evident improvement of the surface’s general corrosion
resistance.
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1. INTRODUCTION
Equiatomic NiTi shape memory alloy (SMA) is a suitable material used in medical application
for unique properties of its biocompatibility and shape memory effect. NiTi SMA has lower elastic
modulus than titanium alloys and CoCrMo alloys. In addition, the superelastic property is one of
unique properties of NiTi SMA. Therefore, NiTi SMA has been widely used for implants that can be
self-expanding, self-compressing and self-locking, providing great opportunities for many medical
applications, from surgical and orthodontic implants to vascular stent [1]. It has been shown that NiTi
SMA with a thin film is a promising material from which to fabricate micro medical devices for Bio-
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Micro-Electro-Mechanical System (Bio-MEMS) such as microstents, micropumps and microwrappers
for neurovascular blood vessels [2].
To be used in humans, the most important characteristics of NiTi SMA are surface property
and corrosion resistance that would be compatible with the environment of human vivo. It is well
known that resistance of corrosion of NiTi SMA can influence the biocompatibility which is essential
for the implant biomaterial. Few papers have shown that NiTi SMA presents poor corrosion resistance
to localized corrosion in simulated human body fluids. In particular, they are serious problems that the
Ni ions are released into the human body from NiTi SMA for its toxicity and carcinogenesis [1]. A
great many toxic and allergenic Ni ions is released from the surface when a NiTi SMA film with high
Ni content is exposed to human body fluids. Therefore, it is essential to modify the surface of NiTi
SMA to enhance their pitting corrosion resistance and prevent Ni ion release into human body fluids
[3-5].
Many surface treatment methods have been reported, such as chemical surface passivation,
anodization, plasma polymerization, reduction annealing, and electropolishing [6-14], to enhance the
pitting corrosion resistance of the biochemical alloys. Among them, the electrochemical method is
advantageous for its simplicity and feasibility. The anodization method has been reported to enhance
the resistance to corrosion of NiTi SMA [2, 6]. N. Bayat et al. [6] proposed that the exposure of NiTi
SMA surface to Hank’s solution under different voltages leads to a passive film that is related to a
higher grain boundary density. However, the surface treatment of NiTi SMA by cyclic
potentiodynamic polarization has not been reported.
In this study, a simple cyclic linear potentiodynamic polarization technique is used to form
passive films on the NiTi SMA in phosphate buffered saline (PBS) to improve its corrosion resistance.
The effect of cyclic scan numbers and anodic potential limit on the corrosion resistance is discussed.

2. EXPERIMENTAL DETAILS
The specimens were cut from a tubular product of NiTi shape memory alloy with the diameter
of 1.8 mm. The chemical composition of NiTi alloy is listed in Table 1. The specimens were cut into
Φ1.8 mm × 30 mm, grinded sequentially to 1000 grit SiC paper, cleaned in deionized water, and then
degreased in alcohol.
Table 1. Chemical composition of NiTi alloy (wt. %)
Ni
55.85

Ti
43.85

C
0.034

Cr
＜0.005

Cu
＜0.005

Nb
＜0.005

Co
＜0.005

Fe
H
0.019 0.00017

N
O
0.002 0.028

The cyclic potentiodynamic polarization experiment and the electrochemical impedance
spectroscopy (EIS) measurement were carried out in 0.1 M phosphate buffer solution pH 7.4 (PBS).
The solutions were made up by dissolving the solid substance in the deionized water. Solutions with
pH ranging from 7.2 up to 7.4 were prepared with the 0.1 M NaOH. All tests were carried out at 37 ℃
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in deoxidized solutions that were obtained by continuously filling in with N2 to the electrochemical
cell. The AUTOLAB PGSTAT128N was utilized to perform the electrochemical tests, using a
standard three-electrode electrochemical cell. The counter electrode was two graphite electrodes, and
all potentials were referred to a saturated calomel electrode (SCE).
The modification of the surface were carried out through the cyclic potentiodynamic
polarization of the electrode in a PBS solution between -0.9 V and a given anodic potential (0.3 V, 0.6
V, 0.8 V, 1.0 V, 1.1 V respectively) at a scan rate of 0.1 V/s for 100 sweeps and between -0.9 V and
0.8 V for a specified number of cycles (50 sweeps, 80 sweeps, 100 sweeps, 150 sweeps, 200 sweeps
respectively). Once the cyclic polarization was completed, the open circuit potential (OCP) was
monitored for 1 hour to guarantee its stability. Then, the potentiodynamic polarization curves were
measured at a scan rate of 1 mV/s from OCP to +1.4 V (SCE). The electrochemical impedance
spectroscopy (EIS) measurements were carried out over a frequency ranging from 100 kHz to 10 mHz
using a 10 mV amplitude sinusoidal voltage. The impedance data was analyzed by the commercial
software ZsimpWin.

3. RESULTS AND DISCUSSION
3.1 Corrosion behavior
Fig. 1 shows the potentiodynamic polarization curves of both the unmodified and modified
NiTi surface in a PBS solution. The unmodified surface is the NiTi SMA surface on which a passive
film was grown by immersing in the PBS solution for 1 h under OCP. The modified specimen is
corresponds to the specimen experienced cyclic potentiodynamic polarization sweep between -0.9 V
and 0.3 V for 100ycles. It is shown that corrosion potential is shifted positively because of the surface
modification. Pitting potential (Eb) of the as-received and modified NiTi specimens is 0.319 V and
0.668 V, respectively. In addition, the current oscillations in the passive region, which is related to the
metastable pitting events [15-16], are significantly reduced after the modification of the specimen
surface. All the observations demonstrate that the cyclic potentiodynamic polarization under the
applied conditions enhances the pitting corrosion resistance of NiTi SMA.
During the cyclic potentiodynamic polarization treatment of the NiTi specimen, the anodic
potential limit and cyclic scan numbers will significantly influences the corrosion resistance of the
NiTi surface passive film. Therefore, effects of these two factors on the pitting potential were
investigated to obtain the optimizing parameters. Fig. 2 shows that the pitting potentials are related
with the anodic potential limits (a) and cyclic sweep numbers (b). It is shown in Fig. 2a that all
modified NiTi SMA surfaces demonstrate higher corrosion resistance performance than the
unmodified NiTi SMA surfaces. The pitting resistance increases with an increase of the anodic
potential limit. The pitting corrosion resistance reaches a maximum at 0.8 V. With further increase of
the anodic potential limit, the pitting resistance is essentially constant. As a result, the optimizing value
for the modified NiTi SMA surface was an anodic potential limit of 0.8 V.
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Figure 1. Potentiodynamic polarization curves of the unmodified and modified NiTi alloy surfaces.
The modified surface is a passive film which was formed by cyclic potentiodynamic
polarization of the electrode in 0.1 M PBS between -0.9 V and 0.3 V at a scan rate of 0.1 V/s
for 100 sweeps.
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Figure 2. The pitting potential influenced by (a) the anodic potential limit and (b) cyclic scan numbers
used for the modified NiTi SMA surface. The modified passive surface for the data shown in
(a) was done by cyclic potentiodynamic polarization of the electrode in 0.1 M PBS between 0.9 V and Elim at a rate of 0.1 V/s for 100 sweeps, and for the data presented in (b) between -0.9
V and 0.8 V for the specified cyclic scan numbers.
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The influence of the sweep number on the pitting potential during the electrode modification
was shown in Fig. 2b. In the tests, the anodic potential limit is kept at the optimizing value of 0.8 V. It
is seen that the pitting potential increases with the sweep numbers, reaching a maximum at 150
sweeps.
Further increase in the number of the modification sweeps results in a negative shift of the
pitting potential. The film of NiTi SMA is formed and dissolved simultaneously during the process of
cyclic potentiodynamic polarization. Further, the passive film thickness is probably responsible for the
pitting corrosion resistance. With an increase in the cyclic scan numbers, the formation rate of passive
film is faster than the dissolution rate that results in the growth of passive film in thickness. The
formation rate of passive film is gradually equal to the dissolution rate under a maximum number of
150 sweeps. However, with further increasing in the cyclic scan numbers, the passive film dissolution
is gradually faster than the passive film formation, leading to the decreasing thickness of passive films.
3.2 EIS studies
The influence of surface modification on the pitting corrosion resistance of the surface was
investigated through EIS measurements. Fig. 3 shows the EIS spectra recorded on the modified and
unmodified surface of NiTi SMA in PBS solution. The radius of the semi-circular arc is significantly
increased after the modification of the specimen surface, indicating an enhancement of the polarization
resistance.
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Figure 3. Nyquist diagrams of the unmodification (■) and modification (▲) of NiTi SMA surface in
0.1 M PBS solution with pH 7.4 and 37 ℃. The modification of NiTi SMA surface was done by
cyclic potentiodynamic polarization of the electrode in 0.1 M solution PBS between -0.9 V and
+0.8 V at a rate of 0.1 V/s for 150 sweeps.

Table 2. Best fitting parameters for the impedance spectra data presented in Fig. 3

Unmodified
Modified

Rf/Ω cm2
164.3
2.9×105

Rt/Ω cm2
5.8×105
2.43×106
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Different electrical equivalent circuits had been presented for explaining impedance spectra on
a passive surface of the metal. According to some references [17-21], the EIS data can be fitted
employing the equivalent circuit model inserted in Fig. 3, in which the Rs is solution resistance, the
CPEf is the constant phase element of the passive film layer, the CPEdl is the double layer capacitance,
Rf is passive film resistance, and Rt is the charge transfer resistance. It can be seen that the equivalent
circuit fits the test data well in most of the frequency range, which makes clear that the equivalent
circuit is suitable.
Table 2 illustrates the EIS fitting results of the as-received and the surface-modified specimens.
It is seen that both the film resistance (Rf) and the charge transfer resistance (Rt), especially the former,
is increased after the surface treatment using cyclic polarization technique. The film resistance of the
modified specimen is almost three orders of magnitude larger than the as-received specimen,
indicating a better resistance of the surface film against corrosion process. In conclusion, the cyclic
polarization technique is a promising method to improve the pitting corrosion resistance of NiTi SMA
in PBS solution.
4 CONCLUSIONS
In this work, a cyclic polarization method is proposed to improve the corrosion resistance of
NiTi SMA in PBS solution. Corrosion resistance is significantly improved after the modification using
this technique, which is demonstrated by the polarization curve and EIS measurements. Results show
that the optimizing anodic potential limit and sweep number are 0.8 V and 150 cycles, respectively,
under which the specimen exhibits a higher pitting potential. EIS results show that cyclic polarization
technique mainly modifies the surface passive film resistance, which present a three orders of
magnitude larger than the as-received specimen.
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