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bstract

The corrosion resistance of Ti–Nb–Sn alloys in the 0.9% NaCl physiological and Hank’s solutions with different pH values (2.4, 5.4, 7.4) at
7 ◦C were investigated by means of open circuit potential (OCP), Tafel and anodic polarization techniques. The compositions of the passive films

ere analysed by X-ray photoelectron spectroscopy (XPS). The OCP was found to stabilize within several hours for Ti–Nb–Sn alloys in the Hank’s

olution but continued to increase in the 0.9% NaCl solution. Tafel results indicated that the corrosion current densities were in the magnitude
f below 1 �A/cm2. Anodic polarization curves demonstrated a wide passive region. XPS analysis results revealed that the passive film mainly
onsisted of TiO2, Nb2O5 and SnO2. These observations suggest that Ti–Nb–Sn alloys have a large potential for biomedical applications.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Shape memory alloys (SMAs) have been introduced to
iomedical fields due to its unique functions of shape mem-
ry effect and superelasticity. Titanium–nickel SMAs are now
idely used for practical biomedical applications [1], yet the
ossibility of Ni-hypersensitivity has been recognized [2]. In
rder to pursue better safety, the development of Ni-free SMAs
s necessary. Steinemann reported the cytotoxicity of pure met-
ls and the relationship between biocompatibility and polar-
zation resistance of surgical implant materials [3]. Ti, Zr,
b, Ta, Sn have good biocompatibility. Recently, new Ni-

ree biomedical SMAs such as Ti–Nb-based alloys have been
eveloped.

Takahashi et al. [4] have studied the effects of heat treat-
ent conditions, sample thickness and deformation tempera-

ure on the superelasticity of Ti–16Nb–4.9Sn alloy by tensile
oading–unloading. The superelastic recovery strain increases
ith decreasing quenching temperature. The martentsitic trans-

ormation temperature decreases rapidly with increasing Sn

ontent. The corrosion behaviours of Ti–18Nb–4Sn alloy in the
.9% NaCl, 0.05% HCl and 1% lactic acid solutions have been
nvestigated [5]. The purpose of this study is to examine the elec-
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rochemical corrosion characteristics of Ti–Nb–Sn SMAs in the
ank’s and NaCl solutions.

. Experimental methods

Ti–Nb–Sn alloys with nominal composition of
i84−xNb16Snx (x = 4.0, 4.5, 5.0 at.%) were prepared by
rc-melting method under an Ar atmosphere. Prior to melting,
he working chamber was evacuated and purged with argon.
he ingots were re-melted five times for ensuring homogeneity.
he ingots were hot rolled into the plates with a thickness of
.5 mm at 800 ◦C.

The samples were prepared by electro-discharge machining
rom the rolled plates with an area of 1 cm2, encapsulated in
n evacuated quartz tube, solution-treated at 850 ◦C for 30 min
nd quenched in iced water by breaking the tube. The samples
ere wet ground with water-proof silicon carbide papers to 2000
rit, and then buff polished. Finally they were cleaned by using
cetone, ethanol and de-ionized water in an ultrasonic bath and
hen dried in air.

The electrochemical tests were conducted using a CHI650B
lectrochemical workstation. The electrolytes used for simulat-
ng human body fluid condition were Hank’s and 0.9% NaCl

olutions [6]. The chemical composition of the Hank’s solution is
g/l NaCl, 1 g/l glucose, 0.4 g/l KCl, 0.35 g/l NaHCO3, 0.14 g/l
aCl2, 0.1 g/l MgCl2·6H2O, 0.06 g/l Na2HPO4·2H2O, 0.06 g/l
H2PO4 and 0.06 g/l MgSO4·7H2O, etc. The pH values of the

mailto:yfzheng@pku.edu.cn
dx.doi.org/10.1016/j.msea.2006.01.131


892 Y.F. Zheng et al. / Materials Science and Engineering A 438–440 (2006) 891–895

F
s

s
H
t
r
c
o
T
i
t
T
−
d

A
a
b
a
a

3

3

s

i
d
s
i
T
w

f
w
N
a

3

s
s

b
u
o

T
C

S

4
4
4
4
4
4
5
5
5

ig. 1. OCP vs. time curves of Ti–Nb–Sn alloys in the Hank’s solution and NaCl
olution at 37 ◦C and pH 7.4.

olution were precisely maintained at 2.4, 5.4 and 7.4 by adding
Cl or NaOH. The body temperature was maintained throughout

he experiment. The sample, a platinum electrode and a satu-
ated calomel electrode (SCE) were used as working electrode,
ounter-electrode and reference electrode, respectively. The
pen circuit potential measurement was maintained up to 10 h.
afel plots were conducted from −0.6 to +0.6 V at an increas-

ng potential rate of 1 mV/s. The corrosion potential (Ecorr) and
he corrosion current density (Icorr) can be estimated from the
afel plots. The anodic polarization curves were measured from
0.5 V (SCE) to +2.5 V (SCE) with a scan rate of 0.5 mV/s after

ipping the specimen into the electrolyte for 30 min.
X-ray photoemission (XPS) analysis was performed with an

xis Ultra spectrometer using mono Al K� (1486.6 eV) radi-
tion at vacuum pressure of 10−9 bar, 15 kV and 15 mA. The
inding energy was calibrated using C 1s hydrocarbon peak
t 284.8 eV. Samples were cleaned by sputtering 300 s with an
rgon ion gun.

. Results and discussion
.1. Open circuit potential (OCP)

Fig. 1 shows the OCP versus time curves. In the Hank’s
olution (pH 7.4), for the 4.5Sn sample, the OCP was found to

i
w
c
t

able 1
orrosion parameter values of Ti–Nb–Sn alloys in the Hank’s and NaCl solutions at

ample pH Ecorr
a (V vs. SCE) Ecorr

b

.0Sn 2.4 −0.207 −0.22

.0Sn 5.4 −0.192 −0.26

.0Sn 7.4 −0.468 −0.33

.5Sn 2.4 −0.280 −0.27

.5Sn 5.4 −0.367 −0.24

.5Sn 7.4 −0.359 −0.25

.0Sn 2.4 −0.350 −0.28

.0Sn 5.4 −0.354 −0.31

.0Sn 7.4 −0.404 −0.23

a In the Hank’s solution.
b In the NaCl solution.
Fig. 2. Tafel plots for the 4.5Sn samples in the Hank’s solution at 37 ◦C.

ncrease towards the noble direction with increasing time, then
ecrease and remain constant after 2.1 × 104 s. For the 5.0Sn
ample, the OCP did not vary except for a slight decrease in the
nitial stage. The OCP stabilized for all samples after 3 × 104 s.
he final OCP values of the 4.0Sn, 4.5Sn and 5.0Sn samples
ere −0.30, −0.21 and −0.25 V, respectively.
In the NaCl solution (pH 7.4), the OCP continued to increase

or all samples after 8.7 × 103 s. The OCP of the 4.5Sn sample
as lower compared with that of the 4.0Sn and 5.0Sn samples.
o significant difference in the OCP curves between the 4.0Sn

nd 5.0Sn samples was observed.

.2. Tafel plot

Fig. 2 presents the representative Tafel plots for the 4.5Sn
amples in the Hank’s solution. Table 1 summarizes the corro-
ion parameters for different samples in different solutions.

The Icorr values of all samples in the Hank’s solution were
elow 0.2 �A/cm2. In the 0.9% NaCl solution, the Icorr val-
es were in the range of 0.07–0.31 �A/cm2. The Icorr values
f Ti–11Mo–4Al and Ti–35Nb in the Hank’s solution were

n the range of 1.2–2.0 �A/cm2 [7] and 0.6–1.3 �A/cm2 [8],
hich were larger than that of Ti–Nb–Sn alloys in the same

onditions. But comparing with 0.16 �A/cm2 of Ti–6Al–4V in
he Hank’s solution (pH 7.4) [9], the Icorr values of Ti–Nb–Sn

37 ◦C by Tafel plot analyses

(V vs. SCE) Icorr
a (�A/cm2) Icorr

b (�A/cm2)

2 0.13 0.15
0 0.19 0.25
6 0.04 0.31
6 0.08 0.09
8 0.03 0.17
4 0.07 0.07
8 0.09 0.09
2 0.15 0.15
7 0.09 0.10
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lloys in the Hank’s solution (pH 7.4) were in the range of
.04–0.09 �A/cm2, indicating that the corrosion resistance of
he Ti–Nb–Sn alloys is compatible to or a little higher than that of
i–6Al–4V.

.3. Anodic polarization

Fig. 3(a) and (b) shows the anodic polarization curves of
he 4.0Sn, 4.5Sn, and 5.0Sn samples in the Hank’s and NaCl
olutions (pH 7.4). In the Hank’s solution, all samples showed
assive and transpassive region. A current density peaks at
bout 1.3 and 1.8 V were observed. Repassivation behaviour was
bserved above about 1.8 V for all samples. In the 0.9% NaCl
olution (pH 7.4), all samples showed distinctive passivation fea-
ure. The anodic polarization curves in the Hank’s solution are
ractically the same. While the corrosion behaviour of the 5.0Sn
ample in the NaCl solution (pH 7.4) is different from that of
he 4.0Sn and 4.5Sn samples, the latter two are nearly the same.

his implies that the content of Sn has no significant influence
n the corrosion of Ti–Nb–Sn alloys in the Hank’s solution (pH
.4), however, increase of Sn content gives rise to increase of
assive current in the NaCl solution.

ig. 3. Anodic polarization curves of Ti–Nb–Sn alloys in the (a) Hank’s solution
pH 7.4) and (b) NaCl solution (pH 7.4).
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ig. 4. Anodic polarization curves of the 4.5Sn samples in the Hank’s solution.

Fig. 4 shows the anodic polarization curves for the 4.5Sn
amples in the Hank’s solutions with different pH values. For all
est conditions, the 4.5Sn samples exhibited distinctive passive
egions from about 0 to about 1.3 V. The primary passive current
ensities in the passive region were about 10 �A/cm2. Repassi-
ation behaviour was observed in the region above about 1.8 V.
he polarization behaviour can be regarded as stable passivity.
he 5.0Sn samples showed similar polarization behaviour. There
as weak difference in passive current for the 4.0Sn samples.
Fig. 5 shows the anodic polarization curves for the 4.0Sn

amples in the NaCl solutions, showing wide passive region and
epassivation feature. The passive current densities of the 4.0Sn
amples were in the range of 4.3–10 �A/cm2. The change in
H values has little influence on the corrosion resistance of the
.0Sn samples in the NaCl solutions.

It is worth noting that there exists wide passive region for all
amples. In addition, it was reported that when an active–passive

etal was exposed to a corrosive medium and the critical cur-

ent density of the metal was lower than about 100 �A/cm2,
he metal would spontaneously passivate [10]. The low current
ensities of Ti–Nb–Sn alloys suggest that these alloys should

ig. 5. Anodic polarization curves of the 4.0Sn samples in the NaCl solution.
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Fig. 6. XPS spectra of Ti–Nb–Sn alloys after corrosion in the Hank’s so

asily be passivated in human body environment. These obser-
ations suggest that Ti–Nb–Sn alloys have a large potential for
iomedical applications.

.4. XPS analysis of samples after corrosion

Fig. 6(a)–(d) presents the XPS spectra of the Ti 2p, Nb 3d, Sn
d, and O 1s for the 4.0Sn, 4.5Sn and 5.0Sn samples after electro-
hemical measurement in the Hank’s solution (pH 7.4). The Ti
p3/2 peak located at the binding energy of 458.8 eV (Fig. 4(a)),
hich denoted the presence of TiO2. The binding energies of

he niobium and tin ions were 207.2 eV (Fig. 6(b)) and 486.7 eV
Fig. 6(c)), which coincided with the standard values of Nb2O5
nd SnO2, respectively. The formation of the oxide was also
eflected in the O 1s spectrum (Fig. 6(d)). Therefore, it can be
oncluded that the passive film is mainly composed of TiO2,
b2O5 and SnO2.
. Conclusions

1) The low corrosion current and wide passive region suggest
that Ti–Nb–Sn alloys have good corrosion resistance.
n: (a) Ti 2p region; (b) Nb 3d region; (c) Sn 3d region; (d) O 1s region.

2) The content of Sn has no influence on anodic polarization in
the Hank’s solution (pH 7.4); but in the NaCl solution (pH
7.4), the 5.0Sn sample has a larger passive current density
than the 4.0Sn and 4.5Sn samples.

3) The change in pH value has no significant influence on the
corrosion behaviour of the 4.5Sn and 5.0Sn samples in the
Hank’s solution, but has weak influence on that of the 4.0Sn
samples.

4) In the NaCl solution, the change in pH value has little influ-
ence on the corrosion resistance of the 4.0Sn samples.

5) The passive film of Ti–Nb–Sn alloys in the Hank’s solution
is mainly composed of TiO2, Nb2O5 and SnO2.
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