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bstract

The anti-corrosion properties of Ti44Ni47Nb9 shape memory alloy in simulated body fluids including 0.9% NaCl, Hank’s and artificial saliva
olutions at pH 2.4, 5.4 and 7.4 are investigated by electrochemical measurements. X-ray photoelectron spectroscopy (XPS) is used to characterize
he composition and in-depth distribution of the passive films on the alloy as well as their compositional changes before and after linear polarization

easurement with the aim to reveal the corrosion mechanism of the Ti44Ni47Nb9 alloy. The open circuit potential (OCP) increases after adding Nb
o TiNi alloy. In 0.9% NaCl solutions, the OCP decreases with increasing pH value and it is contrary for artificial saliva solution. Linear polarization
esults show that pH values and corrosion solutions have different effect on corrosion behaviour of Ti Ni Nb alloy. The XPS results verify that
44 47 9

fter linear polarization the passive film forms on the surface of Ti44Ni47Nb9 consisting of TiO2 and Nb2O5. The experimental results prove that the
lectrochemical corrosion behaviour of TiNi alloy is improved after adding Nb. This implies that Ti44Ni47Nb9 alloy may be used as a promising
mplant material.

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

Surface properties and anti-corrosion characteristics are the
ost important material characteristics determining the bio-

unctionality of all implant biomaterials. TiNi alloy has been
valuable biomaterial for manufacturing implants due to its

nique properties, such as shape memory effect, superelastic-
ty and good mechanical property [1–4]. Many devices, such as
tent, orthodontic wires, root canal files, etc., have been used
linically [2,5].

Some studies of the in vitro and in vivo biological prop-
rties of TiNi alloy have been reported. It has been found
hat TiNi alloys have poor local corrosion resistance especially
n chloride-containing corrosive media [6]. The toxicity and
arcinogenesis of Ni2+ ions released from TiNi alloy implant

ecause of corrosion to body become a major concern of this
lloy for biological applications [7].
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omedical materials

In recent years, ternary TiNi–X alloys have been investigated
n hope of improving properties of TiNi alloy as an implant

aterial. Ma and Wu [8] have found that the addition of Ta
nhances the corrosion resistance in SBF, and decreases the Ni2+

ons release rate in a corrosive environment. Wen et al. [9] also
ound that the corrosion resistance of Ti50−XNi50CuX (X = 1, 2,
, 6, 8) alloys are better than that of binary TiNi alloys. It is well
nown that Nb, Zr and Ta exhibit excellent biocompatibility and
re non-toxic in tissue interaction. It has been demonstrated that
b, Zr and Ta are appropriate alloying elements due to their
assive oxide layers which possess extremely low solubility and
igh protective ability.

In the present work, the influence of Nb on the corrosion
roperty of TiNi alloy has been investigated by electrochemical
ethods.

. Experimental method
.1. Sample preparation

The Ti44Ni47Nb9 (numbers indicate at.%) alloy samples were
ire cut into 13 mm × 13 mm × 1 mm from a rod prepared by

mailto:yfzheng@pku.edu.cn
dx.doi.org/10.1016/j.msea.2006.02.185
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Table 1
Compositions of test solutions

Components (g/L) 0.9% NaCl Hank’s Artificial saliva

NaCl 9.00 8.00 0.7
KCl 0.40 1.2
NaHCO3 0.35 1.5
NaH2PO4 0.10
MgSO4·7H2O 0.06
Na2HPO4·2H2O 0.12 0.36
MgCl2·H2O 1.00
Glucose 1.00
K
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Table 2
Corrosion potential (mV/SCE) of samples in SBFs with different pH values

Corrosion media pH value Ecorr (mV/SCE)

TiNiNb TiNi

0.9% NaCl solution 2.4 −150 −100
5.4 −110 −296
7.4 −50 −140

Hank’s solution 2.4 −199 −160
5.4 −200 −320
7.4 −60 −360

Artificial saliva solution 2.4 0 −160

i
fi
s
s
−
i
p

c
t
s
t
a
s
a
u
t

T
diagrams show, Ti44Ni47Nb9 alloy demonstrates partial passi-
vating during measurement in Hank’s solution, in which case the
corrosion current increases slowly with the increasing of poten-
tial. In the 0.9% NaCl solution, Ti44Ni47Nb9 alloy exhibits an
SCN 0.33
H2PO4 0.2

rc-melting method under an Ar atmosphere. The working sur-
aces of the samples were polished by mechanical method to a
irror finish, and then the samples were cleaned ultrasonically

n acetone, ethyl alcohol and distilled water for about 10 min in
equence.

.2. Electrochemical tests

Open circuit potential (OCP) measurement was conducted by
electrochemical working station (CHI650B, CHN), and Linear
olarization (LP) measurement was performed using a potentio-
tat/galvanostat (Model 283, PAR/EG&G USA). A platinum and
saturated calomel electrode (SCE) is used as the counter and the

eference electrode, respectively. All measurements were tested
n simulated body fluids, namely 0.9% NaCl solution, Hank’s
olution and artificial saliva solution at (37 ± 0.5)◦C. Table 1
hows the compositions of test solutions. OCP measurement
as maintained up to 24 h and the linear polarization measure-
ent was performed at potentials from −500 to 1300 mV versus
CE in the anodic direction. The scan rate was 60 mV/min. All
amples were immersed into electrolyte for 30 min before polar-
zation measurements.

.3. Characterization of passive films

The composition of the passive films was characterized using
n ESCA PHI 500 spectrometer with a Al K� X-ray source. Ion
putter profiling was performed with a 1 keV Ar+ ion beam over a
mm × 5 mm area at an angle of 50◦ with respect to the surface.

. Results and discussion

.1. Electrochemical behaviour

Table 2 shows the OCP values of Ti44Ni47Nb9 alloy obtained
n SBFs at pH 2.4, 5.4 and 7.4. As the table shows, the OCP of
he TiNiNb alloy is significantly higher than that of the TiNi
lloy in Hank’s and artificial saliva solutions. However, in the
.9% NaCl solutions, the OCP of the TiNiNb alloy is lower than

hat of TiNi alloy.

Fig. 1 shows the OCP versus immersion time curves of
i44Ni47Nb9 alloy in 0.9% NaCl solutions at pH 2.4, 5.4 and
.4. The OCP increase quickly at the beginning of immersion

F
N

5.4 −160 −380
7.4 −220 −290

n the pH 7.4 solution, which suggests a protective passive
lm was formed on the surface of Ti44Ni47Nb9 alloy, and then
tabilized at −50 mV/SCE. At pH 5.4, the OCP in corrosion
olution decreases sharply at the initial stage then stabilized at
110 mV/SCE. The OCP decreases continuously at pH 2.4 dur-

ng the whole test, which shows the dissolution of the air-formed
assive layer.

Fig. 2(a and b) presents the OCP versus immersion time
urves of Ti44Ni47Nb9 alloy in Hank’s and artificial saliva solu-
ions at pH 2.4, 5.4 and 7.4, respectively. The OCP in Hank’s
olutions stabilized at −199, −200 and −60 mV/SCE for the
hree pH values, respectively. It was observed the OCP fluctu-
tes during immersion in Hank’s solution at pH 5.4. In artificial
aliva solutions shown in Fig. 2(b), the OCP reaches 0, −160
nd −220 mV/SCE after 24 h of immersion for the three pH val-
es, respectively. The tendency is contrary to those in the other
wo solutions.

Fig. 3 shows the linear polarization diagrams for the
i44Ni47Nb9 alloy samples in the three SBFs at pH 2.4. As the
ig. 1. The OCP vs. immersion time diagrams of Ti44Ni47Nb9alloy in 0.9%
aCl solutions at pH 2.4, 5.4 and 7.4.
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Fig. 4. Representative linear polarization diagrams of Ti44Ni47Nb9 alloy in arti-
ficial saliva solutions at pH 2.4, 5.4 and 7.4.

Table 3
The surface atomic percentage of all constitute element in Ti44Ni47Nb9 alloy
samples after 3 and 25 min sputtering

Corrosion media Sputtering
time (min)

Element concentration (%)

Ni 2p Ti 2p O 1s Nb 3d

Before measurement 3 10.60 27.38 57.43 4.59
25 51.67 28.17 11.30 8.85

0.9% NaCl solution 3 6.63 28.42 61.03 3.92
25 58.77 20.21 14.29 6.73

Hank’s solution 3 13.32 21.81 61.08 3.79
25 66.94 17.11 9.56 6.39

A

ig. 2. The OCP vs. immersion time diagrams of Ti44Ni47Nb9 alloy in Hank’s
nd artificial saliva solutions at pH 2.4, 5.4 and 7.4 (a) Hank’s solutions and (b)
rtificial saliva solutions.

ctive-to-passive behaviour, and then remains in the passivity

tate with increasing of potential. In addition, the linear polar-
zation diagram of Ti44Ni47Nb9 alloy obtained in artificial saliva
olution has the lowest corrosion current at potentials from Ecorr
o 600 mV/SCE, and then keeps the low corrosion current Ipass,

ig. 3. Representative linear polarization diagrams of Ti44Ni47Nb9 alloy in dif-
erent SBFs at pH 2.4.

w
t

T

F
3

rtificial saliva
solution

3 14.97 25.48 55.99 3.57
25 53.71 24.41 15.13 6.75

hich is identical to the value in 0.9% NaCl solution and higher

han that in Hank’s solution.

Fig. 4 presents the linear polarization diagrams of
i44Ni47Nb9 alloy in artificial saliva solution at pH 2.4, 5.4 and

ig. 5. Ti 2p XPS spectra of Ti44Ni47Nb9 alloy before linear polarization after
and 5 min sputtering.
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.4. From the diagrams, it can be noticed that Ti44Ni47Nb9 alloy
xhibits an active region from Ecorr to 600, 300, 200 mV at pH
.4, 5.4 and 7.4. The passivating tendency is followed. The most
ignificant difference among them is that the passive film is bro-

ig. 6. Ti 2p XPS spectra of Ti44Ni47Nb9 alloy after linear polarization in SBFs
t pH 7.4 (a) before corrosion, (b) 0.9% NaCl solution, (c) Hank’s solution and
d) artificial saliva solution.
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en at 1100 mV/SCE at pH 7.4, which cannot be observed in
ther two corrosion solutions.

.2. Surface chemical analysis

Table 3 shows the surface atomic percentage of the consti-
ute element of Ti44Ni47Nb9 alloy samples. The samples were
puttered for 3 and 25 min sputtering before the measurement
nd after linear polarization test. It is noticeable that the sur-
ace after 3 min sputtering consists mainly of O and Ti element
or all Ti44Ni47Nb9 alloy samples. After 25 min sputtering, the
i content increases and the O content decreases significantly

omparing with that of 3 min sputtering sample. In addition, Nb
ontent in 25 min sputtering sample is about two times than that
n 3 min sputtering sample.

Surface chemical construction of Ti44Ni47Nb9 alloy sam-
les after electrochemical measurement in SBFs at pH 7.4 was
nalysed using XPS. The Ti 2p, Nb 3d, Ni 2p and O 1s high-
esolution spectra indicate that the surface of Ti44Ni47Nb9 alloy
amples before linear polarization measurement consists of TiO2
fter 1min sputtering. However, the Nb 3d spectra obtained after
min sputtering show special features of Nb5+, which suggest

hat the Nb2O5 forms during linear polarization measurement
esides TiO2.

Fig. 5 shows the typical Ti 2p high-resolution spectra of
i44Ni47Nb9 alloy samples before linear polarization measure-
ent. It can be seen that the broad Ti 2p3/2 peak is insufficient to

e indexed as any of the special features of Ti, which suggests
he surface of Ti44Ni47Nb9 alloy consists of non-stoichiometric
i oxide states after 3 min sputtering time. With the sputtering
rocess proceeding, the position of main peak Ti 2p spectra
btained after 25 min sputtering are located at 460 and 454 eV
ith the characteristic of Ti.
Fig. 6(a–c) presents the typical Ti 2p high-resolution spectra

f Ti44Ni47Nb9 alloy samples after linear polarization in SBFs
t pH 7.4 with two different sputtering times. As the spectra
hows, Ti4+ peak increases significantly especially for 0.9%
aCl and Hank’s solutions, which confirms that the passive film
f Ti44Ni47Nb9 alloy still consist mainly of TiO2, and the sur-
ace after 25 min sputtering is proved to be the Ti44Ni47Nb9
lloy itself. It is similar to the results in Fig. 5.

. Conclusions

The present work reports the results of electrochemical tests
onducted in SBFs at pH 2.4, 5.4 and 7.4. It can be summarized
s follows:

1) The OCP potentials increase in mostly experimental corro-
sion solutions after adding Nb element to TiNi alloy.

2) In pH 2.4 SBFs, the linear polarization of Ti44Ni47Nb9 alloy
samples in Hank’s solution shows partial passivation. The

corrosion current obtained in artificial saliva solution is the
lowest from Ecorr to 1100 mV/SCE, then keeps at a low Ecorr
identical to that in 0.9% NaCl solution, which is higher than
that obtained in artificial saliva solution.
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3) The outer passive film of Ti44Ni47Nb9 alloy before elec-
trochemical corrosion test consists of a layer of TiO2, then
non-stoichiometric Ti oxide states after 3 min sputtering,
after 25 min sputtering it reveals to be the characteristic
of metallic Ti. After linear polarization measurement, the
oxides of Ti44Ni47Nb9 alloy consist of TiO2 and Nb2O5,
only TiO2 can be found after 3 min sputtering, oxides dis-
appear after 25 min sputtering.
4) The electrochemical corrosion behaviour of TiNi alloy
improved after adding Nb element. It can be concluded
that Ti44Ni47Nb9 alloy may be used as a promising implant
material.
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