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a b s t r a c t

Objectives. The aim of this study was to investigate the electrochemical behavior of

Ti50Ni47.2Co2.8 alloy in deaerated artificial saliva solutions with binary NiTi alloy as reference

and to characterize the composition and structure of the passive film after polarization tests.

Methods. The corrosion behavior of NiTiCo alloy was systematically studied by open cir-

cuit potential, potentiodynamic and potentiostatic techniques. The surface characterization

after anodic polarization tests were demonstrated by XPS. The electrolytes were maintained

at 37 ◦C by immersing the test cell in water bath. 500 mV vs. SCE was applied on the samples

for potentiostatic tests. The metal ions concentration was measured by ICP/OES.

Results. Potentiodynamic and potentiostatic tests results showed that the corrosion behavior

of NiTiCo was similar to that of NiTi alloy. With the increase of pH value of the electrolytes,

both corrosion potential (Ecorr) and pitting corrosion potential (Eb) decreased. XPS results

revealed that the outmost passive film consisted mainly of TiO2 which were identical with

that of NiTi alloy. The Ni ion release amount of NiTiCo was very close to that of NiTi alloy as

examined by ICP/OES. Neither Ti nor Co ion was detected due to the detection limitation.

Significance. The corresponding relationship between corrosion behavior and pH value of
the artificial saliva should be taken into consideration during the application of orthodontic

wires. The addition of Co had little effect on the corrosion behavior of NiTi as well as the

formation of the passive film.

emy

for human health. The release of ions may cause unwanted
© 2008 Acad

. Introduction

hape memory effect and superelasticity of equiatomic NiTi
lloys are widely employed in various medical devices, e.g.
ental archwire, endodontic file, orthopedic instruments, and
ardiovascular stents, etc. Several studies on the corrosion
esistance of NiTi alloys in simulated human fluids have been

eported [1], and the results showed that the corrosion resis-
ance of NiTi alloy was better than that of stainless steel and
oCr alloys, which have been used for dental materials for sev-
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eral years. The good biocompatibility of NiTi alloy is another
important factor for its prevalent applications for biomedical
devices.

The biocompatibility of metallic materials is closely related
to their corrosion behavior. Large amount of metal ions
released from the metal biomaterials are generally harmful
notechnology, College of Engineering, Peking University, Beijing

reactions in the human tissues. This ion release behav-
ior of the alloy is corresponding with its corrosion rate
[2].
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Corrosion resistance of titanium and its alloys relies on the
presence of a passive film on the surface which is commonly
recognized as TiO2. This thermodynamically stable oxide film
prevents the matrix from corroded and provides good corro-
sion resistance and excellent biocompatibility in physiological
environments. But the release of metal ions also takes place
accompanied by the growth of the oxide film. Once the ion
release rate is equal to the growth rate, the thickness of the
film stabilizes at a constant scale. In spite of the protection,
localized corrosion may also occur due to its inhomogeneity
such as pitting corrosion and crevice corrosion.

Third or fourth alloying element was added to NiTi
alloy to enhance its mechanical or corrosion properties.
Lee et al. [3] studied the thermomechanical behavior of
Ti–53 wt.%Ni–3 wt.%Co alloy. The results showed that the addi-
tion of Co resulted in lower transformation energy and over
90% recovery while bending beyond 8%. Ma and Wu [4] have
found that the addition of Ta enhances the corrosion resis-
tance of NiTi in simulated body fluids, and decreases the Ni ion
release rate under a corrosive environment. The third alloying
element will participate in the growth process of the passive
film and therefore influences the corrosion behavior.

NiTiCo alloys have been developed as potential orthodon-
tic archwire materials recently, unfortunately little published
works can be found so far as concerning the corrosion resis-
tance of these alloys in simulated body fluids. The aim of this
study is to investigate the corrosion behavior of Ti50Ni47.2Co2.8

alloy with NiTi as reference as well as the characteristics of
the passive film formed on the surface by means of X-ray
photoelectron spectroscopy (XPS).

2. Materials and methods

2.1. Sample preparation

NiTi alloy (Ti–51.3 at.%Ni) and NiTiCo alloy
(Ti–47.2 at.%Ni–2.8 at.%Co) were used for this work. The
original samples were prepared by vacuum arc melting fur-
nace protected by argon atmosphere. All the metal elements
were at commercially pure level. The alloy ingots were melted
three times to ensure homogeneity. After melting, they were
hot rolled at 850 ◦C into sheets with about 1 mm in thickness.
The sheets were then annealed at 850 ◦C for 30 min and
then quenched into water. For electrochemical study, the
hot rolled sheets were cut into 13 mm × 13 mm by electric
discharge machining. Each specimen was polished to 2000 grit
specification by SiC paper and then polished to mirror finish.
After polishing, the samples were ultrasonically cleaned in
acetone, alcohol and deionized water, successively.

2.2. Electrochemical tests

Corrosion behavior of NiTi and NiTiCo alloys were investigated
by different electrochemical techniques including open circuit
potential (OCP), potentiodynamic (P.D.) and potentiostatic (P.S.)

tests. All these measurements were conducted by Solartron
1287 (USA) electrochemical workstation connected to a com-
puter using Corrware as the control software. A platinum foil
was used as counter electrode and potentials were controlled
( 2 0 0 8 ) 1207–1211

with respect to a saturated calomel electrode (SCE). All mea-
surements were carried out at 37 ± 0.5 ◦C by maintaining the
test cell in water bath. Before each test, the specimen was
immersed into the electrolyte for 30 min. Sample area exposed
to the electrolyte was 0.5 cm2.

The electrolyte was modified Fusayama artificial saliva [5].
Its composition is as follows, NaCl (0.4 g/L), KCl (0.4 g/L), CaCl2
(0.78 g/L), NaH2PO4·H2O (0.69 g/L), Na2S·9H2O (0.005 g/L), KSCN
(0.3 g/L), Urea (1 g/L). The solution was prepared with analyti-
cally pure reagents and deionized water. The pH value of the
saliva solution was measured with Orion AplusTM Benchtop
pH and pH/ISE Meters (Thermo Electron Corporation, USA)
with an Orion Ag/AgCl Sure-Flow® Electrode. The pH value of
neutral saliva equaled to 5.3; lactic acid and NaOH were used
to adjust the pH value to 2.4 and 6.2, respectively, to investigate
the effect of different pH values on the corrosion behavior.

Open circuit potential measurement was conducted for
12 h in three different solutions with pH value equaled to 2.4,
5.3 and 6.2, respectively. The potential was recorded as a func-
tion of measuring time.

Polarization tests were carried out by potential dynamic
technique with a scanning rate of 1 mV/s; the working poten-
tial ranged from −500 mV to 1600 mV vs. SCE. The pH values of
artificial saliva solutions were 2.4, 5.3 and 6.2, respectively. The
test cell was purged for 30 min with high purity nitrogen before
test, and a continuous purging was maintained through out
the whole test. The potentiodynamic polarization tests were
repeated three times for each testing condition.

Potentiostatic tests were conducted at pH 5.3 to acquire a
stable oxide film on the surface. Current density was recorded
as a function of measuring time which was 30 min. The work-
ing potential was 500 mV vs. SCE.

2.3. Surface analysis

X-ray photoelectron spectroscopy was used to characterize the
surface film after polarization. The XPS data were taken on an
AXIS Ultra instrument from Kratos Analytical. The data were
converted into VAMAS file format and imported into CasaXPS
software package for manipulation and curve-fitting.

2.4. Ion release

The metal ions release amount after polarization was
investigate by inductively coupled plasma optical emission
spectroscopy—ICP/OES (PerkinElmer Optima 5300DV). The
solution samples used for the investigation were taken from
the electrolyte cell just after potentiodynamic tests. Ti and Ni
ions released from NiTiCo alloy were compared with that of
NiTi alloy, while the pH value of the electrolyte was equal to
5.3. Co ions concentration was also measured to investigate
the effect of Co on the ion release behavior of NiTi.

3. Results
3.1. Open circuit potential (OCP)

Fig. 1 shows the potential vs. time curves of Ti50Ni47.2Co2.8

alloy carried out in three different pH values. We note that, at
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Fig. 2 – Potentiodynamic curves of Ti50Ni47.2Co2.8 alloy (a)
and Ti48.7Ni51.3 alloy (b) in three electrolytes at 37 ◦C.
ig. 1 – Potential vs. time curves of Ti50Ni47.2Co2.8 alloy in
rtificial saliva solutions at 37 ◦C.

he beginning of the immersion, the Ecorr changes a lot as the
mmersion time increases especially when pH value is equal
o 6.2. After 12 h immersion, the potential stabilizes at 0.055 V,
0.235 V and −0.376 V vs. SCE in pH 2.4, pH 5.3 and pH 6.2 solu-

ions, respectively. It also can be seen that Ecorr decrease with
he increase of the pH value.

.2. Potentiodynamic

ig. 2(a) shows the representative potentiodynamic polariza-
ion results of Ti50Ni47.2Co2.8 alloy in three different pH values
f deaerated electrolytes including pH equaling to 2.4, 5.3 and
.2 at 37 ◦C which are similar to that of NiTi alloy. As can be
een, the pitting corrosions occur at high potentials for both
iTiCo and NiTi alloys. It is obvious that breakdown potential

Eb) and corrosion potential (Ecorr) decrease with the increase
f the pH values. Though it changes a little with the pH value,
he passive current density keeps at a low level within the
assive state.

.3. Potentiostatic

o obtain a stable oxide film on the surface of samples for
PS analysis, potentiostatic polarization technique was per-

ormed in pH 5.3 artificial saliva solution. The NiTi alloy was
sed as reference sample. Fig. 3 shows the potentiostatic test
urves of NiTi and NiTiCo alloys. According to the potentio-
ynamic results, 500 mV vs. SCE is applied to all samples.
t this potential both NiTi and NiTiCo are under passive
tate. At the beginning, the current density drops sharply to
lower level; after a few hundred seconds stabilization, it

eeps in a stable level. Although there is a little difference
etween the two current densities after 30 min polarization,
hey are still under the same magnitude which is about
0−6 A/cm2.
.4. Ion release

CP measurements results show that the nickel ion concentra-
ion released from NiTiCo alloy is 0.0111 mg/L. It is very close

Fig. 3 – Potentiostatic curves of NiTi and NiTiCo in pH 5.3
artificial saliva.



1210 d e n t a l m a t e r i a l s 2 4 ( 2 0 0 8 ) 1207–1211

Fig. 4 – XPS survey spectra of Ti50Ni47.2Co2.8 polarized in

Fig. 5 – High resolution XPS spectra of Ti: (a) before

461.78 eV and 456.24 eV also correspond to the NiTi alloy. High
resolution XPS spectra of Co (Fig. 6) show that Co is in metallic
state.
pH 5.3 artificial saliva: (a) before argon ion sputtering; (b)
after 300 s sputtering.

to that of NiTi alloy, which is 0.0107 mg/L. Ti ion and Co ion are
not detected in both alloys.

3.5. X-ray photoelectron spectrometry (XPS)

Fig. 4 shows the typical XPS survey spectra of the potentio-
static polarized NiTiCo alloy surface in pH 5.3 artificial saliva
solutions before and after argon ion sputtering. It can be found
that, before sputtering, the dominant surface elements are O,
C and Ti. The amounts of three dominant elements are 42.39%,
38.18% and 8.84% for O, C and Ti, respectively (Table 1). The
main component of C1s peak at 284.81 eV is related to C–C
bonding, and its presence is attributed to atmospheric con-
tamination. It is obvious that after sputtering, the Ni and Ti
concentrations increase, while the O and C concentrations
decrease sharply. The ratio of Ni:Ti is about 0.3:1 on the out-
most surface, and it changes to about 2.7:1 after 300 s argon
ion sputtering. Co is not found in typical XPS spectra before
argon ion sputtering, but after sputtering, Co2p peak appeared
as can be seen in Fig. 4(b) with concentration of 1.21%.

High resolution XPS spectra of Ti binding energy regions
are shown in Fig. 5. The spectra exhibit two dominant peaks
before argon ion sputtering, namely Ti2p3/2 (TiO2) at 458.27 eV
and Ti (TiO ) at 463.97 eV with concentration of 63.01% and
2p1/2 2

31.42%, respectively. There is a very little amount of metallic Ti
corresponding to intermetallic NiTi at 453.68 eV and 459.22 eV.
After argon ion sputtering for 300 s, the dominant Ti2p3/2 and

Table 1 – Element concentration before and after argon
ion sputtering

Element concentration (%)

Ni2p O1s Ti2p C1s Co2p

Before sputtering 2.70 42.39 8.84 38.18 0
After 300 s sputtering 64.54 7.00 24.13 3.11 1.21
sputtering; (b) after 300 s sputtering.

Ti2p1/2 peaks appear at 454.53 eV and 460.56 eV, which cor-
respond to the intermetallic NiTi. The other two peaks at
Fig. 6 – High resolution XPS spectra of Co after argon ion
sputtering.
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. Discussion

he OCP results show that after a few hours immersion, the

corr stabilizes at a constant value, which indicated a stable
assive film have been formed on the surface of samples.
his passive film consists of mainly TiO2 as examined by XPS.
otentiodynamic results show a similar corrosion behavior of
iTiCo alloy with that of NiTi alloy. A large range of poten-

ials of passive region is observed in both NiTiCo and NiTi
lloy samples before the localized pitting corrosion occurs at
igh potentials above 1000 mV. The pH value of the electrolytes
as significant effects on the corrosion behavior of the NiTiCo
lloy as well as the NiTi alloy. Breakdown potential (Eb) and
orrosion potential (Ecorr) decrease with the increase of the
H values as can be seen in Fig. 2. In practical situation, oral
nvironment may be changed while the patients ingest dif-
erent foods or get ill. So the influence of pH value on the
orrosion behavior should be taken into consideration during
rthodontic wires applications.

As the passive current density is directly proportional to the
orrosion rate by Faraday’s law, it can be concluded that the
H value has little effects on the corrosion rate of the NiTiCo
lloy according to the potentiostatic results. The current den-
ity of both NiTi and NiTiCo alloy samples are of the similar
agnitude which is about 10−6 A/cm2. This result predicates

hat under the same potential these two alloys may have the
imilar ion release rate. ICP/OES results confirm that the con-
entrations of released Ni ions during the potentiodynamic
easurements are of the same level. Neither Ti nor Co is

etected by ICP/OES due to the detection limitation.
According to the XPS results, the composition of the out-

ost surface layer of the studied samples is TiO2. We believe
hat the Ti on the outermost surface of NiTiCo is oxidized
rstly by oxygen while Ni remains unchanged, and the Ti bond

n oxide is more stable and is not released into the electrolyte
6]. This results in the formation of TiO2 layer on the outmost

ayer, which is lack of Ni and Co. Ni may diffuse into the sub-
ayer or releases into the electrolytes. Co is not found in the
utmost layer, but intermetallic Co appears after 300 s argon

on sputtering. It can be concluded that the alloying effect of

[

0 0 8 ) 1207–1211 1211

Co is not of very significance on either the formation of oxide
layer or the corrosion behavior.

5. Conclusion

This study has investigated the corrosion behavior in artificial
saliva of Ti50Ni47.2Co2.8 alloy as well as the characteristic of its
passive film with NiTi alloy as reference sample. Electrochem-
ical measurements results showed that the NiTiCo alloy has a
similar corrosion behavior to that of the NiTi alloy under the
same corrosion conditions. The pH value of the electrolyte has
a significant effect on the Ecorr and the breakdown potential
(Eb). Both Ecorr and Eb decrease with the increase of pH value.
XPS results revealed that the passive film consists mainly of
TiO2. Co has little effect on the corrosion behavior of NiTiCo
as well as the formation of oxide film.
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