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h i g h l i g h t s
� NiTi alloy was anodised applying a low voltage in the presence of a MoO4
�2 solution.

� The formed oxides provided good corrosion protection to the substrate.
� The presence of Mo in the oxide film was confirmed by different techniques.
� The increase of the Ti/Ni ratio in the oxidised sample was key to protection.
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a b s t r a c t

The corrosion behaviour of Nitinol (NiTi) alloy was studied in Ringer solution. In order to improve its
corrosion resistance, protective films were formed on the NiTi surface by means of anodisation under
potentiostatic or galvanostatic control in the presence of the corrosion inhibitor molybdate in alkaline
and acidic solutions.

The anodisation process reduces considerably the Ni content and increases the Ti content in the oxide
film, indicating that the Ti/Ni stoichiometry in the outermost surface is much higher than in pure NiTi.
The titanium enrichment on the outermost surface as TiO2 enhanced its anticorrosion performance, as
was suggested by the decrease in the amount of Ni and Ti released in Ringer solution under open circuit
potential (OCP) condition and under potentials where the bare substrate suffers pitting attack.

The best anodised film in terms of corrosion protection was obtained under potentiostatic condition in
alkaline solution. The presence of oxidised molybdenum species in the oxide potentiostatically grown in
alkaline solution, generates a corrosion protective film with a smoother and denser surface than other
oxides formed in acidic solutions, without any defects like micro-cracks or pores.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

In the last few decades Nitinol (equiatomic Ni and Ti alloy (NiTi))
has been widely used in many medical devices such as stents and
orthopaedic and dental implants. In spite of its remarkable prop-
erties, superelasticity or shape memory effects, a limitation of the
alloy is the release of ions into the biological environment, partic-
ularly Ni ions [1]. Ni ions may generate allergenic, toxic and carci-
nogenic reactions in the human body. Then, it is necessary to
).
modify the surface of the alloy in order to improve its corrosion
resistance. In this regard, different kinds of surface treatments were
proposed such as heat treatments, chemical etching, laser irradia-
tion and ion implantation [2].

The growth of an oxide layer on NiTi alloy is also a surface
modification technique to improve corrosion resistance. Anodisa-
tion is a simple and efficient low-temperature method. The process
allows preparing the coating in a one-step method in a short time.
The corrosion resistance of NiTi alloy in Hanks’ solution was
improved by anodisation in acetic acid [3e5], sulphuric acid [6] and
acetate and borate buffers [7]. The ability of the formed oxide film
to inhibit Ni diffusion depends on its composition, structure and
thickness, among other properties. The influence of the oxide film
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thickness is controversial. As opposed to the general idea that a
thicker oxide layer would provide a better prevention against ion
release, these films are more susceptible to present cracks which
might accelerate the release [1].

Molybdate is a known corrosion inhibitor for different metallic
materials [8,9]. The anion reduces the passivity current, extends the
passive range and increases the pitting potential in chloride media
[10]. The presence of different molybdenum species incorporated
into the oxide film has been reported and several explanations for
its inhibitory effect on corrosion have been proposed [11]. More-
over, considering biomedical applications, the anion presents low
toxicity and environmental acceptability [12].

On the other hand, molybdenum was alloyed on NiTi alloy by
the laser surface alloying technique. Molybdenumwas chosen to be
the alloying element because of its good biocompatibility and non-
toxicity feature. Addition of Mo gives improved pitting corrosion
resistance and diminishes Ni release in Hanks’ solution [13].

The aim of the present research work was to develop a new
method to protect NiTi alloy against corrosion. A low-voltage
anodisation in molybdate solution is considered as an alternative
process to protect the alloy.

2. Materials and methods

NiTi rods in the form of discs axially mounted in a Teflon holder
were used as working electrodes (WE). The exposed area of theWE
is 0.0962 cm2 and its chemical composition (in wt. %) is: 55.8 Ni,
0.05 O, 0.02 C and Ti balance. Before each experiment, the WE was
abraded with SiC papers down to 1200 grit finish, then degreased
with acetone and finally washed with triply distilled water. Then,
the WE was immediately transferred to an electrochemical cell. A
large Pt sheet was used as counter electrode and a saturated
calomel electrode (SCE) was used as reference electrode. All po-
tential values in this work are referred to SCE. All electrochemical
experiments were performed in a Metrohm cell of 20 cm3 utilising
a potentiostat-galvanostat PAR Model 273A.

The anodisation of the NiTi alloy was carried out potentiostati-
cally and galvanostatically using a rotating disk electrode EDI 101
(Radiometer Analytical S.A.) with a CTV 101 rotation rate controller
(Radiometer Analytical S.A.) in solutions with and without
Na2MoO4. A 0.50 M Na2MoO4 was employed. The pH was adjusted
to 2 or 12 by adding H2SO4 or NaOH, respectively. The corrosion
performance of the coatings was evaluated by open circuit poten-
tial (OCP) value variation with time, linear sweep voltammetry
(LSV) and potentiostatic measurements in Ringer solution: 0.147 M
NaCl; 0.00432 M CaCl2; 0.00404 M KCl, giving a total chloride
concentration of 0.16 M [14]. All chemicals were reagent grade and
solutions were made with triply distilled water.

Ni, Ti and Mo released concentrations in Ringer solution were
analysed using an inductively coupled plasma atomic emission
spectrometer (ICP-AES) (ICPE 9000 - Shimadzu Corporation, Japan).

A dual stage ISI DS 130 scanning electron microscopy (SEM) was
used to examine the characteristics of the electrodes surface. To
determine the qualitative composition of the oxide a MagiX X-Ray
Fluorescence (XRF) spectrometer (PANalytical) was used. In this
case, two different crystals were employed, LiF200 and PE, in a
helium atmosphere and a Rh tube.

X-Ray photo-emission spectroscopy (XPS) was performedwith a
hemispherical electrostatic energy analyser (r ¼ 100 mm) using Al
Ka radiation (hn ¼ 1486.6 eV). The binding-energy (BE) scale was
calibrated with Au4f7/2 peak measured in a clean Au surface, placed
at 84.0 eV. Depth profiling were performed with 2 keV Arþ ions
incident at 60� from the surface normal; simulationsmadewith the
program TRIM [15] show that the sputtering yield under these
conditions is S ¼ 2.7, similar for both Ni and Ti; therefore, for the
typical current densities used in the experiments (around
5 mA cm�2) the sputtering rate was in the order of 1 nm min�1.

3. Results and discussion

3.1. Anodisation process

The anodisation was conducted potentiostatically or galvanos-
tatically during 1 h in a 0.50 M Na2MoO4 solution at different pH
values (2 and 12). A rotating electrode was employed in order to
avoid great oscillations in the transients due to the oxygen evolu-
tion, reaction that is produced simultaneously with the oxide
growth. The rotation speed was 500 rpm in all cases. In order to
choose the applied potential, some preliminary trials were carried
out. Bare NiTi electrodes were anodised as it was previously
detailed applying three different potentials: 1.0, 1.5 and 2.0 V (SCE).
Then their corrosion performance was evaluated by means of
variation of OCP with time and LSV measurements in Ringer solu-
tion. The best results were obtained for the sample anodised at
2.0 V(SCE). The transients obtained during the anodisation are
shown in Fig. 1(A). It can be observed that a current density close to
70 mA cm�2 is reached, so this value was applied during galvano-
static anodisation in order to obtain a potential as near as possible
to 2.0 V(SCE) (Fig. 1(B)). The steady state potential was reached in a
few seconds and did not vary with time. This agrees with was re-
ported by P. Shi et al. for NiTi alloy anodised in acetic acid [3]. Velten
et al. had proposed for Ti and a Ti alloy that changes in the oxide
structure from amorphous to crystalline were produced during
progressive anodising. As a result of this behaviour, there is a
change from ionic conductivity, which is necessary for the film
growth, to electronic conductivity, where the growth is retarded
and finally stops [16].

When the anodisation process was carried out whether galva-
nostatically or potentiostatically in acidic medium, the molybdate
solution had a dark blue colour. This was because molybdates were
present in a polymeric form and the anion Mo6O2

16� became the
dominant specie [17]. These complex anions form a solution of
molybdenum blue, where Mo has a valence between V and VI [10].

Independently of the anodisation technique and the solution
pH, all the electrodes presented a golden-coloured surface after
they were removed from the electrochemical cell. This result was
associated with the formation of an oxide layer composed of TiO2
on the outermost surface, as was previously reported by other
authors [18e20].

3.2. Corrosion protection

To determine if the formed oxide layers provide a good pro-
tection against corrosion to the NiTi alloy, several tests were carried
out in Ringer solution. Fig. 2 exhibits the results of the OCP value
versus time for the electrodes anodised in alkaline and acidic so-
lutions during 1 h. In the case of the samples prepared in alkaline
solution the highest increment in the OCP value was obtained for
the sample anodised at 2.0 V (Fig. 2(A), curve b), while the samples
prepared in acidic solution present a similar positive shift (Fig. 2(B),
curves b and c).

The LSV tests performed are shown in Fig. 3. The abrupt increase
of the current density denotes the breakdown of the passive layer
(Fig. 3(A), curve a and c) [17]. The sample anodised potentiostati-
cally in the pH 12 solution shows an important increment in the
length of the passive zone (Fig. 3(A), curve b). Again, the samples
prepared in the acidic solution have a similar behaviour, showing a
positive shift in the pitting potential when they are compared to the
bare NiTi alloy (Fig. 3(B)).

To determine if the presence of Mo in the oxide layer influenced
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Fig. 1. Anodisation of NiTi alloy at: (A) 2.0 V and (B) 70 mA cm�2 during 1 h in a 0.50 M Na2MoO4 solution. In both cases the WE was rotated at 500 rpm and pH values were: (a) 12
and (b) 2.
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the anticorrosion properties, the anodisation was performed at
2.0 V(ECS) during 1 h at 500 rpm inmolybdate-free alkaline (pH 12)
and acidic (pH 2) solutions. The anodised samples obtained in the
absence of molybdate behave similarly to the bare NiTi alloywhen a
LSV was carried out (results not shown), indicating that molybde-
num species were incorporated into the oxide layer playing an
important role in the protection of the substrate.

The variation of OCP value as a function of time during long
periods in an aggressive medium can be used to evaluate the pro-
tection degree of the covered substrate. In this case, the samples
anodised potentiostatically at pH 2 and 12 were immersed in
Ringer solution during one week and their OCP was monitored.
These samples were chosen because the oxide films formed on NiTi
alloy under these conditions presented the best pitting corrosion
resistance with respect to the oxide formed under galvanostatic
conditions. The obtained values are displayed in Fig. 4 and
compared to the result corresponding to the bare NiTi alloy. As it
can be observed, both anodised electrodes keep a positive value of
the OCP even after oneweek of immersion. The remaining solutions
were analysed by ICP-AES and the presence of Ni, Ti and Mo were
determined (Table 1). The amount of released Ni, which is themajor
concern, diminishes considerably when NiTi alloy is previously



0 600 1200 1800 2400 3000 3600
-0.4

-0.2

0.0

0.2

0.4
(A)

(b)

(c)

(a)

E
 (

V
 v

s.
 S

C
E

)

Time (s)

0 600 1200 1800 2400 3000 3600
-0.4

-0.2

0.0

0.2

0.4

(c)

(b)

E
 (

V
 v

s.
 S

C
E

)

Time (s)

(a)

(B)

Fig. 2. OCP vs. time in Ringer solution for: (a) bare NiTi alloy, (b) NiTi alloy anodised at
2.0 V during 1 h at 500 rpm, (c) NiTi alloy anodised at 70 mA cm�2 during 1 h at
500 rpm. A 0.50 M Na2MoO4 solution was used during anodisation at different pH
values: (A) 12 and (B) 2.
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Fig. 3. LSV at 10 mV min�1 in Ringer solution for: (a) bare NiTi alloy; (b) NiTi alloy
anodised at 2.0 V during 1 h at 500 rpm (c) NiTi alloy anodised at 70 mA cm�2 during
1 h at 500 rpm. A 0.50 M Na2MoO4 solution was used during anodisation at different
pH values: (A) 12 and (B) 2.
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anodised. The presence of Mo in the oxide layer was confirmed
given that this element was found in the Ringer solution where
each anodised samples was immersed.

In order to check the protection level under more drastic con-
ditions the current density-time response was registered for bare
and anodised NiTi alloy in Ringer solution at a potential more
positive than the one corresponding to the pitting potential of the
bare sample (0.65 V (SCE)) (Fig. 5). After 1800 s of polarisation, a
high current density value was measured (60 mA cm�2) for bare
NiTi alloy which indicates that localised corrosion of the sample is
developed (Fig. 5, curve a). As it can be seen in curve b of Fig. 5, the
current density value measured for anodised NiTi alloy after
applying a constant potential value of 0.65 V(SCE) during 8 h in
Ringer solution was 0.01 mA cm�2. This current density value is
significantly lower than that for the bare NiTi alloy, which indicates
that the oxide grown potentiostatically in alkaline solution is a
protective film. The ICP-AES analysis of the amount of Ni, Ti and Mo
released into the Ringer solution are presented in Table 2. The data
confirmed that the dissolution of the alloy was significantly
reduced by the presence of the anodised oxide film formed in the
alkaline molybdate solution.
According to the previously obtained results, only the NiTi alloy
anodised in the alkaline molybdate solution under potentiostatic
control was considered for further characterisation.
3.3. Film characterisation

3.3.1. SEM measurements
A SEM analysis was performed to determine the surface char-

acteristics of the anodised electrodes. The sample anodised
potentiostatically in a pH 12 MoO4

2� solution was characterised on
account of the previous experiments, given that the oxide formed
under these conditions provides anodic protection to the NiTi alloy
and it also protects the substrate against pitting corrosion. To the
naked eye, the formed oxide layer is smooth and compact. The SEM
images presented in Fig. 6 show that the surface of the film formed
without rotation (Fig. 6(a)) is rougher than the one formedwith the
rotating electrode (Fig. 6(b)). This could be because, in the first case,
the O2 bubbles formed were retained on the surface of the elec-
trode. The fact that the oxide layer formed in the presence of
molybdate is not porous and does not present any cracks is
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Table 1
Concentration of Ni, Ti and Mo released after OCP in Ringer solution for bare NiTi alloy and different anodised samples: NiTi alloy anodised at 2.0 V during 1 h at 500 rpm in a
0.50 M Na2MoO4 solution at (a) pH 12 and (b) pH 2.

Sample Ni concentration (mg L�1) Ti concentration (mg L�1) Mo concentration (mg L�1)

Bare NiTi 2.34 <0.05 <0.05
Anodised NiTi (a) <0.05 <0.05 0.065
Anodised NiTi (b) <0.05 <0.05 0.132

0 10000 20000 30000
-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

(b)

i (
m

A
 c

m
-2

)

time (s)

(a)

0 600 1200 1800
0

20

40

60

80

100

i (
m

A
/c

m
2 )

time (s)

Fig. 5. Potentiostatic response obtained at 0.65 V(SCE) in Ringer solution for: (a) bare NiTi alloy and (b) NiTi alloy anodised at 2.0 V during 1 h at 500 rpm in a 0.50 M Na2MoO4

solution at pH 12.
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Table 2
Concentration of Ni, Ti andMo released after anodic polarisation in Ringer solution for bare NiTi alloy and the anodised sample. (*) NiTi alloywas anodised at 2.0 V during 1 h at
500 rpm in a 0.50 M Na2MoO4 solution at pH 12.

Sample Applied potential (V vs. SCE) Time (h) Ni concentration (mg L�1) Ti concentration (mg L�1) Mo concentration (mg L�1)

Blank e e 0.015 <0.002 <0.05
Bare NiTi 0.65 0.5 20.3 1.17 <0.05
Anodised NiTi (*) 0.65 8 <0.05 <0.05 0.355
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consistent with the data found in the literature [18].

3.3.2. XRF
A useful technique to determine if Mo is present in the oxide

layer is XRF, which is non-destructive and non-invasive. The spectra
obtained are displayed in Fig. 7. The Ka and Kb signals of Ni and Ti
correspond to the NiTi alloy (Fig. 7(A)). The Rh signals originate
from the excitation source. The Ca and P signals correspond to the
sample holder while the Cl, Si and Al are contaminants from the
rinse or the abrading procedure. In Fig. 7(B), the peaks corre-
sponding toMo La and Lb can be observed, which indicates that this
element is present in the oxide layer. For further information about
the amount of Mo or its oxidation state other techniques are
necessary.
Fig. 6. SEM images of the oxide layer formed potentiostatically on NiTi alloy at 2.0 V
during 1 h in a 0.50 M Na2MoO4 solution at pH 12: (a) without rotation and (b) rotating
at 500 rpm.
3.3.3. XPS
An XPS analysis was performed to bare NiTi alloy and to the

sample anodised potentiostatically in a MoO4
2� solution of pH 12.

Fig. 8 shows the evolutionwith the sputtering cycles of the most
prominent peaks in the photoemission of both samples. The Ar
doses have been converted into removed thickness using a sput-
tering yield S ¼ 2.7, and the depths corresponding to each set of
spectra are listed on the right (the sputtering yield was calculated
with the program SRIM [15] using parameters for pure NiTi alloy).
The initial spectra of bare NiTi alloy (Fig. 8(a)) shows an important
presence of O in the surface region. In spite of that fact, the position
of the Ni2p3/2 peak indicates that Ni is in the metallic state. On the
contrary, the position of the Ti2p3/2 peak almost coincides with its
position in TiO2 thereby indicating that Ti is mostly oxidised. In the
spectra taken at a depth of 8 nm the O1s peak has decreased
markedly and the Ti2p3/2 peak has shifted to the position of
metallic Ti. After this change the sputtering produces only a gradual
disappearance of the O1s peak, without much modification of Ni2p
and Ti2p peaks.

The initial spectra of the anodised sample (Fig. 8(b)) show a
situation in the surface region similar to the one found for bare NiTi
alloy. The prominent O1s peak reveals an important presence of O
and the positions of the Ni2p and Ti2p peaks show that only Ti is
oxidised. In effect, while the Ti2p3/2 peak appears at 458.4 eV,
which is 4.3 eV shifted from the position of metallic Ti and almost in
coincidence with the position in TiO2, the Ni2p3/2 peak appears at
853.0 eV, which is very close to the position in metallic Ni. A closer
analysis shows the existence of a minor component at about
856 eV, which, however, does not correspond to NiO because in this
compound the Ni2p3/2 peak is expected at 853.8 eV.

The evolution of the spectra with the sputtering is quite
different from that observed in the bare NiTi alloy. The spectra
remain relatively stable up to a depth between 40 and 50 nm,
showing only a gradual increase of the relative intensity of the peak
Ni2p3/2 with respect to the intensities of O1s and Ti2p3/2 peaks.
From this depth on, the O1s peak decreases steadily and, in the case
of the Ti2p3/2 spectrum, the metallic component begins to grow at
the expense of the oxidised one. At a depth of about 120 nm a
situation similar to that found at the end of the depth profiling of
the bare NiTi is reached. Fig. 8(b) also shows the evolution of the
Mo3d spectrum during the sputtering; it is seen that Mo is
concentrated in the region between 10 and 60 nm. According to the
thickness removed by the Ar bombardment during XPS measure-
ments, the thickness of the natural oxide layer formed on the bare
NiTi alloy and the oxide grown by anodisation can be estimated in
35 and 120 nm, respectively.

Fig. 9 compares the spectra at two stages of the depth profiling
of the anodised sample. Panels (a) and (b) represent the situations
at the outermost and inner surface of anodised NiTi alloy, respec-
tively. The comparison evidences three important differences: i)
the presence of O in the outermost surface; ii) that Ti is almost
completely oxidised in the outermost surface and in metallic state
in the inner surface, and iii) the stoichiometry of Ni and Ti in the
outermost surface is different from that in the substrate, existing an
important enrichment of Ti.

To advance in the analysis all the spectra of the anodised sample



Fig. 7. XRF spectra of NiTi alloy anodised at 2.0 V during 1 h at 500 rpm in a 0.50 M Na2MoO4 solution at pH 12. Two crystals were used: (A) LiF200 and (B) PE.
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were fitted. The fitting curves are shown in Figs. 8(b) and 9
superimposed on the measured spectra. The latter figure also
shows the elemental components used in each case. All the fittings
were made with Doniach-Sunjic functions and a linear background
with a Shirley-type step. In the case of the Ni2p3/2 spectra two
components were used to give account of the main peak and the
minor component and a third much broader component to give
account of the satellite present at about 8 eV from the main peak.



Fig. 8. Ni2p3/2, O1s, Ti2p and Mo3d core-level spectra acquired during the depth
profiling (the intensities of the Mo3d spectra shown are multiplied by 5). The numbers
on the right indicate the thickness removed by the Ar bombardment. The black lines on
the spectra of panel (b) are fitting curves obtained as explained in the text. Panel (a):
bare NiTi alloy and panel (b): NiTi alloy anodised at 2.0 V during 1 h at 500 rpm in a
0.50 M Na2MoO4solution at pH 12.

Fig. 9. Comparison of the Ni2p3/2, O1s and Ti2p spectra of the anodised sample (NiTi
alloy anodised at 2.0 V during 1 h at 500 rpm in a 0.50 M Na2MoO4 solution at pH 12)
at two stages of the depth profiling. The best fitting curves are shown superimposed on
the spectra and the main components used in each fitting are shown under the spectra.

Fig. 10. Ratios between peak areas normalised with the photoionisation cross sections.
(a) Ratios between the areas of the three components of the Ti2p spectrum and the
metallic component of the Ni2p spectrum. (b) Ratio between the area of the main
component of the O1s peak and the Ti4þ component of the Ti2p spectrum.
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The Lorentzianwidth of the first two components was set at 0.25 eV
while the asymmetry parameters were set at 0.16 and 0 for the
main (metallic) and minor components, respectively. The O1s
spectra were fitted with three components of the same line shape,
with Lorentzian width 0.2 eV and zero asymmetry. Finally, the Ti2p
spectra were fitted with three 2p1/2,3/2 spin-orbit doublets made of
two identical peaks separated by 5.6 eV and fixed 1:2 intensity
ratio. The Lorentzian widths were set at 0.2 eV for the three com-
ponents and the asymmetry parameters were 0.12 for the lowest
binding-energy component (metallic) and 0 for the other two. The
Gaussian widths and the intensities were left free in all the fittings.
With regards to the positions, in the Ni2p3/2 and O1s spectra the
positions of the main components were left free and the separa-
tions of the minor components were optimised in the first spectra
and thereof kept fixed; in the Ni2p3/2 spectrum the separation was
fixed at 3.0 eV (the position of the satellite was left free) and in the
O1s spectrum the separations were fixed at 1.7 and 3.6 eV,
respectively. In the case of the Ti2p spectrum the components at
the low and high binding-energy sides were fixed at 454.1 eV and
458.3 eV, respectively, and the position of the component in the
middle of these two was left free. Then, using the intensities,
Gaussian widths and some positions as free parameters all the
Ni2p3/2, O1s and Ti2p spectra were fitted, obtaining an excellent
agreement in all cases. The positions of the Ni2p3/2 and O1s main
components were 852.7 ± 0.1 and 530 ± 0.1 eV, respectively, which
coincide with the positions reported for metallic Ni and TiO2 [21].
The position of the component that was left free in the fitting of the
Ti2p spectra was stable at 456.0 eV within ±0.2 eV; therefore, the



Fig. 11. Comparison of Mo3d spectra acquired in: (a) metallic Mo and (b) anodised
sample (NiTi alloy anodised at 2.0 V during 1 h at 500 rpm in a 0.50 M Na2MoO4

solution at pH 12) at a depth of 27.6 nm. The black lines are the best fitting curves and
the most important components used in each case.
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three components of the Ti2p spectrum are identified as follows:
the components at 454.1 and 458.3 eV are assigned to metallic Ti
and TiO2, respectively and the component at 456.0 eV to an inter-
mediate oxide (TiO) [21]. In what follows these three components
will be referred to as Ti0, Ti2þ and Ti4þ in order of increasing binding
energy.

Fig. 10 presents some intensity ratios made with the results
obtained in the fittings. The peak intensities have been divided by
the corresponding photoionisation cross sections [22] to approxi-
mately represent ratios between atomic concentrations. The ratios
between the intensities of the Ti2p components and the metallic
component of the Ni2p spectra are presented in Fig. 10(a) and show
several interesting aspects. First, it is seen that in the outermost
surface Ti is mainly as Ti4þ. Second, the presence of Ti0 in the first
part of this region is negligible, but then it increases continuously
and between 70 and 80 nm becomes the dominant component.
Third, at a depth of around 120 nm all the intensity ratios have
reached the values obtained in pure NiTi alloy, and thence this
depth may be taken as the end of the treated region. Finally, it is
seen that the Ti/Ni stoichiometry in the outermost surface is much
higher than in pure NiTi. This result constitutes a comparative
advantage for future applications because the Ni content of the
anodised oxide film is reduced considerably.

Fig. 10(b) presents the intensity ratio between the main
component of the O1s peak and the Ti4þ component. It is seen that
this ratio is relatively stable around 2.6 in the whole outermost
surface, what is taken as strong evidence that the O present in this
region is mostly bonded to Ti forming TiO2.
Finally, Fig. 11 presents a comparison of the Mo3d spectra of the
anodised sample at a depth of 26.7 nmwith that of metallic Mo. The
reference spectrum of Fig. 11(a) shows two peaks separated by
3.1 eV which correspond to the 3d3/2 and 3d5/2 spin-orbit split core
levels. The spectrum in Fig. 11(b) shows a slight shift to larger
binding energies and a 3d3/2 peak bigger and broader than in (a);
both changes denote the existence of oxidised species. Both spectra
of Fig. 11 were fitted with 5 elemental components with relative
separations as reported in Ref. [23]. The component at the lowest
binding energy is assigned to metallic Mo and the components at
1.4 and 4.8 eV larger binding energies to the stoichiometric oxides
MoO2 and MoO3, which are designated Mo(IV) and Mo(VI),
respectively; the other two components at 0.4 and 3.3 eV are
ascribed to non-stoichiometric oxides and are designated Mo(II)
and Mo(V), respectively. The fitting of the spectrum in Fig. 11(a)
yields a dominant metallic component and a small Mo(IV)
component. In the case of the Mo3d spectrum of the anodised
sample the fitting shows a prevalence of the oxidised species, with
a negligible contribution of the metallic component.

4. Conclusions

The corrosion behaviour of bare NiTi alloy in chloride solution is
principally related to a selective dissolution of nickel element
present in the natural oxide. An anodisation process under low-
potential control in alkaline molybdate solution has been used to
modify the properties of the oxide film and in this way enhance the
anticorrosion properties of the alloy. A dense and smooth surface
has been achieved using this method, which does not present
microcracks or porous defects. The amount of Ni and Ti released
into Ringer solution under OCP condition as well as at potentials
where the bare substrate suffers pitting attack showed that the
dissolution of the alloy was significantly reduced by the presence of
the anodised oxide film.

The oxide grown potentiostatically consists mainly of TiO2 with
a small amount of nickel. The mole ratio of Ti/Ni on the outermost
surface is drastically increased. The improvement in corrosion
behaviour is attributed to an increase in TiO2 content on the surface
to form a new, stable and protective layer. Moreover, the presence
of molybdenum oxide species on the anodised film also contributes
to improve the corrosion resistance.

Electrochemical results and quantitative analysis of the Ringer
solution indicate that this anodisation technique can be easily used
for future applications of the NiTi alloy.
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