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Abstract
Nitinol, an alloy with a shape memory effect, is used in many high-tech developments, in
particular in medicine as self-expanding material for vascular endoprostheses, stents, etc.
However, a high nickel content in the alloy may be undesirable for biocompatibility and
therefore requires the use of certain processing products to reduce the rate of formation of Ni2+
as a result of corrosion processes in the presence of alloy with body tissues. To solve this
problem, the possibilities of Nitinol electrochemical treatment based on the different rates of
dissolution of the alloy components from the surface layer were investigated. The processes of
potentiostatic etching of NiTi in sulphate solutions, which provide selective dissolution of one
alloy component and accumulation of another one in the surface layer, have been investigated.
Using the polarization curves methods and the electrochemical impedance spectroscopy, it has
been discovered. The possibility of selective etching of nickel from the surface layer of Nitinol
with the simultaneous formation of titanium dioxide is shown. The high insulating properties
of TiO2 film formed on the alloy surface as a result of oxidation at a controlled potential,
inhibits the release of nickel from the surface layer and the accumulation of Ni2+ ions in a
corrosive, like the physiological solution.
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Nitinol alloy based on titanium nickelide NiTi has the property of restoring the original
shape of a product after appropriate heat treatment (the shape memory effect) and also is a
superelastic material [1, 2]. The combination of these unique properties with high strength,
corrosion resistance in many environments determines the applications of this modern
high-tech material in various fields: from space and aviation technology to agriculture. In
particular, it is applied in medical technology as a “smart” self-expanding material for
vascular endoprostheses, stents, valves, bone and dental implants, braces, etc. [2–4].
However, long term corrosion tests of NiTi in simulated physiological solutions have
shown the accumulation of Ni2+ ions in a fluid, which may be undesirable for the
biocompatibility of Nitinol based products with body tissues [5–7].
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Obviously, to reduce the release of Ni2+ ions from the intermetallic compound, it is
necessary to modify the alloy surface, forming a dense protective layer with a minimum
nickel content, but without affecting the structure of the base material, which provides a
shape memory effect. For this purpose, we studied the application of the electrochemical
treatment at controlled potentials, which allows changing the ratios of NiTi components in
a thin surface layer by means of selective dissolution.
Under conditions of spontaneous passivity, a protective film is formed on the surface
of the intermetallic compound, consisting of mixed oxides of titanium and nickel [7]. Pure
titanium dioxide film is a high-resistance semiconductor. The presence of nickel imparts
electronic conductivity to the oxide on the intermetallic compound, which reduces the
resistance and protective properties of the surface layer. To inhibit the ingress of unwanted
Ni2+ ions into the corrosive environment, it is necessary to reduce significantly the
concentration of this component in the surface layer, thereby forming a film consisting
mainly of titanium dioxide.
Electrochemical modification of the alloy surface has been carried out in sulfate
solutions: in neutral 0.5 M Na2SO4, pH=5.6, acidified (0.5 M Na2SO4, pH=2 with addition
of H2SO4) and acidic (2.5 M H2SO4) media. The potentiodynamic curves for the alloy
allow determining the potential regions that provide selective dissolution of its components
in these media. The potentials were measured relative to a saturated silver chloride
reference electrode, contacting with the solutions through a bridge, preventing Cl– ions
penetration to the cell. Potentials are given relative to SHE. The relatively high sweep rate
of 100 mV/s has been used to reduce the change in surface state during the curves
registration. The most informative were the anodic polarization curves in 2.5 M H2SO4.
The comparison of the curves for NiTi intermetallic compound and for its pure
components: titanium and nickel are shown in Figure 1. Two characteristic regions are
observed on the NiTi curve: a narrow peak at the potentials range E=–150.0 mV and a dual
wide peak in the potential range of +150 to +450 mV. Obviously, the first peak with a
maximum at E=–50 mV can be associated with active dissolution of titanium from the
alloy. For pure titanium, a similar peak is shifted slightly to the cathodic direction (the
maximum is at E=–200 mV) and at potentials more noble than 0 mV, titanium is already
completely passive [8]. The second peak for the intermetallic compound can be interpreted
as the dissolution of nickel component from the alloy, taking into account the potential
region and the characteristic twin peak shape. A similar behavior is observed on the
polarization curve for pure nickel, although the current densities on this sample are an
order of magnitude higher compared with the intermetallic compound. This is probably
due to the presence of a passive TiO2 film on NiTi sample at these potentials, which
prevents active dissolution of nickel. At higher potentials, nickel is also completely passive
[9]. It should be noted that these data are similar to the results obtained earlier for different
titanium–nickel alloys [10–13].
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Figure 1. Anodic polarization curves 100 mV/s in 2.5 M H2SO4, 30°C for NiTi intermetallic
compound and pure Ti and Ni.

Thus, the active dissolution of the alloy components occurs at essentially different
potentials and it is possible to select the potential range, where one of the components
dissolves and the other is stable. During one hour potentiostatic exposure at the potential of
the first peak E=–50 mV, titanium is selectively dissolves from the surface layer of the
intermetallic compound and nickel accumulates. As a result, the peak of titanium
dissolution on Figure 2, curve 1 disappears almost completely and the peak of nickel
dissolution increases significantly. On the contrary, after one hour potentiostatic treatment
at E=+300 mV, the peak of titanium active dissolution is well apparent on Figure 2,
curve 2 and the peak of nickel dissolution practically disappears.
These results show that it is possible to provide a preferential dissolution of titanium
or nickel component from the surface layer on Nitinol, depending on the potential at which
the alloy is held. Polarization at the potentials range, where active dissolution of nickel
take place and at the same time titanium is in the passive state, leads to the enrichment of
the surface layers with titanium. The surface film after such treatment consists mainly of
TiO2 [8, 14]. The long exposure of the intermetallic compound at the potentials of titanium
active dissolution, on the contrary, leads to the enrichment of the surface layer with nickel.
The results of Electrochemical Impedance Spectroscopy (EIS) of NiTi alloy samples
at the Open Circuit Potential (OCP) confirm the significant change in the surface states
after selective dissolution of one and the accumulation of another component during one
hour potentiostatic treatment. Nyquist plots for NiTi, both in the initial state and after
processing, are slightly flattened semicircle arcs. An equivalent electrical circuit for such
state is a parallel connection of a resistor R, responsible for charge transfer processes, and a
constant phase element CPE, which simulates the capacitive factors of the system.
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Figure 2. Anodic polarization curves 100 mV/s in 2.5M H2SO4, 30°C. 1 – NiTi after 1 hour
polarization at E=–50 mV (selective dissolution of Ti); 2 – NiTi after 1 hour polarization at
E=+300 mV (selective dissolution of Ni).
Table 1. The nominals of the equivalent electrical circuit elements.

NiTi without
treatment

After E=–50mV
Selective dissolution
of titanium. Nickel is
accumulated.

After E=+300mV
Selective dissolution
nickel. Titanium is
accumulated.

R, Ohm·cm2

1150

244

10465

CPE A, Ohm–1·cm–2·sn

219.8·10–6

222.8·10–6

64.3·10–6

CPE n

0.857

0.889

0.945

For this kind of equivalent electrical circuit, the diameter of the Nyquist plot
(Figure 3) is equal to the resistance R, which value is proportional to the corrosion process
intensity. It can be seen that the semicircle size (and the resistance R) of the curve 2 after
dissolution of titanium component is almost 5 times less than for the alloy without
treatment. As a result, the enrichment of the surface with nickel, which has high electronic
conductivity, takes place. On the contrary, after selective dissolution of nickel, the
semicircle diameter of the curve 3 is almost an order of magnitude larger than for the initial
state due to the formation on the surface a poorly conducting layer enriched with titanium
dioxide.
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Figure 3. Nyquist plot for NiTi alloy samples in 2.5 M H2SO4. (1) without treatment; (2) after
1 hour at E = –50 mV (Titanium dissolution), (3) after 1 hour at E = +300 mV (Nickel
dissolution). The signs represent the experimental points; the solid lines show the simulation
results according to the equivalent electrical circuit.

The phase factors n for the CPE element in all cases are close to unity, which makes
possible to consider this element as a non-ideal capacitor and with a certain fraction of the
approximation to count numerically it value in capacity units F/m2. It is noteworthy that
for samples containing nickel on their surface, the capacitance factors are almost the same
(about 220 μF/cm2), and after pickling of nickel, the capacity decreases to 64 μF/cm2,
probably due to the formation of a thicker titanium dioxide layer with high insulating
properties. It should be noted that the phase factor n for such a sample is higher than for
two other samples, which indicates a more uniform surface state after nickel dissolution
from the surface.
In such a way, these impedance measurements are fully consistent with the results of
potentiodynamic curves studies and prove that after exposure at certain potentials in an
acidic solution, the surface is depleted by one and is enriched by another component due to
selective dissolution, which further affects the electrochemical and corrosion behavior.
In neutral (0.5 M Na2SO4, pH=5.6) and acidified (0.5 M Na2SO4, pH=2) solutions the
spontaneous passivity of Nitinol is observed already at a room temperature (25°C). There
are no characteristic peaks on the polarization curves and the curves are almost identical
(Figure 4, curves 1 and 2). An increase in temperature to 90°C does not affect the
spontaneous passivity in the neutral solution (Figure 4, curve 3), and only in the acidified
solution at the same temperature the peak of nickel dissolution with characteristic splitting
appears (Figure 4, curve 4). Unlike in acidic solution (2.5 M H2SO4), titanium is practically
insoluble under these conditions.
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Figure 4. Anodic polarization curves of Nitinol in 0.5 M Na2SO4. (1) pH = 5.6 / 25°С;
(2) pH = 2 / 25°С; (3) pH = 5.6 / 90°С; (4) pH = 2 / 90°С.

Since titanium accumulates during selective dissolution of nickel, later, when
spontaneous passivity of such sample occurs, titanium dioxide will form predominantly on
its surface, preventing corrosion in general and inhibiting nickel dissolution from the alloy,
in particular. To confirm this, NiTi samples were polarized for 4 hours at E=+300 mV (in
the region of active dissolution of Ni) in neutral and acidified solutions at 90°C, after
which these samples were exposed for 18 days in 0.9% NaCl medium. At the end of the
experiment, the solution was analyzed for Ni2+ ions content using the photo spectroscopy
method (the sensitivity no less than 10–7 g/cm3). In both cases (after proceeding in neutral
and acidified solutions), nickel was not detected. Taking into account the ratio of the
sample area to the solution volume about 0.01 cm2 /cm3, it is possible to estimate that the
maximum rate at which Ni+2 ions may enter the solution will be less than 0.2 mg/cm2 per
year. More accurate results require additional research.
Thus, it was found that, by determining suitable conditions for potentiostatic selective
etching, it is possible to reduce the surface concentration of a certain component of Nitinol
with simultaneous accumulation of the other one. When nickel is dissolved selectively, a
protective layer consisting of titanium dioxide is formed on the surface of the NiTi alloy,
which inhibits the penetration of nickel ions into the solution. Such electrochemical
modification of the surface layer on the intermetallic compound does not violate its
physical properties causing the shape memory effect, which allows using this treatment in
the field of medical technology to solve the problem of biocompatibility of Nitinol
products.
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