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Electrochemical methods were used to investigate the corrosion resistance of nitinol specimens modified with silicon by ion implantation (fluence 2 ⋅ 1017 ions/cm2). After ion beam treatment, nickel concentration in the surface layer is significantly reduced up to ∼20 nm
deep and a silicon-containing layer is formed at the depth of 10...80 nm with the maximum concentration of 30 at % at the depth of
30...35 nm. The breakdown (pitting) potential Eb of such NiTiSi specimens in 0.9% NaCl physiological solution and in artificial blood
plasma is ~0.9 V (Ag/AgCl/ KCl sat.) which is much higher than Eb of test specimens subjected to mechanical, chemical or electrochemical treatment. It is shown that under potentiostatic conditions at Eb the NiTiSi specimen surface is stable to failure and does not exhibit
pitting, spotting or microcracking. The comparison of corrosion test results with the cyclic voltammetry data for NiTi, Ti and Ni as well as
with thermodynamic calculations demonstrates that the surface of the modified NiTiSi specimens has enhanced stability with respect to
the release of nickel ions into solutions.
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1. Introduction
Among the shape memory materials based on copper,
iron, nickel or titanium [1], only the near equiatomic NiTi
alloys have been used, mainly under the trade name nitinol
(NiTi), in biomedical applications such as endoluminal
stents in cardiology, urology and gastroenterology, as orthodontic wires in dentistry, as tissue connectors, as spring rods
for scoliosis correction and many more [24]. NiTi alloys
possess high yield, tensile, and fatigue strengths and high
elastic-plastic characteristics, exhibit shape memory and
superelasticity and are capable of substantial strain accumulation (ε = 46 %) and reversible strain recovery without failure [57].
The high amount of the allergenic and toxic element Ni
[814] in the NiTi alloys and its potential release into the
body [1518] are at the centre of attention when considering the surface treatment as part of general manufacturing.
To improve the biocompatibility of implant devices, pre* Corresponding author
Prof. Aleksandr I. Lotkov, e-mail: lotkov@ispms.tsc.ru

dominantly those in contact with blood, it suffices to provide these properties on the surface or in thin surface layers. Efficient methods of improving the physical-chemical
and mechanical properties of implant surfaces and their
biocompatibility are based on ion beam and ion plasma
surface treatment [1922]. Such surface modification of
NiTi devices may change the mechanical characteristics of
the alloy surface layers [2326]. Despite a large amount of
published experimental results, optimal methods of NiTi
surface treatment have yet to be developed.
The NiTi surface treatment methods to improve its corrosion resistance and biocompatibility in biological media
can be arbitrarily divided into two main groups: (i) chemical and thermal treatments of NiTi implants for the selective removal of nickel from the surface layer [2730];
(ii) synthesis of barrier layers or coatings employing different surface treatment methods, including ion-beam or
ion-plasma impact of NiTi surface [1922, 3136].
Analysis of the literature has shown that mechanical
surface treatment methods (sandblasting, mechanical polishing, etc.) do not allow the formation of corrosion resistant surface layers. The breakdown potential Eb of thus
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treated nitinol in artificial biological media is relatively low
(E b ≈ 0.1 0.5 V, (Ag/AgCl/ KCl sat.), which indicates a
relatively low corrosion resistance of the material [37].
Chemical and electrochemical methods (chemical etching
in acid mixtures, thermal oxidation, autoclaving in boiling
water, electropolishing) result in the formation of protective surface layers, due to which Eb increases to 0.8 1.3 V
[38, 39]. However, these passivation layers often have reduced resistance under cyclic thermal and mechanical loading and do not prevent material corrosion and Ni ion release.
Selection of chemical elements for surface alloying plays
an important role in ensuring high biocompatibility of implants. For example, non-metal (B, C, N, O) ion implantation allows the formation of thin (30 70 nm) surface layers with increased microhardness and high corrosion resistance (Etp ≈ 1.0 1.2 V) [34, 35, 40]. Ion beam treatment
of NiTi surface with Si, Ti, Zr, Hf and Mo (fluence up to
2 ⋅ 1017 ions/cm2) increases corrosion resistance and improves the alloy biocompatibility [22, 34, 39]. Our recent
researches [22, 41] have demonstrated the great promise of
Si for this purpose. Indeed, according to the relevant literature, Si-doping of Ti alloys considerably improves corrosion resistance of these alloys in seawater [42]. At the same
time the corrosion behavior of ion-implanted NiTi has not
been widely studied. The aim of the present paper is to understand how NiTi surface modification with silicon affects
its corrosion characteristics.
2. Materials and investigation procedure
Specimens for investigation were made of commercially
pure NiTi in the form of plates 1.35 × 10 × 50 mm. The specimens were divided into three groups according to the surface treatment method: (i) mechanical polishing (NiTi-MP)
with sandpaper with grit size varying from coarse to fine,
(ii) chemical etching in a mixture of acids HNO3 (65 wt %) :
HF (50 wt %) = 3 : 1 parts by volume (v/v), mechanical
polishing by means of a Saphire 550 grinding and polishing machine (ATM GMBH) with a gradually decreasing
abrasive grit number down to 1.2...0.3 µm, and then electrolytic polishing (NiTi-EP) in a mixture of CH3COOH
(97 %) : HClO 4 (70 %) = 3 : 1 v/v at U = 30 V, and
(iii) treatment by scheme (ii) with subsequent silicon ion
implantation (NiTi-Si) using a setup DIANA-3 in the vacuum of ∼104 Pa at accelerating voltage of 60 kV, pulse
frequency 50 Hz and fluence 2 ⋅ 1017 ions/cm2. The specimen temperature during ion implantation did not exceed
100 150 °C. The composition, structure and morphology
of the specimen surface layers were examined by optical
microscopy (Axiovert 200 MAT), profilometry (New View
5000), scanning electron microscopy (LEO EVO 50 with
EDS-analyzer) and Auger spectrometry (Shkhuna-2). The
control experiment was performed with the use of Ti (VT1-0)
and Ni (NO) plates.
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The corrosion parameters (corrosion potential Ecorr ,
breakdown (pitting) potential Eb and repassivation potential Ere , corrosion current density icorr ) in deaerated artificial biological media (0.9% NaCl physiological solution,
artificial blood plasma of composition: 6.8 g/l NaCl,
0.4 g/l KCl, 0.2 g/l CaCl2, 0.1 g/l MgSO 4, 2.2 g/l NaHCO3,
0.126 g/l Na2HPO4, 0.026 g/l NaH2PO4 [43]) were determined with the use of procedures provided in [43]. The
measurements were carried out using a thermostating threeelectrode cell; the studied NiTi specimens served as the
work electrodes, the area of the surface submerged into the
solution was 1 2 cm2, and the volume of the solution was
80 ml. A graphite electrode with a surface area of 20 cm2
served as the auxiliary electrode; saturated silver-chloride
electrode (Ag/AgCl/KCl sat.) was used as the reference electrode, versus which all the potentials in the work are given.
Before corrosion testing, the specimen surfaces were cleaned with acetone, ethanol and rinsed with distilled water.
Solutions were prepared using reagents of analytical grade
and distilled water. The temperature of the solutions in corrosion testing was maintained at (37 ± 1) °C using a thermostat VT-8-1.
The Ecorr , Eb , Ere and icorr values for NiTi specimens
in solutions were determined with the use of impulse potentiostat/galvanostat PI-50-1.1 on the basis of data obtained
using potentiostatic and potentiodynamic (scan rate w =
5 10 mV/s) polarization. The average Ecorr , Eb and Ere
values were calculated for three identically prepared NiTi
specimens from each group. The thermodynamic calculation of equilibrium activities of interaction products in the
metalsolution systems were carried out using MINTEQ
program [44].
3. Results and discussion
The surface morphology of NiTi-EP specimens, as examined by profilometry, is characterized by a quasiperiodic
distribution of convex and concave regions with an average spacing of 5 10 µm. After modification with silicon
ions, the specimen surface becomes smoother. The surface
roughness parameter decreases, on the average, from
0.5 0.6 to 0.3 0.4 µm for NiTi-EP and NiTi-Si specimens, respectively. The surface topography of initial NiTiMP specimens is governed by mechanical loading intensity
during polishing. In this case, the roughness parameter is
by an order of magnitude greater than, e.g., for NiTi-EP
specimens, and may vary in a wide range.
The elemental composition of the surface layer of initial NiTi-MP specimens is characterized by the ratio of major
alloy components Ti : Ni close to the equiatomic. The oxygen content in the natural oxide layer is determined by the
time of mechanical treatment of the specimen surface and
subsequent storage of the specimens in air. For NiTi-MP
specimens with a newly polished surface, the oxygen content decreases from 50 to 10 at % in a relatively narrow
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Fig. 1. Element concentration profiles for the surface layer of NiTi specimens by the Auger spectrometry data: NiTi-EP (a), NiTi-Si (b).

range of the oxidized layer thickness from 8 to 10 nm; at a
greater depth the oxygen concentration reduction is less
intensive. After chemical etching and electropolishing, the
elemental composition of the NiTi-EP surface layer changes
compared to NiTi-MP; the concentration of Ni increases
from the surface to a depth of 80 100 nm (Fig. 1) due to
selective removal of nickel from the surface layer in acid
solutions. The main component of the ∼20 nm thick surface
oxide film is evidently Ti oxide which is close in composition to TiO2.
The silicon ion beam surface modification of NiTi-EP
specimens results in the formation of a silicon-containing
layer in the near-surface layer 10 80 nm deep; the maximum Si concentration in the layer amounts to 30 at % at a
depth of ∼30 35 nm (Fig. 1). Ion implantation leads to
element redistribution in the surface layer of NiTi specimens, due to which the nickel content decreases considerably in the outer layer up to 20 nm thick (Fig. 1). So, the
ion beam surface modification of nitinol results in the formation of a pronounced two-layer structure, in which the
surface and near-surface layers differ significantly in the
concentration ratio of O, Ni and Si.
Corrosion test results show that the differences in the
structure and composition of thin surface layers (of the order of tens of nanometers) of the studied NiTi specimens,
which depend on the surface treatment method, exert a crucial influence on the corrosion process development. Initial NiTi-MP specimens are characterized by the narrowest
(of all the studied specimens) passivation potential interval
and by anodic dissolution at low potentials (Fig. 2). In the
potential interval E = 0.4 0.0 V, manifested in voltammetry curves as an increase of anode current ia up to
∼1.3 ⋅ 106 A/cm2, a large amount of Ni in the surface layer
composition leads to its selective release into solution
(Fig. 2). With further E growth, ia increases abruptly due
to corrosion rate increase accompanied by pitting failure
(Fig. 3) and for the time of exposure of NiTi-MP at Eb the
nickel concentration in the alloy surface layer decreases

considerably (∼5 times) (Table 1). Repeated cyclic polarization in the interval E = 0.7 0.5 V without surface renewal leads to almost no increase of the E interval.
Changes in the element ratio at the NiTi-EP surface layer
after chemical and electrochemical treatment (Fig. 1)
changes considerably the anodic process parameters as compared to NiTi-MP: the potential Eb is shifted to the domain of positive values by 0.7 V, and the decrease of ia in
the whole range of passivation potentials indicates the formation of a protective surface layer (Fig. 2). The comparison of Eb values for NiTi-EP and NiTi-Si (Table 1) with
the Auger spectrometry data (Fig. 1) confirms the stability
of the two-layer surface structure with the topmost layer
mainly consisting of Ti oxides and Ni concentration gradually increasing to the nominal value in a relatively deep
subsurface layer. The potentiostatic exposure of NiTi-EP

Fig. 2. Potentiostatic polarization curves of NiTi specimens in
artificial blood plasma (T = 37 °C, N2 atmosphere): NiTi-MP (1),
NiTi-EP (2), NiTi-Si (3).
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Table 1. Corrosion parameters and elemental composition of the surface layer of NiTi specimens
in the initial state and after corrosion under potentiostatic conditions in artificial blood plasma
(T = 37 °C, N2 atmosphere).
Specimen

Elemental composition, at %

Potential, V

Initial state

After exposure at Eb for 30 min

Ecorr

Eb

Ti

Ni

O

Si

Ti

Ni

O

Si

NiTi-MP

0.43

0.0

38

39

23



23

8

69



NiTi-EP

0.55

0.7

36

37

27



28

31

41



NiTi-Si

0.35

0.9

39

41

19

1

39

41

18

2

at Eb does not lead to the compete failure of the protective
passivation film, as a result of which nickel concentration
in the near-surface layer changes insignificantly (Table 1)
due to the barrier action of the outer layer.
The shift of Eb to the positive values for NiTi-Si specimens (Fig. 2) is a sign of the growing resistance of the passivation layer to failure under anodic polarization. According to profilometry and Auger spectrometry data, the reduced level of surface topography fluctuations for the modified specimens and a differentiated distribution of elements
in the outer and subsurface layers (Ti-O and Ni-Ti-Si-O)
cause an increase in the corrosion resistance of the alloy. In
contrast to NiTi-MP and NiTi-EP, the NiTi-Si surface is
much less prone to failure under potentiostatic conditions
at Eb (Fig. 3).
The Ecorr variation pattern (Table 1), which does not
agree with the growing oxidation level of the NiTi-EP surface compared to initial NiTi-MP specimens, can be explained on the basis of scanning electron microscopy data
about morphological changes of the surface layer during
corrosion. Spotting and microcracking of the NiTi-EP surface due to corrosion failure of the protective surface layer
(Fig. 3) is a result of heterogeneous topography and composition of the surface, which may lead under certain cona

"µm

ditions to a local activation of the corrosion process and
slow failure of the material beneath the passivation layer.
As follows from electrochemical and electron microscopy
data, the NiTi-EP surface treatment conditions allow the
formation of a relatively thick passivation layer with heterogeneous morphology and composition; the mechanical
characteristics of the layer differ from those in the bulk of
the alloy, due to which the probability of cracking increases.
The Ecorr potentials of the modified NiTi-Si specimens are
shifted to the positive values in comparison to other specimens (Table 1), which corresponds to the formation of a
continuous passivation layer with enhanced cracking resistance (Fig. 3).
To investigate in detail how the modification of the alloy surface layer influences its electrochemical behavior,
we compare cyclic voltammetry data for NiTi with data for
titanium (VT1-0) and nickel (NO). For the NiTi-MP specimens in physiological solution and artificial blood plasma,
cyclic voltammetry is characterized by a narrow range of
passivation potentials (0.6...0.1) V and by hysteresis in
the interval E tp  E re (Fig. 4) due to very intensive pitting
under cyclic variation of polarization potentials. According to the cyclic voltammetry curves of the surface-modified NiTi-Si specimens, the interval of passivation potenc

b

#µm

µm

Fig. 3. SEM micrographs of the NiTi specimen surface after corrosion in artificial blood plasma (potentiostatic exposure at Eb , τ =
30 min, T = 37 °C, N2 atmosphere): NiTi-MP (a), NiTi-EP (b), NiTi-Si (c).
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Fig. 4. Cyclic voltammetry curves of NiTi (a), titanium and nickel (b) electrodes in artificial blood plasma (T = 37 °C, N2 atmosphere, w =
10 mV/s): NiTi-MP (1), NiTi-EP (2), NiTi-Si (3), Ti (VT1-0) (4), Ni (NO) (5).

tials E (0.8 0.9 V) increases, which correlates with the
data about reduced Ni content (Table 1) and growing degree of NiTi surface layer oxidation in the course of subsequent chemical, electrochemical and ion beam treatment.
Unlike the NiTi-MP specimens, the cyclic voltammetry
curves of the modified specimens show no hysteresis in the
anodic potential region (Fig. 4) due to the large thickness
of the surface passivation layer stable to breakdown at high
anodic potentials and to pitting. In this case, the anodic process may be referred to water oxidation with oxygen release.
The reduced resistance of NiTi-EP specimens to microcracking of the surface layer due to its local structural heterogeneity can be determined from cyclic voltammetry data in
the Eb region with anode-cathode potential sweep (Fig. 4):
at E ≈ 0.7 V there is maximum current in the cathode region
which is related to the reduction of Ni +3 derivatives formed
at high positive potentials. This effect results from the violation of continuity of the passivation layer, due to which
the near-surface alloy layer with higher nickel concentration comes in direct contact with the solution. With a widening range of anodic polarization potentials under cyclic
voltammetry conditions the cathode current value at E ≈
0.7 V increases, which indicates that the protective action
of the passivation layer decreases significantly due to corrosion cracking in cyclic variation of the potential. The nearsurface layer with higher Ni content is to a lesser extent
subject to passivation. The cyclic voltammetry curves of
NiTi-Si specimens as well as of titanium electrodes show
no above-mentioned maximum (Fig. 4) owing to the higher
resistance of specimens with the modified surface to corrosion cracking, which agrees with scanning electron microscopy (SEM) data (Fig. 3).
The comparison of the electrochemical behavior of NiTi,
Ni and Ti in the studied chloride-containing media suggests
that the Eb value is inversely proportional to the Ni con-

tent in the surface layers of the alloy. In fact, the corrosion
characteristics of NiTi-MP and nickel electrodes show close
values (Fig. 4). Nickel surface passivation under cyclic
voltammetry conditions causes a slight decrease in the current of hydrogen release in the region E < 0.6 V owing to
oxide layer formation; in so doing, the transpassivation
potential in chloride-containing media remains almost unchanged due to the activating influence of Cl-ions on the
anodic oxidation of metal. Unlike nickel, titanium under
cyclic voltammetry conditions goes rapidly to the passive
state during the formation of electrochemically inactive
surface oxide which contributes to a significant Eb growth
above the Eb value for NiTi-Si specimens (Fig. 4).
To explain the electrochemical results, we calculate the
dependences of equilibrium activities for system Ti-Ni-SiCl-H2O on potential at physiological pH = 7.3 (Fig. 5). It
follows from the analysis of the obtained dependences lg a =

Fig. 5. Calculated logarithmic curves of equilibrium activities of
oxidized forms on potential (SHE) for system Ti-Ni-Si-Cl-H2O
0
(lg aTi = lg aNi = lg aSi = 0, cCl
− = 0.15 M, I = 0.15 M, T = 25 °C,
pH = 7.3).
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f (E) that in the range of potentials close to Ecorr ≈
(0.1 0.3) V (SHE), in the interaction of NiTi with chloride-containing solution, titanium mainly forms insoluble
oxides and hydroxides, while nickel forms soluble ionic
forms (Ni2+, hydroxo-complexes). Much higher equilibrium
activities of oxidized forms of titanium are due to higher
reactivity of titanium with respect to oxidation reactions.
This conclusion is in agreement with the experimentally
measured composition of passivation layers on the NiTi
surface which mainly consist of Ti oxides.
At more positive potentials E > Ecorr the fraction of
soluble forms of nickel increases significantly compared to
titanium (Fig. 5), which allows the breakdown effect observed in the protective oxide layer of NiTi-MP to be compared with the selective dissolution of nickel. At high positive potentials E > Eb nickel has higher oxidation degrees
(Fig. 5) registered in cyclic voltammetry experiments by
the cathodic reduction current at E ≈ 0.7 V (Fig. 4).
As can be seen from the curves in Fig. 5, silicon in the
surface layer composition in the Ecorr region is not involved
in oxidation-reduction processes and does not form soluble
species at the given pH. At E > Ecorr a poorly soluble compound Ni2SiO4 can be formed, which can be the cause of
passive state stabilization in NiTi-Si in the region of positive potentials and thus lead to increased corrosion resistance.
4. Conclusions
The modification of nitinol surface with silicon results
in the formation of a silicon-containing layer at a depth of
10 80 nm beneath the surface with the maximum silicon
concentration up to 30 at % at a depth of 30 35 nm. Ion
beam treatment leads to the formation of a morphologically
and structurally homogeneous NiTi surface layer with the
outer O-Ti (composition similar to TiO2) and near-surface
Ni-Si-Ti-O sublayers with different elemental composition.
The breakdown (pitting) potential Eb of NiTi-Si in
physiological solution and in artificial blood plasma is on
average equal to 0.9 V (Ag/AgCl/KCl sat.), which exceeds
Eb of the NiTi specimens subjected to mechanical, chemical or electrochemical treatment. An increase in the corrosion resistance of NiTi-Si is due to reduced nickel content
in the surface layer and to its more homogeneous structure.
The corrosion protective action of the silicon-modified
NiTi surface layer is significantly improved which is revealed in the inhibition of pitting, spotting and microcracking.
The work was supported by the SB RAS Project
No. III.23.2.1 and by the RF Ministry of Education and Science (Agreement No. 14.604.21.0031).
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