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Abstract

The oxide film (TiO,) was formed on Nitinol potentiostatically in an acetic acid solution. Deep understanding of elec-
tronic properties of this film is needed to predict long-term corrosion properties of Nitinol implant material in simulated
body fluid conditions. The capacitance measurements were performed under depletion conditions to study electronic
(semiconducting) properties. The space charge, formed at the solid|liquid interface, creates the barrier for the corrosion
processes in aggressive (bio)environment. According to the results of electrochemical impedance spectroscopy (EIS)
and Mott-Schottky analysis (MS), the passive film on Nitinol behaves as amorphous highly-doped n-type semiconduc-
tor. The values of electronic structure parameters (the flat-band potential, E;, and the carrier (donor) density, N) were

corrected for frequency dispersion.

Keywords: Nitinol, passive films, semiconducting properties, electrochemical impedance spectroscopy (EIS), Mott-

Schottky analysis (MS)

1. Introduction

Titanium and titanium alloys are commonly used as
implant materials for medical and dental application due to
their strength, stiffness and toughness, properties important
for load bearing applications."? Nitinol, commercial name
for nearly equiatomic alloy of titanium and nickel, exhibits
unique properties: superelasticity and shape memory effect
in addition to suitable mechanical properties (relatively low
elastic modulus, low wear rate, high damping capacity,
etc.).>* Due to its desirable properties, Nitinol is widely
used for design of state-of-the-art devices in the medical
(cardio-vascular stents, guide wires, broken bone staples)
and dental field (orthodontic wires and fasteners).>%

Nitinol displays high corrosion resistance in physio-
logical solutions caused by the spontaneously formed bio-
compatible film of TiOz.3'7 The gain in free energy forma-
tion, AG(298 K) for NiO and TiO, is -211.7 and —889.5
kJ mol™, respectively.® However, special attention has
been given to its biocompatibility because of the high Ni
content. Nickel is an essential element for the human
body, but it is allergenic and toxic when present at eleva-

ted levels upon dissolving in aggressive bioenvironment
of human body leading to infections and compromised
implant mechanical integrity.”'° Thus, in order to improve
its corrosion resistance and prevent the unwanted Ni**
ions release, the modification of Nitinol implant surface is
required since other titanium-based alloys used in biome-
dical applications do not possess its unique properties and
thus cannot replace this material.'®'*

Anodization in acetic acid has been reported to be
an effective means of producing and oxide layer on Niti-
nol, improving its corrosion and biocompatibility proper-
ties.’> In our previous papers, the kinetics of the passive
oxide film formation and growth on Nitinol in acetic acid
was investigated galvanostatically and potentiostati-
cally."® The experimental results have been explained in
the terms of the high field model (HFM) and the point de-
fect model (PDM) that take into account the structure of
the growing oxide film.?*>® The in situ growth of the
amorphous oxide films on Nitinol under galvanostatic
conditions in acetic acid is a high-field assisted process,
which proceeds by a cooperative ion conduction mecha-
nism including both metal and oxygen ions migra-
tion.?*?*%5 The relevant kinetic parameters for ionic con-
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duction in amorphous oxide films on Nitinol were estima-
ted.”” In the passive crystalline film, formed under poten-
tiostatic conditions, which possesses a certain rigid lattice
or sublattice oxide structure, preponderance of anion va-
cancies over cation vacancies was established according
to the PDM diagnostic criteria.’>* The flux and diffusi-
vity of oxygen vacancies through the film were calculated
using experimentally determined kinetics parameters.*’

Generally, to predict the long-term corrosion pro-
perties of the passivated metals for implant application, it
is critical to develop a deep understanding of electronic
properties of their surface films. The MS analysis has
been very successfully used to study the electronic (semi-
conducting) properties of passive oxide films on different
metal materials, e.g., Fe, Nb, Ni, Cr, stainless steels and ti-
tanium.?*>? However, MS analysis of the capacitance va-
lues measured at only one frequency results in loss of or
misleading information about characteristic levels of the
solid|liquid interface.*® Thus, it is important to take into
account the frequency dispersion, which arises from inho-
mogeneous current flow,*>** and which influences the nu-
merical values of the semiconducting parameters such as
the carrier density and the flat-band potential.

In this work, the passive film was formed potentio-
statically on Nitinol in acetic acid. After the film stabiliza-
tion for 24h at the constant potential, the semiconducting
properties of passive film were studied by MS analysis
under conditions in which its electronic conductivity pre-
vails. Based on the Brug capacitance calculation method*?
and Harrington-Devine method,*” the MS analysis was
performed taking into account the frequency dispersion.
The electronic properties were correlated with the results
of corrosion investigations performed in simulated
physiological Hanks solution.

2. Experimental

The Nitinol foil (NiTi, Alfa Aesar, 55.82 wt.% Ni,
<0.05 wt.% C, <0.05 wt.% O, <0.20 wt.% other metal im-
purities, and balance Ti) was cut into 0.38 mm-thick discs
10 mm in diameter. Circular shaped Nitinol samples were
abraded with SiC papers of 240-1200 grit, ultrasonically
cleaned with acetone and redistilled water and were used
as working electrodes. Electrochemical measurements
were performed in a conventional three-electrode cell (vo-
Iume 500 mL, PAR, Corrosion Cell System, Model K47).
The working electrode was embedded in a Teflon holder,
with an area of 1 cm?* exposed to the solution. The counter
electrode consisted of two graphite rods and the reference
electrode, to which all potentials in the paper are referred,
was Ag|AgCl in 3.0 mol dm™ KCI (E = 0.208 V vs. stan-
dard hydrogen electrode) connected to the cell via a Lug-
gin probe. A Solartron potentiostat/galvanostat 1287 with
FRA 1260 controlled by ZCorr® and ZView® softwares
was used in these measurements.

Cyclic voltammogram of the unmodified/bare Niti-
nol electrode was recorded in an 1 M acetic acid solution
(at room temperature, 22+2 °C) in the potential range
from —1.5 to +1.5 V with a scan rate of 1 mV s~.. The pas-
sive film was formed potentiostatically on Nitinol in ace-
tic acid at the film formation potential, E, = 0.75 V, where
electrode was stabilized for 24 hours.

The electronic-semiconducting properties of the
oxide film formed were examined by MS analysis. The
capacitance values of the Nitinol|oxide film|solution inter-
face, required for the MS analysis, were determined at se-
lected frequencies from 500-0.5 Hz in an 1 M acetic acid
solution (at room temperature, 22+2 °C). The imaginary
part of impedance Z_ is measured as a function of the
electrode potential at a sweep rate of 50 mV s, and the
interfacial capacitance C is obtained from the relationship
C = -1/wZ,_ . The rapid cathodic scan of 50 mV s™' was
used to avoid the change in the film thickness during the
measurements. The potential was swept in the negative di-
rection from film formation potential, £, = 0.75 V, where
electrode was stabilized for 24 hours. Additionally, to find
out if the potential scan rate is suitably rapid, MS tests we-
re conducted by scanning the potential in the forward (po-
sitive) direction and determining if a hysteresis is present,
see Fig. 1. The presence of very slight hysteresis between
direct and forward sweep direction at the low frequency of
0.5 Hz indicates that the potential rate is suitably rapid for
the MS tests.*
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Figure 1. The hysteresis found during the MS scans in the cathodic
and anodic directions plotted as a function of the interfacial capaci-
tance, C against the potential applied, E recorded in an acetic acid so-
lution at the constant frequency of 0.5 Hz (sweep directions noted).

The corrosion behavior of Nitinol electrode covered
by spontaneously and potentiostatically formed oxide
films was studied in Hanks’ solution (37 °C) consisting of:
8 g NaCl; 0.4 g KCl, 0.35 g NaHCO,, 0.25 g NaH,PO, x
H,0, 0.06 g Na,HPO, x 2H,0, 0.19 g CaCl, x 2H,0, 0.19
g MgCl,, 0.06g MgSO, x 7TH,O; 1g glucose in 1L of di-
stilled water. EIS measurements were performed in the
frequency range from 100 kHz to 5 mHz at an ac voltage
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amplitude of 5 mV at the open circuit potential, E__ after
stabilization of 1 hour. The experimental data were fitted
using the complex non-linear least squares (CNLS) fit
analysis software,*® and values of the elements of the pro-
posed equivalent circuit were derived with > values less
than 2 x 107 (errors in parameter values of 0.5-3%).

3. Results and Discussion

3. 1. Formation and Characterization of the
Passive Film on the Nitinol Electrode

Cyclic polarization scan, presented in Fig. 2, was
conducted to obtain overview of the electrochemical pro-
perties of Nitinol in an 1 M acetic acid solution, pH = 2.7.
Two distinct regions were observed, from —0.3 to 0.3 V,
and from 0.4 to 1.2 V. These regions were ascribed to the
formation of a Ti oxide/hydroxide layer containing diffe-
rent titanium oxides.”**” First region corresponds to the
formation of titanium suboxides, TIOOH and Ti,O, follo-
wed by slight increase in the current density around 0.3 V
pointing to the transformation of Ti(III) to Ti(IV) oxides.
In the reverse scan, at E =—0.5 V hydrogen adsorption and
evolution takes place. The anodic part of the cyclic vol-
tammogram indicates that the passivation was completed
at 1.4 V. The current increase at E > 1.4 V is related to the
transpassive nickel dissolution and oxygen evolu-
tion.'®2*4! Based on the cyclic voltammetry results, po-
tential of 0.75 V was selected as the film formation poten-
tial (24h) for the MS analysis.

Chemical composition of this film was obtained by
the analysis of its XPS spectrum.”® The Ti 2p XPS spec-
trum was deconvoluted into four component peaks for Ti,
TiO, Ti,0O, and TiO,. The intensities of individual compo-
nent peaks (Ti, Ti,O, and TiO,) in the Ti 2p, , peak expres-
sed as percentage to the total intensity of the Ti 2p,,, were
equal to 4.2, 15.3 and 80.5%. The intensity of TiO peak
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Figure 2. Cyclic voltammogram of the Nitinol electrode recorded
in 1 M acetic acid, v =1 mV s™". The insert: The band structure dia-
grams for n-type semiconductor in contact with an electrolyte un-
der depletion and flat-band conditions.

was below 1% and was neglected. Therefore, the spectra
were separated into Ti metal, Ti,O, sub-oxide and TiO,
oxide component peaks. The film formed potentiostati-
cally on Nitinol at 0.75 V consists predominately of TiO,.
The passive film formation at E, > 0.75 V leads to forma-
tion of oxide films with higher nickel content.'82*%

3. 2. The Semiconducting Properties of the
Passive Film on the Nitinol Electrode

After the stabilization of the passive film for 24
hours at £, =0.75V, the MS analysis has been used to pro-
be its electronic (semiconducting) properties in an acetic
acid solution (pH = 2.7). In MS tests, the interfacial capa-
citance was measured as a function of both frequency and
applied potential in a rapid polarization scan as was des-
cribed in the Experimental section.

Under depletion conditions at the film|electrolyte in-
terface (see insert in Fig. 2), the MS approximation for n-
type semiconductor has the form:*

1/CL = [2/(eg,eN,)|(E-E,—kT /€) (1)
where C__ is the space-charge capacitance, &, is the va-
cuum permittivity, € is the dielectric constant of TiO, (& =
61)%, ¢ is the electron charge, N is the donor density, E is
the applied potential, E, is the flat-band potential, k is the
Boltzmann constant and 7 is the temperature. The insert in
Fig. 2 is a schematic presentation of the band structure of
an n-type semiconductor under flat-band and depletion
conditions. Electrons can easily move through an n-type
semiconductor below its £, while band bending creates a
barrier to electron transfer at potentials anodic to Ey.

The electric equivalent circuit (EEC) shown in Fig.
3a represents the impedance of the electrode|electrolyte
interface when the electrode is immersed in an aqueous
electrolyte solution and covered by a passive film. In this
circuit, R, is the electrolyte resistance, R is the polariza-
tion resistance and C is equal to (C_' + Cy') where C,, is
the Helmbholtz capacitance. In our case, C is approxima-
tely equal to C__ since the Cy, for the oxide film|electrolyte

solution interface is in order of 100 pF cm™=.*'
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Figure 3. The schematic presentation of the electric equivalent cir-
cuits (EECs).
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The MS plots for the passive film recorded at con-
stant frequencies noted are presented in Fig. 4. The linear
dependence of Cs’c2 against E with a positive slope is ob-
served suggesting n-type semiconductor behavior. From
the values of slopes and intercepts, shown in Fig. 4, using
the equation (1), the values of N, and E; were calculated
(given in Table 1). The calculated E,, values are in good
agreement with literature data for oxide films formed on
titanium/titanium alloys®~"*'4* (E,, values vary with cry-
stallographic structure of the oxide and the nature of the
electrode material).”™* The obtained values of N, in the
range of 10°° cm™ point to formation of highly-doped n-
type semiconductor.’!*#%47 The donor level is slightly
less than those of most passive metals (10%°-10* cm™),
such as Ni and Fe,””® but slightly higher than that of bulk
rutile (10'*-10" cm™).#

The MS plots presented in Fig. 4 and the N and E,
values given in Table 1, clearly show the dependence on
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Figure 4. The Mott—Schottky plots of the Nitinol electrode covered
by the passive film recorded in an acetic acid solution at the diffe-
rent frequencies noted. The plot obtained by applying Devine and
Harrrington procedure is labeled “DH plot”.

Table 1. The values of the charge carrier density, N, and the flat-
band potentials, E,; of the passive film formed on the Nitinol elec-
trode in an acetic acid solution.

f/Hz Ny x 107 fem™ E, IV
500 1.52 -0.69
300 1.86 -0.71
100 1.89 -0.75

70 1.83 -0.70
50 1.93 -0.71
30 2.08 -0.70

the frequency used. Therefore, to avoid the frequency dis-
persion in MS tests, the data obtained at nine frequencies
were analyzed according to the procedure proposed by
Harrington et al.*>*’ The Z _ versus E dependences mea-
sured at different frequencies were used to construct a Bo-
de diagram containing a set of log |Z| versus log f at 8 po-
tential values inside the potential region investigated at
steps of 50 mV (Fig. 5).

10
r -80
E|
4
o 10 3 o —
£ 60E
o 2
s il -40 g
10 r ; (tg
N . <
¢ 20 &
10%L 4

f | Hz

Figure 5. Bode plot constructed from the Mott—Schottky measure-
ments of the Nitinol electrode covered by the passive film recorded
in an acetic acid solution at the potentials noted.

Each of these log |Z] versus log f plots was fitted us-
ing the complex non-linear least squares (CNLS) fit
analysis software ZView®.*® For the fitting, the modified
Randles equivalent circuit was used (Fig. 3b), where a
constant-phase element, CPE is used instead of a capaci-
tance.** The impedance of CPE is described by an empiri-
cal impedance function of the type:

Z(CPE) = [Q(jw)'T" 2

where Q is the constant of the CPE element, jw is the
complex variable for sinusoidal perturbations with @ =
2nf, and n is the exponent of CPE.**** The use of CPE is
necessary to account for the non-ideal capacitance of the
electrode. The CPE behavior is thought to be caused by a
distribution of time constants due to inhomogeneous cur-
rent flow.****

The fitting parameters R, O, n, and R obtained at
nine frequencies at different potential values (Table 2) we-
re used to calculate the capacitance at each potential value
according to the Brug at al.*

Q =C" (Re_ll + R—l)l—n (3)

As it was mentioned before, in our case, C is appro-
ximately equal to C_. Thus, the C S’Cz versus E dependence
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Table 2. Impedance parameters of the Nitinol electrode covered by
passive film obtained for Bode plots constructed from the Mott-
Schottky measurements at different frequencies in an acetic acid
solution.

0 x 10% R/ c/

EN Qlem?s" n MQcm?  pF cm™
-0.25 22.49 0.925 0.28 13.77
-0.20 19.94 0.929 0.49 12.46
-0.15 18.35 0.932 0.68 11.58
-0.10 17.31 0.933 0.89 11.00
-0.05 16.56 0.934 1.33 10.59

0 15.60 0.935 1.75 10.26
0.05 15.50 0.937 2.64 10.07
0.10 15.15 0.938 3.69 9.86

R,=103.6+0.3 Qcm?

obtained in this way (Table 2) is presented in Fig. 4 (no-
ted: DH plot) and lies between dependences obtained at
frequencies 300 and 100 Hz. From the slope of the DH
plot, using Eq. (1), the values of N, = 1.65 x 10*° cm and
E, = -0.69 V were obtained and are in good agreement
with those reported previously.?0!#14250

From the experimentally determined values of N
and E,, the value of the thickness of the space-charge la-
yer, d_. was calculated by relation:”'

d, =[2¢e€,(E — E, — kT/e) /(eNy)1"? 4)

The obtained d_, value of 5.4 nm is smaller than the
oxide film thickness obtained in our previous work by
XPS measurements (d,, = 8.2 nm)* confirming the vali-
dity of the MS analysis. By comparing the values obtai-
ned, it follows that the space-charge layer occupies the
great part of the oxide film.

During polarization of the passivated Nitinol elec-
trode in the potential region from —0.25 V to 0.10 V the
majority of the charge carriers (electrons) has been remo-
ved (transferred from the electrode into solution). There-
fore, there is a positive charge of the immobile donors,
and this is reflected in an upward band bending of the
band edges. The result is an increase of the potential drop
within the oxide layer (limited by the conditions AE < E —
E), as well as an increase of the depletion (space charge)
layer and the resistance of the oxide film (space charge la-
yer) (Table 2).

3. 3. Corrosion Behavior of Passivated
Nitinol in Simulated Body Fluid

The corrosion resistance of passivated Nitinol, as a
key factor for implant biocompatibility in contact with
body fluids, was investigated in physiological condi-
tions (under in vitro conditions of real implant applica-
tion).

Impedance spectra were recorded on spontaneously
and potentiostatically formed oxide films on Nitinol after
various periods of immersion in Hanks’ solution (Fig. 6).
The EIS data were analyzed in terms of the EEC shown in
Fig. 3b using the CNLS fit analysis software ZView®.*
The numerical values for the EIS parameters are listed in
Table 3.

The polarization resistance of the barrier layer, in-
versely proportional to the corrosion rate, is much higher
on potentiostatically anodized than on spontaneously ano-
dized Nitinol. The protection effectiveness of the poten-
tiostatically anodized film, 17 was calculated using the re-
lation:

n =R Rp,(anod) (5)

pi(anod) Rp,(spom) /

where R, and Rmp?m) are th'e values of R ?n Eig. 6
and Table 3. The protection effectiveness of 95% indicates
the excellent corrosion resistance of potentiostatically
oxidized Nitinol under in vitro conditions.
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Figure 6. Impedance spectra of the Nitinol electrode covered by
spontaneously and potentiostatically formed oxide films recorded
in Hanks’ solution after various immersion times at open circuit po-
tential.

Table 3. Impedance parameters of the Nitinol electrode covered by
spontaneously and potentiostatically formed oxide films recorded
in Hank’s solution after various immersion times at open circuit po-
tential.

Q0 x 10% C/ R/
EN Q!em2 s " uF em™ MQpcm2 ni%
Nitinol covered with spontaneously formed oxide film
lh 30.11 0912 13.82 0.44 /
Nitinol covered with anodically formed oxide film
lh 12.87 0.929 6.60 8.02 94.3
1d 10.89 0913 4.81 8.86 94.8
6d 10.43 0.897 3.88 13.87 96.7
22d 10.52 0.886 3.48 13.28 96.5
R,=125Qcm’
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4. Conclusions

Nitinol is widely used in many medical applications:
as cardiovascular, dental and orthopedic implant material.
In order to enhance this material’s corrosion resistance
and biocompatibility, the surface of Nitinol was coated
with the passive oxide film formed potentiostatically in an
acetic acid solution.

The oxide film|electrolyte interface has been treated
as space charge depletion zone, which acts as Schottky
barrier. The electronic (semiconducting) properties deter-
mined from capacitance measurements using Mott-
Schottky analysis show that passive film on Nitinol beha-
ves as a highly doped n-type semiconductor. The MS tests
were performed suitably rapid that the film did not change
during the test (assessed by slight hysteresis between the
forward and reverse potential scans). Taking into account
the frequency dispersion in MS tests, the semiconducting
parameters were determined:

— The donor density, N, = 1.65 x 10*° cm™

— The flat-band potential, £, =-0.69 V vs. Ag|AgCl

— The space-charge layer thickness, d = 5.4 nm.

In situ investigations of corrosion resistance of pas-
sivated Nitinol under in vitro conditions of real implant
material application performed by EIS have shown that
passivated Nitinol exhibits a high corrosion resistance.
The protection efficiency was 95% demonstrating the re-
sistance against general and localized corrosion of Nitinol
in the simulated body fluid containing CI™ ions. The excel-
lent corrosion stability of passivated Nitinol in physiologi-
cal conditions was correlated with the n-type semiconduc-
ting properties of its passive film.
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Oksidno plast (TiO,) smo tvorili potenciostatski na Nitinolu v ocetni Kislini. Da bi lahko napovedali dolgoro¢no koro-
zijsko vedenje vsadkov, ki so izdelani iz zlitine Nitinola, v simulirani fizioloski raztopini je potrebno podrobno razume-
vanje elektronskih lastnosti nastale plasti. Meritve kapacitivnosti smo izvedli z namenom Studija elektronskih (polpre-
vodnih) lastnosti. Prostorski naboj, ki se tvori na meji trdno|tekoce, predstavlja bariero za korozijski proces v agresiv-
nem biookolju. Glede na rezultate elektrokemijske impedancne spektroskopije in Mott-Schottky analizo se pasivna
plast na Nitinolu vede kot amorfni, visokodopirani polprevodnik n-tipa. Pri parameterih elektronske strukture (potencial
ravnega pasu, E; in donorska gostota, Nj) smo upoStevali korekcijo zaradi disperzije frekvencije.
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