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Jan Racek, Petr Šittner, Luděk Heller, Jan Pilch, Martin Petrenec, and Petr Sedlák

(Submitted November 22, 2013; in revised form January 24, 2014; published online March 1, 2014)

Corrosion behavior of superelastic NiTi shape memory alloy wires with cracked TiO2 surface oxide layers
was investigated by electrochemical corrosion tests (Electrochemical Impedance Spectroscopy, Open Cir-
cuit Potential, and Potentiodynamic Polarization) on wires bent into U-shapes of various bending radii.
Cracks within the oxide on the surface of the bent wires were observed by FIB–SEM and TEM methods.
The density and width of the surface oxide cracks dramatically increase with decreasing bending radius.
The results of electrochemical experiments consistently show that corrosion properties of NiTi wires with
cracked oxide layers (static load keeps the cracks opened) are inferior compared to the corrosion properties
of the straight NiTi wires covered by virgin uncracked oxides. Out of the three methods employed, the
Electrochemical Impedance Spectroscopy seems to be the most appropriate test for the electrochemical
characterization of the cracked oxide layers, since the impedance curves (Nyquist plot) of differently bent
NiTi wires can be associated with increasing state of the surface cracking and since the NiTi wires are
exposed to similar conditions as the surfaces of NiTi implants in human body. On the other hand, the
potentiodynamic polarization test accelerates the corrosion processes and provides clear evidence that the
corrosion resistance of bent superelastic NiTi wires degrades with oxide cracking.
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1. Introduction

Improving fatigue lifetime and corrosion performance of
NiTi stents has always belonged among the key issues of NiTi
superelastic technologies for medical devices. This work was
carried out as a part of a broader research program focused on
the investigation of corrosion fatigue of braided NiTi stents in
biological fluids (Ref 1, 2).

It is well known that the thickness and quality of the TiO2

oxide layer on the surface of heat-treated NiTi wires crucially
affects its corrosion behavior. Thin smooth oxide layers exhibit
better corrosion resistance measured by electrochemical meth-
ods; nevertheless, even these are susceptible to pitting corrosion
(Ref 3). Breakdown potentials of passive layer on the heat-
treated NiTi wire after bending in martensite vary depending on
the oxide thickness (Ref 4). The occurrence of the martensitic
phase in strained wires results in the decrease of the corrosion
potential, thus reducing the corrosion resistance of the austen-
itic NiTi (Ref 5). Degradation of corrosion properties of

superelastic NiTi with mechanical deformation thus seems to be
confirmed. However, it is not clear yet whether this is due to the
presence of the stress-induced martensite phase and stress in the
material surface; or due to the cracking of the surface oxide of
the strained wires.

Recently, effect of inclusions on fatigue and corrosion
resistance of NiTi has been focused in the literature (Ref 6).
Though we are aware of the occurrence of oxide and carbide
inclusions in the wires we used, this was not dealt with in this
paper. Neither was the goal to improve the corrosion perfor-
mance. The sole purpose of this work was to characterize
corrosion behavior of superelastic NiTi wires with cracked
surface oxide layers, particularly to find out whether and how
the oxide cracking affects the corrosion performance of NiTi
and to identify appropriate methods for electrochemical char-
acterization of NiTi wires with cracked oxide layers. Different
states of surface oxide cracking were achieved by bending NiTi
wires over four different diameters, cracks were observed by
SEM/FIB technique; and electrochemical experiments on bent
wires were performed to evaluate the effect of the degree of the
surface oxide cracking on the corrosion behavior.

2. Material and Methods

2.1 Material and Samples for Electrochemical Experiments

Superelastic NiTi wire FWM#1 of 0.2 mm diameter,
nominal chemical composition of �50.8 at.% Ni (balance Ti),
straight annealed with etched and mechanical polished surface
was used to prepare samples. The wire was given the same heat
treatment (510 �C for 3 min in fluid furnace in Al2O3, air
atmosphere followed by cooling to room temperature in H2O
and washing in ethanol) in a straight shape. The same wire and
heat treatment was used in the related work (Ref 2) to shape set
NiTi springs for fatigue testing.
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Four types of U-bent wire samples were prepared by
bending the heat-treated wire over mandrels of different radii
L1–L4 (Fig. 1) and keeping them in the bent shape using
special holder. The bent state can be characterized by the ratio
e=rw/Rb 9 100 [%], (rw and Rb are radius and bending radius of
the wire, respectively) indicating mean value of maximal tensile
and compressive (the absolute value) strains on the wire
surface. Considering low value of e, bending of the wire leads
to linear strain distribution through the cross section of the wire,
but the neutral (zero) strain axis deviates from the wire
centerline due to tension-compression asymmetry (Fig. 3).
Based on numerical simulation (Ref 7, the ratio of transforma-
tion strain in tension to transformation strain in compression
was set as 1.5) the maximal tensile strains 1.5, 2.6, 5.6, and
9.1 % (Fig. 2) and thicknesses of the partial transformed
surface layers (vol. fraction of martensite >10 %) for L1–L4
samples (Fig. 4) were evaluated.

2.2 SEM/EDX/FIB and TEM Observations

SEM/EDX and TEM techniques were employed to charac-
terize the wire surface. The surface oxide and microcracks in it

were observed by SEM using the top view as well as on cross
sections prepared using the FIB technique. EDX spectra
provided information about the chemical composition within
various surface and subsurface layers. TEM observations on
FIB cross section lamella were performed to characterize the
surface oxide layer and subsurface NiTi matrix layer in more
detail. The SEM/FIB observations and TEM lamella prepara-
tion were performed using the MIRA and LYRA TESCAN
instruments combining SEM/EDX with FIB—a Ga+ ion beam
etching column. The TEM observations were performed in a
Philips CM12 TEM/STEM with acceleration voltage 120 kV.

2.3 XPS Surface Analysis and Depth Profile
Characterization

XPS depth profile analysis was carried out on gradually
sputtered surface to evaluate concentration gradients from the
surface oxide layer down to NiTi matrix. Analysis was
performed with a ESCA+ Omicron. The UHV system pressure
in analyzer chamber was maintained near 10�11 mbar. Spectra
were obtained using a monochromatic Al Ka (1486.6 eV) x-ray
source. All binding energies were referenced to the graphitic
carbon C1s peak at 284.7 eV. The XPS input data were
compiled and analyzed using CasaXPS software. Ar ion
sputtering at 5 keV by step of 5–30 min was employed for
estimation of depth profile up to 160 nm. Sputtering 10 min of
Ar ions corresponded to 13–15 nm. Correlation of sputtering
time versus depth was first calibrated by sputtering Ti sheet and
measuring the groove by profilometer. The thickness of the

Fig. 1 Wire samples with different bending radii and equal uncov-
ered arc lengths for electrochemical experiments. Various bending
radii correspond to different surface strains and hence different states
of the surface oxide cracking

Fig. 2 The surface tensile strains on samples L1–L4 correspond to
denoted states on the tensile r�e curve

Fig. 3 Schematic picture of phase composition in bended wire (lat-
eral cut) with thickness tM of the transformed B¢19 layer of the bent
wire

Fig. 4 Thickness of B¢19 layer increasing with decreasing bending
radius
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concentration profile through the oxide layer corresponds well
to the oxide thickness measured by SEM.

2.4 Electrochemical Tests

The electrochemical studies were performed in a 0.9 %
NaCl solution at temperature 37 �C using a GAMRY potentio-
stat. A few drops of dilute HCl were used to adjust the pH = 3.
According to Pourbaix diagram, TiO2 is stable in the whole
range of stability of water and TiO2 is passive and resistant to
chlorides at pH = 3 (Ref 12). Reference 600 potentiostat was
used in three-electrode configuration (working electrode,
counter graphite, and reference SCE electrodes) as shown in
Fig. 5. The solution was purged with argon for 1 h prior to
testing, and purging continued also during the measurements.
The sample surfaces were covered by a lacquer except of the
arc 3.93 mm long in locations of constant bending radius, so
that the surface areas exposed to electrolyte were equal (see
Fig. 1). The open circuit potential (OCP) measurements were
carried out to characterize basic electrochemical characteristics
of the samples L0, L1, and L4 before electrochemical
impedance spectroscopy (EIS) and potentiodynamic polariza-
tion (PP) tests. OCP measurement was performed for 120 min
just prior EIS. EIS experimental setup featured 5 mV ampli-
tude, freq. range 100 kHz to 1 MHz, and sample area
0.025 cm2. Low impedance of reference electrode was accom-
plished by setting proper distance from the working electrode
and using large surface area of the counter platinum electrode.
The Potentiodynamic Polarization was performed using scan
rate of 0.1 mV/s beginning from �700 mV to potential above
1.2 V.

3. Characterization of the Surfaces of the Straight
and Bent NiTi Wires

3.1 Characterization of the Surface Oxide on the Straight
NiTi Wire

The oxide layer on the NiTi straight wire surface was
characterized by FIB–SEM/EDX. Various FIB cross sections

were prepared by FIB technique to investigate the thickness and
morphology of the surface oxide layer (Fig. 6, 7). Platinum
(GIS) was injected on the surface before FIB cutting to preserve
the wire surface. It can be seen on the perpendicular cut
(Fig. 6b) that surface oxide layer of constant thickness
(�70 nm) closely follows the roughness of the NiTi surface.
Additionally, a thin lamella (t< 100 nm) was prepared by FIB
cutting and polishing roughly parallel to the wire surface with
the aim to evaluate the surface oxide morphology and perform
its chemical analysis by EDX (Fig. 7). In this way, it was
possible to follow the inhomogeneous morphology of the oxide
layer by STEM technique (if there were oxide cracks, they were
introduced during the lamella preparation). Compositional
variations measured by EDX were used to determine the
regions of Pt, Oxide, and NiTi matrix. A nickel-rich layer
(Ref 8) which was expected to exist underneath of TiO2 oxide
layer in the NiTi matrix could not be reliably detected by this
way. Ni-enrichment is due to the selective oxidation, titanium
has a higher affinity for oxygen than nickel. Free enthalpy of
NiO, TiO, and TiO2 formation DG (298K) is �211.7, �495,
and �889.5 kJ mol�1.

3.2 Characterization of the Surface Oxide on the Bent NiTi
Wire

Microscopic SEM observations of the surface oxide cracks
were carried out on the tensile side of the bent wire samples
L1–L4 prior to electrochemical experiments (Fig. 8). Utmost
care was taken to assure that the cracks were indeed created by
bending (wires were carefully shape set in straight form and

Fig. 5 Three electrodes arrangement in the electrochemical cell
where RE is reference saturated calomel electrode with very close
distance from WE working electrode of sealed U-bend sample, CE is
counter platinum electrode

Fig. 6 SEM/FIB characterization of the wire surface: (a) edge view
of the FIB section perpendicular to the wire surface, (b)
detail—thickness of the surface oxide layer measured on the FIB
section
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bent only once over the mandrel). We already had experience
with the observation of surface oxide cracking in situ during
straining the superelastic wires in SEM—see related paper
(Ref 2). Isolated oxide cracks were found already on the surface
of the sample L1 having surface strain 1.5 % (Fig. 1, 2) and
martensitic layer underneath the oxide (Fig. 3, 4). It can be
clearly seen (Fig. 8) that the density of cracks (number and
mutual separation) and crack opening widths increase with
increasing bending radius (surface strain). It comes out that the
bent NiTi wires (samples L1–L4) are covered by cracked oxide

layers with density and widths of cracks increasing with
decreasing bending radius. This information was used to inform
the models used to interpret the results of electrochemical
parameters.

3.3 Microcracks Observed on FIB Cross Sections from the
Bent NiTi Wire

Microcracks in the cracked surface oxide layer were also
studied on perpendicular FIB cross sections prepared from the

Fig. 7 Lamella (100 nm) manufactured parallel to the wire surface by FIB cutting and polishing: (a) FIB cutting by Ga ions at the wire surface
covered GIS layer, (b) Lamella approached by a needle after polishing and before final cut, (c) lamella removed by the needle, (d) STEM obser-
vation of the morphology of the oxide layer on the lamella (width of the inclined oxide layer was determined �500 nm by EDX analysis)

Fig. 8 SEM images of the surfaces of the bent NiTi wire samples L1 = 1.4 %, L2 = 2.5 %, and L4 = 8 %
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maximally bent wire L4 by SEM and TEM methods. Of course
the cracks are allowed to close in this case and there is a danger
that additional crack could be introduced during FIBing.
Figure 9 shows SEM picture of the edge of the FIB lamella,
where the oxide cracks can be seen both on the wire surface as
well as on the polished cross section. The matrix cracks are
short (<200 nm); the long vertical traces are polishing
artefacts. Mutual one to one correspondence, however, suggests
that the surface oxide cracks do extend into the NiTi matrix.

Microcracks in the surface oxide layer were also found by
the TEM observation on another perpendicular FIB lamella
from the maximally bent wire L4 (Fig. 10). Thickness of the
oxide layer was found to be around 80 nm similar to the SEM
results and its morphology was inhomogeneous. Nanosized
grains of the partially recrystallized microstructure of the NiTi
wire within the matrix are clearly visible. The crack shown in
Fig. 10 penetrates only few nm into the NiTi matrix. Disloca-
tion defects were frequently observed in the NiTi matrix in the
vicinity of surface oxide cracks. However, since these are very
preliminary observations made on a single lamella prepared
from just once superelastically bent NiTi wire L4, the
conclusion which is made is that the surface oxide cracks
introduced by bending do penetrate into the NiTi matrix of the
superelastically bent wire. The cracks crossing over into the
matrix are further considered as a kind of gates (density and
width increasing with decreasing bending radius) through
which the electrolyte may reach the NiTi matrix in the
electrochemical experiments.

3.4 Chemical Composition Profile Through the Wire Surface

Information on chemical composition of the NiTi wire
surface was obtained by XPS surface and depth profile analysis.
Ar ion sputtering was used to evaluate chemical composition up
to 160 nm. One of the objectives was to identify the Ni-rich
layer underneath of TiO2. Since the NiTi wire is too thin,
multiple wires were laid down in parallel for the measurement.
Results are shown in Fig. 11a. It is rather difficult to identify
the exact boundary between the oxide and matrix from the
measured XPS profile. This was ascribed to the cylindrical
surface of the thin wires with irregularities. Therefore, a
comparative analysis was carried out on a flat surface of a
polished disk cut from 1.9-mm-thick wire of the same material.
The disk was heat treated (oxidized) by the same heat

treatment. It was assumed that the thickness and quality of
the surface oxide approximately correspond to that of the
original thin wire used for the stent production. The XPS
results from the thin wires and polished disc presented in
Fig 11a,b indeed show similar concentration profiles. The
width of the oxide layer of about 70 nm is estimated. There
seems to be a Ni-rich layer of about 20 nm in the matrix
underneath the interface but the evidence is not very convinc-
ing. The increase of Ni at the outmost layer of the surface
oxide (Fig. 11a,b) was associated with the NiO distinguished
in Ni 2p3/2 spectrum. Although the presence of the Ni excess
at the very surface is known from the literature (Ref 8, 9), its
consequences for corrosion are not very clear, so we are not
considering it here. For comparison, Fig. 11c shows XPS depth
profile from the disc of the same material, which was
mechanically polished but not heat treated. Clearly, the surface
oxide layer is only few nm thick in this case. Since relatively
high content of oxygen 3–5 wt.% was detected deep in the
NiTi matrix even in the sample which was not heat treated; the
presence of oxygen in the NiTi matrix is considered to be an
artefact, although the NiTi matrix is known to contain oxide
particles (Ref 10).

4. Electrochemical Studies

Three electrochemical methods (Open Circuit Potential,
Electrochemical Impedance Spectroscopy, and Potentiodynam-
ic Polarization) were employed successively to evaluate to
corrosion resistance of straight L0 and bent superelastic NiTi
wire samples L1–L4 in simulated biological fluid (0.9 %
solution of NaCl, pH = 3) at temperature 37 �C. Three
measurements were performed in each experimental set to
assure that the targeted effect of cracked oxide and increasing
bending strain on the corrosion behavior of NiTi is significant
and reproducible.

4.1 Corrosion Activity of the Surface (Open Circuit Potential)

The results of the OCP measurements (Fig. 12) provide
basic electrochemical information on samples L0–L4 in a form
of the time evolution of the corrosion potential (Ref 11). In
general, the higher is the value of the corrosion potential at the

Fig. 9 Microcracks in the TiO2 surface oxide observed by SEM on
the edge of FIB cross section prepared from the L4 sample

Fig. 10 TiO2 surface oxide observed by TEM (FIB lamella pre-
pared from the L4 sample)
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end of test, the higher is the corrosion resistance of the studied
sample. Therefore, sample L0 may be considered as more
corrosion resistant and more thermodynamically stable com-
pared to bent wire samples, since its corrosion potential
becomes significantly higher from 30 min up. This suggests
that the bent NiTi wires with strained surface and cracked oxide
are more prone to corrosion degradation than the straight wire
(Table 1). It was, however, not possible to make a meaningful
conclusion on the role of the increasing surface strain

(decreasing bending radius) of the samples L2–L4 based on
the individual OCP curves.

4.2 Passivity Breakdown (Potentiodynamic Polarization)

The potentiodynamic polarization test basically character-
izes the passivity of the sample surface (chemical stability in a
given environment characterized by pH for varying electrical
potential. The results are quantified mainly by the breakdown
potential Eb and corrosion current Icorr. The PP test represents a
standard electrochemical test for characterization of the corro-
sion behavior of NiTi. It has been widely applied in the
literature (Ref 12) to characterize the corrosion performance of
NiTi wires having various surface finishing treatments. We
show only results of measurements on samples L0, L3, and L4
in Fig. 13 for the sake of clarity. The straight wire sample L0
clearly exhibits more stable electrochemical response (the
highest breakdown potential Eb and the lowest corrosion
current Icorr.) compared to the bent wire samples L3 and L4
with cracked oxide layers. As a result of the bending, the
corrosion current Icorr. of the NiTi wire increased from 7 pA/
cm2 (L0) to 194 pA/cm2 (L3), breakdown potential Eb

decreased from 670 mV (L0) down to 430 mV (L4), corrosion
potential Ecorr decreased, and corrosion rate significantly
increased (Table 1). This proves significant degradation of the
corrosion properties of the NiTi wire due to bending. It is,
however, again difficult to make a meaningful conclusion on
the effect of the degree of bending on potentiodynamic
polarization curves. It has been concluded that the virgin
oxide layer on the straight NiTi wire provides a relatively
good protection against corrosion in acidic environment with
chlorides. The corrosion resistance, however, significantly
decreases when the surface oxide is strained; cracks appear in
it and are kept open by the applied constraint.

4.3 Equivalent Circuit for Cracked Oxide Layer
(Electrochemical Impedance Spectroscopy)

Electrochemical Impedance Spectroscopy measurement is a
relatively modern electrochemical test, which has not been used
much in the literature to characterize corrosion properties of
NiTi. The results are shown in a form of Nyquist plot (Fig. 14a)
and Bode plot (Fig. 14b) showing impedance and phase shift,

Fig. 11 (a) XPS depth profile from thin NiTi wire (multiple
0.2 mm thin wires laid down in parallel). Two distinct layers were
identified in addition to NiTi matrix: TiO2 layer and Ni-rich layer in
the NiTi matrix. (b) XPS depth profile from flat surface of a cylinder
cut from 1.9-mm-thick wire of the same alloy, polished and given
similar heat treatment as the wires. Two distinct layers were identi-
fied: TiO2 oxide layer and Ni-rich layer in NiTi matrix. NiO concen-
tration increased on top of surface oxide layer. (c) XPS depth profile
of the as-drawn NiTi #1 (d = 1.8 mm wire cross section), mechani-
cally polished, and no heat treatment

Fig. 12 Results of the Open Circuit Potential measurement charac-
terizing corrosion activity of samples L0, L2, L3, and L4 in 0.9 %
NaCl solution, pH 3
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respectively, evaluated using small AC voltage applied in a
wide frequency range. Interpretation of the EIS experimental
data is standardly achieved via modeling using the so-called
electrical equivalent circuit consisting of electrical components
representing physical parameters of the studied sample surface.
Parameters of such circuits are identified by fitting the
simulated data to the experimental ones. An equivalent circuit
must be properly designed to correlate with the corrosion
properties of the studied corrosion system.

Equivalent circuit Rs(Q1(W(Q2Rc)(Q3Rp))) for bent NiTi
wires (Fig. 15) comprise the following elements: electrolyte
resistance Rs, non-ideal capacitance of double layer Q1 (Cdl),
Warburg diffusion capacitance W, non-ideal capacitance of
crack Q2 (Cc), resistance of crack Rc, non-ideal capacitance of
oxide layer Q3 (Co), and polarization resistance Rp. The infinite
Warburg diffusion capacitance was added in series with the
resistance of crack Rc to indicate dependencies of ionic charge
transfer on increased concentration gradient of corrosion
reactants and products in the volume of crack. W diffusion is
often observed in porous and defective layers susceptible to
corrosion. The weakness of the model is that the state of the
surface oxide on the bent NiTi wire is very far from
homogeneous. Straight wire—virgin L0 sample was fitted
using equivalent circuit Rs(QRp). There exist similar models for
NiTi in the literature (Ref 22).

A simplex method algorithm (Ref 13, 14) was used for
fitting the experimental data set to an equivalent circuit model
(Fig. 15). The quality of data fit (Fig. 14) suggests that the
proposed models show good match for all L0, L2, L3, and L4
samples. The obtained values of the individual components of
electrical equivalent circuit for samples L0, L2, L3, and L4 are

Table 1 Results of OCP and PP Measurements on Samples L0 (Straight Wire) and L2, L3, and L4 (Bent Wires)

Sample
OCP

Potentiodynamic polarization

Ecorr vs SCE (mV) Icorr (pA/cm
2) Ecorr (mV) Eb (mV) Ib (nA) Corr. rate (mpy)

L0 �14 7 �94 670 0.5 133.5e-9
L2 �109 ... ... ... ... ...
L3 �149 194 �256 500 8.3 4.5e-6
L4 �109 100 �196 430 4.1 2.3e-6

Fig. 13 Results of the potentiodynamic polarization test on samples
L0, L3, and L4. Higher value of the breakdown potential Eb and
lower value of the corrosion current Icorr suggest increased passivity
of the surface oxide and better corrosion properties

Fig. 14 (a) Nyquist plot impedance curves of samples L0, L2, L3,
and L4 measured in Electrochemical Impedance Spectroscopy test
5 mV amplitude, freq. range 100 kHz to 1 mHz). Measured values
are compared with values obtained by fitting the equivalent circuit
model of virgin and cracked oxide layers. (b) Bode plot evaluated
from the same measurement as in 14a. The sample L0 represents
ideal and smooth virgin surface while samples L2, L3, and L4 have
heterogeneous cracked surface. The phase shift is highest for the L0
at any frequency and the curves L2, L3, and L4 are affected by the
surface state mainly in the low frequency range where the imped-
ance is dominated by the capacity of heterogeneous cracked layer
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summarized in Table 2. The employed equivalent circuits for
impedance spectra analysis in the model do have a physical
meaning (Fig 17). It is evident that the polarization resistance
Rp (magnitude of polarization vector) drastically and consis-
tently decreases with increasing surface strain (Fig. 16).
Decreasing value of the empirical constant n of the constant
phase element (non-ideal capacitor) from L2 to L4 (related to
the electrode roughness and heterogeneities) suggests that
surface roughness of the bent wire increases with decreasing
radius.

5. Discussion

As compared to electrochemical studies on stress-free
superelastic NiTi published frequently in the literature (mostly
potentiodynamic polarization tests), three key factors which
make the present experiments on bent superelastic NiTi wires
unique are following: (i) the surface in contact with the
electrolyte is exposed to mechanical stress, (ii) the surface
oxide of the bent wire is fractured, and (iii) the cracks are kept
open during the electrochemical experiment. The distribution of
static stresses in the surface layer along the circumference of
the U bend sample changes from tensile to compressive. Stress-
induced martensite and surface oxide cracking preferentially
appears in locations where maximal tensile stress component is

reached (Ref 2). Although Fig. 3 and 17 assume a continuous
martensite layer existing under the surface oxide, this is a
simplification suggesting only that the martensite preferentially
appears at the upper surface of the bent wire. In reality, mixture
of all three phases in NiTi (B2, B19�, and R-phase) exist in the
matrix under the oxide layer (Ref 15) and the martensite does
not have to be distributed homogeneously along the arc. The
electrolyte is thus probably in contact not only with the
austenite but also with the stress-induced martensite and

Fig. 15 Proposed equivalent circuit model for cracked and virgin
oxide layer on NiTi bent wire

Fig. 16 Polarization resistance Rp evaluated from the EIS experi-
ment decreases with increasing surface strain (bending radius) of
samples L0, L2, L3, and L4

Table 2 Parameters Fitted Using Proposed Equivalent Electrical Circuits for Samples L0 (Straight Wire) and L2, L3,
and L4 (Bent Wires)

Sample Equivalent circuit Rs (X)
Cdl (Q)
(S3 sn1) n1 W S3 s1/2

Cc (Q)
(S3 sn2) n2 Rc (X)

Co (Q)
S3 sn3 n3 Rp (X) v2

L0 R(QR) 63 4.8E-7 0.94 ... ... ... ... ... ... 4.9E8 0.00093
L2 R(Q(W(QR)(QR))) 152 2.2E-7 0.87 1.6E-6 2.9E-7 0.9 7.6E7 3.2E-7 0.86 2.9E8 0.00015
L3 R(Q(W(QR)(QR))) 129 3.7E-7 0.80 4.3E-6 6.8E-6 0.85 ... 1.3E-7 0.89 1.2E8 0.00125
L4 R(Q(W(QR)(QR))) 54 7.2E-7 0.87 1582 1.3E-6 0.57 4.3E5 3.1E-7 0.96 2.6E7 0.00126

The meaning of the individual parameters is as follows: Rs is the electrolyte resistance, Cdl is the non-ideal capacitance of the double layer, n1 is the
coefficient of CPE = 1/Z = Y = Q� (jx)n, where Q� has the numerical value of the admittance (1/|Z|) at x = 1 rad/s. The unit of Q� is Sie-
mensÆsecondn (S sn),W is the Warburg infinite diffusion of crack defects, Cc is the non-ideal capacitance of crack, n2 is the coefficient of CPE (Cc), Rc

is the resistance of cracks containing corrosion products, Co is the non-ideal capacitance of passive oxide, n3 is the coefficient of CPE (Co), and Rp is
the polarization resistance of protective passive layer

Fig. 17 Model of crack in oxide layer with anodic crack tip disso-
lution in oxide-martensite interface. Ni2+ ions are depleted from the
crack tip by catalytic reaction of Cl� ions (left). Physical meaning of
the equivalent circuit proposed for cracked oxide layer (right)
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R-phase. The stressed mixture of phases is considered to
represent a ‘‘more open structure’’ compared to only B2
austenite phase (characteristic for conventional experiments in
the literature Ref 3), particularly since it contains large number
of internal interfaces. Hence, it is more susceptible to hydrogen
diffusion from the electrolyte into the matrix and might
facilitate hydrogen embrittlement, local and intercrystalline
corrosion (Ref 16, 17).

Since the Open Circuit Potential test (Fig. 12) showed
higher corrosion potential value for the straight wire compared
to the bent wires, we conclude that corrosion activity of the
cracked surface increases due to the above-mentioned three
factors i–iii, mainly due to the presence of cracks in the oxide
layer (Fig. 8) extending into the NiTi matrix. However, since
the corrosion potential values of three bent wire samples L1,
L2, and L3 scattered without any consistency, the OCP test was
found not to be really appropriate for estimation of the effect of
the decreasing bending radius.

Potentiodynamic polarization test (Fig. 13) showed lower Eb

and higher Icorr values for all bent wire samples compared to the
straight wire sample L0 which suggests that cracking of the
oxide layer significantly deteriorates the surface passivity. Since
the bent wire samples exhibit breakdown potentials on poten-
tiodynamic curves, we assume that the wires are able to partially
repassivate their surfaces damaged by the cracking. Since the
NiTi wire surface is exposed to tensile and/or compressive stress
and the oxide cracks are kept open by bending, the repassivation
of the cracked oxide layer might be significantly limited by the
stress and/or martensite phase at the crack tip. At the same time,
number of cracks which penetrate into the subsurface Ni-rich
layer increases with increasing bending strain which facilitates
the penetration of electrolyte to the NiTi matrix and further
complicates repassivation. Since Nickel does not react with
oxygen to form passive surface oxide but reacts instead with
chloride anions through catalytic reaction; the dissolution and
crack advance should accelerate, if there is Ni-rich layer
underneath the surface oxide layer. However, since no clear
relation between the degree of the surface cracking and
breakdown potentials of bent wires was found in present
experiments, we speculate that the key factor influencing the
passivation of bent NiTi wires is the presence of cracks in the
oxide layer kept open by bending, not their density and width.

The key observation is that, contrary to other tests, there is a
clear distinction among the Electrochemical Impedance Spec-
troscopy curves of the samples L0, L2, L3, and L4 differing in
the extent of the surface oxide cracking in the Nyquist plot
(Fig. 14a). This suggests that the method is sensitive to the state
of the surface of the variously bent wires. Similar claims can be
found in the electrochemical literature for other materials as
well (Ref 18, 19). Recall that surfaces of differently bent NiTi
wires differ in surface strain, stress, phase fraction and crack
density and widths; and the analysis of the EIS results is not
simple. Equivalent circuit model (Fig. 15) allows for identifi-
cation of the evolution of physical parameters of cracked oxide
layers with increasing surface damage through fitting the model
to experimental results (Fig. 14a). Five parameters of the
electrical circuit: (polarization resistance Rp, Warburg capaci-
tance W, resistance of crack Rc, capacitance of oxide layer Co,
and capacitance of crack Cc) were found to vary consistently
with decreasing bending radius (Table 2). Particularly, the
polarization resistance Rp decreasing with increasing surface
strain (Fig. 16) suggests that the increasing width and density
of surface cracks make the charge transfer through the surface

(via diffusion in occluded solution) easier with increasing
surface strain. As a result, corrosion resistance of bent NiTi
wires decreases with increasing surface strain (decreasing
bending radius). As the fit of the equivalent circuit provided
non-negligible values of the capacitance of oxide layer Co, we
may conclude (Ref 20) that there was a non-negligible presence
of metal cation vacancies providing easier access of external
ions to the material and, hence, negatively contributing to the
corrosion process. More cationic vacancies in repassivated
oxide layer cause higher capacitive response with the result that
the layer is less resistant to dissolution and hence to crack
propagation (Ref 21). This could possibly be also related to the
subsurface NiTi layer which transforms to martensite upon
bending and hence become ‘‘more open for the external ions.’’

The overall changes in impedance observed in the Nyquist
plot (Fig. 14a) are thus due to: (i) diffusion in cracked oxide
layer and (ii) anodic reaction in the subsurface martensitically
transformed layer, the role of which increases with decreasing
bending radius. Significant change in impedance observed
between samples L3 and L4 might be caused by higher stress
due to straining the surface layer beyond the plateau range in
case of L4 (Fig. 2). The phase shifts at low frequencies (see
Bode plot in Fig. 14b) are due to the heterogeneity of the
cracked surface and easier diffusion in it.

It is essential that, compared to the Potentiodynamic
Polarization test most frequently used in NiTi corrosion studies
in the literature, the surface oxide layer is only very slightly and
reversibly polarized by the small AC amplitudes applied in the
EIS measurement. The surface is thus exposed to similar
conditions as the surfaces of NiTi implants in human body. Out
of the three electrochemical methods employed, the EIS method
thus seems to be the most appropriate one for the characteriza-
tion of the effect of the degree of cracking within the oxide
layers. The results of EIS and polarization tests are comple-
mentary. While the EIS test is more suitable for characterization
of the electrochemical properties of the cracked oxide layers and
better respects the nature of the NiTi corrosion process in the
body, the potentiodynamic polarization test accelerates the
corrosion processes and provides clear information on the
corrosion resistance of the bent superelastic NiTi wires.

6. Conclusions

Electrochemical corrosion studies were carried out on straight
and bent medical grade superelastic NiTi wires. Cracks within the
surface oxide and NiTi matrix introduced by bending the wires
were observed by FIB–SEM and TEMmethods. It was found that
density andwidth of the surface oxide cracks dramatically increase
with decreasing bending radius and that the surface oxide cracks
introduced by bending cross over into the NiTi matrix.

The results of all three electrochemical tests consistently show
that corrosion properties of the bent NiTi wires with cracked
oxide layers (static load keeps the cracks opened) are inferior
compared to the corrosion properties of the straight wires (virgin
uncracked oxide). Microcracks in the cracked oxide layer are
held responsible for the observed degradation of the corrosion
behavior of the bent NiTi wires. A mechanism by which the
presence of oxide cracks affects the corrosion behavior in
electrochemical tests is proposed, modeled, and discussed.

Out of the three methods employed, the Electrochemical
Impedance Spectroscopy seems to be the most appropriate test
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for the electrochemical characterization of the cracked oxide
layers since the impedance curves of differently bent NiTi wires
can be associated with the state of the surface cracking and
since the NiTi wires are exposed in the EIS tests to similar
conditions as the surfaces of NiTi implants in a human body.
On the other hand, the potentiodynamic polarization test
accelerates the corrosion processes and provides clear infor-
mation on the corrosion resistance of the bent superelastic NiTi
wires.
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