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Multilayer TiN/Ti coatings have been successfully fabricated on the surface of NiTi alloy by filtered cathodic
arc ion plating technique in our present work. The depth profiles and the outmost surface chemical compo-
sition were determined by Auger electron spectroscopy (AES). The electrochemical properties were investi-
gated by cyclic voltammograms. The results demonstrate that the coating consists of TiN/Ti multilayer with
relatively wide transitional layer (Ti, N and O), and this coating can effectively improve the corrosion resis-
tant property of NiTi alloy for the application of cardiac occluders.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Cardiac defects rank as the fourth most common congenital heart
disease and are potentially fatal. 5.9% of them are in the paediatric
population. Advances in cardiovascular interventional techniques
have allowed atrial, ventricular septal defects and patent foramen
ovale amenable to percutaneous closure using occluder devices,
which are made of NiTi alloy in the form of smooth rounded meshed
disks, and polyester fabric sewn inside [1,2]. The unique properties,
such as super-elasticity, thermal shape memory, high corrosion and
fatigue resistance, make NiTi alloy especially suitable for occluder
mesh, whereas concerns about its high content of nickel (over 50%
nickel) lead to controversial conclusions for its biocompatibility
[3–6]. Kong et al. had concluded that Nitinol wire of Amplatzer septal
occlusion devices was resistant to corrosion when exposed to physio-
logic saline solution, and in experimental animals as well as humans
[7]. However, Ries et al. investigated 67 patients with no history of
nickel sensitivity, and they found that the nickel had been released
from the occluders, resulting in a systemic rise in serum levels. This
may cause adverse biological effects particularly in young patients
or patients with nickel hypersensitivity [8]. Because most of the
occluders are used for the infants and children, and might remain in
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the heart defect site throughout their lifetime, effective measure
should be taken to ensure no or slightest release of nickel ions from
the occluders.

Surface modification of NiTi alloy is a subject of numerous recent
studies to improve the material's corrosion resistance as well as its bio-
safety [9,10]. As we know, the TiN coatings possesses favorable charac-
teristics with regard to its corrosion resistance, load bearing ability,
friction coefficients, wear resistance, chemical stability and biocompat-
ibility. It has been accepted by the US Food and Drug Administration for
medical applications as a candidate for biomedical purpose such as
coatings for cardiovascular, dental prostheses and orthopedic implants
[11–13]. Nevertheless, TiN coating often presents a columnar micro-
structure containing defects such as pinholes, micro-cracks, pores and
transient grain boundaries, which decrease its fracture and corrosion
resistance. One way of improving the coating performance is to deposit
a multilayered structure consisting of alternating thin layers of a hard
TiN layer and a softer, more ductile Ti layer. The Ti layers would allow
extensive plastic deformation at crack tips and also, due to a lower elas-
tic modulus compared to TiN, deflect the crack into the plane of the
coating. It has been found that TiN/Ti multilayer structure can signifi-
cantly improve the corrosion resistance, adhesion, and fretting fatigue
behavior of metal substrate and reduce internal stress in the coatings
[14–16]. The cathodic arc ion plating has the advantages of a high-
density plasma, high ionization rate, relatively low temperatures, better
circle-plating, and is routinely used in the industry [17,18].

There is, however, limited information about the electrochemical
characteristics for the TiN/Ti multilayer coating deposited on NiTi
alloy in the SBF electrolyte. In this study cathodic arc ion plating tech-
niquewas used to deposit TiN/Timultilayer coatings on NiTi substrate,
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and the surface characteristic and the electrochemistry property were
investigated.

2. Material and methods

Mechanically polished NiTi (50.6 at.% Ni) wires with a diameter of
0.09 mm were purchased from Johnson Matthey (USA) for the heart
occluder fabrication. 10 mm×10mm×1mm polished samples were
obtained from the as-received heat rolled NiTi alloy sheet (50.6 at.% Ni)
for electrochemical measurement. The filtered cathodic arc technique
was employed to produce TiN/Ti alternating coatings on NiTi samples
at the temperature of less than 300 °C. Pure titanium (99.99%) targets
were used for Ti and TiN layer deposition. The NiTi samples were
mounted on a rotating substrate holder and cleaned by argon plasma
bombardment for 10 min under a vacuum of about 0.2 Pa with a nega-
tive substrate bias of 1000 V prior to deposition. Argon plasmawas used
Fig. 1. Visualmorphology of the bare (a) and Ti/TiNmultilayermodified (b) heart occluders
and the magnified SEMmorphology for the parts of the Ti/TiN heart occluder (c).
for the Ti layer deposition and a mixture of argon plus nitrogen for the
TiN layer. The change from the Ti deposition to the TiN deposition was
achieved by controlling the nitrogen flow. The total coating thickness
was controlled about 1 μm.

Scanning electron microscopy (SEM, model Nova NanoSEM 430,
FEI, the Netherlands) was used to characterize the surfacemorphology.
An Auger microprobe (PHI 700, Cylindrical Mirror Analyzer, ULVAC-
PHI, Inc.) with a base pressure of less than 4×10−8 Pa was employed
for depth profiling, and the sputtering rate of surface coating was
approximated by that of SiO2 (4.8 nm/min) obtained under similar
conditions, as it is routinely accepted. The surface composition was
studied by X-ray photoelectron spectroscopic (XPS; model AXIS Ultra,
Kratos, UK).

The electrochemical measurements were carried out using an elec-
trochemical analyzer (CHI 650 C) in simulated body fluid (pH=7.4) at
the temperature of 37±1 °C. The experimental setup consisted of a
conventional three-electrode cell containing the working electrode, a
saturated calomel electrode (SCE) and a platinum sheet as the counter
electrode. The open-circuit potential (Eocp) wasmeasured immediately
after immersion and was monitored for 2 h. The cyclic polarization
curves were measured from −900 to 900 mV (vs. SCE) with a scan
rate of 1 mV/s after the specimen immersion in SBF for 2 h.
3. Results and discussion

3.1. Surface morphology

Fig. 1(b) shows the coated NiTi cardiac occluder with a bright and
uniform golden color, indicating TiN coating has been successfully
fabricated on the surface of NiTi substrate, and the uncoated NiTi
occluder is a comparison (Fig. 1(a)). The SEM magnified image for
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Fig. 2. A typical AES spectrum of the surface (a) and depth profile (b) for multilayer
TiN/Ti coating.

image of Fig.�2


1000 800 600 400 200 0

O
K

L
L

T
i3

p

C
1s

N
1s

O
1sT

i2
s

C
PS

Binding energy/eV
T

i2
p

T
i3

s

Fig. 3. XPS survey spectra for the multilayered TiN/Ti coating surface.
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the parts of the TiN/Ti occluder is shown in Fig. 1(c). It can be seen
that the coating is adhesive and uniform, and no detachments and
cracks can be found.

3.2. AES depth profile analysis

Auger electron spectroscopy analysis of TiN/Ti coatings is shown
in Fig. 2(a). Overlapping of nitrogen, N (KLL) and titanium, Ti (LMM)
peak at 383 eV can be observed and the presence of carbon and oxygen
resulted from deposition process and the environmental pollution.

Fig. 2(b) shows the AES depth profile for TiN/Ti coatings. Obviously,
TiN/Ti/TiN/Ti/TiN/Ti/TiN/Ti multilayer coating has been obtained on the
surface of NiTi substrate. Since the N KLL and Ti LMM Auger transition
peaks overlapped at the 383 eV peak while the Ti LMM peak energy is
at 418 eV, the N content can be estimated using a simple calculation
method based on the area ratio of Ti LMM and Ti LMV peaks [19]. For
the surface of the outmost TiN layer, the calculated Ti to N atomic
Fig. 4. The N1s (a), Ti2p (b), O1s (c) and C1s (d) h
ratio is 1:1, stoichiometric ratio TiN, which can also be verified by the
visual morphology (Fig. 1(b)).

The coating can be divided into two regions, the alternating TiN/Ti
and the wide transitional layer (mixture layer, composed of Ti, N and
Ni elements). For the multilayer, no nickel can be observed, whereas,
for the mixture layer, with the increase of sputtering time (from 72 to
160 min), the nickel concentration first increases rapidly and then
slowly, reaching only 36 at.%Ni after argon sputtered for 160 min,
much lower than the nickel concentration in NiTi substrate (50.6
at.%). Theoretically, the wide nickel deficiency transitional layer can
not only provide strong adhesion strength between the coating and
NiTi substrate, but also imply low amount of nickel ions released
from the NiTi substrate.

3.3. XPS surface analysis

Fig. 3 shows XPS survey spectra for the surface of the TiN/Ti coat-
ing. Peaks presented at the binding energies of 528.2, 456.5 and
396.2 eV, corresponding to Ti 2p, O 1s and N 1s, respectively, which
is in accordance with the AES analysis.

The N1s, Ti2p, O1s and C1s high‐resolution spectra of the samples
are displayed in Fig. 4. Considering the N 1s spectrum, an exact fit is
made; it is fitted with three components and their binding energies
are positioned at 396.8, 398.6 and 399.4 eV, respectively. Obviously,
a dominant peak at 396.8 eV corresponding to TiN and two quite
weak peaks at 398.6 and 399.4 eV assigned to C–N bond and adsorbed
nitrogen gas can be observed. Another element, Ti with a broad and
complex peak ranging from 453 to 470 eV is also investigated. The
main components with binding energies of 454.6 and 460.7 eV are
attributable to the 2p3/2 and 2p1/2 titanium nitride phases. The com-
plex structure can be ascribed to the presence of several phases, such
as metallic titanium and titanium nitrides (oxides, oxynitrides and
carbides), respectively [20]. The O1s spectrum can be fitted with
igh-resolution spectra of the coated samples.
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Fig. 5. Typical cyclic voltammograms for the uncoated (a) and multilayered TiN/Ti
(b) samples after 1st, 5th and 10th cycles, respectively.

Fig. 6. SEM images of uncoated and coated NiTi sample before (a), (b
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three components, which are located at binding energy values of
529.9, 530.9 and 531.4 eV, corresponding to titanium oxide and tita-
nium oxynitride. This result is consistent with Ti 2p and N 1s spectra.
From the high-resolution C 1s spectra, the dominant peak at 284.8 eV
originates from C–N bonds, which corresponds to the N1s spectra.
The carbon bonds identified by XPS are a result of surface contamina-
tion from the solvents used for cleaning the samples and the environ-
ment [20].

3.4. Cyclic potentiodynamic polarization curve

Fig. 5 shows typical cyclic voltammograms for multilayer TiN/Ti
coated samples sweeping for 1st, 5th and 10th cycles, with the NiTi
substrate as a comparison. Significant different electrochemical be-
havior can be seen between the coated and uncoated materials. The
cyclic voltammograms for multilayer TiN/Ti are not affected by the
sweeping cycles and coincide with each other very well in compari-
son with the bare substrate. The curve for the coated sample is typical
of a passive material with a passive current density ranging from
1×10−4.5 to 1×10−4.2 A/cm2 in the whole tested potential range,
and no breakdown of passivity is observed up to 0.9 V, and the
reverse branch coincided very well with the forward branch in the
passive range (0.1–0.9 V) without hysteresis loop, implying the TiN/Ti
multilayer coating is sufficient to protect NiTi substrate from localized
corrosion attack, whereas, for the NiTi substrate, a narrow passive
range can be seen at a potential from −0.35 V up to the breakdown
occurrence at Eb (0.15–0.18 V) in the positive scanpart of the anodic po-
larization curvewith a comparable passive current density ofmultilayer
TiN/Ti, In addition, numerous spikes of anodic current are observed in
the region of passivity at potentials close to Eb, indicating initiation
and repassivation of metastable pits. And also at potentials above Eb,
anodic current gradually increases indicating nucleation and develop-
ment of stable pits. Finally obviously large hysteresis loops exist during
the cycle sweeping, especially for 1st cycle, and still exist even after 10th
cycle, implying an intense pit corrosion attack and a poor repassivation
) and after (c) (d)10th cyclic potentiodynamic polarization test.
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ability of the uncoated sample in the SBF solution according to ISO
10271 [21].

SEM images of the uncoated and coated materials for the original
and after 10th electrochemical polarization cycles are shown in Fig. 6.
The surface morphology of the original NiTi substrate is smooth and
compact compared with the multilayer TiN/Ti. However, after polari-
zation, obviously corrosive pits about 200–300 μm diameter can be
observed for the uncoated sample (Fig. 6(c)), whereas no similar cor-
rosion pits can be found in the surface of the coated materials
(Fig. 6(d)). The formation of the pits can be ascribed to the pitting
corrosion, identified by the typical polarization curves with a large
hysteresis loop (Fig. 5(a)).

The main reasons for the multilayer TiN/Ti coating exhibits better
corrosion resistance in SBF are as follows: (1) The wide transitional
layer between the coatings and substrate, leading to favorable adhe-
sion strength and better ductility of the coatings. (2) The formation of ni-
tride titanium with certain amount of more stable oxide and oxynitride
titanium on the surface of the coatings. (3) The multilayered coatings
have low through-coating pinholes, which can be ascribed to the inter-
rupted growth of columnar structure for TiN by repeated nucleation at
the interfaces between sublayers; therefore, the multilayer coatings are
less permeable to the corrosive solution. (4) The multilayered structure
causes the redistribution of corrosion current due tomild interphase cor-
rosion, and thus corrosion current concentralizes at small pinholes and
between coating and substrate are not severe. All these factors can con-
tribute to the well corrosion resistant improvement.

4. Conclusions

An adhesive and uniform Ti/TiN coating has been fabricated by fil-
tered cathodic arc ion plating technique. The AES depth profile dem-
onstrates that the coating is composed of two regions, the outer
alternating TiN/Ti layer (TiN/Ti/TiN/Ti/TiN/Ti/TiN/Ti) and the inner
wide transitional layer (mixture layer, composed of Ti, N and Ni ele-
ments). The cyclic voltammogram measurement indicates that this
coating can effectively improve the corrosion resistant property of
NiTi alloy for the application of cardiac occluders.
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