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The aim of this work is to investigate the surface characteristics and corrosion behavior of NiTi (50.6 at.% Ni)
shapememory alloy coated by a ceramic-like and highly biocompatible material, iridium oxide (IrO2). IrO2 coat-
ingswere prepared by thermal decomposition of H2IrCl6 · 6H2O precursor solution at the temperature of 300 °C,
400 °C and 500 °C, respectively. The surfacemorphology andmicrostructure of the coatingswere investigated by
scanning electron microscope (SEM) and glancing angle X-ray diffraction (GAXRD). X-ray photoelectron spec-
troscopy (XPS) was employed to determine the surface elemental composition. Corrosion resistance property
of the coated samples was studied in a simulated body fluid at 37±1 °C by electrochemical method. It was
found that the morphology and microstructure of the coatings were closely related to the oxidizing tempera-
tures. A relatively smooth, intact and amorphous coating was obtained when the H2IrCl6·6H2O precursor solu-
tion (0.03 mol/L) was thermally decomposed at 300 °C for 0.5 h. Compared with the bare NiTi alloy, IrO2

coated samples exhibited better corrosion resistance behavior to some extent.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Nickel-titanium alloy, a near-equiatomic intermetallic compound,
has been found widespread applications in the area of stents, dentistry,
guide wires and other biomedical applications [1–4] due to its unique
shapememory effect, superelasticity, as well as biocompatibility [5]. Al-
though this marvelous shape memory alloy has acceptably biocompat-
ibility, a limitation of the NiTi alloy is the release of Ni ions into the host
body through corrosion andwear process, and Ni is believed to be toxic,
allergic, and carcinogenic [6]. What's more, another problem of using
NiTi alloy as biomedical materials is its poor resistance to localized cor-
rosion in chloride containing environment. As a result, great deals of re-
searches have been done to improve its biocompatibility and corrosion
resistance such as mechanical and electrochemical treatments [7],
chemical etching [8], heat treatments [9], plasma ion immersion im-
plantation and deposition [10,11], etc.

Iridium oxide exhibits well corrosion resistance as a ceramic like
material [12] and high biocompatibility for releasing no toxic or allergic
terials and Tissue Engineering,
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compounds into the body and being a natural catalyst for the decompo-
sition of hydrogen peroxide [13]. Hydrogen peroxide (H2O2) is pro-
duced at a metal (cobalt, zinc, nickel, copper, silver, chromium, and
some of their alloys) surfacewhen it is corroded [14], and it can be harm-
ful to the artery and cause inflammatory reactions, because of its strong
oxidation effect. IrO2 can promote the conversion of H2O2 into water
and oxygen, whichmay lead to a less pronounced inflammatory reaction
and an acceleration of the endothelial coverage of the stent [13]. Conse-
quently, it is an ideal coating materials for stents to potentially reduce
the late in stent restenosis rates [15]. Iridium oxide coatings can be pre-
pared by many different methods, for instance, by sol-gel process [16],
pulsed laser deposition [17], sputtering [18] and so on. To our knowledge,
no researches about the corrosion resistance of the NiTi alloy coated with
IrO2 were reported.

In our study, IrO2 coating was prepared by thermal decomposition
of H2IrCl6·6H2O precursor solution on NiTi shape memory alloy. The
chemical reaction processes may involved in the precursor solution
are as follows [19].

H2IrCl6 � 6H2O→6H2Oþ H2IrCl6 ð1Þ

H2IrCl6→IrCl4 þ 2HCl ð2Þ

IrCl4 þ O2→IrO2 þ 2Cl2 ð3Þ

http://dx.doi.org/10.1016/j.msec.2012.07.026
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It may be speculated that, during the heat treatment, most of the
H2O, HCl, and Cl2, as decomposition products of H2IrCl6·6H2O, evapo-
rated into the air.

This preliminary and exploratory research mainly discusses the
preparation of IrO2 coatings by thermal decomposition of H2IrCl6·6H2O
precursor solution on NiTi shape memory alloy and investigates the in-
fluence of oxidizing temperatures on the surface characteristics and
anti-corrosion properties of IrO2 coating, with the purpose to widen
the application of IrO2 in biomedical area and enhance the NiTi alloy's
biocompatibility and corrosion resistance.
2. Experimental

2.1. Preparation of IrO2 coatings

The experimental alloy had a composition of Ti-50.6 at.% Ni, and all
samples were cut into 10 mm×10 mm×1 mm from the as-received
cold rolled NiTi alloy sheet. For all samples, both sides with the area of
10 mm×10 mm were mechanically polished down to #2000 to get a
mirror-like surface and then cleaned ultrasonically in acetone, alcohol
and distilled water for 15 min, respectively.

The coating process mainly consists of three steps: (1) preparing the
deposition solution; (2) dipping the NiTi samples into the solution pre-
pared in step (1) for awhile and then drawing them out slowly; (3) ther-
mal oxidation of the samples prepared in step (2). Concretely speaking,
for step (1), H2IrCl6·6H2Owas dissolved in ethanol/isopropanol (1:1) sol-
vent, and the concentration of iridiumwas about 0.03 mol/L; for step (2),
the sampleswere dipped into theH2IrCl6·6H2O solution for 0.5 h at 40 °C
and then drew out from the deposition solution automatically by a verti-
cal drawing machine with the drawing rate at 40 mm/min; for step (3),
the wet samples were dried at a temperature of 100 °C for 10 min,and
then oxidized at temperature ranging from 300 °C to 500 °C for 1 h
under air flow. The fabrication procedure described above is shown in
Fig. 1.
2.2. Characterization of IrO2 coatings

Themicrostructural characteristics of the samples were examined by
glancing angle X-ray diffraction (XRD; D8-Discover, Bruker Co. Ltd.) with
an incident angle of 1o, using CuKα radiation (λ=1.540598 Å) at 40 kV,
and the scanning ratewas 4 o/min. The surfacemorphology of the coated
samples was observed by scanning electron microscope (SEM; 1910FE,
Amray Co. Ltd.). The chemical composition of iridium oxide was identi-
fied by X-ray photoelectron spectrum (XPS; AXIS Ultra, Kratos Analytical
Ltd.).
Fig. 1. Schematic diagram of the process for preparation of iridium oxide coatings.
2.3. Electrochemical tests

Electrochemical experimentwas performedby a computer-controlled
Autolab CHI 650 C in simulated bodyfluid (SBF) [20] at 37±0.1 °C (pH=
7.4) in order to study the corrosion resistance property. Anodic polariza-
tion experiments started after the specimen immersed in the experimen-
tal solution for 1 h under open-circuit conditions and performed at a rate
of 60 mV/min.

2.4. In vitro cytotoxicity evaluation

In vitro cytotoxicity of the IrO2 coated NiTi alloys to murine firoblast
L-929 cell line was evaluated by using an indirect method according to
ISO 10993-5:2009 [21]. All the samples were sterilized by ultraviolet-
radiation for at least 2 h, and then they were incubated in the DMEM
serum free medium for 72 h in a humidified atmosphere with 5% CO2 at
37 °C. After that, the supernatant culture solution was withdrawn and
centrifuged to prepare the extraction medium, then refrigerated at 4 °C
before the cytotoxicity test. Cells were seeded at a density of 5×103

cells/100 μL per well in 96-well cell culture plates and incubated in the
Dulbecco's modified Eagle's medium (DMEM) supplemented with 10%
fetal bovine serum, 100 U mL-1 penicillin and 100 μg mL-1 streptomycin
in a humidified atmosphere with 5% CO2 at 37 °C. After 24 h incubation,
the culturemedium in eachwell was replacedwith the prepared extracts
supplementedwith 10% fetal bovine serum. In the control groups, DMEM
medium was used as negative control and 10% DMSO DMEM as positive
control. After 3 days incubation, 10 μL CCK-8 solution was added to
eachwell for 3 h incubation, respectively. Themeasurement of the super-
natant optical density (OD) was performed by a spectrophotometer
(Elx-800, bio-Tek instruments) at 450 nm wavelength, with a reference
wavelength of 630 nm. The cell viability was expressed in the percentage
as following:

Cell viabilty %ð Þ ¼ OD testð Þ−OD blankð Þ
OD negative controlð Þ−OD blankð Þ � 100%

3. Results and discussions

3.1. Microstructure of the IrO2 coatings

Fig. 2 shows GAXRD patterns of the bare and IrO2 coated NiTi alloys
oxidized at 300 °C, 400 °C and 500 °C, respectively. The (020), (110),
(200) and (211) diffraction peaks of the bare NiTi substrate are located
at 39.2°, 42.8°, 62.0° and 78.2°, respectively [22]. IrO2 peaks appear for
the sample oxidizied at 500 °C, and the XRD peaks can be indexed to
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Fig. 2. GAXRD patterns of the bare and IrO2 coated NiTi alloys.
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the (110), (101), (200) and (211) diffraction peaks for tetragonal IrO2 at
28.1°, 34.7°, 40.1° and 54.0°, respectively. The fairly narrow peaks sug-
gest higher crystallinity of the coatings. However the IrO2 peaks are not
detected for the samples oxidizied at 300 °C and 400 °C, suggesting
that IrO2 coatings presents amorphous microstructure when the oxidiz-
ing temperature below 500 °C. Similar results were also obtained from
Roginskaya [23]. As for the IrO2 coating produced by thermal decompo-
sition of H2IrCl6, only amorphous hydrated iridium oxides at tempera-
ture below 300 °C exist. IrO2·xH2O was crystallized with a rutile
structure when the temperature was above 300 °C. At temperature
above 400 °C, crystallites of anhydrous IrO2 emerged [23,24].

3.2. Surface morphology of the IrO2 coatings

Surface morphology is one of the most important factors in deter-
mining the biocompatibility of biomedical materials. Fig. 3(a–c) shows
the SEM images of the surface and cross-section of the IrO2 coatings ox-
idized at 300 °C, 400 °C and 500 °C, respectively. The 1.5 μm thick and
relatively smooth coating layer can be clearly seen in Fig. 3(a, a-1)with-
out obviously cracks. As the oxidizing temperatures increase to 400 °C,
muchmore cracks can be observed from Fig. 3(b, b-1) with the coating
thickness of 1.6 μm. Distributed exposed substrate area resulted from
the detachment of coatings and cracks can be seen on the surface of
the samples oxidized at 500 °C from Fig. 3(c, c-1) and the coating thick-
ness increased to 1.9 μm.A relatively intact and smooth IrO2 coating can
be obtained by thermal decomposition of H2IrCl6·6H2O precursor solu-
tion at low oxidizing temperature (300 °C). The detachment and cracks
shown by the SEM images in Fig. 3 indicate that iridium oxide coatings
have relatively weak adhesion strength between the NiTi alloy sub-
strate, especially at high oxidizing temperatures. The cracks and detach-
ment of the coatings maybe originate from the difference of thermal
expansion coefficient between NiTi alloy (6–11×10−6 K−1 [25] ) and
iridium oxide (3.6–5.5×10−6 K−1[26] ), as well as the inherent low
tensile strength and fracture toughness of IrO2 [12]. And the increase
Fig. 3. SEM images of the surface, cross section and after peel test surface of the IrO2 coatings
of coating thickness from 1.5 μm at 300 °C to 1.9 μm at 500 °Ccould de-
teriorate the coating integrity during the heat treatment as well. The
binding strength between the coating and substrate is of vital impor-
tance in coating applications, especially in biomedical implant areas.
Good adhesions of the coating and substrate can prolong the lifetime
service in the implanting physiological environment and enhance the
corrosion resistance property of the implant. Therefore the bonding
strength of the IrO2 coatings was qualitatively measured by pressing a
piece of 3 M tape down firmly on the sample and peel off quickly, and
then the surfaces were observed by SEM as shown in Fig. 3(a-2, b-2
and c-2). The peel off test also indicated that the binding strength of
the prepared coatings on NiTi alloy decreased with the oxidizing tem-
perature of the precursor solution.

The mechanical compatibility of the designed coatings with the
superelasticity and shapememory effect of NiTi alloy is still a complicat-
ed issue for surface modification/coating of NiTi alloy [27], and a desir-
able coating on NiTi alloy should perform its function in accordance
with its capacity of relatively large amounts of deformation. Therefore
further studies should be conducted to increase the adhesive strength
of the prepared IrO2 coatings by introducing an intermediate transition-
al layer between the coating and substrate or exploiting alternative
coating methods with the advantage of high binding strength, such as
plasma immersion ion implantation and deposition [28].

3.3. XPS analysis of the IrO2 coatings

Fig. 4 shows survey XPS spectra of IrO2 coatings at different oxidiz-
ing temperatures. All major features of Ir, Cl and O are visible in the
spectra. The spectra indicate that iridium oxide is fabricated success-
fully on the NiTi shape memory alloy. No evident change in the spec-
tra shape is observed under different oxidizing temperatures, except
for the peak height of O1s and Cl 2p. It is clearly shown that, higher
oxidizing temperature could result in lower Cl content in the IrO2

coatings. The quantitative analysis of Cl atomic concentrations, as
oxidized at 300 °C (a, a-1, a-2), 400 °C (b, b-1, b-2) and 500 °C(c, c-1, c-2), respectively.
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well as O and Ir, is shown in Table 1, it is found that Cl atomic concen-
tration in IrO2 coatings is significantly reduced with the increase of
oxidizing temperature from 32.36% at 300 °C to 7.86% at 400 °C and
2.63% at 500 °C. The residual chloride shown in the XPS spectra in
Fig. 4 may be attributed to the incomplete thermal decomposition
of H2IrCl6·6H2O. It has been reported that the relative concentrations
of the residual chloride in the surface of the IrO2 coatings depend
strongly on the calcination temperature [29]. Therefore, the IrO2 coat-
ings should be fabricated at high oxidizing temperature to reduce the
content of Cl (IrCl4) to enhance its biocompatibility and anti-corrosion
property. However, according to the SEM results in Fig. 3, raising the ox-
idizing temperature could not obtain an intact and smooth coating sur-
face, further study to get both Cl- free and intact IrO2 coatings is needed.

The binding energy of Ir4f7/2 in iridium chlorides (IrClx) is 62.90 eV
[30], and that in pure IrO2 is 62.0 eV [31]. The photoelectron lines in the
inset of Fig. 4 show that the binding energies of Ir4f7/2 were 62.85 eV,
62.55 eV and 62.12 eV respectively, as the oxidizing temperature in-
creased from 300 °C to 500 °C. This demonstrates that the higher oxidiz-
ing temperature results in lower binding energy of Ir4f7/2, and much
more iridium oxide is obtained. Another inset of Fig. 4 shows the XPS
spectra for O1s of the IrO2 coatings and it is found that the O1s spectra
shift to low binding energy direction with the rise of oxidizing tempera-
ture. The O1s spectra may consist of three parts, spectra of O1s in H2O,
X-OH and X-O (X=Ir, with low content of Ni and Ti), with the binding
energy of 533±1 eV,531±0.5 eV and 529±0.5 eV [29,32]. The forma-
tion of iridium oxide results in the shifting of O1s spectra to low binding
energy direction.

The stoichiometry of IrO2 (O/Ir ratio) is estimated based on the O1s
and Ir4f spectra data. The O/Ir ratio in the IrO2 coatings oxidized at
300 °C is 1.23:1, lower than the stoichiometric value of 2:1. The oxygen
deficiency under low oxidizing temperatures can be partially attributed
to the incomplete thermal decomposition of H2IrCl6·6H2O. And when
the oxidizing temperatures increased to 400 °C and 500 °C the ratio
are 2.56:1 and 2.95:1, higher than the reasonably stoichiometric value.
The oxygen surplus in the O/Ir ratio under high oxidizing temperatures
Table 1
Binding energy of O, Ir and Cl in IrO2 coatings and their atomic concentrations at differ-
ent oxidizing temperatures.

Oxidizing temp./°C Ir4f O1s Cl2p Ti2p Ni2p

at.% B.E./eV at.% B.E./eV at.% B.E./eV at.% at.%

300 13.27 62.85 16.33 531.85 32.26 199.55 0.21 0.71
400 21.33 62.55 54.52 530.95 7.86 199.35 0.37 1.59
500 19.17 62.12 56.58 530.22 2.63 198.92 1.59 2.28
may be attributed to the detachment of the coatings and the oxidation
of the exposed NiTi alloy substrate. It is reported that the surface chem-
ical compound of the NiTi alloy after heat treatment is NixTiy with the bi-
nary and ternary metal oxides [33,34]. According to the SEM results, it is
shown in Fig. 3 that cracks and exposed substrate areas are observed
under high oxidizing temperatures. The XPS analysis area in our study
is approximately 300 μm×700 μm, much larger than the exposed sub-
strate area. It can be seen from Table 1 that the atomic concentrations
of Ni and Ti in the surface increase with the rise of the oxidizing temper-
atures, which maybe mainly come from the exposed NiTi substrate due
to the detachment of the IrO2 coatings.

3.4. Electrochemical property of the IrO2 coatings

The open-circuit potential (OCP) represents thermodynamic sta-
bility of materials, corrosion resistance and stability of the IrO2 coat-
ing on NiTi alloy can be evaluated under the open circuit conditions.
It can be seen from Fig. 5 that during the whole immersion time in
SBF, the OCP values for the coated NiTi alloys are less negative than
the uncoated one. The OCP curves for the samples produced at 300 °C
and 400 °C, having a slight variationwith the immersion time, ultimate-
ly remains at −0.01 V and −0.09 V respectively. The results indicate
that NiTi alloy coatedwith IrO2 have better corrosion resistance stability
than NiTi.

Besides, we can also find that the OCP-t curve for the coated sam-
ples oxidized at 500 °C declines from−0.02 V down to−0.16 V dur-
ing the primary stages (0–1250 s), and finally stabilized at −0.15 V.
However, markedly decrease of the OCP values for the samples pre-
pared at 300 °C and 400 °C are not detected, compared with the sam-
ple prepared at 500 °C. This difference suggests that NiTi substrate
coated with IrO2 at high temperature is unstable.

The anodic polarization plots in Fig. 6 show that, the IrO2 coated
NiTi alloys have higher Ecorr values than the uncoated one. And the
Ecorr values of the samples oxidized at 300 °C, 400 °C and 500 °C
are −0.021 V, −0.195 V, and −0.151 V, respectively, higher than
−0.309 V of the uncoated one. This indicates that, compared to the
uncoated NiTi alloys, the IrO2 coated NiTi alloys exhibit better corro-
sion resistance property in simulated body fluid (SBF) at 37±0.1 °C
(pH=7.4). The corrosion current density (Icorr) of the NiTi alloy is
2.312×10−6 A/cm2, higher than that of the NiTi alloys coated with
IrO2. Comparing the Icorr values from samples produced at different ox-
idizing temperatures (0.919×10-6 A/cm2 at 300 °C, 1.614×10-6 A/cm2

at 400 °C, and 2.068×10−6 A/cm2 at 500 °C), it can be found that the
higher the oxidizing temperature is, the higher the value of Icorr is.
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Fig. 5. Open-circuit potential vs time curves for the uncoated and IrO2 coated NiTi
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One possible explanation for this phenomenon is that much more
cracks and detachment present on the surface of IrO2 coatings with
the increase of the oxidizing temperatures, which make it easier for
the electrolyte to get into theNiTi substrate and result in the aggravated
corrosion. Another possible reason for this is that, the bonding strength
of the prepared coatings on NiTi alloy decreased with the oxidizing
temperature.

Open circuit potential measurements, combined with the anodic po-
larization tests, indicate that the NiTi alloy coated with IrO2 exhibits bet-
ter corrosion resistance than the NiTi substrate to some extent, and the
oxidizing temperature has great influence on its anti-corrosion property.

3.5. The in vitro cytotoxicity of the IrO2 coated NiTi alloys

Fig. 7 shows the in vitro L929 cell viability of the uncoated and IrO2

coated NiTi alloys extraction medium after 3 days incubation. The sam-
ples prepared at 300 °C, 400 °C and 500 °C are coded as 300-IrO2,
400-IrO2 and 500-IrO2, respectively. The cells cultured in the extraction
of 400-IrO2 shows higher viability than those of the NiTi substrate and
Fig. 7. The in vitro L929 cell viability of the uncoated and IrO2 coated NiTi alloys extraction m
the cells incubating in the extractions of each sample. * represents pb0.05.
300-IrO2, and almost the same with 500-IrO2. A possible explanation for
this is that 300-IrO2 coatings contained a certain degree of IrCl4, which
exhibited cytotoxicity to L929 growth to a certain extent [35]. Besides,
from the results of XPS, it can be seen that, although the detachment
and cracks existed in the coating for 400-IrO2 and 500-IrO2, the higher
temperature may be also beneficial for the oxidation of the exposed sur-
face of NiTi substrate, which could contribute to the improvement of the
biocompatibility. The inset in Fig. 7 shows the opticalmicrographs of L929
cells cultured in the uncoated and IrO2 coated NiTi alloys, as well as the
negative control and positive control after 3 days incubation. The cells
cultured in the negative control and all the IrO2 coated sample extracts
exhibited healthy morphology of cells with a flattened spindle shape.
Both the CCK-8 test and microscopic observation indicated that the IrO2

could increase the biocompatibility of the NiTi substrate, especially
when they were oxidized at higher temperatures.
4. Conclusions

IrO2 coating has been successfully fabricated by thermal decomposi-
tion of H2IrCl6·6H2O precursor solution on the surface of NiTi alloy in
our study. The oxidizing temperatures have a significant influence on
the morphology and microstructure of the coatings. A relatively smooth,
intact and amorphous coating has been obtained when the H2IrCl6·6H2O
precursor solution (0.03 mol/L) is thermally decomposed at 300 °C for
0.5 h. Compared with the bare NiTi alloy, IrO2 coated NiTi alloy exhibits
a better corrosion resistance property to some extent and improvement
of biocompatibility. As a preliminary and exploratory research, our cur-
rent experimental results may provide valuable and useful information
on the surface modification of NiTi alloys by IrO2 coatings, widen the ap-
plication of IrO2 in biomedical area and make NiTi alloys more suitable
for biomedical application, especially in the cardiovascular area.
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