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a b s t r a c t

NiTi alloy has a unique combination of mechanical properties, shape memory effects and superelastic
behavior that makes it attractive for several biomedical applications. In recent years, concerns about its
biocompatibility have been aroused due to the toxic or side effect of released nickel ions, which restricts its
application as an implant material. Bulk ultrafine-grained Ni50.8Ti49.2 alloy (UFG NiTi) was successfully
fabricated by equal-channel angular pressing (ECAP) technique in the present study. A homogeneous
and smooth SrO–SiO2–TiO2 sol–gel coating without cracks was fabricated on its surface by dip-coating
method with the aim of increasing its corrosion resistance and cytocompatibility. Electrochemical tests
in simulated body fluid (SBF) showed that the pitting corrosion potential of UFG NiTi was increased from
393 mV(SCE) to 1800 mV(SCE) after coated with SrO–SiO2–TiO2 film and the corrosion current density
decreased from 3.41 �A/cm2 to 0.629 �A/cm2. Meanwhile, the sol–gel coating significantly decreased
the release of nickel ions of UFG NiTi when soaked in SBF. UFG NiTi with SrO–SiO2–TiO2 sol–gel coating
exhibited enhanced osteoblast-like cells attachment, spreading and proliferation compared with UFG
NiTi without coating and CG NiTi.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, NiTi alloy is known as a material with a unique
combination of mechanical properties, shape memory effects,
superelastic behavior, corrosion resistance and biocompatibility
that makes it attractive for several biomedical applications such as
dental archwires, surgical retractors, bone staples and endoscopic
instruments [1]. With development of severe plastic deformation
(SPD) techniques, including high-pressure torsion [2,3], equal-
channel angular pressing [2,4,5] and multi-step SPD deformation
(SPD plus cold rolling or drawing) [2,6], pure metals or alloys with
ultrafine grains achieved by SPD process with subsequent anneal-
ing show superior mechanical properties, such as high strength and
improved ductility, as well as lower temperature and higher strain
rate superplasticity [7]. Recently, ultrafine-grained (UFG) NiTi
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alloys processed by ECAP technique demonstrated higher strength
(yield stress up to 1300 MPa) as well as enhanced functional prop-
erties (maximum recovery stress to 1100 MPa and maximum fully
recoverable strain to 9.2%) compared to the coarse-grained coun-
terparts [2,4]. Moreover, very recent work on ultrafine-grained
NiTi showed higher corrosion resistance and equivalent cytocom-
patibility either within L-929 or MG 63 culture compared with
microcrystalline NiTi alloy by the present authors [8]. Thus, UFG
NiTi with high strength and functional properties as well as better
biocompatibility, seems to be favorable for future applications as a
biomaterial.

Even though the protective oxide film exists on the surface of
NiTi alloy implants, Ni ions can still be released to the surround tis-
sue when implanted, which might induce allergic reaction, and if
above a certain concentration would lead to severe local tissue irri-
tation, necrosis and toxic reactions. At the same time, NiTi alloy
with relatively low pitting potential values exhibits poor resis-
tance to localized corrosion in chloride-containing environments
[9]. In addition, the healing of the passive film on NiTi alloy has
been reported to be a slow and difficult process. Therefore, sur-
face modification are employed to increase the corrosion resistance
of NiTi alloy and make it more biocompatible, thereby improving
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its long-term stability. Concerning the high Ni content, the high
sensitivity of NiTi alloy to heat treatment, and possible complex
shapes of implants, special requirements on the surface treatment
techniques for NiTi alloy are imposed. Especially, as to UFG NiTi,
heat treatment at high temperature or other treatment which
would cause sharp increase of the substrate temperature should
be avoided to protect the unltrafine-grained structure and keep
its mechanical properties unchanged. Sol–gel technology is a low
temperature method of producing metallic oxide glass, bioceramics
and bioactive titania-like surfaces from chemical routes. It has been
previously demonstrated that sol–gel films such as TiO2, TiO2–SiO2
and SiO2–Al2O3 composite sol–gel coatings of NiTi alloy and 316L
stainless steel as protective coatings against corrosion were very
effective [10–13]. Sol–gel coatings on biometal have also exhib-
ited good bioactivity due to abundant hydroxyl (OH) groups on the
surface that promote nucleation of calcium apatite or formation of
mineralized matrix by osteoblasts [14,15].

In the present work, a novel SrO–SiO2–TiO2 sol–gel coating
was developed due to the beneficial effect of strontium on bone
formation and healing osteoporotic tissues [16]. Ultrafine-grained
biomedical NiTi alloy was coated with the above sol–gel coating in
the first instance with the aim of increasing its corrosion resistance
and cytocompitability. The effect of the coating on the in vitro bio-
compatibility of UFG NiTi such as corrosion resistance, ion release
and cellular behavior were studied.

2. Materials and methods

2.1. Surface modification

Ultrafine-grained NiTi (50.8 at.% Ni, dubbed UFG NiTi) was
prepared by ECAP technique from commercial coarse-grained
Ni50.8Ti49.2 (dubbed CG-NiTi) bars with a diameter of 20 mm (both
provided by Ufa State Aviation Technical University) with subse-
quent anneal in vacuum at a temperature of 300 ◦C for 30 min. It
has equiaxed grains with a mean grain size of 200–300 nm. Rect-
angular strips with typical dimensions of 10 mm × 10 mm × 1.5 mm
were cut by spark-erosion wire cutting, ground with SiC paper up
to 2000 grit, and cleaned ultrasonically in acetone for 10 min, in
ethanol for 10 min and in distilled water for 10 min in turn, then
dried at 40 ◦C in a dryer.

SrO–SiO2–TiO2 sol was achieved by mixing TiO2 sol and
SrO–SiO2 sol, then dip-coated onto UFG NiTi substrates. TiO2 sol
was prepared as follows: titanium tetraisopropoxide (TTIP) was
dissolved into ethanol (EtOH) and mixed with the solution con-
taining acetylacetone (Acac), deionized water, hydrochloric acid
(HCl, 37%). The sol was aged for 6 h at room temperature of ∼22 ◦C.
The SrO–SiO2 sol was prepared as follows: tetraethoxysilane (TEOS)
was dissolved into ethanol and mixed with the solution containing
strontium nitrate, distilled water and hydrochloric acid (HCl, 37%).
The sol was aged for 6 h at room temperature. Then, the TiO2 sol
was mixed with SrO–SiO2 sol, and aged for 12 h at 4 ◦C to obtain
SrO–SiO2–TiO2 sol for dip-coating process. All the above sols were
prepared under stirring conditions, and the volumetric ratio was
controlled to make sure that the molar ratio of SrO:SiO2:TiO2 was
3:25:72.

UFG NiTi samples were dipped into the SrO–SiO2–TiO2 sol and
withdrawn at a speed of 5 mm/min at room temperature. The
resulting samples were dried at room temperature, 50 ◦C, 100 ◦C,
150 ◦C for 30 min in turn. This dip-coating-drying step was repeated
for five times. Then they were hydrothermally treated at 200 ◦C
for 8 h according to reference [17] to avoid high temperature heat
treatment. The thickness of the resulting coating is about 200 nm,
similar to the literatures [18,19].

2.2. Corrosion behavior

The electrochemical corrosion measurements were performed
using an electrochemical workstation (CHI600C, China) at room
temperature. The electrolyte was simulated body fluid (SBF)
proposed by Kokubo without organic species [20]. The ion concen-
trations are as follows: Na+ 142.0, K+ 5.0, Mg2+ 1.5, Ca2+ 2.5, HCO3

−

4.2, Cl− 147.8, HPO4
2− 1.0, SO4

2− 0.5 mM, which is nearly equal to
those of human blood plasma except HCO3

− being 27.0 mM. The
sample was set as a working electrode, a platinum electrode acting
as an auxiliary electrode and the reference electrode a saturated
calomel electrode (SCE). The OCP (open circuit potential) measure-
ment was maintained up to 7200 s. Potentiodynamic polarization
curves were then measured from −800 mV (vs. SCE) to 2000 mV
(vs. SCE) with a scan rate of 1 mV/s.

Concerns about the potential risk associated with corrosion of
NiTi alloy has been reported due to the biological side effects of
Ni. Nickel ions release was measured by immersion test. UFG NiTi
alloy plates with and without sol–gel coating were immersed in SBF
at 37 ± 0.5 ◦C for 28 days. The inductively coupled plasma atomic
emission spectrometry (Leeman, Profile ICP-AES) was utilized to
determine the amount of Ni ions.

2.3. Cell experiment

Cell adhesion and proliferation tests were performed with
osteoblast-like cell line MG63 (CRL1427, ATCC, USA). Before per-
forming these assays, the cells were cultured in MEM medium
(Invitrogen) supplemented with 10% of fetal calf serum and 1%
penicillin/streptomycin at 37 ◦C in a humidified atmosphere of
5% CO2 in air. MG63 cells were seeded onto the CG-NiTi, UFG
NiTi and sol–gel coated UFG NiTi samples in 24-well culture
plates at a density of 5 × 104 cells well−1 for direct cell adhe-
sion observation. After 4 h and 3 days incubation, the culture
media were removed and specimens were fixed with 2.5% glu-
taraldehyde solution for 1 h at room temperature and rinsed 3
times with phosphate buffer solution (PBS, pH 7.4), followed by
dehydration in a gradient ethanol/distilled water mixture (50%,
60%, 70%, 80%, 90%, 100%) for 10 min and dried in air. Samples
were sputter coated with gold for cell morphology observa-
tion using environmental scanning electron microscope (ESEM,
AMRAY-1910FE).

2.4. Surface characterization

Before and after electrochemical tests, the surface morphology
and composition of UFG NiTi with and without sol–gel coat-
ing were assessed by ESEM equipped with an energy dispersive
spectrometer (EDS) and analyzed by X-ray diffractometer (XRD)
using a Rigaku DMAX 2400 diffractometer with Cu K� irradia-
tion. The powders of dried SrO–SiO2–TiO2 gel with subsequent
hydrothermal treatment at 200 ◦C for 8 h were characterized
by XRD. Fourier transform infrared spectroscopy (FTIR, Nico-
lett Magna-IR 750) of the powders was obtained by mixing
with KBr powders with pressed-disc process at transmission
mode.

3. Results and discussion

3.1. Surface morphology and composition of sol–gel coated UFG
NiTi alloy

The surface morphology of UFG NiTi with sol–gel coating was
shown in Fig. 1. Compared to the ground UFG NiTi sample with
characteristics of grinding scratches (Fig. 1(a)), UFG NiTi with
SrO–SiO2–TiO2 coating were morphologically smooth and free of
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Fig. 1. SEM surface morphologies of UFG NiTi before (a) and after (b) SrO–SiO2–TiO2 sol–gel coating.

cracks (Fig. 1(b)). The coating is too thin to be detected by XRD
analysis in Fig. 2. However, the powders of dried SrO–SiO2–TiO2 gel
with subsequent hydrothermal treatment at 200 ◦C for 8 h consists
of anatase, which, on the other hand, show the sol–gel coating on
UFG NiTi was mainly anatase. SiO2 was probably amorphous since
no signals of crystallized silica were observed, which was similar to
the results of others. Jeon et al. [21] found that the matrix of Ag–SiO2
sol–gel coating heat-treated in the temperature range from 200 ◦C
to 600 ◦C was amorphous SiO2. Jokinen et al. [18] reported that the
structure of sol–gel derived TiO2–SiO2 film calcined at 500 ◦C was
amorphous with a little anatase precipitated.

Fig. 3 shows the FTIR spectra of powders of dried SrO–SiO2–TiO2
gel with subsequent hydrothermal treatment. The bands observed
at 460 cm−1 and 1070 cm−1 corresponded to the Si–O bands [11].
Ti–O bands were observed at 1395 cm−1 and 1716 cm−1[22]. The
band at 940 cm−1 and 1627 cm−1 were assigned to Si–O–Ti and O–H
bands respectively [11]. The band at 800 cm−1 is linked to the ring
structure [11,14]. In this study, it attributed to Si–O–Ti, Si–O–Si and
Sr–O–Si. During sol–gel preparation, the main reactions occurring

Fig. 2. XRD profiles of (a) UFG NiTi, (b) UFG NiTi with SrO–SiO2–TiO2 sol–gel coating
and (c) powders of dried SrO–SiO2–TiO2 gel.

in the system due to hydrolysis and condensation are the following:

Ti(OC4H9)4 + 4H2O → Ti(OH)4 + 4C4H9OH (1)

Si(OC2H5)4 + 4H2O → Si(OH)4 + 4C2H5OH (2)

Si(OH)4 + Si(OH)4 → (OH)3Si–O–Si(OH)3 + H2O (3)

(OH)3Si–O–Si(OH)3 + 6Si(OH)4 → [(OH)3SiO]3Si–O–Si[OSi(OH)3]3

+ 6H2O (4)

Si(OC2H5)4 + H2O → Si(OH)(OC2H5)3 + C2H5OH (5)

2Si(OH)(OC2H5)3 + Sr(NO3)2 → Sr[OSi(OC2H5)3]4 + 2HNO3 (6)

4Si(OH)(OC2H5)3 + Ti(OH)4 → Ti[OSi(OC2H5)3]4 + 4H2O (7)

Ti–O and Si–O bands formed as Eqs. (1) and (2) shows respec-
tively. Reactions as in (3) and (4) led to the formation of Si–O–Si.
Sr–O–Si band was attributed to reactions as in (5) and (6), while
the generation of Ti–O–Si was on account of the hydrolysis and con-
densation reactions as in (5) and (7). The dip-coated sol–gel coating
was then densified and crystallized during subsequent drying and
hydrothermal treatment achieving a homogeneous SrO–SiO2–TiO2
coating.
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Fig. 4. Potentiodynamic polarization curves of CG NiTi and UFG NiTi with and with-
out SrO–SiO2–TiO2 sol–gel coating.

3.2. Corrosion behavior

The corrosion behavior of NiTi alloy in physiological environ-
ments has been reported and the results are rather controversial
[23]. Either no pitting corrosion or an earlier breakdown of
its passive film as well as an intermediate pitting potential
(∼800 mV(SCE)) inferior to Ti6Al4 V (>1000 mV(SCE)) but supe-
rior to AISI 316L (∼400 mV(SCE)) during potentiodynamic tests
has been recorded [9,23–25]. The potentiodynamic polarization
behaviors of UFG NiTi with and without sol–gel coating in SBF are
depicted by polarization curves in Fig. 4. Values of corrosion cur-
rent density (icorr), corrosion potential (Ecorr) and pitting corrosion
potential (Epit) extracted from the curves are shown in Table 1.

Table 1
The calculated electrochemical parameter values.

Samples Ecorr (mV(SCE)) icorr (�A/cm2) Epit (mV(SCE))

CG NiTi −294 4.40 534
UFG NiTi −272 3.41 393
UFG NiTi with

SrO–SiO2–TiO2

coating

−207 0.629 1800

The thin coatings of SrO–SiO2–TiO2 deposited by sol–gel meth-
ods on UFG NiTi acted very efficiently as corrosion protectors in
SBF as demonstrated by the increase of Ecorr from −207 mV(SCE)
to 272 mV(SCE) and the decrease of icorr from 3.41 �A/cm2 to
0.629 �A/cm2 after SrO–SiO2–TiO2 sol–gel was coated onto UFG
NiTi. Especially, Epit was significantly increased from 393 mV(SCE)
to 1800 mV(SCE) with sol–gel coating, which means the sol–gel
coating strongly enhanced the pitting corrosion resistance of UFG
NiTi. It was reported that Epit of NiTi was improved for about 200 mV
by the sol–gel derived TiO2 film [10]. Thus the increase of pitting
corrosion resistance is more significantly for SrO–SiO2–TiO2 sol–gel
coating in this study than sol–gel derived TiO2 film. Meanwhile,
the slight increase of Ecorr and significant decrease of icorr for the
SrO–SiO2–TiO2 sol–gel coating on UFG NiTi in this study is sim-
ilar to the corrosion behavior of sol–gel derived TiO2–SiO2 film
on 316L stainless steel in H2SO4 solutions [11] The SEM surface
morphologies of NiTi with and without sol–gel coating after elec-
trochemical tests in Fig. 5 proved the above results. The corrosion
pits were observed at the surface of CG NiTi and UFG NiTi after elec-
trochemical tests (Fig. 5(a, b)) while UFG NiTi with sol–gel coating
showed no pitting behavior and remained smooth under naked-eye
examination. Only the breakage of sol–gel coating was observed
after applied high voltage of 2000 mV during electrochemical tests
(Fig. 5(c)). EDS results in Fig. 5(d) reveals that a little calcium phos-

Fig. 5. SEM surface morphologies of (a) CG NiTi, (b) UFG NiTi without SrO–SiO2–TiO2 sol–gel coating and (c) UFG NiTi with SrO–SiO2–TiO2 sol–gel coating after electrochemical
tests, with the high-magnification image as the inset on the upper-right corner, (d) EDS spectrum from the position marked by an arrow in the inset figure of (c).
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Fig. 6. The morphology of MG63 cells cultured on (a, b) CG-NiTi, (c, d) UFG-NiTi, (e, f) UFG-NiTi with SrO–SiO2–TiO2 sol–gel coating for 4 h (a, c, e) and 3 days (b, d, f).

phate with a trace of sodium and magnesium was adsorbed at the
breakage site after electrochemical tests. The surfaces of UFG NiTi
with coating were abundant of Si–OH and Ti–OH groups due to the
hydrolysis of sol–gel coating. The bioactive hydroxyl groups could
attract calcium and phosphate from the simulated body fluid and
form bone-like calcium phosphate on the surface, thus promot-
ing bone bonding [15,26]. This shows, from one aspect, that the
SrO–SiO2–TiO2 sol–gel coating on UFG NiTi is bioactive.

3.3. Cell behavior

Fig. 6 shows the morphologies of MG 63 cells cultured on CG NiTi
and UFG NiTi with and without sol–gel coating for different time.
It can be shown that MG 63 cells attached well after 4 h culture,
and proliferated well after 3 days culture on all the studied sample
surfaces (Fig. 6(a, b)). Differently, the cells on UFG NiTi with sol–gel
coating (Fig. 6(c)) were bigger and more spreading than those on
UFG NiTi at 4 h culture. After 3 days culture, there were more cells
on coated UFG NiTi (Fig. 6(d)) compared to uncoated UFG NiTi. Thus,
SrO–SiO2–TiO2 coating enhanced the cell attachment, spreading
and proliferation of UFG NiTi.

A variety of oxide coatings on titanium and other biomedical
alloy substrates produced by the sol–gel process have been inves-
tigated in order to take advantage of their potential resistance
to corrosion and excellent biocompatibility. Sol–gel-derived tita-
nia was reported to be compatible with bone cells and is able
to facilitate osteogenesis of bone precursor cells [27]. However,
it showed no advantages in initial cell adhesion and growth. Dif-
ferently, Advincula et al. [19] found there were more osteoblastic
cells adhered to the sol–gel derived titania coated Ti6Al4 V surface
compared with that passivated with 30% HNO3. And Ochsenbein
et al. [14] compared the cell proliferation rates of four different
sol–gel coatings, which is SiO2–TiO2, TiO2, Nb2O5 and SiO2, and
found out that SiO2–TiO2 sol–gel coating is the highest. Their work
also indicated that the chemical composition of the surface coating
rather than the other physicochemical parameters was essential to
the cell reactions. In this study, osteoblast-like cell attachment as
well as cell proliferation was enhanced by SrO–SiO2–TiO2 coating.
Areva et al. [28] revealed that TiO2–SiO2 (70:30) was the best for
fibroblasts and TiO2–SiO2 (30:70) for osteoblasts. However, consid-
ering the remarkable differences of thermal expansion coefficient
of SiO2 with TiO2 and titanium or titanium alloy substrate, the con-
tent of SiO2 in sol–gel coating should be strictly controlled to avoid
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Fig. 7. The release of Ni ions of CG-NiTi and UFG-NiTi with and without
SrO–SiO2–TiO2 sol–gel coating.

internal stress because of the mismatch of thermal expansion coef-
ficient. In this study, the content of SiO2 was limited to be slightly
lower than 30%. Bending test has already shown that the adhesion
between NiTi and sol–gel derived titania-silica coating with the
molar ratio of 70:30 was sufficient [29]. The excellent osteoblast-
like cell behavior in this study was achieved by introducing a small
amount of SrO to SiO2–TiO2 sol system. Strontium is another ion
that plays a key role in cell activation mechanisms by controlling
many growth-associated processes and functional activities of cells.
The beneficial effect of Sr on bone formation and healing osteo-
porotic has been extensively reported [16,30]. Hesaraki et al. [30]
found that the proliferation and alkaline phosphatase activity of
osteoblastic cells on CaO–SrO–SiO2–P2O5 glass were higher than
those bioactive glasses without SrO and glasses with high dose of
Sr. Thus, the incorporation of a small amount of SrO to SiO2–TiO2
sol system enhanced the osteoblast-like cell behavior in this study.
Meanwhile, the SrO–SiO2–TiO2 sol–gel coating on UFG NiTi signif-
icantly decreased the releasing rate of Ni ions (Fig. 7), which would
further increase the cytocompatibility of UFG NiTi. In general, the
positive effect of SrO on bone forming cells, together with blocking
effect on Ni ion release enhanced the cellular behavior of UFG NiTi
with SrO–SiO2–TiO2 sol–gel coating.

4. Conclusions

A novel, homogeneous and smooth SrO–SiO2–TiO2 sol–gel
coating without cracks was fabricated on UFG NiTi surface. The
sol–gel coating significantly increased the corrosion resistance and
decreased the release of nickel ions of UFG NiTi. UFG NiTi with
sol–gel coating exhibited enhanced osteoblast-like cell attachment,
spreading and proliferation compared with that without coating
and CG NiTi.
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