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Surface oxidation of NiTi shape memory alloy in a boiling
aqueous solution containing hydrogen peroxide
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Abstract

Oxidation behavior and surface characterizations of NiTi shape memory alloy (SMA) treated with a boiling H2O2 aqueous solution were
investigated by scanning electron microscopy, X-ray diffraction, X-ray photoelectron spectroscopy, Fourier transform infrared spectroscopy and
Raman spectroscopy. It is found that the low-temperature oxidation of NiTi SMA in H2O2 solution resulted in the formation of a titania scale
enriched with Ti–OH groups. The titania scale is mainly composed of rutile and anatase, and is relatively depleted in Ni, which can improve the
biocompatibility of NiTi SMA. Depth profiles of O, Ni and Ti show the titania scale possesses a smooth graded interface structure to NiTi substrate,
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hich is in favor of high bonding strength of the titania scale with NiTi substrate. A different oxidation mechanism for NiTi SMA in H2O2 solution
rom that for NiTi SMA at high temperature air environment was proposed based on the experimental results.

2005 Elsevier B.V. All rights reserved.
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. Introduction

NiTi shape memory alloy (SMA) has now attracted consid-
rable attention in biomedical applications because of its unique
roperties such as shape memory effect, superelastic properties,
ood corrosion resistance and biocompatibility[1,2]. The sur-

ace structure is of interest for its effects on metal ion release,
iocompatibility and corrosion of NiTi implants[3]. It is well
nown that the biocompatibility of NiTi implants depends on a
ative corrosion-resistant titanium oxide layer on the surface of
iTi SMA avoiding the allergic and toxic effects of nickel[4].
owever, nickel either in metallic or in oxidized state is also
etected on the surface of NiTi SMA, and its amount depends
n the surface treatments[5,6].

The heat treatment in the environment containing oxygen will
esult in the oxidation of NiTi SMA and the formation of tita-
ium oxide layer on its surface. Up to now, several oxidation

reatments as well as the oxidation behaviors of NiTi SMA at
igh temperatures were reported[7–11]. Firstov et al. studied

he surface oxidation of NiTi SMA subjected to heat treatment

in air from 300 to 800◦C [8]. Xu et al. reported the isothe
mal oxidation behavior of NiTi SMA in pure oxygen over
temperature range 450–750◦C [9]. Chu et al. investigated th
isothermal oxidation behavior of NiTi SMA in dry air from 5
to 1000◦C [10]. Chan et al.[11] studied the oxidation behavi
of NiTi SMA at 400◦C in an oxygen pressure of 10−4 Torr or
in air.

Recently, some studies indicate that titania films can be
pared by the low temperature oxidation of metallic Ti substr
in hydrogen peroxide solution[12–14]. However, few system
atic studies have been reported to date on the low tempe
oxidation behavior of NiTi SMA in hydrogen peroxide so
tion. The purpose of the present study was to systemat
investigate the oxidation behavior and surface characteriza
of NiTi SMA treated with a boiling aqueous solution conta
ing hydrogen peroxide employing scanning electron micros
(SEM), X-ray diffraction (XRD), X-ray photoelectron spe
troscopy (XPS), Fourier transform infrared spectroscopy (F
and Raman spectroscopy.

2. Experimental
∗ Corresponding author.
E-mail address: clchu@seu.edu.cn (C.L. Chu).

A commercially available NiTi (50.8 at.% Ni) SMA plate for
medical application with a martensite start temperature (Ms) of
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−12.8◦C and an austenite finish temperature (Af ) of 33.4◦C
was cut into small rectangular blocks (10× 10× 1 mm3). All
samples were chemically polished to remove the original oxides
on the surface for 10 min in Kroll’s reagent: a mixture of 2 ml
hydrofluoric acid (HF, 40%), 4 ml nitric acid (HNO3, 40%) and
994 ml deionized water. The samples were subsequently ultra-
sonically washed in acetone for 10 min and in deionized water
for 10 min. They were divided into two groups. The first group
was used as control (denoted as the chemically polished one).
The second group was further oxidized in a boiling aqueous solu-
tion containing 30%H2O2 for 2 h, and then ultrasonically rinsed
with deionized water for 10 min (denoted as the H2O2-oxidized
one).

Samples were XPS analyzed using a VG Scientific
ESCALAB 5 spectrometer with monochromatic Al K�
(1486.6 eV) X-ray radiation. The operating vacuum conditions
in the chamber were better than 10−8 mbar. Survey spectra in
the range 0–1400 eV were recorded for each sample at a 50 eV
constant pass energy, followed by higher resolution spectra over
the Ti 2p, O 1s and Ni 2p ranges using a 20 eV pass energy.
The high-resolution XPS spectra were used for assessment of
the chemical state as well as for quantification. The experiments
were repeated with at least three different samples. The XPS
depth profiles were recorded using a rastered 3 keV Ar+ ion
beam at a rate of about 35 nm/min. XRD patterns of the sam-
ples were taken with an X-ray diffractometer (RAD IIA, Rigaku,
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the H2O2-oxidized one, which suggests an oxide film formed
on the H2O2-oxidized NiTi substrate. The surface amount of O
on the chemically polished one is only about 7.9 at.%, while it
is 58.4 at.% for the H2O2-oxidized one. Moreover, the surface
content of Ni on the H2O2-oxidized one decreases remarkably
from 47.5 at.% for the chemically polished one down to 6.7 at.%.
The presence of C can be attributed to surface contamination by
carbon-containing molecules absorbed from the environment.
Fig. 2 shows SEM photographs of the surfaces of NiTi SMAs.
Some submicron pores were observed on the chemically pol-
ished one, which may be due to the treatment with Kroll’s
reagent. After NiTi SMA was subsequently treated by H2O2
solution, the oxide film with some microcracks was present on
NiTi substrates.

XPS depth profiles of NiTi SMAs are shown inFig. 3. The
amount of O on the surface of the freshly polished one decreases
rapidly to zero after several minutes of sputtering. Depth profiles
of O, Ni and Ti concentrations for the H2O2-oxidized one from
the scale to the substrate exhibit different distributions (Fig. 3b).
Both O and Ti have a peak close to the outmost surface, while Ni
has a minimum value on the outmost surface of the oxide layer.
After that, O has a step change, and then decreases gradually to
zero. Ni has also a step change, and then passes through a gradual
increase, and finally reaches its steady-state value of 58 at.%. Ti
has a slow and slight increase, and then reaches a steady-state
value of about 41 at%. The inconsistency of the steady-state
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apan) operated with Cu K� under 40 kV and 25 mA, equipp
ith a thin-film attachment on which the glancing angle was◦.
TIR spectra were recorded using FTIR spectrometry (Nic
00). Raman scattering spectra were recorded with a Ren
ystem 2000 spectrometer, using the 514 nm line of Ar+ for exci-
ation. The light beam was focused to a spot of about 5 m
ize. The surface morphology of the samples was observ
hilips XL30 FEG SEM after the surfaces were coated with
lms. The accelerating voltage was 20 kV.

. Results

Fig. 1 shows typical XPS survey spectra of the surface
iTi SMAs. It could be found that the dominant surface
ents are Ni and Ti for the chemically polished one and O

Fig. 1. XPS survey spectra of the surfaces of NiTi SM
t
w

y

alues of Ni and Ti in the samples after the sputtering of+

on beam with the chemical compositions of the untreated
MA (50.8 at% Ni) may be due to preferential sputtering o

8]. The thickness of the oxide film on NiTi substrate oxidi
ith the boiling 30% H2O2 solution for 2 h is estimated in th
escribed manner as 0.5�m.

High resolution XPS collections of Ti binding energy regi
ere made as shown byFig. 4. The XPS spectrum of the surfa
f the H2O2-oxidized one as received (Curve 1 inFig. 4) exhibits

wo dominant peaks, namely Ti4+ (TiO2) 2p3/2 at 459.3 eV an
i4+ (TiO2) 2p1/2 at 464.8 eV. Some remnants of combin
i species could also be found by the presence of the s
houlders near 454.5 and 460.5 eV, which correspond t
inding energies of TiNi–Ti 2p3/2 and 2p1/2 spin states[15]. After
rgon ion sputtering, these two small shoulders near 454.

(a) the chemically polished one; (b) the H2O2-oxidized one.
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Fig. 2. SEM images of the surfaces of NiTi SMAs: (a) the chemically polished one; (b) the H2O2-oxidized one.

Fig. 3. XPS depth profiles of the surfaces of NiTi SMAs: (a) the chemically-polished one; (b) the H2O2-oxidized one.

Fig. 4. Ti 2p XPS spectra of the surface of the H2O2-oxidized NiTi SMA after
different time of sputtering: (1) as received; (2) 3 min; (3) 8 min; (4) 13 min; (5)
18 min; (6) 38 min.

460.5 eV change gradually into the dominant peaks, which indi-
cates TiNi–Ti in intermetallic NiTi state, became the dominant Ti
chemical state. After 38 min of sputtering, Ti was present only
in intermetallic NiTi state.

Fig. 5 shows high resolution XPS collections of Ni binding
energy regions. Ni 2p spectra of the surface of the H2O2-oxidized
one mainly consist of two major peaks near 853.8 and 870.5 eV,
which are assigned to NiNi–Ti 2p3/2 and 2p1/2 in intermetallic
NiTi state[15]. It is necessary to point out that Ni oxide peak
could not be found. After argon ion sputtering, NiNi–Ti 2p spectra
exhibit a more evident satellite structure, which is separated from
the main peaks by∼ 7 eV. O 1s spectra of the surface of the
H2O2-oxidized one are shown inFig. 6. The main peak has a
binding energy of 530.8 eV and remains unchanged after argon
ion sputtering, which can be assigned to oxygen present in metal
oxides[5].

Raman spectra of the surfaces of the chemically polished
one and the H2O2-oxidized one were recorded and are pre-
sented inFig. 7. For both samples, the characteristic air bands
are visible at low wave numbers up to 180± 10 cm−1 [16]. No
additional bands are detected in the spectrum of the chemically-
polished one. The existence of rutile and anatase on the surface
of the H2O2-oxidized one is confirmed by the presence of bands
at 220–280, 396± 10, 447± 10 and 514± 10 cm−1, respec-
tively. The wide band at 220–280 cm−1 for typical rutile results
from the second reflection or defects[17]. Raman measure-
m ft
ents reported in the literature[17–19] indicate that the shi
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Fig. 5. Ni 2p XPS spectra of the surface of the H2O2-oxidized NiTi SMA after
different time of sputtering: (1) as received; (2) 3 min; (3) 8 min; (4) 13 min; (5)
18 min; (6) 38 min.

at 447 cm−1 is theEg mode for rutile. Raman bands observed
near 396 and 514 cm−1 correspond to the spectrum of anatase
crystal[18,19]. The broadening of these bands suggests the rel-
atively low crystalline of their respective Ti oxides. The band

F
d ; (5)
1

Fig. 7. Raman spectra of the surfaces of NiTi SMAs: (a) the chemically polished
one; (b) the H2O2-oxidized one.

near 705 cm−1 in the spectrum (Fig. 7b) may come from the
defects in Ti oxide crystal[17].

The characteristic parts of XRD patterns of the surfaces of
NiTi SMAs are shown inFig. 8. It can be found that except for
intermetallic NiTi substrate phase, the broadening peaks asso-
ciated with poorly crystallized rutile and anatase are present
after the chemically polished one was oxidized with H2O2 solu-

F hed
o 2 2
ig. 6. O 1s XPS spectra of the surface of the H2O2-oxidized NiTi SMA after
ifferent time of sputtering: (1) as received; (2) 3 min; (3) 8 min; (4) 13 min
8 min; (6) 38 min.
ig. 8. XRD spectra of the surfaces of NiTi SMAs: (a) the chemically polis
ne; (b) the HO -oxidized one.
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Fig. 9. FTIR spectra of the surfaces of NiTi SMAs: (a) the chemically polished
one; (b) the H2O2-oxidized one.

tion. The results of FTIR spectroscopic measurements are shown
in Fig. 9. In comparison with the spectrum of the surface of
the chemically polished one, the one for the H2O2-oxidized
one has some additional bands, e.g. two broad OH stretchin
bands at 3352 and 3233 cm−1 deriving from Ti–OH groups and
the band at 1625 cm−1 corresponding to the bending mode of
chemisorbed water[20,21].

4. Discussion

The results of XPS measurements for the chemically pol-
ished one indicate that the original oxides on the surface of NiT
substrate have been removed successfully, which can reduc
the effect of original oxides on the oxidation behavior of NiTi
SMA in H2O2 solution. After the chemically polished one was
oxidized by H2O2 solution, XRD patterns display a consistent
result as Raman spectra and XPS spectra that an oxide film co
sisted mainly of poorly crystallized rutile and anatase phase
and depleted relatively in Ni was present on the surface of the
sample. There was no Ni oxide or free Ni, thus the remnant Ni in
the scale must be present as intermetallic NiTi phase, which ha
also been indicated by XPS analysis. The enrichment of Ti–OH
groups on the surface of the H2O2-oxidized one is anticipated
because NiTi substrate was oxidized under the aqueous cond
tions, and is in favor of the bioactivity of metal implants by
i
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oxygen at surface imperfections to form an oxide layer with a
release of free energy. In this work, H2O2 was used as the oxi-
dizing agent. The oxidizing reaction of NiTi SMA proceeds by
the decomposition of H2O2 into oxygen. The heats of formation,
�Hf , of TiO2 and NiO are approximatively estimated according
to the following reactions[23],

Ti(s) + O2(g) → TiO2(s) �H f = −956 kJ mol−1 (1)

Ni(s) + 1/2O2(g) → NiO(s) ∆H f = −241 kJ mol−1

(2)

The large disparity between the above values that the for-
mation enthalpy of TiO2 is almost four times of the one for
NiO may reflect the stronger affinity of Ti than that of Ni for
oxygen chemisorption. Therefore, Ti on the outermost surface
of NiTi SMA in H2O2 solution is oxidized firstly by oxygen
derived from the decomposition of H2O2 to form TiO2 while Ni
remains unchanged. Ni atoms can be removed from Ni–Ti bond
due to H2O2-etching, leave the surface and are released into
the aqueous solution during boiling. The release of Ni atoms
from the surface of NiTi SMA into the boiling water has been
found by Shabalovskaya et al. with the aid of inductively cou-
pled plasma analysis (ICPA)[5]. Ti bound in oxide is more
stable and is not released into the aqueous solution. The release
of Ni atoms into the aqueous solution leads to the presence of
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According to the experimental results, an oxidation m

nism of NiTi SMA in the boiling H2O2 solution is propose
s the following. In spite of the fact that NiTi SMA contain

arge amount of Ni, there is no Ni oxide formed in the scale.
an reflect the difference in the oxygen affinity between Ti
i. As discussed in the literature[15], most metals react wi
g
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acancies at the interface between the oxide scale and NiT
trate, which can promote the further reaction of oxygen wi
toms. The predominant phase TiO2 in the scale has a larger u
ell volume (0.062 nm3 for rutile) than austenitic NiTi substra
0.027 nm3) [15]. The larger TiO2 crystal structure is accom
odated by O migration towards the NiTi substrate and
igration towards the surface. As the oxidation progresse
toms diffuse inward while Ni atoms diffuse outward thro

he scale. Consequently, the oxide scales composed mai
iO2 and depleted relatively in Ni form on NiTi substrate

s obvious that the low-temperature oxidation of NiTi SMA
2O2 solution is dominated by an inward growth of the ox
nd the oxidation rate is mainly controlled by the diffusion
f O and Ni atoms in the oxide scale. As the scale grows
xidation rate will decrease due to the longer diffusion path
and Ni atoms and high stress will be built up in the scale

o the volume difference between the oxide and NiTi subst
he latter can lead to the formation of microcracks in the o
cale as shown byFig. 2b.

This oxidation mechanism for NiTi SMA in H2O2 solution is
ifferent from that for NiTi SMA at high temperature air en
onment proposed by Chu et al.[10]. According to the latter, a
utward growth of titanium oxide due to the outward diffus
f Ti from metal at high temperature will lead to the format
f TiNi3 phase in a Ni-rich layer between the scale and
ubstrate, which has also been confirmed by Chu et al.[10].
owever, this Ni-rich layer was not found by our studies

he present work, the boiling aqueous solution can promot
elease of Ni atoms from NiTi surface. As supported by the d
rofiles of O, Ni and Ti concentrations for the H2O2-oxidized
ne (Fig. 3b), the inward growth of the oxide with the outwa
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diffusion of Ni atoms from metal to the solution can result in the
presence of a graded interface structure between the scale and
NiTi substrate, which is in favor of high bonding strength of the
scale with NiTi substrate.

Surface oxidation in H2O2 solution can lead to the formation
of titania film and remove Ni synchronously from NiTi surface
into the aqueous solution, which can significantly reduce the
release amount of Ni ions and improve the biocompatibility of
NiTi implants in the physiological environment. The remnant
of Ni present as NiTi phase in titania film may be due to the
insufficient oxidation reaction of NiTi SMA and the incomplete
removal of Ni into the aqueous solution under the given condi-
tions. The optimized oxidation techniques as well as the effects
of surface oxidation in H2O2 solution on the biocompatibility
and corrosion resistance of NiTi SMA are being pursued and
will be reported in due course.

5. Conclusions

The chemically polished NiTi SMA was oxidized with a
boiling hydrogen peroxide solution, and then characterized sys-
tematically by SEM, XRD, XPS, FTIR and Raman spectroscopy.
The study leads to the following important conclusions.

(1) Surface oxidation of NiTi SMA in the boiling hydrogen
peroxide solution resulted in the formation of a titania scale
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