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Abstract: Fenton’s oxidation method was successfully used to synthesize an ideal titania film in situ on NiTi shape memory 
alloy(SMA) for medical applications. Characterized with scanning electron microscopy, X-ray photoelectron spectroscopy, X-ray 
diffractometry, inductively coupled plasma mass spectrometry and electrochemical tests, it is found that the titania film produced by 
Fenton’s oxidation method on NiTi SMA is nanostructured and has a Ni-free zone near its top surface, which results in a notable 
improvement in corrosion resistance and a remarkable decrease in leaching of harmful Ni ions from NiTi SMA in simulated body 
fluids. The improvement of effectiveness to corrosion resistance and the reduction in Ni release of NiTi SMA by Fenton’s oxidation 
method are comparable to those by oxygen plasma immersion ion implantation reported earlier. 
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1 Introduction 
 

NiTi shape memory alloy(SMA) has been 
considered to be a promising biomaterial because of its 
shape memory effect(SME) and super-elasticity(SE)[1]. 
But the high Ni content is of great concern with regard to 
its implantation, as the Ni release may cause toxic 
reactions[2]. Its biocompatibility could be improved by 
some surface modification such as high-temperature 
oxidation[3], plasma immersion ion implantation and 
deposition(PIII&D)[4], and biomimetic method with 
chemical pretreatment in alkali or H2O2 solutions[5] that 
was developed by KOKUBO et al[6] and HABIBOVIC 
et al[7]. 

As we know, there is a native thin titanium oxide 
surface layer on NiTi SMA that plays an important role 
on the corrosion resistance and biocompatibility[8]. 
However, nickel in the metallic or oxidized state is 
detected on the surface of NiTi SMA and its amount 
depends on the surface treatments[8]. Since NiTi SMA 

contains a large amount of Ti, it can be readily oxidized. 
Several high-temperature oxidation methods as well as 
different oxidation behaviors and surface properties of 
NiTi SMA have hitherto been reported[3, 9]. It has been 
found that NiTi SMAs after high-temperature oxidation 
are predominantly covered with titania.  However, 
phase transformation between austenite (B2) and 
martensite (B19′) in NiTi SMA is very sensitive to the 
heat treatment conditions. e.g. temperature[1]. Thus, 
high-temperature oxidation will have an undesired effect 
on the shape memory properties of NiTi SMA. 

It was found that titania film could be prepared on 
titanium by oxidation in H2O2 solution at relatively low 
temperatures and further studies showed improved in 
vitro and in vivo biocompatibility[10−11]. In our 
previous study, it was found that a titania film could also 
be formed on NiTi SMA by H2O2 oxidation, however, 
the remnant Ni and microcracks could be found in the 
titania film due to the insufficient oxidation reaction 
between the NiTi substrate and weak oxidant H2O2 
solution[12−13]. 
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Fenton’s oxidation is successful in removing 
various inorganic and organic pollutants from water by 
oxidation processes of hydroxyl radicals (·OH) produced 
by the catalysis decomposition of H2O2 with ferrous 
irons[14−15]. Hydroxyl radicals (oxidation potential 2.8 
V) is a stronger oxidant than H2O2 (1.80 and 0.87 V at 
pH=0 and 14, respectively). In this work, the 
effectiveness of Fenton’s oxidation method on surface 
modification of NiTi SMA was evaluated by studying 
surface morphology, release of harmful Ni ions and 
corrosion resistance in simulated body fluids(SBF) with 
scanning electron microscopy(SEM), X-ray 
diffractometry(XRD), X-ray photoelectron spectroscopy 
(XPS), inductively coupled plasma mass spectrometry 
(ICPMS) and electrochemical tests. 
 
2 Experimental 
 

A NiTi (50.8% Ni, molar fraction) SMA plate was 
cut into rectangular blocks (10 mm×10 mm×1 mm). 
All samples were chemically polished with a solution 
containing H2O, HF and HNO3 in ratio of 54׃1׃ for 5 min. 
They were divided into two groups. The first group was 
used as contrast. The second group was further treated by 
Fenton’s oxidation. H2O2 (30%) and FeSO4·7H2O were 
in AP reagent grade and used to prepare Fenton’s reagent, 
whose initial concentration of H2O2 and pH value were 
kept at 5% and 3.0 respectively, and H2O2 to Fe2+

 ratio in 
molar concentration is 2 0001׃. Fenton’s oxidation was 
carried out in 500 mL Fenton’s reagent in 600 mL flask 
open to atmosphere. Reaction temperature was controlled 
at 60 ℃ by water bath (±0.1 ℃). Mixing was achieved 
by magnetic stirring. After oxidation for 24 h, the 
samples were ultrasonically washed in acetone for 10 
min and in deionized water for 10 min. 

XRD patterns were acquired on an X-ray 
diffractometer (RAD IIA, Rigaku, Japan) using Cu Kα 
operated at 40 kV and 25 mA. The instrument was 
equipped with a thin-film attachment for a glancing 
angle of 1˚. The surface morphology of the samples was 
observed by a Philips XL30 FEG SEM at 20 kV 
accelerating voltage after the surfaces were coated with 
gold films. The samples were analyzed by XPS on a VG 
Scientific ESCALAB 5 spectrometer with 
monochromatic Al Kα (1 486.6 eV) radiation. The base 
pressure in the analysis chamber was less than 10−8. 
High-resolution Ti 2p and Ni 2p spectra were acquired at 
a 20 eV pass energy to determine the chemical states and 
concentrations. The C 1s peak was used to identify any 
charging effects. 

The electrochemical tests based on the ASTM 
G5—94 (1999) and G61—86 (1998) protocols[16] were 
performed using a potentiostat (VersaStat II EG&G, 
USA) in a standard simulated body fluid(SBF) at a pH of 

7.42[17] and temperature of (37±0.5) ℃. The ionic 
concentrations in the SBF solution are (in mol/L): Na+ 
142.0, K+ 5.0, Ca2+ 2.5, Mg2+ 1.5, −

3HCO  4.2, Cl− 
148.5, −2

4HPO  1.0 and −2
4SO  0.5. A cyclic potential 

spanning between −400 and 2 500 mV was applied at a 
scanning rate of 600 mV/h. Before the electrochemical 
tests, the medium was purged with nitrogen for 1 h to 
remove dissolved oxygen and nitrogen purging 
continued throughout the measurements. 

Every two samples of each group were immersed in 
25 mL of the SBF solution in polypropylene (pp) bottles. 
The polypropylene bottles were closed tightly and 
incubated in a thermostatic chamber at (37±0.1) ℃ for 
two weeks, five weeks, and ten weeks, respectively. All 
the bottles were shaken gently for a few seconds every 
three days. After different immersion time, the SBFs 
were taken out and analyzed by inductively-coupled 
plasma mass spectrometry (ICPMS) to determine the 
concentrations of Ni leached from the specimens. All the 
results at each time point were averages of four samples. 
 
3 Results and discussion 
 

Fig.1 shows SEM photographs of the chemically- 
polished NiTi SMA and the oxidized NiTi SMA. The 
former is relatively smooth. In contrast, it can be 
obviously found that a nanostructured oxide film is 
formed on the NiTi SMA after Fenton’s oxidation treat-  
 

 

Fig.1 SEM photographs of surfaces of chemically-polished 
NiTi SMA (a) and NiTi SMA after Fenton’s oxidation  
treatment (b) 
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ment as shown by the high magnification photograph in 
the top right corner of Fig.1(b). Macro-scopically the 
new oxides formed on the modified surface make the 
NiTi sample appear golden. 

XRD patterns of the surfaces of the 
chemically-polished NiTi SMA and the oxidized NiTi 
SMA are presented in Fig.2. Except for the peak 
assigned to NiTi substrate, the weak peaks associated 
with anatase- and rutile-TiO2 are present only for the 
latter. Obviously it is a nanostructure titania film that is 
formed on the NiTi SMA by Fenton’s oxidation 
treatment. Both Ni oxide and free Ni could not be 
detected. 
 

 
Fig.2 XRD patterns of surfaces of chemically-polished NiTi 
SMA (a) and NiTi SMA after Fenton’s oxidation treatment (b) 
 

High resolution XPS collections of Ti and Ni 
binding energy regions for the oxidized NiTi SMA are 
recorded as shown in Fig.3. The Ti 2p XPS spectrum 
exhibits two dominant peaks, identified as Ti4+(TiO2) 
2p3/2 at 459.3 eV and Ti4+(TiO2) 2p1/2 at 464.8 eV. No 
remnants of combined Ti species (TiNi-Ti) in intermetallic 
NiTi state could be found. In contrast, Ni element in any 
chemical states could not be detected from the Ni 2p 
XPS spectrum, which proves that there is a Ni-free zone 
near the top surface of the nanostructured titania film. 

Fig.4 shows the electrochemical testing results. The 
higher breakdown potential(φb) corresponding to 
initiation of corrosion pits suggests improvement in 
corrosion resistance. The breakdown occurs after 0.268 
V and then corrosion current increases significantly to 
2.58×10−2 A after 1.208 V for the chemically-polished 
NiTi SMA. In contrast, for the oxidized NiTi SMA, the 
breakdown occurs after 0.866 V and then the currents 
remain at relatively low levels only reaching 4.45×
10−7A even after 2.5 V. 

 

Fig.3 Ti 2p and Ni 2p XPS spectra of surface of NiTi SMA 
after Fenton’s oxidation treatment 
 

 
Fig.4 Electrochemical testing results of chemically-polished 
NiTi SMA (a) and NiTi SMA with nanostructured titania film 
produced by Fenton’s oxidation method (b) 
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Table 1 summarizes the ICPMS results of the SBFs 
after immersion tests. For all immersion time, the 
amount of Ni leached from the chemically-polished NiTi 
SMA is about 20 times higher than that of the oxidized 
NiTi SMA. Thus, the nanostructure titania film as a 
barrier layer is evidently effective in mitigating Ni from 
the substrate. As a well-established implant material, the 
major concern is the release of harmful Ni from NiTi 
SMA. The data provide strong evidence that Fenton’s 
oxidation process can effectively impede Ni release from 
NiTi SMA to the SBF. 
 
Table 1 Concentrations of Ni ions detected in SBF by ICPMS 
for chemically-polished NiTi SMA (a) and NiTi SMA with 
nanostructured titania film produced by Fenton’s oxidation 
method after different immersion time (b)            (10−6) 

Immersion 
time/d 

Chemically-polished 
NiTi SMA 

NiTi SMA with 
nanosructured titania film 
produced with Fenton’s 

oxidation method 
14 314.6 13.1 
35 715.6 29.0 
70 835.2 49.9 

 
Fenton’s reagent consists of a mixture of H2O2 and 

trace amounts of ferrous ions. It can lead to different 
results depending on parameters such as the pH value, 
H2O2 to FeSO4 ratio, and reaction temperature[14−15]. 
In order to achieve effective Fenton’s oxidation and the 
highest treatment efficiency of the Fenton’s reagent, the 
optimal parameters reported previously are adopted 
[14−15]. Fenton’s oxidation is proceeded by the catalytic 
decomposition of H2O2 into hydroxyl radicals (OH·) 
according to the following reaction: 
 
Fe2++H2O2→Fe3++OH·+OH−                    (1) 
H2O2+Fe3+→HOO·+H++Fe2+                    (2) 
 

The ferrous ion (Fe2+) initiates and catalyzes the 
decomposition of H2O2, resulting in the generation of 
hydroxyl radicals. Hydroxyl radicals have one unpaired 
electron and are strong, highly reactive, only inferior to 
elemental fluorine in reactivity. 

Ti has a stronger affinity than Ni to O 
chemisorption because formation enthalpy of TiO2 (−956 
kJ/mol) is four times of that for NiO (−241 kJ/mol). 
Therefore, Ti on NiTi surface can be oxidized by ·OH to 
form TiO2, while Ni may remain unchanged and could 
be removed from Ni—Ti bond due to H2O2-etching into 
aqueous solution. SEM, XRD and XPS results also 
reveal that a nano-structured titania film composed of 
mainly rutile and anatase TiO2 phases is formed by 
Fenton’s oxidation method. However, the surface 
morphology and structure of the nano-structured titania 
film formed on NiTi by Fenton’s oxidation method are 

quite different from those of titania films produced on Ti 
or NiTi by other oxidation methods including H2O2 
oxidation[3,9,12−13]. This result may indicate a different 
formation mechanism of titania film during Fenton’s 
oxidation. The oxidation mechanism of NiTi SMA at 
high temperature in air has been discussed by CHU et 
al[9]. According to their model, titanium oxide grows 
due to the outward diffusion of Ti from the metal at high 
temperature, leading to the formation of the TiNi3 or Ni 
phase in a Ni-rich layer between the oxide and NiTi 
substrate. However, no intermediate Ni-rich layer cannot 
be detected between the nano-structured titania film 
prepared by Fenton’s oxidation method and NiTi 
substrate in this study. Moreover, there is a clear Ni-free 
region in the nano-structured titania film. The detailed 
mechanism is not completely known and further work is 
needed in the future. 

The NiTi SMA after Fenton’s oxidation for 24 h has 
a much higher breakdown potential of about 866 mV 
than the chemically-polished one, and the corrosion 
currents remain at low levels below 5.0×10−7A even 
after 2.5 V. Thus Fenton’s oxidation can improve 
corrosion resistance of NiTi SMA. And the improvement 
effectiveness to corrosion resistance of NiTi SMA by 
Fenton’s oxidation method is similar to that by oxygen 
plasma immersion ion implantation reported earlier[18]. 
This may be attributed to the lower electrical 
conductivity of the nano-structured titania film in 
comparison with the chemically-polished NiTi. The 
exchange of electrical charges on the oxidized sample 
surface is reduced and consequently electrochemical 
corrosion is less severe. Furthermore, titania film is 
inherently chemically inert. This may play an important 
role in its good corrosion resistance as well. However, in 
spite of the encouraging results, the electrochemical test 
in this work is accelerated and the corrosion conditions 
of NiTi SMA implants are different in vitro and in vivo. 
Therefore, more studies are needed to investigate the 
long-term effects. 

In order to find wide acceptance in cardiovascular 
products, the release of harmful Ni from the NiTi SMA 
must be significantly mitigated. The results reported here 
indicate that the nano-structured titania film produced by 
Fenton’s oxidation method is more effective in impeding 
the outward-diffusion of Ni from NiTi SMA during the 
entire ten week immersion period. The reduction in Ni 
release by Fenton’s oxidation method is comparable to 
that by oxygen plasma immersion ion implantation 
reported earlier[18]. This may be attributed to the two 
advantages provided by Fenton’s oxidation method to 
NiTi SMA: the formation of a Ni-free region zone on the 
surface and absence of the intermediate Ni rich layer. 

SME and SE of NiTi alloy are associated with 
reversible martensitic transformation, which is very 
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sensitive to the treatment temperature[1]. However, 
many reported surface modifications involve high- 
temperature process. The thermal effect produced by 
these technologies at the same time of enhancing surface 
properties can affect properties of NiTi SMA including 
SME and SE. Fenton’s oxidation is usually conducted at 
a relatively low temperature less than 200 ℃ . It is 
reasonable that such treatment technique can improve 
surface properties and does not degrade properties of 
NiTi SMA. 
 
4 Conclusions 
 

1) Fenton’s oxidation could result in in situ 
synthesis of a nanostructured titania film with a Ni-free 
zone near its top surface on NiTi SMA, which notably 
improves corrosion resistance and decreases the leaching 
of harmful Ni ions from NiTi SMA in simulated body 
fluids.  

2) The improvement of effectiveness to corrosion 
resistance and the reduction in Ni release of NiTi SMA 
by Fenton’s oxidation method are comparable to those 
by oxygen plasma immersion ion implantation reported 
earlier.  

3) Fenton’s oxidation is a promising low- 
temperature surface modification way to NiTi SMA for 
medical applications. 
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