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Abstract

Corrosion resistance of nanoporous titania was investigated in Hank’s solution using potentiodynamic polarization and

electrochemical impedance spectroscopic techniques. The phase structure, surface morphology and elemental composition of the

untreated, anodized heat treated and anodized heat treated titanium specimens immersed in Hank’s solution for seven days were

characterized using X-ray diffraction, atomic force microscopy and scanning electron microscopy with energy dispersive X-ray

spectroscopy techniques, respectively. The X-ray diffraction technique revealed that the anodized heat treated titanium exhibited

anatase structure. The atomic force microscopic and scanning electron microscopic results showed that the titanium surface has

transformed from a smooth to nanoporous surface depending on the anodization conditions. The energy dispersive X-ray spectroscopy

results confirmed the formation of hydroxyapatite over the anodized titanium after immersion for seven days in Hank’s solution. The

electrochemical results revealed that the anodized heat treated titanium after seven day immersion in Hank’s solution showed nobler

shift in corrosion potential compared to untreated and anodized titanium. Hence, the results suggested that the nanoporous titania layer

developed on titanium is a promising material for application as orthopaedic implants.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Titanium (Ti) metal and its alloys are widely used as dental
and medical implant material due to their excellent biocom-
patibility, good corrosion resistance, durability and strength
compared to other alloys such as 316 LSS and Co–Cr alloys
[1–6]. These properties have been attributed to the natural
oxide layer formed spontaneously on Ti surface. However,
the surface being bio-inert results in the lack of bone bonding
ability in the implant [7,8]. In order to enhance the bone
bonding ability, the surface of the implant materials should
be modified. Various surface treatments have been explored
for producing Ti implants with enhanced biocompatibility.
One among them is anodization, which induced the forma-
tion of rough and porous TiO2 surfaces [9]. Presently
anodization is one of the most commonly used methods to
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produce nanoporous surface due to its simplicity and
feasibility. In addition, the size and shape of nanostructured
materials can be tuned to the desire dimension.
Nanoporous structures are of significant importance in a

variety of applications because they have certain common
properties that are widely seen in nanomaterials [10]. In
addition, they can also be used as templates to fabricate
other nanostructure materials which further expand their
potential applications. For implant materials, porosity is
essential because it increases cellular adhesion and implant
fixation. The porous structure allows the in-growth of
body tissue, including bone tissue [11]. Titanium dioxide
(TiO2) with 3-d micro and nanoporous structures may
enhance apatite forming ability when compared to dense
TiO2 layer [12]. In this view, corrosion resistance is one of
the major requirements in the selection of a particular
material for such a given application. It is well known that
the hydroxyapatite coated materials showed good corro-
sion resistance in the implants [13]. Corrosion behavior on
ll rights reserved.
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bulk Ti and its alloys in ringer’s solution [14], artificial
saliva [15] and solutions containing fluoride or protein [16]
has already been reported.

Therefore, in the present investigation, qualitative obser-
vation of the chemical anodization effects on the Ti surface
in a mixture of 0.14 M hydrofluoric acid and 0.2 M
glycerol electrolyte at 30 V for 1 h and the nucleation of
hydroxyapatite on anodized Ti carried out using conven-
tional methods such as X-ray diffraction techniques
(XRD), atomic force microscopy (AFM) and scanning
electron microscope (SEM) with energy dispersive X-ray
spectroscope (EDX). In addition, the corrosion resistance
of nanoporous titania layer developed on titanium was
carried out using potentiodynamic polarization and elec-
trochemical impedance spectroscopic techniques in Hank’s
solution.

2. Materials and methods

2.1. Sample preparation

Commercially pure Ti sheets (1.5 cm� 1.5 cm� 0.05 cm)
obtained from M/s Ti anode fabricators Pvt. Ltd., Chen-
nai, India were used for the anodization experiments.
Highly pure analytical grade chemicals viz., hydrofluoric
acid (HF, 40%), glycerol, sodium chloride (NaCl, 99.9%),
potassium chloride (KCl, 99.8%), calcium chloride (CaCl2,
98%), sodium hydrogen carbonate (NaHCO3, 99.8%), di-
sodium hydrogen orthophosphate (Na2HPO4, 99%), mag-
nesium chloride hexahydrate (MgCl2 � 6H2O, 99%), potas-
sium di-hydrogen orthophosphate (KH2PO4, 99%),
magnesium sulphate heptahydrate (MgSO4 � 7H2O,
99.5%) and glucose were used for the present investiga-
tion. Deionized water was used for the preparation of
electrolytes.

Prior to anodization, the surfaces of Ti samples were
polished on both sides using silicon carbide paper up to
1000 grit. In order to produce a uniform and smooth
surface, final polishing was done using alumina paste
(1 mm size, obtained from M/s. Chennai Metco Pvt. Ltd.,
Chennai, India). The polished samples were then washed
with soap solution, degreased with acetone and thoroughly
rinsed with distilled water. These samples were then
ultrasonicated in a mixture of acetone, 2-propanol and
ethanol followed by pickling in a mixture of 0.9 M HF and
3.0 M HNO3 for 1 min. Finally, the specimens were rinsed
in distilled water and dried in air at room temperature.

2.2. Development of nanoporous titanium dioxide

Anodization was carried out using two electrode set up,
Ti as the anode and Pt as the cathode. Both the electrodes
were connected to a direct current (DC) voltage source
(Aplab, Model L3230). All the experiments were carried
out at room temperature using a mixture of 0.14 M HF
and 0.2 M glycerol at 30 V for 1 h. The anodized samples
were heat treated at 450 1C for 3 h at a heating and cooling
rate of 30 1C per min. The vacuum of the furnace was
maintained at 1� 10�5 mbar during the heat treatment.

2.3. Electrolyte preparation

Hank’s solution was prepared according to an earlier
report [17]. In brief, the solution was prepared using the
following chemicals viz., NaCl (8.00 g), KCl (0.40 g),
CaCl2 (0.18 g), NaHCO3 (0.35 g), Na2HPO4 (0.48 g),
MgCl2 � 6H2O (0.10 g), KH2PO4 (0.06 g), MgSO4 � 7H2O
(0.10 g) and Glucose (1.00 g). All the chemicals were
dissolved in that order in 1000 mL double distilled water,
the temperature and pH were maintained at 37 1C and 7.4,
respectively, under continuous magnetic stirring. In order
to study the biocompatibility of the specimens, the ano-
dized heat treated Ti samples were immersed in Hank’s
solution for 1 h and seven day.

2.4. Surface characterizations and wettability

X-ray diffraction (XRD) patterns of untreated, anodized
heat treated and anodized heat treated Ti after seven day
immersion in Hank’s solution were obtained using STOE
make diffractometer with Cu target (Ka, l¼1.54056 Å).
The surface topography of the samples was seen using
Atomic Force Microscopy (AFM (NT-MDT SPM)) and
the surface roughness was measured using AFM image
analysis tools (NOVA Image Analysis software 1. 0. 26.
1443).The surface morphology of the samples was investi-
gated using Scanning Electron Microscopy (SEM, Quanta
200) and the elemental composition of the specimens were
analyzed using Energy Dispersive X-ray Spectroscopy
(EDX) coupled with SEM.
The wettability of the specimens before and after

anodization was observed using contact angle measure-
ments. The contact angle subtended by water was mea-
sured using a contact angle meter (OCA 15EC, data
physics instruments, Germany), the dosing volume and
dosing rate were 10 mL and 1 mL/s, respectively.

2.5. Electrochemical characterization

Electrochemical experiments were performed using a
conventional three-electrode cell assembly maintained at
37 1C. A saturated Ag/AgCl electrode was used as a
reference electrode, a Pt sheet was used as the counter
electrode and the test specimen (untreated, anodized heat
treated Ti after 1 h and seven day immersion in Hank’s
solution) was used as the working electrode.
Potentiodynamic polarization experiments were carried

out for untreated, anodized heat treated Ti after 1 h and 7
day immersion in Hank’s solution using Solartron 1287
Electrochemical Interface. The electrode potential was
anodically scanned at a scan rate of 10 mV min�1. All
the measurements were carried out in aerated and non
stirred conditions. In order to obtain reliable results, the
experiments were repeated in triplicate using Hank’s
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solution. The corrosion current density (Icorr) and corro-
sion potential (Ecorr) of each sample were calculated from
polarization curves with the help of Cview software.

The Electrochemical Impedance Spectroscopy (EIS)
measurements were carried out using Solartron 1255
Frequency Response Analyzer (FRA) with Solartron
1287 electrochemical interface with the frequency ranging
from 104 Hz to 10�2 Hz. The EIS measurements were
represented in Bode Phase and Bode Impedance plots. For
analysis of impedance data, the software program, Equiva-
lent circuit was used which used a variety of electrical
circuits to numerically fit the measured impedance data
[18–21].
3. Results and discussion

3.1. XRD Studies

The XRD patterns of untreated, anodized heat treated
and anodized heat treated Ti after seven days of immersion
in Hank’s solution, are given in Fig. 1. The XRD pattern
of untreated Ti (Fig. 1a) showed the diffraction peaks at 2y
values of 35.21, 38.31, 40.21, and 53.21 (JCPDS No: 44-
1294), and the anodized heat treated Ti (Fig. 1b) exhibited
the characteristic diffraction peaks of anatase phase of
TiO2 at 2y values of 25.41 and 48.11 (JCPDS No: 21-1272)
corresponding to the planes (1 0 1) and (2 0 0). This agreed
well with the results of Park et al. [22]. The degree of
crystallinity influences the dissolution and biological beha-
viour of hydroxyapatite, highly crystalline structures yield
less dissolution to the coatings [23]. The XRD pattern of
anodized heat treated Ti after seven days immersion in
Fig. 1. XRD patterns of (a) untreated Ti and (b) anodized and heat

treated Ti and (c) anodized Ti after seven day immersion in Hank’s

solution.
Hank’s solution is shown in Fig. 1c, which indicated that
the peaks corresponding to hydroxyapatite can be clearly
detected (JCPDS No: 09-432). This result is in good
agreement with the result of Xiao et al. [24].
3.2. AFM studies

Fig. 2(a, c and e) shows the AFM topographs of
anodized Ti and anodized Ti after immersion in Hank’s
solution for seven days in comparison to the untreated Ti
surface and the corresponding line profile images are given
in Fig. 2(b, d and f). The average surface roughness for the
untreated and anodized Ti samples was found to be
around 155 nm and 200 nm, respectively. The anodized
samples immersed in Hank’s solution exhibited the surface
roughness of 186 nm. These results revealed that the
roughness of the anodized heat treated Ti was higher than
that of the untreated and anodized heat treated Ti
immersed in Hank’s solution. Anodization increased the
surface roughness by forming a porous layer on Ti surface.
The surface modified samples (anodized Ti) immersed in
Hank’s solution showed slightly lower surface roughness
than the anodized Ti due to the deposition of Ca2þ and
PO4

3� ions in the Hank’s solution on TiO2 surface, which
induces the formation of hydroxyapatite on the surface,
thus decreasing the roughness of the surface [25]. Higher
surface roughness provides early fixation and better
mechanical stability for implants which resulted in good
mechanical interlocking between the implant surface and
bone in-growth [26]. It has been reported that a surface
roughness of 10 nm to 10 mm can manipulate the interface
biology [27]. Generally, biologically active implant materi-
als have enhanced surface roughness, which was one of the
important factors in providing better cell response to
implanted materials [28].
3.3. SEM and EDX studies

Fig. 3(a, c and e) shows the SEM micrographs of
anodized Ti and anodized Ti after immersion in Hank’s
solution for seven days in comparison to the untreated Ti
surface. Visual observation of anodically formed TiO2-
films in a mixture of 0.14 M HF and 0.2 M glycerol
showed different colors on the oxidized surfaces. This
color change was mainly due to the change in thickness of
the anodized Ti surface. It can be seen that after anodiza-
tion, nanoporous structure was formed on the surface
of Cp Ti.
The following processes occurred during anodization;

initially the barrier oxide layer was formed at the metal/
electrolyte interface which was then transformed into
nanoporous layer due to the fluoride induced dissolution
of the barrier oxide layer at the oxide/electrolyte interface
[29], and pits were developed then subsequently changed
into pores. Fluoride ion acts as an oxide layer dissolution
agent [30].



Fig. 2. AFM topographs of (a) untreated Ti, (c) anodized Ti and (e) anodized Ti after seven day immersion in Hank’s solution and (b), (d) and (f) are the

corresponding line profile images.
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The porous film enhanced the hydroxyapatite formation
which inhibits the dissolution of metal ions through the
porous film, thus, enhancing the corrosion resistance [31].
It is well known that, calcium and phosphate ions present
in physiological media interact with TiO2 surfaces. By
increasing the immersion time of the passivated metal in
the simulated biological solutions, the formation of hydro-
xyapatite was found to increase on TiO2 films [32].

Fig. 3(b, d and f) shows the EDX spectra of anodized Ti
and anodized Ti after immersion in Hank’s solution for
seven days in comparison to the untreated Ti surface. The
EDX results of untreated Ti showed major amount of Ti
peaks and a small amount of oxygen peak which is due to
the presence of native oxide layer whereas the anodized Ti
contains Ti as well as O peaks which confirms the presence
of (nanoporous, evidenced from Fig. 3c) the oxide layer.
After seven days of immersion in Hank’s solution, islands
of apatite nuclei were seen on nanoporous titania surface
under SEM observation, and the EDX spectrum showed
the presence of Ca and P peaks which confirmed the
formation of hydroxyapatite layer.

3.4. Wettability

The shape of water droplet was shown in Fig. 4. The
contact angle values for untreated, anodized and anodized
Ti after immersion in Hank’s solution were found to be
861, 1251 and 641, respectively. The wetting behavior of



Fig. 3. SEM micrographs of (a) untreated Ti, (c) anodized Ti and (e) anodized Ti after seven day immersion in Hank’s solution and EDX spectrum of (b)

untreated Ti, (d) anodized Ti and (f) anodized heat treated Ti after seven day immersion in Hank’s solution.
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anodized Ti has improved greatly after immersion in
Hank’s solution by considerable decrease in contact angle.
The anodized Ti after immersion in Hank’s solution has
hydrophilic property whereas the untreated and anodized
Ti samples showed hydrophobic property with higher
contact angle. The anodized Ti exhibited hydrophobic
property as it has TiO2 phase structure [33]. The Hank’s
solution spreads in an even way over the nanoporous
titania surface making it less hydrophobic. Higher surface
energy (lower contact angle) materials induced apatite
formation.
3.5. Electrochemical characterization

3.5.1. Potentiodynamic polarization studies

Potentiodynamic polarization plots for untreated, ano-
dized heat treated Ti after 1 h and seven day immersion in
Hank’s solution are shown in Fig. 5. The Ecorr values of
untreated Ti, anodized heat treated Ti after 1 h and seven
day immersion in Hank’s solution were found to be
�1.03 V, �0.48 V and �0.42 V, respectively. It could be
observed that the anodized Ti after seven days of immer-
sion in Hank’s solution exhibited higher Ecorr and lower



Fig. 4. Water droplet on (a) untreated Ti, (b) anodized Ti and (c) anodized Ti after seven day immersion in Hank’s solution.

Fig. 5. Polarization curves of untreated Ti, anodized Ti after 1 h and

seven day immersion in Hank’s solution.

Table 1

Polarization parameters of untreated Ti, anodized Ti after 1 h and seven

day immersion in Hank’s solution.

Specimen �ECorr

(Volts)

ICorr
(A cm�2)

Rp,

(k O cm2)

Untreated Ti 1.04 1.29� 10�6 20.05

Anodized Ti—1 h immersion 0.48 1.37� 10�6 20.40

Anodized Ti—seven day

immersion

0.42 8.98� 10�7 67.93
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Icorr values when compared to untreated Ti and anodized
Ti after 1 h immersion as shown in Table 1. Such an
increase in potential for anodized Ti after seven days
immersion in Hank’s solution is attributed to the presence
of hydroxyapatite on the anodized Ti surface.

Anodization provides a porous passive film which
restricts the movements of metal ions from the metal
surface to the solution [34]. The pores act perfectly as
passive pits due to the higher barrier oxide thickness and
compact pore walls. Therefore the effective surface area
was increased for the nanopatterned surface and it gives
the possible surface reaction [35]. Overall, the anodized Ti
after seven day immersion in Hank’s solution showed
better corrosion resistance compared to the other samples.

3.5.2. Electrochemical impedance spectroscopic (EIS)

studies

EIS was used to characterize the oxide films on Ti
surface and to study the resistance of passive surface films
[36]. EIS spectra of untreated, anodized heat treated Ti
after 1 h and seven day immersion in Hank’s solution are
shown in Fig. 6. The Bode plots revealed that the spectra
obtained for untreated Ti showed a phase angle value
around �801 and remained constant over a wide range of
frequencies, indicating highly capacitive behavior of the
passive oxide film formed on its surface. The anodized Ti
after seven day immersion in Hank’s solution exhibited
higher resistance compared to other samples which is due
to the formation of a thick apatite layer on the surface.
Fig. 7 shows the equivalent circuit models which are

obtained after fitting the spectra obtained from untreated,
anodized heat treated Ti after 1 h and seven day immersion
in Hank’s solution. The fitted EIS results are tabulated in



Fig. 6. (a) Bode phase angle and (b) Bode impedance plots of untreated

Ti, anodized Ti after 1 h and seven day immersion in Hank’s solution.

Fig. 7. Equivalent circuits used for (a) untreated Ti, (b) anodized Ti after 1 h

immersion and (c) Anodized Ti after seven day immersion in Hank’s solution.
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Table 2. In order to characterize the passive oxide film on
the untreated Ti, the EIS spectra was fitted with the model
(Rs(RbQb)) as shown in Fig. 7a, where Rs denotes the
solution resistance, Rb is the polarization resistance of the
barrier layer and Qb is the double layer capacitance of the
barrier layer. Instead of pure capacitance, Constant Phase
Element (CPE) was introduced in the fitting to obtain good
agreement between the simulated and experimental data.
The impedance of CPE was defined by the Eq. (1) [37]

ZCPE ¼ ½QðjoÞ
n
��1 ð1Þ

where Q is the magnitude of CPE, o is the angular
frequency and n is the exponent of CPE with values
between �1 and 1, which is related to non-uniform current
distribution due to surface roughness [38]. It was observed
that the untreated Ti exhibited only a single passive layer
on its surface. From Table 1, the frequency independent
parameter, nb is 0.92 indicating a near capacitive behavior
of the passive oxide film formed on untreated Ti. This
suggested that the behavior of the surface layer
approached that of an ideal capacitor [38].
The impedance spectrum was fitted and the model proposed

for anodized Ti after 1 h immersion in Hank’s solution is
shown in Fig. 7b, where, Rb and Rp represent the polarization
resistance of the barrier and porous layer, respectively. Qb and
Qp are the double layer capacitance of the barrier and porous
layer, respectively. The equivalent circuit showed two time
constants which can be attributed to inner barrier and outer
porous layers. The np value of the specimen was close to 1,
which reveals that the porous layer behaved as an ideal
capacitor. It has been reported that the outer porous layer
exposed to the electrolyte contains anions from the solution
and the inner layer is free of anions which is considered to be
the barrier layer type ceramic [39].
Based on the EIS spectrum a three layer model (Fig. 7c)

was used to interpret the obtained spectra for anodized Ti
after seven day immersion in Hank’s solution. In this
model, Rb, Rp and Ra represent the polarization resistance
of the barrier, porous and apatite layer, respectively. Qb,
Qp and Qa are the double layer capacitance of barrier,
porous and apatite layer, respectively. The np and na values
of the specimen were close to 1, which meant that the
porous layer as well as the apatite layer behaved as an ideal
capacitor. From the circuit parameters it was obvious that
the polarization resistance of the porous layer greatly
improved for anodized Ti after seven day immersion
compared to that of the anodized Ti after immediate
immersion, which has not been observed for untreated
Ti. Apart from this, the capacitive value of the porous film
was very low compared to anodized Ti after immediate
immersion indicating the insulating property of the porous
film. The high polarization resistance and low capacitance
values indicated the existence of a superior protective layer
on the surface.
When the Ti samples were immersed in Hank’s solution,

hydroxyapatite layer was formed [40]. The presence of
third time constant after seven day immersion in Hank’s
solution is an indication that calcium and phosphate ions
present in the Hank’s solution interact and deposit on the
surface. Similarly, Wang et al. [21] reported that nucleation
and growth of bone-like apatite take place on chemically



Table 2

EIS spectra fitted values for untreated Ti, anodized Ti after 1 h and seven day immersion in Hank’s solution.

Specimen Rs

(k O cm2)

Ra

(k O cm2)

Qa

(F cm�2 Sn)

na Rp

(k O cm2)

Qp

(F cm�2 Sn)

np Rb

(k O cm2)

Qb

(F cm�2 Sn)
nb

Untreated Ti 0.01 – – – – – – 232.55 4.2� 10�5 0.92

Anodized Ti—1 h immersion 0.01 – – – 0.05 1.0� 10�7 0.99 396.09 2.9� 10�6 0.84

Anodized Ti—seven day

immersion

0.01 0.14 1.0� 10�7 0.97 0.38 1.9� 10�7 0.96 1200.00 1.3� 10�6 0.80

Rs—solution resistance, Rb—polarization resistance of barrier layer, Qb—double layer capacitance of barrier layer, Rp—polarization resistance of porous

layer, Qp—double layer capacitance of porous layer, Ra—polarization resistance of apatite layer and Qa—double layer capacitance of apatite layer.

K. Indira et al. / Ceramics International 39 (2013) 959–967966
treated Ti surface on prolonged immersion in simulated
body fluid solution.

From the above results, it can be confirmed that after seven
day immersion in Hank’s solution, the surface is covered with
hydroxyapatite particles. The obtained results were also
evidenced from EDX analysis (Fig. 3f). The anodized Ti after
seven day immersion in Hanks solution showed the higher
resistance and lower capacitance value. It is also can be
evident that the anodized Ti exhibits higher corrosion
resistance after seven day immersion in Hanks solution.

4. Conclusions

The nanoporous TiO2 was developed by electrochemical
anodization process using viscous organic electrolyte. The
surface morphological studies of anodized Ti after seven
days of immersion in Hank’s solution showed the growth
of bone-like apatite layer on its surface. The electrochemi-
cal studies indicated that the anodized Ti after seven days
of immersion in Hank’s solution exhibited very low
corrosion current density and excellent corrosion resis-
tance than those of anodized Ti after 1 h immersion and
untreated Ti. Therefore, the anodized Ti is a suitable
material for implantation in human body with high
corrosion protection efficiency even after implantation.
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