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Abstract

With a view to developing a smart coating combining both biocompatibility and corrosion resistance over bioimplants, polypyrrole/

TiO2 nanocomposite coatings were electrochemically synthesized by cyclic voltammetric technique on 316L stainless steel (SS) in an

aqueous solution of oxalic acid. The presence of TiO2 nanoparticles in polypyrrole (PPy) matrix was confirmed using FT-IR

spectroscopy and XRD analysis. The surface morphology of coated 316L SS substrates was observed by the Scanning Electron

Microscopy (SEM), Atomic Force Microscopy (AFM) and Transmission Electron Microscopy (TEM). Microhardness of coated 316L

SS was examined by the Vickers hardness method. The electrochemical studies were carried out using Cyclic Polarization and

Electrochemical Impedance Spectroscopy (EIS) measurements. In order to describe the biocompatibility, contact angle measurements

and in vitro characterization were carried out in Simulated Body Fluid (SBF) solution. The results showed that the nanocomposite

coatings exhibit superior biocompatibility and enhanced corrosion protection performance over 316L SS than that of pure polypyrrole

coatings.

& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Stainless steel (SS) is one of the most adequate metallic
biomaterials and is widely used in orthopedic devices, and long
and short-term implants owing to its ease of fabrication,
relatively low cost and reasonable corrosion resistance.
Although bare 316L SS has been approved by the US Food
and Drug Administration, its biocompatibility is still an issue
because of the rigorous body environment [1,2]. The biocom-
patibility of both permanent and temporary implants has
always been a concern due to the known adverse biological
effects of individual metal components of stainless steel [3]. Cr
(VI) is toxic and carcinogenic; nickel is accepted to be
carcinogenic and provokes contact dermatitis [4,5]. Hence, it
is extremely necessary to modify the surface or to develop a
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new kind of biomedical surface-coated materials to improve
the biocompatibility of these 316L SS implants.
One way to minimize the release of corrosion products

from the implant to the surrounding tissues is to apply
protective coatings. Such coatings are expected to be
functional with bioactive material for inducing the forma-
tion of a semi-crystalline hydroxyapatite (HA) rich layer
onto the material surface, generating a natural bond to
living tissues. A variety of materials have been used as
coatings for 316L SS implants in order to improve its
biocompatibility. Some of these consist of inorganic metal
oxides such as TiO2, ZrO2, Nb2O5 [6–8]; others consisting
of organic substances and also some conducting polymers
such as polypyrrole (PPy) [9,10].
A PPy coating has also an excellent corrosion resistance due

to its high stability, which prevent the electron exchange
between the metal and the adsorbed biological species. The
biocompatibility of PPy has been adequately verified [11,12].
PPy film has been used as protective coatings for Ti–Al–V
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substrates to improve osteointegration performances [13].
Moreover, a recent study on PPy film coated implants in
experimental animals showed promising results for their
in vivo use [14]. However, PPy has some inherent limitations
such as poor mechanical strength, processability and also the
bone bonding ability which needs to be further improved. To
overcome these limitations, preparation of composites with
suitable insulating or conducting substrates is a widely known
technique. It was reported that TiO2 incorporation into
electrodeposited PPy matrix on Pt or other metals is possible
when a small amount of supporting electrolyte, whose anions
distinctively adsorb on TiO2 particles, is added [15] or by
electrosynthesis under strong stirring [16]. It was also reported
that the maximum amount of TiO2 incorporated into the PPy
matrix was approximately 0.44 wt% in the first case and
17 wt% in the second, which suggests that oxide incorporation
is markedly influenced by the synthesis conditions. However,
the incorporation of micron sized particles into the polymer
matrix leads to heterogeneous distribution which in turn
reduces the barrier properties. Reducing the particle dimen-
sions into nanoscale can enhance the order of distribution and
improve the barrier properties of the polymer coating.

PPy/TiO2 nanocomposite combines the merits of PPy
and nano-TiO2 to develop the potential applications in
many fields. Recently, Ferreira et al. [17] synthesized PPy/
TiO2 nanocomposite by electropolymerization on mild
steel and reported that these composites can be used as
an alternative material for the preparation of stainless steel
surfaces for paint applications. To the best of our knowl-
edge, the use of PPy/TiO2 nanocomposite coatings in
bioimplants is rather scarce. In addition, we have already
achieved the enhanced corrosion resistance and improved
bioactivity of bioimplants through various surface mod-
ification techniques under H2O2 treatment [18] and alkali
treatment [19]. It also attempted to compare the protection
efficiency and bioactivity of the newly developed implant
materials with conventional implant materials under simu-
lated physiological condition [20]. However, the aim of the
present investigation is to modify the corrosion protection
performance and biocompatibility of PPy film over 316L
SS bioimplants by introducing TiO2 nanoparticle and to
improve the barrier effect of the polymer matrix.

2. Materials and methods

2.1. Chemicals and apparatus

Pyrrole (monomer), TiO2 nanoparticles (anatase phase),
oxalic acid and all other chemicals used in this study were
Table 1

Composition of 316L SS substrate.

Alloy Main alloying elements (wt%)

Cr Ni Mo

316L SS 17.20 12.60 2.40
purchased from Aldrich Chemical Company. The size of
the TiO2 nanoparticles used in the present investigation is
about 8–10 nm. The pyrrole monomer was distilled twice
while the other analytical grade chemicals were used
without any further purification. All the electrosynthesis
experiments were performed in an aqueous solution of
0.1 M pyrrole in 0.3 M oxalic acid prepared using ultra-
pure deionized water. All the experiments were carried out
at room temperature and atmospheric pressure.
Electropolymerization and all other electrochemical

studies were carried out in a conventional three electrode
system with 316L SS substrates (composition given in
Table 1) as working electrode, platinum wire as counter
electrode and saturated calomel electrode (SCE) as refer-
ence electrode, of which all potentials were referenced. The
working electrode constructed from 316L SS substrate
with an exposed area of 1 cm2 was embedded in Teflon
holder. Prior to each electrochemical experiment, this
working electrode was mechanically polished with abrasive
paper using grit size from 600 to 1200 grade and cleaned in 1:1
acetone/ethanol mixture in an ultrasonic bath to remove
impurities, rinsed with water and then dried in air. The
Simulated Body Fluid (SBF) solution was used as electrolyte
for electrochemical and in vitro characterization.
The potentiostat (model PGSTAT 12, Autolab, The

Netherlands B.V.) was used for electropolymerization and
other electrochemical studies. This system was interfaced
with a personal computer to control the experiments and
the data were analyzed using dedicated software (GPES
version 4.9.005). The analysis of the impedance spectra
and fitting of the experimental results to equivalent circuits
were performed using ZSimpWin 3.21, which allowed the
chi-square (w2) value to judge the quality of the equivalent
circuit fitting.

2.2. Preparation of PPy/TiO2 nanocomposite coatings

The PPy/TiO2 nanocomposite coatings were synthesized
by electropolymerization on 316L SS substrate from an
aqueous oxalic acid solution (0.3 M) containing polypyr-
role (0.1 M) with different amounts of TiO2 nanoparticles
(1, 5, 10, 15 and 20 mg) using cyclic voltammetry in the
potential regions (�0.6 V toþ0.7 V, versus SCE) at a scan
rate of 50 mV s�1 over 10 cycles with constant stirring.
After electrodeposition of the films, polymer coated elec-
trodes were removed from the polymerization medium and
rinsed with deionized water to remove monomer molecules
before being dried in air. For comparison, pure PPy
coating was also electropolymerized in the same condition
N C Mn Fe

0.02 0.03 1.95 balance
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as mentioned above, but without TiO2 nanoparticles in
polymerization electrolyte solution.

The thickness of the PPy/TiO2 and also of the PPy
coatings was measured by an Elcometer instrument. The
standard deviation of thickness values is about70.5 mm.
The average thickness of PPy and PPy/TiO2 nanocompo-
site coatings was approximately 8.17 mm and 8.40 mm,
respectively.
2.3. Characterization of PPy and PPy/TiO2 nanocomposite

coatings

In order to characterize the PPy/TiO2 nanocomposite
coatings, the highest addition (20 mg) of TiO2 nanoparti-
cles in the PPy has been used for FTIR, XRD, FE-SEM/
EDAX, TEM analyses and electrochemical measurements.

The structures of PPy and PPy/TiO2 nanocomposite
coated 316L SS substrates were analyzed by FTIR reflec-
tance spectrophotometry (PerkinElmer, Spectrum One,
with universal ATR attachment with a diamond and ZnSe
crystal). The surface topography was analyzed through
AFM using the SII (Seiko instruments, Japan) instrument.
The images were acquired by non-contact mode using Au
coated silicon cantilevers with a spring constant of 1.6 N/m
at a resonance frequency of 26 kHz under air atmosphere
at room temperature. The deviation of roughness values in
AFM investigation is 75 nm. The crystallographic pat-
terns of coated 316L SS substrates were analyzed by XRD
(RINT2500, Rigaku Co., Tokyo, Japan; CuKa, 40 kV,
20 mA).

The surface morphologies of polymer coated 316L SS
were investigated by Field-Emission Scanning Electron
Microscope (FE-SEM) from Hitachi, which was generally
operated at 10 keV accelerating voltage and secondary
electron imaging mode. The distribution of TiO2 nanopar-
ticles on the PPy matrix was observed by Transmission
Electron Microscopy (TEM) from TEM-2100F, which was
operated with bright field image mode at 20 keV accelerat-
ing voltage.

Contact angles were measured by a sessile drop method
with a Kruss G10 contact angle apparatus. A drop of SBF
(5 ml) was placed on the coated substrates and was
photographed immediately after positioning. The images
of drops were processed by the image analysis system,
which calculated contact angles from the shapes of the
drops with an accuracy of70.11. Uncoated steel substrate
was considered as control. To achieve an accurate value,
ten measurements were collected for each substrate.

Microhardness test was also carried out with a Vickers
pyramid indenter, by The Ever one, Model no. MH-3
(Germany) ultramicrohardness tester in order to evaluate
the hardness of the coated substrates. Hardness measure-
ments were performed on the surfaces at a load of 0.5 kgf
and dwell time of 12 s. The Vickers hardness (HV) value
was calculated by dividing the indentation force by the
surface of the imprint observed at the microscope. For
each substrate, at least 10 measurements were made at
various sites.

2.4. Electrochemical measurements

Electrochemical studies of uncoated and coated 316L SS
substrates were carried out in SBF solution by cyclic
polarization techniques and electrochemical impedance
spectroscopy (EIS) measurements. The anodic and catho-
dic polarization curves were recorded by changing the
electrode potential from open circuit potential (OCP) with
a constant sweep rate of 0.167 mV s�1. Electrochemical
impedance measurements were recorded at OCP at various
exposure times and in the frequency range from 104 to
1 mHz using AC amplitude of 10 mV. In order to test the
reproducibility of the results, the experiments were per-
formed in triplicate.

2.5. In vitro characterization

The preparation of SBF and the procedure for conducting
the in vitro test was adopted using an earlier report [21]. The
PPy and PPy/TiO2 nanocomposite coated substrates were
immersed in SBF for a period of 7 days to evaluate their
ability to favor apatite deposition. SBF was renewed on
alternate days to avoid precipitation. The temperature of the
immersed samples was maintained at 37 1C, similar to human
body temperature throughout the experimental time.

3. Results and discussion

3.1. Electropolymerisation of PPy and PPy/TiO2

nanocomposite coatings

Prior to electropolymerization of PPy and PPy/TiO2

nanocomposite coatings, the 316L SS working electrode
was partially passivated in 0.3 M oxalic acid solution by
cycling the potential between �0.6 andþ0.7 V at a low scan
rate of 20 mV s�1. In the case of 316L SS, anodic or
chemical oxidation is accompanied by dissolution of the
metal. In general, the oxidation potential of most monomers
is in the region of metal dissolution. The released metal ions
could affect the oxidation of the monomer and thus the
growth of an adherent polymer film. Passivation of stainless
steel electrode in oxalic acid medium before electropolymer-
ization is also reported and voltammograms recorded in
monomer free oxalic acid solution during passivation proce-
dure are the same as those obtained by other researchers [22].
Fig. 1 shows the cyclic voltammograms (CVs) which were
recorded during continuous voltammograms in a solution of
pyrrole (0.1 M) in aqueous oxalic acid (0.3 M) in the absence
and presence of different amount of TiO2 nanoparticles on
316L SS substrates respectively. As can be seen the monomer
oxidation process took place as the potential increases
around 0.6 V. Here, it is important to mention that the
addition of TiO2 nanoparticles into electrolyte solution
affected the electropolymerization process. Moreover, the
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Fig.1. The growth of pure PPy and PPy/TiO2 nanocomposite film during

continuous voltammograms in a solution of 0.1 M of pyrrole in 0.3 M of

oxalic acid without and with different amount of TiO2 in the electrolyte

solution at 50 mV/s.

Fig. 2. FT-IR spectra and XRD patterns of Pure PPy and PPy/TiO2

nanocomposite coated.136L SS.
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consumed charge in electropolymerization of pyrrole in the
presence and absence of TiO2 nanoparticles was different
which can be explored by the influence of TiO2 nanoparticles.
Besides, the current density decreased with increasing con-
centration of TiO2 nanoparticles in electrolyte solution. This
result indicated that the addition of TiO2 nanoparticles
significantly decrease the current density of the monomer
oxidation process at the same applied potentials and
decreases the conductivity of electrolyte to some extent.
Moreover, TiO2 nanoparticle might act as a barrier and
reduce direct interaction between monomers and the surface
of steel as working electrode [23]. Visually, the surface was
uniform, smooth, and glossy. In order to examine the
adhesion of these PPy coatings over 316L SS substrates,
the ASTM D 3359 standard tape adhesion test was applied,
and all the coatings exhibited no failed regions, 5B, which
implies good adhesive strength of PPy coating towards 316L
SS surface.

The thickness of the PPy and PPy/TiO2 nanocomposite
coatings at the 316L SS surface can be calculated from the
charge consumed (Q) during the electrodeposition of
polymer film (the overall charge that passed during the
anodic sweeps of potential) using Faraday’s law. Accord-
ing to the following equation,

dn ¼QaM=nFr ð1Þ

Considering a value of 2 for n and 108 for molecular
weight of pyrrole, the polymer film thickness can easily be
calculated using the value of about 1.30 g/cm3 for density
of PPy at 25 1C. The average thickness of PPy and PPy/
TiO2 nanocomposite coatings was found to be about
8.25 mm and 8.48 mm, respectively. This result is consistent
with the results obtained from thickness measurements
using Elcometer instrument.

3.2. FT-IR analysis

Fig. 2a shows the FTIR spectra of pure PPy and
PPy/TiO2 nanocomposite coated 316L SS substrates,
respectively. In the spectra of pure PPy, the characteristic
peaks at 3400 and 1640 cm�1 were assigned to N–H
stretching and C–N in plane bending vibration and the
peaks at 1548 and 1430 cm�1 were attributed to CQC
and C–N stretching vibration in pyrrole ring, respectively.
The peaks at 1324 and 1023 cm�1 were corresponded to
C–N bending and C–O–C stretching vibration respectively.
The C–H in-plane bending vibration and C–H out-of-
plane bending vibration were observed at 1175 and
910 cm�1, respectively. The IR absorption band at
790 cm�1 was represented by the five-membered hetero-
cyclic ring with a substitution which indicated that the PPy
chain has a position conjugation chain structure [24].
In the case of PPy/TiO2 nanocomposites, the N–H

stretching vibration peaks observed at 3400 cm�1 had
disappeared and all the characteristic peaks of PPy were
found to be shifted to a lower wave number compared with
pure PPy. In addition, the characteristic peak of the TiO2

nanoparticles was observed at 570 cm�1, indicating the
presence of TiO2 in polymer matrix. These results indi-
cated that a strong interaction exists at the interface of PPy
and nano-TiO2 [25].
3.3. X-ray diffraction analysis

Fig. 2b displays X-ray diffraction pattern of pure PPy
coated 316L SS, which has a broad peak at about
2y¼24.51, a characteristic peak of amorphous polypyrrole
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[26]. The typical X-ray diffraction pattern of PPy/TiO2

nanocomposite coated 316L SS clearly revealed that the
PPy deposited on the surface of TiO2 nanoparticles has no
effect on the crystallization behavior of TiO2 nanoparti-
cles. Moreover, the observed strong diffraction peaks at 2y
values 25.3, 37.8, 48 and 55.1 corresponding to the planes
of (1 0 1), (0 0 4), (2 0 0) and (2 1 1) indicated that the TiO2

present as anatase phase in the nanocomposite coatings.
The average crystallite size of TiO2 nanoparticles has been
calculated using Scherer’s equation [27].

Dhkl ¼ kl=½Bcos y� ð2Þ

where B is the full width half-maximum (FWHM) of the
peaks of the pure diffraction profile in radians, k is a
constant (shape factor 0.89), l is the wavelength of the
X-rays, y is the diffraction angle and Dhkl is the average
diameter of the crystallite. From the estimated data, the
crystallite size of TiO2 in the nanocomposite was about
9.2 nm.

3.4. SEM and TEM analysis

Fig. 3(a and b) shows the SEM micrographs of the PPy
and PPy/TiO2 nanocomposite coated 316L SS. In the case
of the pure PPy coated 316L SS, the cauliflower like mor-
phology constituted by micro-spherical grains with vari-
able particles size from 10 to 20 mm was observed. The film
was rough and irregular in nature. It has been reported that
this cauliflower morphology is associated with the dopant
intercalation difficulty in the disordered polymeric matrix [28].
However, the morphology of PPy/TiO2 nanocomposite coated
Fig. 3. FE-SEM images with EDAX results of Pure P
316L SS was slightly varied from that of the pure PPy coated
316L SS. The morphology patterns of the micro-spherical
grains were seen as smooth and compact, and size varied from
2 to 10 mm. The difference in the particle size was due to the
presence of TiO2 nanoparticle in PPy matrix. The chemical
composition of PPy/TiO2 nanocomposite was examined by
EDAX analysis. The result indicates the existence of elements
Ti from TiO2, C, O, and N from pyrrole.
Fig. 4 shows TEM micrographs of the PPy/TiO2

nanocomposite coated 316L SS. In TEM image of PPy/
TiO2 nanocomposite, the lighter portion showed polymer
whereas, the dark portion indicated nanoparticles. It can
be seen that the TiO2 nanoparticle with grain size around
10 nm was uniformly dispersed in PPy matrix. The dis-
tribution pattern between TiO2 nanoparticles and the
conducting polymer showed that all TiO2 nanoparticles
were encapsulated by PPy. There were no separate TiO2

nanoparticles observed, which ensure the uniform distribu-
tion of nanoparticles into polymer matrix [29].
Py and PPy/TiO2 nanocomposite coated 316L SS.
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3.5. AFM analysis

Fig. 5a shows AFM topographic images of the uncoated
316L SS substrates which revealed that the flat substrate
consists of small nodule-like topography that appear to be
ordered along the polishing lines. AFM images of PPy
coated 316 SS (Fig. 5b) showed the non-uniform and
island like topographic surface. The average diameter of
the individual grains was ca 70–100 nm. In the case of PPy/
TiO2 nanocomposite coated 316L SS (Fig. 5c), uniform
and a large number of individual small grains were
observed with average diameter of individual grains of
about 50–60 nm. This result revealed that the presence of
TiO2 nanoparticles considerably influences the PPy
topography.
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Fig. 6. Microhardness values for uncoated, pure PPy and PPy/TiO2

nanocomposite coated 316L SS.
3.6. Hardness test

Hardness is the important parameter to bioimplants for
giving the information about the load bearing tendency
when it is implanted into human body under stress. Fig. 6
illustrates the Vicker microhardness for uncoated and
coated 316L SS substrates. The Vicker hardness value of
uncoated 316L SS was found to be 1860 MPa and it is in
good agreement with the previous reports [30,31]. The PPy
and PPy/TiO2 coated 316L SS substrates exhibit higher
hardness value which were found to be 2550 MPa and
Fig. 5. AFM topographic images of (a) uncoated, (b) Pure PPy
3850 MPa, respectively. In addition, the hardness value
increases with increasing TiO2 nanoparticles in PPy coat-
ings. It is already well known that the hardness value of the
coating used in corrosion protection applications should
be in the range of 250–750 HV (2452–7355 MPa). However
in the case of orthopedic applications, increasing hardness
value leads to lowering the ductility which in turn causes
coated and (c) PPy/TiO2 nanocomposite coated 316L SS.
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stress shielding effect which is harmful and reduce the life
expectancy of bioimplants. Hence, the coatings exhibiting
the hardness values of about 2500–4000 MPa are more
favoured for orthopedic applications. It has been already
reported that the more compact and smaller grain size of
the PPy coating possesses higher hardness value [32].
Compared to pure PPy coatings, nanocomposite coatings
exhibit smaller grain size and more compact morphology,
which was confirmed by SEM and AFM studies. This
result indicated that the addition of TiO2 nanoparticles
increases the microhardness by approximately 56% due to
densification of polymer matrix [33].
3.7. Electrochemical characterization

Fig. 7 shows cyclic polarization curves of the pure PPy,
PPy/TiO2 coated and uncoated 316L SS substrate
immersed in SBF solution. The polarization curve of
coated 316L SS substrate was appreciably different from
that of the uncoated 316L SS substrate, indicating that
PPy coatings have an effect on corrosion behavior. In
addition, a distinct passivation region was present for the
coated 316L SS substrates, whereas, no definitive passiva-
tion region was found for the uncoated 316L SS substrates,
which indicate that the PPy coatings influenced the corro-
sion behavior. It is well known that the PPy chain stores
more charge and thus makes the potential of the 316L SS
poise in a more positive value. It is believed that the
compounds with conjugated bonds adsorb better on metal
surface due to higher number of electrons. In addition,
charge conduction in the pyrrole facilitates charge deloca-
lization which hinders formation of localized anodic or
cathodic regions. It was observed that the corrosion
potential presented a displacement to the nobler direction
when the surface was covered by PPy up to 150 mV, and
this displacement was high in the case of PPy/TiO2

nanocomposite coated 316L SS substrates. These shifts in
Fig. 7. Cyclic polarization curves for uncoated, pure PPy and PPy/TiO2

nanocomposite coated 316L SS.
the corrosion potential indicated the excellent corrosion
protection performance of the metal surface when the
composite was deposited. It can also be clearly seen that
the values of the Icorr of PPy and PPy/TiO2 nanocomposite
coated 316L SS were lower than that of the uncoated 316L
SS substrate. Especially for the PPy/TiO2 nanocomposite
coated 316L SS, the Icorr was almost lower by an order of
magnitude compared to the uncoated 316L SS substrate.
Since the Icorr values are directly proportional to the
corrosion rate, the nanocomposite coating provided
enhanced corrosion resistance to 316L SS than PPy
coatings.
Moreover, the breakdown potential of the coated 316L

SS related to oxygen evolution in the metal coating
interface, from the electrolyte may be accessed through
pores or diffusion through the film, which leads to the
blistering of the coating [34]. An analysis of the breakdown
potential (Eb) values revealed that the uncoated 316L SS
substrate exhibit a very low value compared to the PPy
coated 316L SS, providing a superior breakdown potential
of 300 mV and the PPy/TiO2 nanocomposite coated 316L
SS reaches the highest value of 600 mV providing a wide
passivity range. Further, the repassivation potential for the
uncoated and PPy coated 316L SS were – 304 and – 70 mV
respectively. In the case of PPy/TiO2 coated 316L SS
substrate, the repassivation potential was shifted to nobler
direction, which suggested the improved passivation beha-
vior of coated 316L SS substrates. In general, the area
under the hysteresis loop between the breakdown potential
and the repassivation potential is a direct measure of the
corrosion resistance of the material [35]. A large hysteresis
loop was observed for uncoated 316L SS, whereas in the
case of PPy coated 316L SS the loop obtained was small.
This indicates that the uncoated 316L SS is more suscep-
tible to corrosion in SBF solution compared with the PPy
coated 316L SS. It is interesting to note that breakdown
and repassivation potential of PPy/TiO2 coated 316L SS
after 7 days of immersion was almost same as immediate
immersion, which clearly revealed that the passivation
behavior of PPy/TiO2 coated 316L SS does not undergo
any change with increasing exposure time.
Fig. 8 shows the Bode representation of uncoated and

coated 316L SS after immediate immersion in SBF solu-
tion. The Bode phase angle of uncoated substrate started
around 01 in the higher frequency region, it reached �801
in middle frequency region and it was constant up to lower
frequency region. It showed that the passive layer was
covered on the uncoated substrate, and this passive layer
was homogeneous in nature. The PPy and PPy/TiO2

nanocomposite coated substrate exhibited considerable
shift in the phase angle compared to uncoated substrate.
The phase shift may be attributed to a physical change in
the polymer coating due to the interaction of the ions
present in the electrolyte. At high frequency region, the
phase angle was close to 101, and it gradually decreased to
the value of �201 and remained stable for a short range of
frequency, thus making a plateau, whereas at low
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frequency region, the phase angle gradually decreased and
attained a minimum value of �601. This behavior indeed
confirmed the presence of PPy and PPy/TiO2 coated layer
on the substrate. In the Bode resistance plot of uncoated
and coated substrate at immediate immersion in SBF
solution, PPy and PPy/TiO2 coated 316L SS exhibited
higher resistance compared to uncoated substrate. The EIS
spectra were analyzed with an equivalent circuit, and the
curve fitting was performed for all the substrates which
showed an excellent agreement between the experiments
and the fitting. The fitted values are given in Table 2. The
PPy/TiO2 coated 316L SS shows higher charge transfer
resistance values compared with uncoated and PPy coated
substrate. This revealed that the nanocomposite coated
316L SS substrate exhibited better corrosion resistance
than PPy coated and uncoated 316L SS substrates. Fig. 8(b
and c) displays the fitted equivalent circuits which are
corresponding to Rs (RbQb) for uncoated substrate and Rs

(RcQc) (RbQb) for coated substrate, where Rs, Rb, Rc

represent the solution resistance, charge transfer resis-
tances of barrier and coated layers, and Qb and Qc are
the double layer capacitance of barrier and coated layers
respectively.

3.8. In vitro characterization

To examine the biocompatibility of PPy/TiO2 nanocompo-
site coatings over 316L SS substrates, contact angle measure-
ments and in vitro studies were performed in simulated body
fluid (SBF) solution for 7 days. The bioactivity of the coatings
was supported by the formation of an apatite like layer on the
surface of the sample after immersion in SBF solution. It has
been demonstrated that bone-like hydroxyapatite exhibits
good osteoconductivity and has a high affinity to living bone
cells [36,37]. It is effective in attracting cells and allows
osteoblasts to form a new bone tissue. Thus, the formation
of the bone-like hydroxyapatite layer on the surface of implant
is an essential requirement for osseointegration between the
implant and the living bone tissue. The FT-IR spectra of PPy/
TiO2 coated 316L SS substrates on immersion in SBF after 7
days are shown in Fig. 9a. The broad absorption band around
3500–3600 cm�1 corresponds to OH� stretching. The peak at
579 cm�1 results from the u4 mode of O–P–O bending,
whereas the peak observed at 1008 cm�1 indicated the u3
band of P–O stretching mode [38]. The peaks approximately at
1450 cm�1 and 850 cm�1 correspond to the u3 vibration
mode of carbonate incorporated in the apatite [39]. Hence, the
appearance of the phosphate and carbonate absorption bands
in the spectra of the coated 316L SS substrates after soaking in
SBF solution confirmed the formation of calcium and
phosphate layer.
In order to confirm the crystalline nature of hydroxya-

patite growth over PPy/TiO2 coated 316L SS substrates,
X-ray diffraction analysis were performed after 7 days of
immersion in SBF solution, and the result is shown in
Fig. 9b. The diffractogram of coated 316L SS substrates
exhibits the characteristic peaks of HA at 24.201, 31.521,
341, 35.931, 41.101, 54.181, 65.861 and 71.941, which
correspond to semi-crystalline HA [40]. Moreover, the
diffraction peaks corresponding to anatase phase of
titanium dioxide were also observed with HA, which
revealed that the semicrystalline HA with titanium di-
oxides is present on the coated surface after immersion in
SBF solution.
Surface hydrophilicity of implant material is a key factor

to influence the biocompatibility [41]. The effect of TiO2

nanoparticles on surface wettablity of PPy coating was
evaluated by contact angle measurements and the acquired
data are shown in Table 3.The contact angle of uncoated
316L SS was found to be 82.31, which indicated the
hydrophobic nature of 316L SS [42], whereas the PPy
coated substrate exhibited lower contact angle which was



Table 3

Contact angle values of uncoated and coated 316L SS substrates.

S. No Sample Contact angles

1 Uncoated 316L SS 82.3

2 Pure PPy 37.4

3 PPyþ1 mg TiO2 19.3

4 PPyþ5 mg TiO2 17.6

5 PPyþ10 mg TiO2 15.8

6 PPyþ15 mg TiO2 14

7 PPyþ20 mg TiO2 13.2

Fig. 9. FT-IR spectra and XRD patterns of PPy/TiO2 nanocomposite

coated 316L SS after 7days immersion in SBF solution.

Table 2

Electrochemical impedance parameter of uncoated and coated 316 L SS immediate immersion and after 7days of immersion in SBF solution.

316L SS Rs (O cm2) Qa (mF cm�2) na Ra (kO cm2) Qc (mF cm�2) nc Rc (kO cm2) Qb (mF cm�2) nb Rb (kO cm2)

Uncoated 83 0.08 0.87 14.6 — — — — — —

PPy coated 102 0.87 0.89 23 0.93 0.74 48 — — —

PPy/TiO2 coated 104 0.56 0.93 51.2 0.85 0.81 68 — — —

PPy/TiO2 coated

(after 7 days immersion in SBF)

106 0.32 0.84 97.3 0.47 0.68 118.6 36.8 0.54 21
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found to be 32.71 due to the presence of amine group in the
polymer matrix. It is well known that functional groups
like amine, carboxyl, and hydroxyl groups have a hydro-
philic character. However, the PPy/TiO2 nanocomposite
coatings exhibited lower contact angle than PPy coated
substrate. This behavior is due to the hydrophilic nature of
anatase TiO2 in PPy matrix [43]. It has already been
reported that the hydrophilic nature of coatings over
implants improves ion exchange behavior from SBF
solution, which in turn enhances the apatite growth [44].
In addition, it was clearly observed that the contact angle
values decreased with increasing TiO2 nanoparticles into
PPy coatings. The improved hydrophilicity of PPy coating
after adding proper amount of TiO2 nanoparticles agrees
well with the result of microhardness test as mentioned in
the previous section. These results indicated that the
incorporation of TiO2 in polymer matrix enhances the
hydrophilic nature, which further corroborates the
enhanced bioactivity of nanocomposite coatings.
Fig. 10(a and b) shows the SEM image obtained for the

PPy and PPy/TiO2 coated 316L SS substrates immersed in
SBF for 7 days, which revealed that the surface of the film
was covered by a new layer of material that appeared to be
constituted by globular shaped crystallites. This new layer
corresponded to an apatite like structure and it was
constituted by small crystallites [45]. The cross section
SEM image of coated 316L SS after 7 days of immersion in
SBF solution is shown in Fig. 10(c and d). In the case of
PPy coated 316L SS substrates, the agglomeration of
spherical particles was exhibited due to rough morphology
of PPy surface, whereas in the case of nanocomposite
coated substrates, uniform spherical particles were clearly
observed due to smooth surface of the film surface which
was confirmed by SEM and AFM results. In addition, the
anatase TiO2 nanoparticles present in the PPy matrix was
necessary to induce easy deposition of apatite on the
surface in SBF [46]. The in vitro test clearly revealed that
the polymer coatings induced the formation of semi-
crystalline hydroxyapatite rich layer on the substrate sur-
face as a result of the chemical reaction of the particles
with the surrounding body fluid. The apatite particles with
sizes of about 1 mm were dispersed on the surface. The
EDAX observation corroborates the presence of Ca and P
elements on the surface of coated substrates which are
subjected to immersion in SBF solution for 7 days. The
PPy/TiO2 nanocomposite coated surface shows higher Ca
and P element peak intensity compared with PPy coated
substrate. The corresponding EDAX spectrum shows Ca
and P, together with a significant decrease of Ti percen-
tage. The increasing concentration of Ca and P indicated
the formation of an apatite like material on the surface. In
addition, it was clearly shown that that n (Ca)/n (P) atom
ratio is about 1.67, which is very similar to that of
hydroxyapatite (HA).



Fig. 10. FE-SEM images of (a), (c) Pure PPy and (b), (d) PPy/TiO2 nanocomposite coated 316L SS after 7 days of immersion in SBF solution.

A. Madhan Kumar, N. Rajendran / Ceramics International 39 (2013) 5639–56505648
The PPy/TiO2 coated 316L SS immersed in SBF solution
for 7 days showed the maximum phase angle value of �351
in the high frequency region and, the phase angle value of
�551 in the middle frequency region, whereas in the low
frequency region, a new time constant with distinct phase
angle behavior was observed. This pattern was similar to that
has been ascribed earlier due to the presence of coating layer
followed by an initiation of a new apatite like layer [21]. The
growth of a new layer over PPy/TiO2 coating can be
associated with the apatite growth. The formation of apatite
layer was the characteristic of a phase angle shift at low
frequencies. This shift in the phase angle can be attributed to
a growth of apatite over the PPy layer [47]. The increase in the
capacitance values of the apatite layer was indicative of a
growth in the layer. The impedance spectra of coated
substrate immersed in SBF solution for 7 days values were
fitted by the equivalent circuit model and the values are
summarized in Table 2. The fitted equivalent circuit model for
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all the substrate was Rs (RaQa) (RbQb) and Rs (RaQa) (RcQc)
(RbQb) corresponding to uncoated and PPy coated 316L SS.
When compared to immediate immersion, the substrates
immersed in 7 days exhibited two more elements viz., Ra

and Qa, which represent the charge transfer resistance and the
double layer capacitance of apatite layer over the PPy/TiO2

coated surface. It is observed from the table that the increase
in the Cdl value for PPy/TiO2 coated 316L SS reveals higher
apatite forming ability compared to uncoated substrate. This
impedance results were in good agreement with obtained
SEM results. The lower resistance values for the uncoated
316L SS indicate that the susceptibility towards the corre-
sponding ions present in the electrolyte can attack the surface
and this is attributed to the thinning of the passive film. It is
to be noted here that the resistance of the PPy/TiO2 coated
substrate has a higher value and it is consistent with the
insulating nature of the coatings. The surface indicated that
the barrier effect on the films remains unaltered, which
impedes the ingress of anions in the electrolyte from attacking
metal-coating interface. PPy/TiO2 coated substrate after
immersion of 7 days showed a three-time constant, which
can be attributed to the formation of apatite layer from the
interaction of solution ion with the titanium dioxide from
polymer coating [48]. The interaction of solutions was
generally identified by a phase shift at higher frequency region
which can be attributed to a physical change in the porous
coating due to the interaction of the solution ions present in
the solution [49].

4. Conclusions

The electrodeposition of PPy/TiO2 nanocomposite coatings
on 316L SS substrates was prepared by cyclic voltammetric
technique. The presence of TiO2 nanoparticle in PPy matrix
was confirmed by FT-IR, SEM and AFM analysis. From the
TEM and XRD results, the size of the TiO2 nanoparticle was
observed about 10 nm. Microhardness of nanocomposite
coating was examined using Vickers hardness method, which
revealed the beneficial role of TiO2 in the PPy matrix. The
electrochemical studies revealed that the presence of TiO2

nanoparticle in PPy matrix enhanced the corrosion protection
performance of the coated 316 L SS substrates. The in vitro
characterization and contact angle measurements revealed
that the formation of homogeneous and higher growth of HA
over the nanocomposite coated 316L SS in SBF is due to the
hydrophilic, more compact and smooth morphology of the
PPy/TiO2 coated surface. Based on the above findings, the
PPy/TiO2 nanocomposite coating has better biocompatibility
and enhanced corrosion resistance which is considered as the
potential candidate as a coating material for 316L SS
bioimplants.
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