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Abstract Titanium and its alloys, the most commonly used
materials for dental and orthopaedic implants are generally
coated with bioactive materials such as sol-gel derived
titania, silica and calcium phosphate in order to render these
materials bioactive. In the present work a coating containing
nanosized titania particles having anatase structure was
developed on titanium substrate by thermal decomposition
of titanium tetrachloride in isopropanol. A modified titania—
silica mixed oxide coating was developed by incorporating
the required amount of silica in the coating system. The
presence of silica at small weight percentage caused
improvement of adhesion and corrosion resistance of the
coating. In vitro bioactivity tests were performed in 1.5
Kokubo’s simulated body fluid after alkaline treatment of the
titania/titania—silica coatings and the performance was
compared with that of the titania coating developed by
simple thermal oxidation. TF-XRD, FTIR and SEM-EDAX
were used to investigate the microstructural morphology and
crystallinity of the coatings. Elemental analysis of simulated
body fluid was carried out using ICP-AES and spectropho-
tometry. Enhanced biogrowth was facilitated on the titania
coating incorporated with low silica content.

1 Introduction

Commercially available pure titanium (Ti) is the most com-
monly used material for dental and orthopaedic implants
because of its excellent biocompatibility, corrosion resistance
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and adequate load-bearing properties [1, 2]. The biocompat-
ibility of Ti as an implant material is attributed to surface
oxides spontaneously formed in air and/or physiological fluids
[3, 4]. The surface oxides are amorphous and are only few
nanometers in thickness. As a result the implants may lose its
surface protective layer in long term, particularly submitted to
fretting. In addition Ti and its alloys do not bond to bone in the
early (<6 months) post-implantation stage [5]. The integra-
tion with bone tissue can be improved and accelerated by the
presence of a calcium phosphate (CaP) especially hydroxy-
apatite (HAp), Ca;o(PO4)s(OH), with a similar chemical
composition and crystallographic structure as that of bone
onto the metal implant surface [6]. It is difficult to achieve a
firm bonding between CaP, primarily HAp and Ti, because
their crystal structures and thermal expansion coefficients are
quite different [7].

The presence of an intermediate layer is thought to be
significant to influence chemical bonding between an HAp
coating and a substrate [7]. Titanium dioxide (TiO,) has
gained much interest as a coating system on Ti. The bio-
activity of TiO, microspheres and sol-gel derived titania
films have been investigated. The bioactive materials can
initiate CaP in situ in the physiological environment. The
CaP is more suitable for the target tissue, since the phys-
iological environment directly influences its formation and
also that the crystal size of the in situ formed CaP corre-
sponds to that of bone apatite crystals [8]. Thick coatings
of TiO, can be applied on surgical implants by plasma
spray at high temperatures [9, 10]. The plasma spray
deposition technique suffers certain disadvantages that it is
a line-of-sight process which produce a non-uniform
coating when applied to porous and non-regular substrates,
because of the high temperature involved, this technique
has also the potential of altering the fatigue properties of Ti
implants.
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Lin CM et al. developed a TiO,—HAp double layer
coating on Ti in which TiO, pre-layer coating on Ti was
carried out by electrolytic deposition of titanium tetra-
chloride (TiCly)/ethanol system [11]. These TiO,-HAp
double-layered coatings showed more adhesion and bio-
activity than the single HAp coating on Ti in SBF. The cell
activity assay indicated that both the developed coatings
are non-toxic to the cells. In the present work nanosized
anatase form of TiO, coatings were developed on Ti by
thermal decomposition of TiCly/isopropanol at 500°C [12].
The effect of silica (SiO,) content in the coating system
was evaluated by various physicochemical, electrochemi-
cal and bioactivity studies. The presence of SiO, in the
coating enhanced the adhesion and bioactivity. The results
are discussed in this article.

2 Materials and methods
2.1 Materials preparation

Titanium tetrachloride, TiCl, (Spectrochem, assay 99%) and
pure silica, SiO, powders (Chemplast, assay 99.9%) were
used. Mixtures of the following compositions in isopropanol
solution were prepared as (a) 100 wt.% TiO, + 0 wt.%
Si0; (b) 90 wt.% TiO, + 10 wt.% SiO,, and (c) 80 wt.%
TiO, + 20 wt.% SiO,. Commercially available pure Ti
specimens (Grade T3160) of area 2 x 1 cm? and 1mm
thickness were used as the substrate for the coating. They
were mechanically polished using 36-grit SiC paper, rinsed
with water followed by ethanol and then with acetone for
15 min each. They were etched in a mixture of 2 ml HF
(40%) and 4 ml HNO3 (66%) in 1,000 ml water for 10 min
to form a fresh TiO, surface [13]. The specimens were fixed
in a mandrel. The TiCl,—Si0, mixed solution was applied on
the specimens by simply brushing and dried at 80°C for
30 min. This process was repeated successively on all the
coatings. Finally the coatings were subjected to firing in a
muffle furnace for 1 h. The total wt.% of the mixed oxides/
cm?” was fixed as 10 mg. The parameters such as the quantity
of the solution applied, drying temperature, firing tempera-
ture, firing time, etc., were optimized during preliminary
studies. Another TiO, coating was also developed on bare Ti
by thermal oxidation at 500°C for 1 h in a muffle furnace.
The performances of the TiO, and TiO,—Si0, mixed oxide
coatings developed by thermal decomposition were com-
pared also with that of the TiO, coating developed by thermal
oxidation (T.O TiO,).

2.2 Surface characterization

The adhesion of the TiO, and TiO,—Si0O, oxide coatings on
Ti was determined by performing bend test. Bend test was
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done by bending the plates through an angle of 180°. After
bending the deformed area of the plates was examined by
peeling or flaking of the coating from the substrates by a
magnifying lens, which indicate poor adhesion. The wear
resistance of the oxide coatings was examined by rubbing
the plates with abrasive papers of different grades. The
porosity of the coatings was compared by applying a
ferroxyl reagent on the surface of the coatings [14].
Hardness was measured using a Vicker’s microhardness
indenter as per ASTM-E 384-05 using an instrument of
Shimadzu HMV2000. A load of 25 gfw for 14 s was
applied for indentation. The morphology of the coatings
before and after electrochemical (anodic polarization) tests
was analyzed using an optical microscope (Olympus sz61,
magnification x40). The morphology of the coatings
before and after bioactivity study was analyzed micro-
scopically using a scanning electron microscope (SEM)
(JEOL-JSM-840A) coupled with energy dispersive X-ray
analysis (EDAX). The phases of the coatings were ana-
lyzed using a thin film X-ray diffractometer (TF-XRD)
(model: X-Pert Pro). In the TF-XRD measurements CuKo
radiation at 40 KV and 30 mA was used as the X-ray
source and the samples were scanned from 10° to 70° 20 at
a scan rate of 1.2° min~'. The structural analysis of the
coatings was carried out based on Fourier transform
infrared (FTIR) spectroscopy (Shimadzu FTIR spectro-
photometer, Model: IRPrestige-21).

2.3 Electrochemical evaluation

The electrochemical behavior of the TiO, and TiO,-SiO,
mixed oxide coatings in 0.9% NaCl solution and Hank’s
balanced salt solution (HBSS) were studied. The compo-
sition of the ions in mmol/l of the HBSS was Na*: 142.0,
K*: 5.81, Mg®": 0.898, Ca**: 1.26, Cl™: 146.0, HCO3:
4.17, HPO;: 0.779 and SOj; : 0.406. The HBSS was
prepared by dissolving the required amount of reagent-
grade chemicals of NaCl, NaHCO;, KCIl, KH,POy,,
MgCl, - 6H,0, MgSO, - 7TH,0, CaCl, - H,O, Na,HPO,
and p-glucose in distilled water [15, 16]. Both the solutions
were kept at 36.5°C.

The open circuit potential (OCP), i.e., the equilibrium
potential of the electrode surface without any external
electrical contact of the TiO, and TiO,—SiO, mixed oxide
coatings was monitored with reference to a saturated cal-
omel electrode using a digital multimeter (SYSTRONICS
437T). Potentiodynamic polarization measurements at
OCP were recorded after 60 min of immersion of the
coated specimen in the physiological solutions. During the
measurement the solution was deaerated by bubbling with
high purity nitrogen gas.

The electrochemical impedance measurements were
carried out using an instrument of Autolab PGSTAT 30
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with FRA2 electrochemical system. An Ag/AgCl and a
platinum foil were used as reference and auxiliary elec-
trodes. The TiO,/TiO,-Si0,-coated specimen was used as
working electrode. The measurements were made at OCP
after 30 min of immersion in physiological solutions at
25°C. The measurements were made in frequency range
from 1 MHz to 0.1 Hz and sampling with a frequency of
10 points per decade. Using software of Autolab FRA2
performed the data acquisition and analysis.

2.4 Evaluation of bioactivity

Based on preliminary studies the wt.% of SiO, to be added
into the TiCly/isopropanol system was optimized. Three
different coating systems, i.e., the TiO, coating obtained by
thermal oxidation, the 100 wt.% TiO, coating and the
TiO,-Si0, mixed oxide coating containing optimum wt.%
of TiO, and SiO, were chosen for alkaline treatment in
5M NaOH at 60°C for 24 h followed by biomimetic
growth in Kokubo’s 1.5 simulated body fluid (SBF) for
14 days at 36.5°C. The specimens were then soaked in
10 mL of an acellular simulated body fluid (1.5 SBF) of
composition Na*: 213.0, K*: 7.5, Mg**: 2.3, Ca**: 3.8, CI:
221.7, HCOg3: 221.7, HPO; : 6.3, SO : 0.8 mmol/l at
36.5°C and pH 7.4. A 1.5 SBF solution was prepared by
dissolving the required amount of reagent-grade chemicals
of NaCl, NaHCO3;, KCl, K,HPO, - 3H,0, MgCl, - 6H,0,
CaCl,, and Na,SO, in distilled water and buffered to pH
7.4 using a solution of tris-hydroxymethyl aminomethane
((CH,OH);CNH,) and 1.0 M HCI [17]. The ratio of
specimen surface area to soaking solution volume, S/V was
0.05 cm™' [18]. The surface potential change during bio-
mimetic growth was monitored out by OCP measurements.

3 Results

3.1 Surface characterization

The results of micro-hardness, thickness, porosity and wear
resistance of the TiO, and TiO,-SiO, coatings are shown

in Table 1. The adhesive strength was evaluated relatively
and there was a loss in adhesive strength of the TiO,—Si0,

Table 1 Physical characteristics of TiO,—-SiO, coatings on Ti substrate

coatings when higher wt.% of SiO, was incorporated. The
coating of 90 wt.% TiO, + 10 wt.% SiO, exhibited good
adhesion on Ti and there was no peeling or surface blem-
ishing during bend test through an angle of 180°. Wear is
defined as the change to a solid surface and a contacting
substance. The wear resistance of the TiO,—SiO, coatings
were found to be better than that of the 100 wt.% TiO,
coating. The coating thickness was in the range of 10—
13 um. In the present work, the extent of porosity was
quantified relatively with respect to the percentage area of
colouration for a definite time from the application of the
reagent during the ferroxyl test. The blue spots developed
during ferroxyl reagent test revealed that the TiO,-SiO,
mixed oxide coating developed by thermal decomposition
was porous in nature. The Vicker’s microhardness value
decreased with increasing SiO, content in the TiO,—SiO,
mixed oxide coatings.

3.2 Electrochemical evaluation

The trend of OCP variation in 0.9% NaCl and HBSS of the
TiO, coatings developed by thermal oxidation, the
100 wt.% TiO, and the TiO,—SiO, mixed oxide coatings
developed by thermal decomposition are shown in Fig. la
and b. All the coatings showed a cathodic shift for 10 days
and then the potential became steady. Both the uncoated Ti
and 90 wt.% TiO, + 10 wt.% SiO, coating exhibited more
anodic behavior in the physiological solutions. The
cathodic behavior was more pronounced for the TiO,—SiO,
mixed oxide coating having higher wt.% of SiO,. The
variations in the OCP values were found to be less than
10 mV in any case.

The anodic polarization behavior in 0.9% NaCl and
HBSS of the TiO, coatings developed by thermal oxida-
tion, 100 wt.% TiO, and the TiO,-SiO, mixed oxide
coatings developed by thermal decomposition are shown in
Fig. 2a and b. All the coatings could withstand at a current
density of 50 mA/cm?. There were variations of less than
2 mA in the current values. There was no detachment or
decohesion of the coatings from the substrate as evidenced
from the optical micrographs of the coatings recorded
before and after polarization (figures not shown). The
90 wt.% TiO, + 10 wt.% SiO, coating showed a lower

S. no. Wt.% of TiO,—SiO, on Ti substrate Physical characteristics
Microhardness Thickness (pum) Porosity Wear resistance
1 T.O TiO, 156 £+ 12.7 - Generally porous Fair
2 100 wt.% TiO, + 0 wt.% SiO, 1472 + 1.84 10 Porous Fair
3 90 wt.% TiO, + 10 wt.% SiO, 12.56 £+ 1.22 12 More porous Good
4 80 wt.% TiO, 4+ 20 wt.% SiO, 11.84 £+ 1.38 13 Still more porous Fair
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Fig. 1 OCP variation with time of TiO, and TiO,—SiO, coatings on
Ti (O, uncoated Ti; A, T.O TiO,; (1, 100 wt.% TiO, + 0 wt.% SiO,;
®, 90 wt.% TiO, + 10 wt.% SiO,; A, 80 wt.% TiO, + 20 wt.%
Si0,) in (a) 0.9% NaCl and (b) HBSS at pH 7.4 and 36.5°C

current density for higher applied potential in both the
physiological solutions, which revealed relatively high
corrosion resistance of the coating.

The Nyquisite plots (combined) in 0.9% NaCl and HBSS
of the TiO, coatings developed by thermal oxidation, the
100 wt.% TiO, and the TiO,—SiO, mixed oxide coatings
developed by thermal decomposition are shown in Fig. 3a
and b. The two-layer model for the TiO, and TiO,-SiO,
mixed oxide coatings on Ti are shown in Fig. 4a. On
examining the Nyquisite plots it was found that the TiO,
and TiO,—Si0, mixed oxide coating exhibited an induc-
tance type impedance curve. The spectra were interpreted in
terms of an “equivalent circuit” with the circuit elements
representing electrochemical parameters. Figure 4b shows
the equivalent circuit used for fitting the spectra obtained
for the coatings in 0.9% NaCl and HBSS. R; is the resis-
tance of the solution, 0.9% NaCl or HBSS, R,;, and C,_ are
the resistance of the porous layer with the electrolyte inside
the pores and the capacitance of the porous layer, respec-
tively. Ry and Gy, are the resistance and capacitance of the
barrier layer, respectively. The quality of fitting to the
equivalent circuit was judged by the y*-value. The results of
this fitting are presented in Table 2. The obtained values of
%> indicate a good fitting to the proposed circuit. In this
study a constant phase element (CPE) instead of an ideal
capacitor was used for data adjustment. The impedance of
the CPE is given by Zcpr = C{(jw)"} !, where C is the
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Fig. 2 Potentiodynamic polarization curves of TiO, and TiO,-SiO,
coatings on Ti (O, uncoated Ti; A, T.O0 TiO,; O, 100 wt.%
TiO, + 0 wt.% SiO,; @, 90 wt.% TiO, + 10 wt.% SiO,; A,
80 wt.% TiO, + 20 wt.% SiO;) in (a) 0.9% NaCl and (b) HBSS at
pH 7.4 and 36.5°C

capacitance associated to an ideal capacitor, w is the
angular frequency and —1 <n < 1, whenn = 1, CPE is an
ideal capacitor. The n-value greater than 1 could reveals the
deviation from the ideal capacitive behavior [19].

3.3 Evaluation of bioactivity

The stability of the oxides depends strongly on the com-
position, structure, and thickness of the layer formed. The
biological response also depends on the chemical compo-
sition of the coating applied on Ti substrate [3]. The wt.%
of Si0, to be added into the TiCl,/isopropanol system was
optimized. The TiO, coating obtained by thermal oxida-
tion, 100 wt.% TiO, coating and TiO,—Si0, mixed oxide
coating containing optimum wt.% of TiO, and SiO, were
chosen for biomimetic growth in Kokubo’s 1.5 simulated
body fluid.

The surface potential change occurred on the TiO, and
TiO,-SiO, mixed oxide coatings during biomimetic
growth in 1.5 SBF was monitored for 7 days and the
potential changes are shown in Fig. 5. The surface poten-
tial was highly negative at the beginning in the SBF. The
potential shifted to move in anodic direction and attained a
maximum positive value within a few days and then
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Fig. 3 (a) Nyquisite plots for TiO, and TiO,-SiO, coatings on Ti (O,
T.0 TiO,; @, 100 wt.% TiO; + 0 wt.% SiO,; [, 90 wt.%
TiO, 4+ 10 wt.% SiO,; B, 80 wt.% TiO, + 20 wt.% SiO, in (a)
0.9% NaCl and (b) HBSS at pH 7.4 and 25°C

exhibited a cathodic shift. The TiO,—SiO, mixed oxide
coating attained a maximum positive value in 4 days, the
100 wt.% TiO, coating by thermal decomposition in
5 days, and the TiO, coatings obtained by thermal oxida-
tion in 7 days.

TF-XRD pattern of the TiO, coating formed by thermal
treatment and the TiO, and TiO,-SiO, mixed oxide coat-
ing formed by thermal decomposition are shown in Fig. 6.
The resultant values of 26 are compared with the standard
cards of JCPDS [20]. The major phase of TiO, formed after
firing the TiCly/isopropanol system at 500°C is anatase
form. The major peaks appeared at 260 = 37°, 48° and 55°
are the peaks of anatase TiO,. In the TF-XRD pattern of
TiO,—SiO, mixed oxide coatings, Fig. 6¢ shows no char-
acteristic peak of pure SiO, (20 = 23°) [21]. Even though
the XRD peak of SiO, is absent, the presence of Si—~O-Si
bond in the TiO,—SiO, coatings is evidenced from FTIR
analysis and by elemental determination of Si by EDAX.
The size of the particles Dxrp was calculated according to
Scherer equation Dxgrp = 0.94/Bcosf), where 1 is the
wavelength of the radiation, 0 the diffraction angle, and B
the corrected half-width of the diffraction peak [22]. The
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Fig. 4 (a) Two-layer model for the TiO, and TiO,—SiO, coatings on
Ti, (b) Equivalent circuit fitting the impedance spectra for the TiO,
and TiO,-SiO, coatings

Table 2 The electrochemical impedance parameters

S.no. Wt% of TiO,-SiO, R, Ohm R, Ohm CPEnF n
on Ti substrate
0.9% NaCl
1 T.OTiO, —78.64 89.76  9.01 1.25
2 100 wt.% TiO, + 0 —75.82 9238 9.30 1.26
wt.% SiO,
3 90 wt.% TiO, + 10 —207.19 247.88 152 0.60
wt.% SiO,
4 80 wt.% TiO, + 20 —-7729 9194 957 1.26
wt.% SiO,
HBSS
1  T.O TiO, —-76.46 9242 944 1.26
2 100 wt.% TiO, + 0 —78.05 91.52 9.36 1.25
wt.% SiO,
3 90 wt.% TiO, + 10 —77.66  95.25 7.65 1.22
wt.% SiO,
4 80 wt.% TiO, + 20 —74.42  89.01 9.08 1.26
wt.% SiO,

particle size of the TiO, formed by thermal decomposition
is in the nanometer range, i.e., 11 nm. The TF-XRD pattern
of the TiO, coating formed by thermal oxidation and the
100 wt.% TiO, and the TiO,—SiO, mixed oxide coatings
formed by thermal decomposition recorded after alkaline
treatment and soaking in 1.5 SBF are shown in Fig. 7. All
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Fig. 5 Surface potential change on the TiO, and TiO,-SiO, coatings
during biomimetic growth (O, T.O TiO,; 4, 100 wt.%
TiO; + 0 wt.% SiO,; O, 90 wt.% TiO, + 10 wt.% SiO,) in 1.5
SBF at pH 7.4 and 36.5°C
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Fig. 6 TF-XRD pattern of (a) T.O TiO, (b) 100 wt.%
TiO, 4+ 0 wt.% SiO, and (c¢) 90 wt.% TiO, + 10 wt.% SiO, coatings
on Ti

the coatings show characteristic peaks of apatite and peaks
appeared at 20 = 25°, 40°, 45°, and 55°.
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The FTIR spectrum of the TiO, coating formed by
thermal oxidation and the 100 wt.% TiO, and TiO,-SiO,
mixed oxide coatings formed by thermal decomposition
before and after soaking in 1.5 SBF are shown in Fig. 8. In
the FTIR spectrum of TiO,—SiO, mixed oxide coatings, in
addition to the peaks obtained for TiO, coatings, it show a
band at 1,109 cm™! due to asymmetrical vibration of the
Si—O-Si bond in the tetrahedral SiO,4 unit of the TiO,—Si0,
coatings. The symmetrical Si—O-Si stretching vibration
appeared at 815 cm™'. The band at 476.21 cm™is due to
vibrational mode of bending of Si—O-Si [23, 24]. The TiO,
and TiO,-SiO, coating after soaking in 1.5 SBF show
peaks at 596 cm™' due to PO;~ bending vibrational mode.
Peaks at 905.39 and 909.3 were due to P-O stretching in
HPOj; . The coatings show peaks at 1,036 cm ™' also due
to P—O stretching in PO} . The peaks around 1,552 and
1,632 cm™! are due to C—-O stretching vibration [25]. The
peaks at 3,199 and 3,227 cm~! are due to O-H stretching
vibration [26].
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Fig. 7 TF-XRD pattern of (a) T.O TiO, (b) 100 wt.%

TiO, 4+ 0 wt.% SiO, and (¢) 90 wt.% TiO, + 10 wt.% SiO, coatings
after alkaline treatment and soaking in 1.5 SBF at pH 7.4 and 36.5°C
for 7 days
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Fig. 8 FTIR spectrum of (a) 100 wt.% TiO, + 0 wt.% SiO, and (b)
90 wt.% TiO, + 10 wt.%  SiO,  coatings, (¢) 100 wt.%
TiO, + 0 wt.% SiO,, and (d) 90 wt.% TiO, + 10 wt.% SiO, coat-
ings after alkaline treatment and soaking in 1.5 SBF at pH 7.4 and
36.5°C for 7 days

The SEM micrograph and associated EDAX pattern of
the TiO, coating formed by thermal oxidation, the
100 wt.% TiO, and 90 wt.% TiO,—10 wt.% SiO, mixed
oxide coatings formed by thermal decomposition are
shown in Fig. 9. The TiO, and TiO,-SiO, coatings formed
by thermal decomposition are much denser than the TiO,
coatings formed by thermal oxidation. In the micrograph of
the TiO,—Si0, mixed oxide coating white globular masses
appeared on the surface which could be attributed to the

SiO, particles. The cracks and grooves appeared on the
TiO, and TiO,-SiO, mixed oxide coatings obtained by
thermal decomposition may be due to the contracting for-
ces in the drying process of TiCly/isopropanol system [27].
There was no much distinction that could be arrived from
the micrograph of the 80 wt.% TiO,-20 wt.% SiO, with
respect to 90wt.% TiO,—10 wt.% SiO,. Figure 10 shows
the SEM micrograph and associated EDAX pattern of the
coatings after alkaline treatment and soaking in 1.5 SBF.
After bio-growth study white precipitates were observed on
the surface of TiO, and TiO,—SiO, mixed oxide coatings,
revealing the presence of apatite. The apatite phase was
confirmed by structural and crystallographic analysis by
FTIR and TF-XRD. The apatite was found to be grown
more on the surface of TiO,—SiO, mixed oxide coating
than the TiO, coatings obtained by thermal oxidation and
decomposition methods. It was also evidenced from the
elemental analysis of Ca and P in 1.5 SBF by ICP-AES and
spectrophotometry. Table 3 shows the ICP-AES and
spectrophotometric results of Ca and P in the Kokubo’s 1.5
SBF solution after soaking the specimens for 7 days. The
Ca and P content of the SBF solution decreased after bio-
growth study. The decrease was more pronounced for the
SBF solution obtained by the soaking of TiO,—SiO, coated
specimens, i.e., a decrease from Ca: 163.6 ppm —
77.7 ppm; P: 73 ppm — 59.7 ppm. This depletion was due
to more precipitation of apatite on the surface of the TiO,—
SiO, coatings, which was further confirmed by the EDAX
results as shown in Table 4. The elemental % of Ca and P
on the surface of TiO,—SiO, coatings was higher than the
100 wt.% TiO, coatings obtained by thermal decomposi-
tion which was still higher than the TiO, coatings obtained
by thermal oxidation.

4 Discussions
4.1 Surface characterization

A nanosized anatase TiO, particles-containing coating was
developed by thermal decomposition of TiCly/isopropanol
on Ti at 500°C. The mechanism of the thermal decompo-
sition of TiCl/isopropanol has been already reported [12].
When mixed with isopropanol, TiCl, reacts with isopro-
panol to form TiCl,(OCH(CH3),)4_, species and HCI gas.
TiCl,(OCH(CH3),)4_, species absorbs water from atmo-
sphere to form Ti(OH), precursor, which is polymerized to
be an inorganic polymer layer on Ti. Anatase TiO, powder
forms after the precursor is fired at 500°C for 1 h. When
small wt.% of SiO, powder in pure form is added it may
get dispersed in the TiCly/isopropanol system. When fired
at 500°C a uniform TiO,—SiO, coating layer is obtained.
The Vickers microhardness values tend to decrease with
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Fig. 9 SEM micrograph and
associated EDAX pattern of (a) (a)
T.O TiO; (b) 100 wt.%

TiO; + 0 wt.% SiO,, and (c)
90 wt.% TiO, + 10 wt.% SiO,
coatings on Ti

(b)

increase in wt.% of SiO,. The adhesion and wear resistance
of the TiO,—SiO, mixed oxide coating containing optimum
wt.% of TiO, and SiO,, i.e., 90 wt.% TiO, + 10 wt.%
SiO, was higher than that of the pure TiO, coatings, which
revealed high stability of the TiO,—SiO, coatings. These
nanostructured TiO, and TiO,—SiO, coatings were com-
posed of sufficient small particles and are highly porous in
nature.
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4.2 Electrochemical evaluation

All the TiO, coatings and the TiO,—SiO, coatings exhib-
ited a cathodic potential shift initially in both 0.9% NaCl
and HBSS, due to the porous nature of the coatings. The
nanosized TiO,—SiO, coatings formed by thermal decom-
position method had enough pores at the surface. After few
days the surface became passive in both the physiological
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Fig. 10 SEM micrograph and
associated EDAX pattern of (a)
T.O TiO, (b) 100 wt.%

TiO, + 0 wt.% SiO, and (c)
90 wt.% TiO, + 10 wt.% SiO,
coatings on Ti after alkaline
treatment and soaking in 1.5
SBF at pH 7.4 and 36.5°C for
7 days

]

#1,088 18vm WD 9

(b)

Energy (keV)

X1,888 18¢m WD 9

15 20

Energy (keV)
18rn WD 9 R
Energy (keV)
Table 3 ICP-AES/spectrophotometric results of 1.5 SBF after bio-
mimetic growth for 7 days Table 4 Elemental determination of HAp coatings by EDAX
Specimen soaked in 1.5 SBF Element concentration (ppm) Specimen soaked in 1.5 SBF Elemental % Ca/P ratio
Calcium Phosphorus Calcium Phosphorus
T.O TiO, 93.7 72.3 T.O TiO, 1.05 0.88 1.19
100 wt.% TiO, + 0 wt.% SiO, 80.5 52.5 100 wt.% TiO, + 0 wt.% SiO, 7.48 3.66 2.04
90 wt.% TiO, + 10 wt.% SiO, 71.7 59.7 90 wt.% TiO, + 10 wt.% SiO, 7.58 4.49 1.68
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solutions and hence a steady potential was reached. The
TiO,—SiO; coating containing the optimum wt.% of TiO,
and SiO,, i.e., 90 wt.% TiO, + 10 wt.% SiO, was least
cathodic, which showed the least corrosive tendency and
high stability of the coatings.

A network of polymeric oxides was formed by thermal
decomposition of TiCly/isopropanol system. These TiO,
and TiO,—SiO, coatings were sufficiently thick and pos-
sessed high adhesive strength on the Ti metal substrate.
This revealed why the TiO, and TiO,-SiO, coating layers
could withstand at high current density during anodic
polarization.

In the Nyquisite plot of the TiO, and TiO,—-SiO, coated
specimens, the inductance was recorded at the end of the
first semi-circle of the high-frequency region. Da Silva
et al. interpreted the main cause of such inductive behavior
to the disorderly movement of charge carriers through the
complex microstructures comprising pores, cracks, grain
boundaries, etc., of the metal oxides-incorporated matrix
[28]. The two-layer model of the oxide film as shown in
Fig. 4a, was well supported by EIS results obtained. Ry,
obtained for all the oxide coatings were found to be greater
than Ry and are obtained in kOhm, showing that the
resistance of the oxide coating on Ti is due to this barrier
layer. In both the 0.9% NaCl and HBSS solutions, Ry,
value obtained for 90 wt.% TiO, + 10 wt.% SiO, coatings
on Ti was found to be higher than the 100 wt.% TiO,
coating formed by thermal decomposition. For the same
coating Ry, decreased and Cp. increased than that of the
100 wt.% TiO, coating. It is generally accepted that the
pores in the outer layer may be filled with electrolyte, and
this might have contributed to the larger values of Cp.
comparatively to Cpr. While corrosion resistance of the
substrate is ascribed to the barrier layer, its good ability to
osteointegrate can be attributed to the presence of the
porous layer. The low current density displayed by the
TiO,-Si0, coatings under high applied potential may be
due to this thick inner barrier layer, while its outer porous
layer may be one of the reasons for high biomimetic
growth rate which could facilitate further osteointegration.

4.3 Evaluation of bioactivity

The bioactivity of both the sol-gel derived TiO, and SiO,
has been well established, they have their IEPs below the
physiological at pH 7.4 (for silica near 2 and for titania
near 6) [29]. The TiO,—SiO, coatings were found to be
more bioactive than 100 wt.% TiO, coatings formed by
thermal decomposition. Since the IEP of silica is 2, the
surface of the TiO,—SiO, coating became comparatively
highly negative and hence attracted the positively charged
Ca®* ions and then PO~ groups in the SBF favoring
apatite growth. TF-XRD studies revealed that the major
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phase of TiO, in the coating was anatase. The crystallo-
graphic matching between the anatase TiO, and apatite
crystal plane also favored apatite growth in SBF. The Ca/P
ratio obtained for the apatite grown over the TiO,—SiO,
coating is 1.68, close to that of natural bone apatite [30].
However, there was least apatite growth on the TiO,
coating formed by thermal oxidation as the coating was
thin and had low number of nucleation sites favoring bio-
growth. The TiO,/TiO,—Si0, coatings formed by thermal
decomposition had much more porous outer layer (from
EIS results) and facilitated ion exchange with the SBF
solution favoring effective apatite growth. These nanosized
negatively charged nucleation sites could favor apatite
growth in natural biomimetic system.

The surface activation of TiO, and SiO, was achieved
by alkaline treatment in 5 M NaOH at 60°C for 24 h [31].
It has been found that the surface treated TiO,—SiO,
coatings formed sodium titanate (Na,TisO;;) and sodium
silicate (Na,SiO,4) layer. These sodium titanate and sodium
silicate could form many more Si—-OH and Ti—OH groups
in SBF. The mechanism of apatite formation on TiO, and
SiO, in SBF can be interpreted in terms of the electrostatic
interaction of the surface oxide with the ions in the fluid.
When exposed to SBF, the Na* ions in the surface layer of
Na,TisO; and Na,SiO4 exchanged with H;O%ions present
in the fluid facilitating the formation of Ti~OH and Si-OH
groups. The surface potential analysis of TiO, and TiO,—
SiO, coatings (Fig. 5) showed that the surface potential
was highly negative due to the formation of Ti~OH and Si—
OH groups on the surface of the coating. The negatively
charged Ti-OH and Si—-OH groups combined selectively
with positively charged Ca®* ions in the fluid leading the
surface gradually to gain overall positive surface potential
and finally it attained a maximum value. The positively
charged surface combined with the negatively charged
phosphate ions to form an amorphous Ca-P and the
potential shifted in negative direction. This Ca—P sponta-
neously transformed into crystalline apatite [32]. The HAp
is known to reveal a negative charge in the body envi-
ronment because of the hydroxyl and phosphate groups on
its surface [33]. Once formed, the apatite grows sponta-
neously by taking calcium and phosphate ions in the fluid
[34, 35].

5 Conclusions

The process developed for the coating of Ti with nanosized
titania particles having anatase structure by thermal
decomposition of TiCl, was found to be reliable and
reproducible. Hardness of the TiO,—SiO, mixed oxide
coatings tend to decrease with increasing in SiO, content.
The adhesion and wear resistance of the TiO,—SiO, coating
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containing optimum wt.% of TiO, and SiO, were improved
when compared with that of the 100 wt.% TiO, coating.
The TiO,-SiO, mixed oxide coatings were highly porous
in nature. The electrochemical evaluation by anodic
polarization and EIS analysis revealed that the TiO, and
the TiO,—SiO; coatings formed by thermal decomposition
had a stable and compact inner layer having high resistance
to corrosion. Enhanced bioactivity was achieved by the
incorporation of SiO, in the TiO, and TiO,—SiO, coatings.
Their bioactivity was attributed to (1) nanostructured sur-
face composed of enough small particles which is required
for the formation of carbonate containing apatite, (2)
crystallographic matching between the anatase TiO, and
the apatite crystal plane, (3) the existence of abundant OH™
groups on the surface in SBF, and (4) both titania and silica
have their IEPs below the physiological pH 7.4 and facil-
itating negatively charged surface in body fluid. The high
stability and enhanced bio-growth on the coating revealed
the effective applications of the coating for orthopaedic
implants.
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