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a b s t r a c t
Synthesized composite powders (ZrO2 /TiO2 , SiO2 /TiO2 , and SiO2 /ZrO2 ) were successfully deposited on
Ti–6Al–4V by electrophoretic deposition method (EPD) to improve its electrochemical characteristics for
better biomedical applications. In the present investigation, the three composite powders were prepared
by sol–gel synthesis and its phase purity was analyzed by Powder X-ray diffraction (XRD) method. Further,
the performance of the deposited coatings was assessed by scanning electron microscopy (SEM) coupled
with energy dispersive X-ray analysis (EDAX), scratch resistance test. The electrochemical properties
of the composite coatings were analyzed by Potentiodynamic (Tafel) polarization and electrochemical
impedance spectroscopy (EIS) studies. From the results, we observed that the corrosion resistance behavior of the different composite coated metallic substrate exhibited divergent corrosion resistance nature
than blank Ti–6Al–4V. Of all these coatings on Ti–6Al–4V, the composite made up of, ZrO2 /TiO2 has
pronounced corrosion resistance behavior in Ringer’s solution when compared to others. This behavior is due to the presence of strong adherent coating owing to the existence of uniform deposition
on Ti–6Al–4V.
© 2017 The Ceramic Society of Japan and the Korean Ceramic Society. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction
Nowadays artiﬁcial biomedical prosthesis as well as implants
of standard surgical grade materials such as 316L stainless steel,
Co–Cr alloys, titanium (Ti) and its alloys is extensively used in the
ﬁeld of orthopedics and dentistry. Ti–6Al–4V implants are mainly
used as metal substrate due to its many attractive as well as acceptable physical, mechanical and biological properties [1]. In addition,
Ti and its alloys are widely employed in temporary and permanent
ﬁxation devices such as bone screws and plates, tibial components of total knee arthroplasty (TKA), because of their immediate
repassivation nature, better ability of osteointegration in biological
systems compared to other implant materials.
However, the release of its alloying elements as ﬁne metallic
particles into the body lead to discoloration of the surrounding tissue, cell intoxication, pain and joint failure is of greatest concern [2].
In order to improve the corrosion resistance, mechanical properties
of implants, several researchers modiﬁed the surface of implants,
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by coating with ceramics; which may act as a protective barrier
between the metal and the hostile environment.
Various coating techniques such as sol–gel coating, plasma
spraying, sputter deposition, physical vapor deposition (PVD), biomimetic and plasma spray depositions are employed for deposition
of ceramic materials on metallic implants. Each one has its own
merits and some demerits; some techniques may produce lot of
inconvenience on the surface of implants. For instance, PVD and
plasma spray techniques splashed materials deposited on the surface may produce crack on the surface during sintering process due
to thermal mismatch between the implant and coating. Producing
either thin or thick ﬁlms of ceramic deposits by CVD, sol–gel deposition involves more cost and time intensive due to complicated
process [3,4]. Electrophoretic deposition is a well-known technique
due to simultaneous process of migration of charged particles and
formation of uniform deposition on substrate depending upon the
applied electric ﬁeld. This technique has received wide attention
due to short deposition time, easy control of coating thickness
from less than 1 mm to more than 100 m thick, room temperature processing and ability to coat on intricate surfaces with mass
production, possibility of stoichiometric deposition and high purity
material to a degree not easily attainable by other processing methods [5,6].

http://dx.doi.org/10.1016/j.jascer.2017.06.005
2187-0764/© 2017 The Ceramic Society of Japan and the Korean Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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A recent approach on the study of silica glass coating on stainless steel prepared by dip coating method has better corrosion
resistance behavior in acid media. However, a decrease in corrosion resistance of silica coating exposed to alkaline medium results
in breakdown of silica network [7]. Another study by sol–gel spin
coating reveals a more corrosion resistive behavior of 80% SiO2
and 20% CaO than pure silica coatings (100% SiO2 ) on 316L SS [8].
In addition, the radio-opacifying agent such as zirconium dioxide containing acrylic bone cement and zirconia–PMMA hybrid
has enhanced mechanical behavior with better corrosion resistance property due to its high wear resistant capacity [9,10].
The physical and chemical instability of the single oxide coatings
can be overcome by novel bio-ceramic composite coatings consisting of ceramic–metal, ceramic–ceramic and ceramic–polymer
on metallic biomaterials. In our previous study, silica and zinc
oxide composite coating was developed on Ti–6Al–4V by EPD
method using iodine (I2 ) and Polyvinylpyrrolidone K30 (PVP-K30)
as additives. The ZnO particles act as a pore plugging material for the porous silica coating and enhanced the corrosion
resistance behavior [11]. Similarly, titanium and zinc oxide [12],
zirconia and zinc oxide [13], composite coatings have shown
improved corrosion resistance with better biocompatibility properties.
In this study, we have investigated various composites consisting of ZrO2 /TiO2 , SiO2 /TiO2 , and SiO2 /ZrO2 powders by sol–gel
method. The prepared composite powders have been deposited
on Ti–6Al–4V by EPD method to enhance its mechanical property and corrosion resistance property of the coated material.
In-vitro electrochemical studies such as Potentiodynamic polarization (Tafel) and electrochemical impedance spectroscopy (EIS)
studies were carried out in simulated body ﬂuids such as Ringer’s
solution and the mechanical properties of various composite coatings were analyzed by scratch test analysis. Hence, the composite
coated implants having better corrosion resistance behavior with
enhanced scratch resistant values is an important parameter to be
considered for better biomedical applications.

2. Materials and methods
2.1. Preparation of ZrO2 /TiO2 , SiO2 /TiO2 , and SiO2 /ZrO2
composite powders
The various composite powders ZrO2 /TiO2 , SiO2 /TiO2 , and
SiO2 /ZrO2 were prepared by sol–gel synthesis. The schematic representations for all the composites are mentioned in Fig. 1(A–C).
In sol–gel technique, the important hydrolysis/polycondensation
reactions of precursors are properly maintained before reﬂuxing the respective compositions. The silica solution was prepared
by using {tetra ethylorthosilicate (TEOS):water:nitric acid (HNO3 )
(0.086:4:0.158)} and the solution pH was maintained at pH
2. For zirconia, zirconium acetyl acetonate:acetone:water:HNO3
(0.02:0.86:2:0.34) was maintained and the solution pH was
adjusted with nitric acid. For titania, titanium(IV) isopropoxide,
acetic acid, water at a molar ratio of 1:30:300 was maintained and
stirred for 2 h. The resultant hydrolyzed ZrO2 , TiO2 , and SiO2 solutions were transferred to another round bottom ﬂask ﬁtted with
reﬂux condenser and the composition of composite concentration
was ﬁxed as 70%/30% and stirred strenuously for 2 h. The resultant composite solution (ZrO2 /TiO2 , SiO2 /TiO2 and SiO2 /ZrO2 ) was
reﬂuxed in an oil bath for 12 h at a controlled temperature of 90 ◦ C.
Further, the solutions were evaporated in a water bath to obtain
solid residue and was dried in an oven for 2 h at 100 ◦ C. Finally, the
composite was sintered at 1000 ◦ C for 2 h and characterized for its
phase purity.

2.2. Electrophoretic deposition
The test sample Ti–6Al–4V (Nisarg International, Mumbai)
with a nominal composition of 89.98Ti–6.13Al–3.75V–0.03Mn–
0.1Fe–0.01Cr, wt% was selected and polished by using various
grades of silicon carbide papers such as 220, 400, 600, 800, 1000
and 1200 grits, to get a unﬂawed surface, followed by polishing
with 0.3  diamond paste to obtain mirror ﬁnish. Finally, the substrate was ultrasonically degreased in acetone for 20 min and dried
at room temperature prior to deposition. The suspension for coating
was prepared by transferring 1.5 g of composite powder into 40 ml
of isopropyl alcohol with continuous stirring and allowed to stand
for 24 h. Then 100 mg of Polyvinylpyrrolidone K-30 (PVP-K30) and
10 mg of iodine crystals was added as additives. The titanium substrate Ti–6Al–4V acted as an anode and stainless steel electrode
acted as cathode. Both the electrodes were ﬁxed at a distance of
1 cm during EPD deposition. The coating was carried out at various voltages (70–80 V) with different time periods (1–15 min) and
analyzed for its uniformity. Finally, all the coatings are dried at
room temperature followed by sintering at 300 ◦ C for 30 min in air
atmosphere.
2.3. Characterization techniques
The phase purity of the synthesized ZrO2 /TiO2 , SiO2 /TiO2 , and
SiO2 /ZrO2 composite powders were recorded in an D8 model Xray diffractometer (BRUKER, Germany) with a step size of 0.01◦
at a scan rate of 1◦ /min using Cu K␣ radiation ( = 1.54056 Å).
The microstructures of the various composite coatings deposited
on Ti–6Al–4V at optimized parameters were characterized by
scanning electron microscopy equipped with energy dispersive Xray spectroscopy (SEM-EDAX, ZEISS). DUCOM (Model TR-101), a
scratch tester of Rockwell C diamond indenter with the tip radius
of R 200 m, was used for scratch test analysis and the experimental results were analyzed by WINDUCOM software. The test was
carried out with the ramp load of 1 N–50 N with the scratch speed
of 0.5 mm/s over a distance of 5 mm stroke length. The morphological character after scratch test was thoroughly analyzed by optical
microscope (OM ZEWASS-CLEMEX, VWASION) for its perfectness
or defectiveness on coating. The traction force values are recorded
during measurement and the nature of adhesion of the coating was
assessed.
The electrochemical behavior of various composite coatings and
blank Ti–6Al–4V was carried out by Potentiodynamic polarization
studies using Potentiostat Biologic VMP3-based instruments SP150-France with EC-Lab software. The corrosion resistive behavior
of the coatings is analyzed using a conventional three-electrode cell
arrangement. Ti–6Al–4V alloy with the surface area of 1 cm2 , Pt and
Ag/AgCl (KCl saturated) are employed as working, counter and reference electrodes respectively. Ringer’s solution, an simulated body
ﬂuid (SBF) was used by dissolving 8.6 g/L of NaCl, 0.60 g/L of KCl,
and 0.66 g/L of CaCl2 ·2H2 O using double distilled water and all the
experiments were carried out at OCP to attain the equilibrium with
environment. EIS, a non-destructive technique were performed at
open circuit potential (OCP) using a frequency range from 100 kHz
to10 mHz with the scanning rate of 0.1 mV/min.
3. Results and discussion
3.1. Characterization by XRD analysis
Fig. 2 shows the XRD pattern of various composite powders
sintered at 1000 ◦ C for 2 h. The composite ZrO2 /TiO2 shows sharp
peaks at 27.37◦ , 35.88◦ and 54.62◦ at the hkl value of (110), (101),
and (211) which is indicative of the presence of rutile TiO2 and
at 30.34◦ , 50.64◦ and 63.70◦ at the hkl value of (111), (112), and
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Fig. 1. Synthesis of (A) ZrO2 /TiO2 composite powder, (B) SiO2 /TiO2 composite powder, (C) SiO2 /ZrO2 composite powder by sol–gel process.

Fig. 2. XRD pattern of ZrO2 /TiO2 , SiO2 /TiO2 , and SiO2 /ZrO2 composite powders.

(202) for t-ZrO2 . The presence of very less intense peak at 24.4◦
indicates the existence of m-zirconia phase at hkl value of (111)
along with rutile TiO2 and t-ZrO2 . The presence of highly intense
t-ZrO2 (tetragonal zirconium dioxide) could lead to high mechanical strength with excellent resistance towards corrosion [14,15]. In
SiO2 /TiO2 composite a narrow with highly intense diffraction line
was observed at 21.81◦ (101) due to the existence of Si–O–Ti at
high sintering temperature of 1000 ◦ C. The thermal stability of titania was found to be enhanced and the more stable anatase phase
of TiO2 was observed at 25.24◦ (101), 37.74◦ (004), 47.99◦ (200),
54.69◦ (105), 62.54◦ (204) and 74.81◦ (215) with no other peak of
rutile phase, conﬁrms the stability of composite [16]. In SiO2 /ZrO2
composite, the amorphous hump between 20–30◦ regions reﬂects
the presence of silica and the existence of t-ZrO2 at 30.05◦ (111),
50.28◦ (112) in the composite. The nucleation and growth of
crystalline tetragonal zirconia particles in the composite is one of
the advantages to increase the high mechanical strength [17].
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Fig. 3. SEM micrograph for optimized (A) ZrO2 /TiO2 composite, (B) SiO2 /TiO2 composite, (C) SiO2 /ZrO2 composite coatings sintered at 300 ◦ C for 30 min with EDAX analysis.

3.2. SEM-EDAX of coating on substrate
Fig. 3(A–C) shows SEM micrographs of EPD coated composite
coatings at the optimized parameters and sintered at 300 ◦ C for
30 min. In the inset, the elemental composition of composites from
EDAX analysis was mentioned.
The surface morphology of the composite coating of ZrO2 /TiO2
in Fig. 3(A) was found to be uniform without any discontinuities/ﬂaws compared with all the other coatings. Further, it justiﬁes
the standpoint of coating quality that TiO2 rutile phase coated substrates surface should be superior to the anatase phase TiO2 coating

[18]. The coating consists of SiO2 /TiO2 composite in Fig. 3(B), shows
some irregularities such as ﬁssures, discontinuities on the surface.
This might be due to the presence of pores and voids in silica surface. These regions of ﬂaws may act as a pathway (channel) for
electrolytes penetration and produces dissolution of coating on
the substrate. The existence of active hydroxyl in SiO2 repeatedly
reunited to form sizeable aggregates and produces the above typical properties in a coating [19]. In a previous study by Kunst et al.
[20], higher amount of TEOS in a hybrid ﬁlm was found to produce
more roughness and led to very thin coating on deposition. Further,
Surowska and Bienias [21] have studied the development of micro-
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Table 1
Potentiodynamic polarization data of ZrO2/ TiO2 , SiO2 /TiO2 , and SiO2 /ZrO2 composite coatings with blank Ti–6Al–4V.
Types of coating

Ecorr (mV)

Icorr (mA/cm2 )

Ba (mV)

Bc (mV)

Corrosion rate (mpy)

Blank
SiO2 /TiO2
SiO2 /ZrO2
ZrO2 /TiO2

−175.477
−118.665
91.064
199.409

0.340
0.120
0.056
0.016

90.9
100.3
188.7
252.1

253.7
320.9
596.8
71.1

0.1176
0.04151
0.01937
0.0055

Fig. 4. OCP–time variation measurements for various optimized ZrO2/ TiO2 ,
SiO2 /TiO2 , and SiO2 /ZrO2 composite coatings with blank Ti–6Al–4V.

Fig. 5. Potentiodynamic polarization curves ofZrO2/ TiO2 , SiO2 /TiO2 , and SiO2 /ZrO2
composite coatings with blank Ti–6Al–4V.

cracks on the sol–gel deposited SiO2 /TiO2 coating on Ti–6Al–4V,
they explained about the presence of non-homogeneous, less compact ﬁlm over the substrate. They concluded that the materials
characteristics, sintering temperature and process of coating determine the uniformity of the coating. In our previous study the
electrophoretic deposition of silica on Ti–6Al–4V, leads to more
porous coating than the composite coating consisting of silica and
zinc oxide. The study was conﬁrmed by SEM and traction force analysis thereby it conﬁrms that ZnO acts as a pore plugging agent and
produced enhanced corrosion resistance than silica coating. In case
of SiO2 /ZrO2 composite coating (Fig. 3(C)), the surface was found
to be porous with irregular arrangement of particles with uneven
particle distribution (bigger and smaller particles). Compared with
all the other coatings ZrO2 /TiO2 coating has produced smooth surface with particle agglomerations. Hence, in this composite the TiO2
increases the mechanical property of the coating, by improving the
compactness of coating layer. Further, it was conﬁrmed by peel of
test and scratch resistance analysis to predict the mechanical property of the coatings. The EDAX results of coated sample conﬁrm the
elemental composition of the coating and the results revealed the
presence of “O”, Zr, Ti of ZrO2/ TiO2 , “O” Si, Ti of SiO2 /TiO2 , and “O”,
Si, Zr of SiO2 /ZrO2 respectively and their values are represented as
insets in EDAX spectrum. From EDAX, the ratios of 70:30 in all the
composites are veriﬁed.

mechanical properties of the coatings a bioglass–PMMA matrix has
been made and studied [22].
All the coated implants have shown the potential at nobler
direction compared to blank which indicates the increased corrosion resistance behavior of the coatings. The ﬂuctuations as
well as less potential of SiO2 /TiO2 and SiO2 /ZrO2 composite coatings compared with ZrO2 /TiO2 coatings reveal enhanced corrosion
resistance behavior of ZrO2/ TiO2 coatings and this may be due to
more adherence of the strong coating layer than other coatings.
In addition, it was found that the composite coating consisting of
silica revealed less corrosion resistance than the composite coating
made of ZrO2/ TiO2 due to the initiation of pores and discontinuities
which is commonly occurred on silica surface. This fact was further
conﬁrmed by Sarmento et al. [23].

3.3. Electrochemical analysis of coatings
3.3.1. Open circuit potential measurements
The open circuit potential (OCP) versus time is an important
parameter to attain the equilibrium between the electrolyte and
the implant. The OCP curves of various composite coatings and
blank are shown in Fig. 4. The potentials of ZrO2/ TiO2 and SiO2 /ZrO2
are found to be steady and SiO2 /TiO2 has some dissolution and
attains equilibrium after 15 min. Bio-active coatings such as bioglass generally do not behave as a protective coating and dissolve
when exposed to body ﬂuids. To improve corrosion resistant and

3.3.2. Potentiodynamic polarization analysis
Fig. 5 shows Potentiodynamic polarization curves of ZrO2/ TiO2 ,
SiO2 /TiO2 , and SiO2 /ZrO2 composite coatings with blank Ti–6Al–4V.
According to the data presented in Table 1, the presence of
barrier layer of coatings on substrate compared to blank, has produced increased corrosion resistance nature by minimizing the
electrochemical process on the surface. The differences found in
corrosion current density (Icorr ) value of the various composite
coated Ti–6Al–4V reveals the protective nature of the coating. The
drastic decrease in corrosion current density of ZrO2 /TiO2 composite coating (0.016 mA/cm2 ) compared to blank (0.340 mA/cm2 ) is
due to the possible protection offered by composite and the corrosion potential of ZrO2 /TiO2 composite coated substrate was found
to be shifted towards nobler values (+199.409 mV) compared to
blank (−175.477 mV). The other two composites such as SiO2 /TiO2
and SiO2 /ZrO2 have shown less corrosion resistance due to the presence of porous behavior and this may be treated as a reaction site for
the electrolyte to form metal oxygen metal bond on substrate. A
previous study by Tiwari et al. [24], determined less corrosion resistance nature of sol–gel derived ZrO2 coating due to the incomplete
dehydration of Zr(OH)2 and less densiﬁcation of coating at low sin-
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tering temperature. Hence, from the results, we proved that ZrO2
required high sintering temperature to densify the coating which
substantiated the decrease in corrosion rate of composite coating
to 0.0055 mpy compared to the corrosion rate of blank 0.1176 mpy.
In addition, ZrO2 has high fracture toughness thereby it produces
high mechanical strength to the coating and reduces local systemic
effects of electrolytes to the metal substrate. Further, as observed
from the XRD results, the prepared ZrO2 /TiO2 has shown increased
peak intensity with high crystalline phases of rutile TiO2 and t-ZrO2
when compared with SiO2 /TiO2 and SiO2 /ZrO2 composite powders
where it exhibits amorphous nature due to the presence of silica.
The presence of silica in both the composites leads to less protective
nature which might be due to the existence of amorphous nature
of SiO2 and this behavior was further conﬁrmed by Madrama et al.
[25].
3.3.3. Electrochemical impedance spectroscopy (EIS) analysis
EIS is a non-destructive technique precisely used for understanding the mechanism of protection offered by coating in-terms
of electrochemical parameters such as resistance and capacitance
(Fig. 6(A)). It can be easily conﬁrmed that the various composite
coatings on Ti–6Al–4V show larger radius of curvature than blank
due to the presence of highly intact layer on its surface. This single
time constant with larger radius of curvature for SiO2 /TiO2 composite might be due to diffusion of electrolytes through the coating
layer. From Bode-impedance plot (Fig. 6(B)), it can be observed
that all the composite coatings have shown high shift in frequency
nearly 106 than blank except SiO2 /TiO2 , the other coatings have
shown pure capacitive behavior which is indicative of more corrosion resistance behavior than Ti–6Al–4V and SiO2 /TiO2 .
Further, from Bode-phase study (Fig. 6(C)) ZrO2 /TiO2 composite
coating has shown an angle of (−70◦ ) at a wide range of frequency
than SiO2 /TiO2 coating which exhibits pure capacitive behavior
against diffusion of electrolyte. The changes in phase angle value
of composite coatings compared to blank revealed that coating has
higher impedance values due to the presence of highly adherentlayers on the substrate. An equivalent circuit model has been
proposed to justify the mechanism involved in the electrochemical
behavior of the coatings and was depicted in Fig. 7. CPE, a non-ideal
capacitance often associated with non-homogeneity on coating
surface, substituted for capacitance, CPE = 1/Y0 (JW)n where Y0 is
admittance constant, ‘n’ is the empirical exponent of CPE, 0 < n < 1.
If n = 1, CPE is the pure capacitance; if n = 0, CPE is pure resistance.
In the equivalent circuit, Re is the electrolyte resistance, Rct , is the
charge transfer resistance occurs on surface of the substrate, Rp ,
is charge transfer resistance produced by composite coating layer,
Qdl , Qcoat , are constant phase elements used to replace the double
layer capacitance of the barrier layer or inner layer of the substrate
and composite coating respectively. The equivalent circuit parameters are tabulated in Table 2, it was observed that an increase
in Rct and decrease in Qdl values of inner layer in all composite
coating clearly indicates that the developed coatings behave as a
barrier against penetration of corrosive ions at the coating–metallic
interface. Hence, it can be concluded that the presence of various
composite coating on Ti–6Al–4V improves corrosion resistance in
Ringer’s solution; particularly ZrO2 /TiO2 has more corrosion resistance than other coatings.
3.3.4. Scratch test
Fig. 8(A, B) represents the scratch resistance behavior of optimized ZrO2 /TiO2 composite coatings at different traction force
values with its corresponding optical microscope images.
For biomedical applications anti-corrosion and wear are the
most important requirements. The deposited coatings mechanical
properties were inﬂuenced by either intrinsic (loading rate, scratch
speed, machine calibration, indenter tip) or extrinsic factors such as

Fig. 6. EIS diagram of (A) Nyquist plot, (B) Bode impedance plot, (C) phase angle plot
for ZrO2/ TiO2 , SiO2 /TiO2 , and SiO2 /ZrO2 composite coatings with blank Ti–6Al–4V.

hardness, elastic modulus and fracture toughness of the coating and
substrate. In addition the surface preparation and the conditions
like surface roughness; the coefﬁcient of friction also determines
the behavior of the coatings [26]. The reason for failure mode of
coating identiﬁed by several independent studies and more than
ten failure mechanism are available in the ﬁeld of coatings scratch
study [27]. The failure or betterment of the coating was determined
by various strategies such as cracking of the coating at track side,
tensile cracking and track side delamination etc. [28]. The coat-
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Fig. 7. Equivalent circuit obtained for (A) Re + Qdl /Rct for blank Ti–6Al–4V, (B) Re + Qcoat /Rp + Qdl /Rct for various composite coatings of ZrO2/ TiO2 , SiO2 /TiO2 , and SiO2 /ZrO2 .

Table 2
EIS parameters of equivalent electric circuit for ZrO2 /TiO2 , SiO2 /TiO2 , and SiO2 /ZrO2 composite coatings with blank Ti–6Al–4V.
Types of coating

Re (Ohms)

Rp (Ohms)

Qcoat (Farads)

n1

Rct (Ohms)

Qdl (Farads)

n2

Blank
SiO2 /TiO2
SiO2 /ZrO2
ZrO2 /TiO2

21.58
391.8
81.04
25.35

–
20177
540
63280

–
0.187 e−6
9.16e−6
11.57e−6

–
0.791
0.878
0.7829

0.060e6
0.079 e6
0.59 e6
1.4e6

57.38e−6
0.898 e−6
13.6 e−6
4.717e−6

0.728
0.617
0.652
0.402

Fig. 8. (A) Scratch test analysis (traction force) and (B) optical images of scratch pattern (OM) for optimized ZrO2 /TiO2 composite coatings on Ti–6Al–4V.

ing without any crack up to 11 N ramp load precisely indicates
the better adhesive nature of the composite coating on implant.
In a previous study by Sathish et al. [29], nano-structured ziroconia monolayer coating shows two hundred fold decrease in wear
resistance as well as corrosion resistance and scratch resistance
values compared to bilayer coating due to the micro structure of
coating obviously plays signiﬁcant role and concluded that the vast
improvement in corrosion resistance is due to better adhesion and
less porosity. At different load 1–2 N, 1–11 N the coating was found

to be more adherent without cracking and the amount of delamination of coating along the scratch path almost nil. At 1–51 N, as
the load increased there is a slight as well as intermittent delamination on the surface of coating due to its better adherent nature.
A study by Moskalewicz et al. [30], on TiO2 and by Mohan et al.
[31], on HAP with TiO2 composite coating reveal the scratch resistance behavior at various loads. From the result, they found that
the behavior of chipping and smearing occurred on the coating at
the critical load of 2 N for TiO2 and 1.34 N for HAP + TiO2 composite
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coating. When compared with the results, the results observed from
the current study justify the enhancement in adhesion strength
on substrate. Improvement in mechanical property of the coated
implant is acceptable in orthopedic implant applications where
high mechanical stress produced during implantation time leads
to implant failure.
4. Conclusions
In the current study, electrophoretic deposition of composite
coatings such as ZrO2 /TiO2 , SiO2 /TiO2 , and SiO2 /ZrO2 was successfully developed at the optimized parameter of 70 V and 10 min on
Ti–6Al–4V by EPD method. The following results have been optimized from the ﬁndings;
1. The XRD result of various composites powders reveals the existence of phases with high purity. For the composite made of
SiO2 , the amorphous nature was found to be maintained even
at the sintering temperature of 1000 ◦ C. The rutile phase of TiO2
in ZrO2 /TiO2 composite reveals its high crystalline nature.
2. The morphological behavior of ZrO2 /TiO2 composite coatings has
shown uniformity on the surface with high densiﬁcation. The
other coatings made of SiO2 in SiO2 /TiO2 , SiO2 /ZrO2 have shown
irregularities in deposition with porous nature.
3. The corrosion resistance behavior of all composite coatings was
found to be more than blank Ti–6Al–4V. Compared with all
the coatings, ZrO2 /TiO2 coating has shown superior corrosion
resistance behavior, due to high crystalline (XRD), structural
uniformity (SEM). The decrease in Icorr values of all composite
coatings than blank represents its more protective nature. Both
EIS and Tafel polarization proved the presence of more protective
nature of ZrO2 /TiO2 than other composite coatings.
4. In order to prove the more compact behavior of ZrO2 /TiO2 ,
scratch test was performed and the coating was found to withstand up to 30 N. Thus from this study, we concluded that
ZrO2 /TiO2 coating was found to be more efﬁcient and can act as
potential orthopedic and dental implants for biomedical applications.
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