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Abstract Hydroxyapatite is a bioactive material that
is the main inorganic constituent of human hard tissue
(Ca/P ratio of 1.67) whose coatings provide requisite
surface bioactivity to the bone implants. In the current
work, the characteristics of nanocrystalline hydroxyap-
atite (HA) coatings, electrophoretically deposited on
Ti6Al4V substrate, have been investigated. To enhance
the coating’s compatibility, a 0.75 pm thick TiO, layer
was thermally grown as a diffusion barrier prior to
electrophoretic deposition of HA. Subsequently, HA
was electrophoretically deposited (EPD) at different
deposition voltages (100250 V) while keeping the
deposition time as 10 s. Both anodic oxidation during
EPD for 10 s and thermal oxidation during sintering at
1000°C for 2 h resulted in the growth of a TiO, layer
thickness of more than 25 pm. Enhancement of voltage
also has shown significant influence on the mechanism of
the evolution of biphasic microstructures, attributed to
the simultaneous growth of TiO, and HA phases.
Optimized distribution of HA and TiO, phases was
evidenced at 200 V, with explicit HA retention as
observed via transmission electron microscopy. An
empirical relationship is developed to relate the voltage
with the suppression of cracking in the deposited
coatings.
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Introduction

Hydroxyapatite, Ca;9(PO4)s(OH),, is one of the most
popular bioceramic materials, possessing desired levels
of b10act1v1ty which are needed for biomedical appli-
cations." Due to near-similar chemical composition
(Ca/P ratio of 1.67) and high biocompatibility with
natural bone tissue as well as a very close proximity to
apatite, a bone mineral, it has been widely used in
medical and dental applications.” However, it cannot
be used directly as a structural materlal due to its poor
fracture toughness (<1 MPa m'?) since all structural
bioimplants must possess a load bearing capability.’
While metals and alloys (e.g., titanium, stainless steel)
can provide better bonding strength (~20 MPa for Ti-
6A1-4V)* to orthopedlc implants, these show inferior
b10act1v1ty, which is a necessity for biomedical appli-
cations.” To retain excellent mechanical performance
of bioimplants while achieving enhanced cyto-compat-
ibility, the idea of coating metal/alloy with HA has
been synergistically adopted.® Poor mechanical prop-
erties of HA such as low fracture toughness, tribolog-
ical, and fatigue _})roperties can also be enhanced by
(i) films on alloys,” and (ii) composites such as reinforce-
ment of HA with YSZ (yttria-stabilized 21rcon1a) AL O;
(alumina), and CNT (carbon nanotubes).*”

There are many coating techniques available for
depositi ng H HA on metal substrates, such as electro-
phoresm * chemical electrodeposmon dip coat-
ing,' plasma spraying,'”'® pulse laser deposmon 6
solution gel, sputter coatlng, biomimetric coating,*!
and electrostatic spraying.”> While each coating tech-
nique has its own advantages and limitations, electro-
phoretic deposition (EPD) exhibits a strong capability
to form complex shapes and patterns while providing a
high degree of control over microscopic and macro-
scopic properties. More importantly, in contrast to
most physical vapor and chemical deposition processes,
the level of porosity required in the HA films can easily
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be achieved using EPD. The morphology of HA
coatings can be altered by adjusting deposmon Jparam-
eters like voltage, time, and powder size.'>*

One of the major issues with HA coating on a metallic
substrate (like Ti6Al4V) has been its poor adhesion to
the substrate (~13.8 MPa)?® and subsequent crack
formation because of a weak metal/ceramic interface.?’
These cracks originate as a result of shrinkage during
sintering in dry coatings.”*® With most post-sintered
HA coating, while s1nter1ng enhances the strength and
densification of the deposited HA coating, it also leads
to increased HA decomposition. The latter is highly
detrimental for the biological env1ronment as it
enhances the in-vitro dissolution.'*? Though pure
HA is chemically stable up to 1200°C, it can decompose
into tri-calcium phosphate, Ca3;(PO,), at much lower
temperature, ~950°C or so, when heated ona metalhc
substrate due to migration of the metal ions.?

In this regard, the use of intermediate barrier layers
between HA and the substrate has been shown to
reduce HA decomposition by restricting the diffusion
of metal ions from the substrate into the HA coating.
For instance, Wei et al. used an extra inner diffusion
barrier layer of HA,'*?° reducing the decomposition of
the top layer, though filling of cracks in the inner layers
by the outer layer led to a deteriorated adhesion
strength of coating. To improve the adhesion strength
and obtain a dense crack-free surface of the coatings,
researchers®*? have shown that the use of dense
titanium oxide (TiO,) film as a barrier layer between
Ti alloy (Ti6Al4V) substrate and HA coating provides
a very good combination of bioactivity, chemical
stability, and mechanical integrity. A few other reports
also showed that TiO, barrier film enhances both the
corrosion resistance and the biocompatibility of
Ti6Al4V. >

EPD is a process which can lead to the formation of
macroporous HA possessing similar microstructural
morphology as that of apatite found in the human bone.
However, the selection of a submicron sized range of
HA particles for the deposition is critical as EPD
deposition of these particles requires high voltage to
impart a critical velocity enough to get these particles
attached to the substrate.” It has been reported that
while the coatings fabricated at a constant low voltage

Ti6A14V Substrate

(~20 V) produce high bond strength on Ti substrates
they show low biocompatibility.>® On the other hand,
the coatings obtained at a high voltage (~200 V) yield a
comparatively inferior adhesion to Ti substrates but
exhibit satisfactory osteoinduction to bone.*® Although
these and other past studies emphasize the utility of
TiO; as an intermediate layer to improve the utility of
HA coating, the microstructure development of these
coatings has been poorly understood. From the per-
spective of developing a macroporous coating with
sufficient adhesion as well as bioactivity, it is very
important to understand how the microstructure in the
coating develops and this is the basis of the current
work.

In the current work, a transition layer of thermally
grown titanium oxide is intentionally grown between
Ti6Al4V and EPD grown HA coating to prevent HA
decomposition due to ionic transport from metallic
substrate to HA.'**° The presence of a TiO, layer also
introduces ceramic—ceramic (TiO,~HA) interface in
place of metal-ceramic (Ti6Al4V/HA) interface,
hence reducing the thermal expansion coefﬁ01ent
mismatch between the coating and substrate.”® Herein,
thin and porous HA coatings were deposited by EPD
with submicron HA particles for a set of deposition
voltages between 100 and 250 V, and were subse-
quently sintered at 1000°C for 2 h in nitrogen atmo-
sphere in order to observe the effect of deposition
voltage. Microscopy investigations reveal a biphasic
microstructure with island boundaries with dense,
faceted crystalline structures of TiO, along the highly
porous islands of HA.

Experimental
The sequence of the stepwise processes and formation

of different layers is demonstrated in the schematic
shown in Fig. 1 and described in the following section.

Powder production

Nanocrystalline HA powder synthesized through dry
mechano-chemical method (purity 98%+, Cenogen

HA Coating
TiO, layer during EPD

Thermal Oxidation
of Ti-6Al-4V
600°C, 2 h

T ‘ Ti6A14V Substrate \ T Ti6A14V Substrate

Electrophoretic
Deposition of HA
100-250V, 10 s

Fig. 1: Schematic diagram of the stepwise progress of samples with different experimental steps
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Materials, Patent Application No. 828/DEL/2008) in a
specially designed high-energy dual-drive planetary
mill was used for the EPD deposition of the HA
coatings. An average crystallite size of 15 nm and a
median particle size of 1.1 um were estimated by X-ray
diffraction (XRD) analysis and laser particle analyzer,
respectively.

Substrate preparation

Flat samples of Ti6Al4V were polished to mirror finish
and were thoroughly ultrasonicated in water bath for
30 min, followed by acetone wash. Subsequently
Ti6Al4V samples were heated at 600°C for 2 h in air
to yield uniform blue colored films of titanium oxide.

Electrophoretic deposition (EPD)

To prepare a suspension of EPD of HA on Ti6Al4V
substrate, 5 g of nanocrystalline HA powder (in 500 mL
ethanol solution) was wet ball milled (model Fritsch
Pulverisette) for 5 h. The suspension was then dispersed
for 30 min in an ultrasonic bath (model Fritsch Labo-
rette), and was left overnight and sedimented particles
were discarded. Finally, after separating the agglomer-
ate, the suspension was again ultrasonically dispersed
for 30 min to insure a good dispersion of the particles,
which means that finer particles (<1.1 pm obtained by
laser particle analyzer) were being used for EPD. The
pH value of HA/ethanol suspension was adjusted to
approximately 4 by adding a few drops of 1 M HCI to
adjust the zeta potential of the solution.

A glass cell was used for the EPD of HA on these
samples of Ti6Al4V. The electrodes were placed
parallel to each other in the suspension, at a distance
of ~5 cm and were connected to a DC power supply
(Scientific Dc power, model no. 2341). EPD was
performed at different operating voltages of 100, 150,
200, and 250 V for a fixed deposition time of 10 s. The
samples were named as T100, T150, T200, and T250,
respectively, as shown in Table 1.

After HA deposition on the Ti6Al4V substrates, the
coatings were dried in air at room temperature for 1 h,
and were then sintered in a tube furnace at 1000°C for

2 h in the nitrogen atmosphere at heating as well as
cooling rate of 50°C/h.

Phase and microstructural characterization

Phase identification of the samples was done on a Thermo
Electron Corporation, ARL X’TRA, X-ray diffractom-
eter using Cu K, (/1 = 1.542 A) radiation and at a scan
speed of 3°/min. The crystal system and the correspond-
ing lattice parameters were compared with the standard
data file of International Centre for Diffraction Data
(ICDD File nos. 89-5009, 89-4037, 65-4776, 89-6440, and
22-1058). The microstructure of coatings and its mor-
phology were observed with a Carl Zeiss scanning
electron microscope (Model EVO-50). Compositional
analysis of the samples was investigated by energy
dispersive spectroscopy (EDS, Oxford Instruments).
Microstructure of selected samples was investigated
using a 200 keV FEI-transmission electron microscope
(Technai 20 U Twin TEM). Hardness of the coatings was
measured by Vickers Indentation method (Bareiss Digi
test” model) at load of 50 g with a dwell time of 15 s.
Evaluation of the microporosity, island size and fraction
of the phases present was carried out by analysis of the
SEM micrographs using Image J software (Wayne
Rasband National Institute of Health, USA). It should
be mentioned that the use of colours in the SEM images
is only to illustrate various phases clearly.

Results
Phase identification

First, XRD patterns of unoxidized Ti6Al4V substrates
and oxidized substrates were obtained and the results
are shown in Fig. 2a. Upon peak matching with the
relevant ICDD files, the peaks corresponded to f-Ti
and rutile TiO, and are indexed. Figure 2a also shows
formation of rutile phase of TiO, on the Ti6Al4V
substrate after the thermal oxidation of the substrates.

XRD pattern of EPD deposited and sintered HA
coatings on substrates (samples T250, T200, T150, and
T100) shows HA and TiO, peaks as presented in Fig. 2b
and there is no major difference between samples

Table 1: Sample nomenclature and physical properties of deposited coatings

Sample Deposition Deposition % Porosity Island size % Phase Crystallite size (nm)
It \" ti in HA
voltage (V) time (s) (in HA) TiO, HA TiO, HA
T250 250 10 33.0 £ 3.2 60.0 £ 10.0 16.9 £ 1.5 83.1 £ 15 41 41
T200 200 10 23.7+24 769+157 197+13 80.3+1.3 41 41
T150 150 10 NA* NA* NA* 42 41
T100 100 10 21.6 £ 3.8 96.1 £ 15.9 218+ 1.2 782 + 1.2 42 41

*For sample T150, island size and % phase estimation was not feasible due to their unclear morphology and incomplete

coverage
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Fig. 2: Comparative chart of X-ray diffraction patterns of
(a) Ti6AI4V substrate and thermally grown oxide layer and
(b) HA powder, samples T100, T150, T200, and T250

deposited at various voltages. The results support the
formation of HA coating on oxidized Ti6Al4V sub-
strate and absence of any other reaction products.
Also, we noticed that HA has not decomposed into
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p-TCP (p-tri-calcium phosphate) or any other unstable
phase during sintering. Crystallite size in the grains of
HA coatings was estimated using Scherrer’s formula
(t =0.94/(Bcos 0)) after taking care of the instrumental
broadening using an Si standard. The estimated values
of crystallite sizes for different samples with varying
deposition voltage are shown in Table 1. It is observed
that the deposition voltage does not play any major role
on the crystallite size of HA, remaining ~40 nm.

Microstructural characterization

Following the phase analysis, all the four samples were
subjected to microscopy studies for microstructural
analysis. Figure 3a shows a cross-sectional optical
micrograph of a typical coating obtained for the T200
sample. A schematic of the representative cross section
of such samples is provided in Fig. 3b. The sample
showed uniform and void free coatings. For instance,
Fig. 3b shows three layers on the Ti6Al4V substrate
which were characterized as thermally grown TiO,
(Fig. 3c), TiO, grown during EPD and sintering, and
the HA layer deposited during EPD and sintering
(Fig. 3d). Thermally grown TiO, layer was also
observed by other researchers showing a blue colora-
tion of the surface.”’ Similar layers were found at
different voltages and the thermally grown TiO, layer
was found to be about 0.74 pum thick (ranging between
0.68 and 0.80 pm) in all the samples. Since it is the top
surface that comes into contact with the biological
environment, the microstructural analysis of the sur-
face becomes critical. The following section focuses on
the surface morphology that has developed after the
EPD and sintering that can allow us to achieve the
requisite phase distribution and coverage.

SEM micrographs of HA coated samples deposited at
various voltages are shown in Figs. 4,5, 6, and 7. A first
glance suggests a two phase or a biphasic microstructure
for the samples T250, T200, T150, and T100, with the
size, shape, and distribution of the non-confluent phases
varying with the change in the deposition voltage. In all
the microstructures, a major phase of HA is noticed,
while the second phase is observed to be TiO, (using
electron dispersive spectroscopy technique as shown
later in the “‘Discussion” section). In all of the cases, the
primary HA phase contains open microporosity which
was uniformly distributed due to the partial sintering of
fine (approximately micrometer sized) HA particles at
1000°C for 2 h. A common feature of interconnected
particles with substantial porosity (~21-33%) is evi-
dence of partial sintering of the HA particles. The size of
the island in the HA phase varied in the range of
60-96 um, and the vol. % of the TiO, phase varied in the
range of 17-22% with deposition voltage in the range of
100-250 V (refer to Table 1 for details). Island size of
the HA phase and the vol.% of the TiO, phase were
found to decrease while porosity of the HA phase was
found to increase with increasing deposition voltage.
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Fig. 3: Cross-sectional SEM image schematic for sample T200 showing multilayered coatings and their magnified image of
the interfacial regions. (a) SEM micrograph, (b) schematic with measured thickness, (c) magnified view for thermally grown
TiO,, and (d) HA and TiO, boundary

Fig. 4: Schematic of SEM images for sample T250: (a) overall microstructure depicting the presence of two different
phases, (b) magnified image of secondary phase TiO,, and (c) magnified image of primary phase
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Fig. 5: Schematic of SEM images for sample T200: (a) overall microstructure depicting the presence of two different
phases, (b) magnified image of secondary phase TiO,, and (c) magnified image of primary phase

Fig. 6: Schematic of SEM images for sample T150: (a) overall microstructure depicting the presence of two different
phases, (b) magnified image of secondary phase TiO,, and (c) magnified image of primary phase

268



J. Coat. Technol. Res., 10 (2) 263-275, 2013

Fig. 7: Schematic of SEM images for sample T100: (a) overall microstructure depicting the presence of two different
phases, (b) magnified image of secondary phase TiO,, and (c) magnified image of primary phase

In all of the samples, the TiO, phase showed dense
faceted microstructural features, though the morphol-
ogy of these feature varied with the deposition voltage.
In samples with deposition voltage (100-200 V), the
TiO, phase was found to be irregular polygonal
morphology eliciting multiple faces. It can be inferred
herein that enhanced nucleation sites at lower depo-
sition voltage resulted in the growth of a large number
of individual TiO; crystals (size of few um), whereas in
sample T250, coalescence of individual features
occurred and a single continuous TiO, phase was
found to have commutative growth (showing large
particle size of 10-15 pm) along the phase boundaries
between HA islands. The line elemental mapping
confirmed the presence of the primary HA phase
showing calcium and phosphorous peaks (Fig. 7),
whereas the secondary phase corresponded to the
substrate element peaks (mainly titanium and oxygen
with minor peaks of Al and V).

In the T250 sample (Fig. 4), it can be clearly seen
that the TiO, phase is evolving preferentially within
the phase boundaries of HA (Fig. 4a). Partially grown
TiO, at this deposition voltage elicits insufficient
growth of TiO,, incapable of fully covering the surface,
and resulting in the formation of voids (appearing like
cracks) during its growth. The morphology of the TiO,
consists of large (~5-25 pm) and dense faceted poly-
crystalline features with irregular polygonal morphol-
ogy displaying multiple faces and ridges as shown in
Fig. 4b. A single continuous TiO, phase is observed

due to the coalescence of individual particles. The HA
phase was composed of submicron sized coalesced
particles as depicted in Fig. 4c. Microstructure of the
deposited coating is observed to contain microporosity
~33%, which appears to be interconnected, and is
uniformly distributed throughout the surface.

At the deposition voltage of 200 V (sample T200),
the TiO, phase is also evolving preferentially through
the boundary of the HA phase as depicted by the
biphasic microstructure in Fig. 5a. Well networked
distribution of HA and TiO, suggests that the growth
of TiO, and deposition of HA phase is well integrated
since cracking (as observed in T250, Fig. 4) is now
circumvented in T200 processing. The morphology of
the TiO, was observed to be consisting of dense but
smaller (3-15 um) faceted polycrystalline features of
irregular polygonal morphology having multiple faces
and ridges as shown in Fig. 5b. A single continuous
TiO, phase could not be observed due to the insuffi-
cient coalescence of individual TiO, crystals.
Uniformly distributed interconnected microporosity
(~23-24%) was found in the HA phase as indicated
by the porous microstructure containing submicron
sized coalesced particles in Fig. Sc.

At the deposition voltage of 150 V (sample T150),
the TiO, phase growth was not limited to the cracks of
HA phase, but the biphasic microstructure is elicited as
scattered zones of TiO, within the HA phase (Fig. 6a).
The morphology of the TiO, consisted of dense but
finer (0.25-10 pm) faceted polycrystalline features of
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irregular polygonal morphology displaying multiple
faces and ridges as shown in Fig. 6b. These zones
consist of individual and scattered TiO, without much
integration. Uniformly distributed interconnected
microporosity in HA was also observed, as seen in
Fig. 6¢c, confirming the partial sintering of HA.

At the deposition voltage of 100 V (sample T100),
the growth of the TiO, phase led to the formation of
large pits (~30-60 um) due to widening of phase
boundaries to accommodate higher growth of TiO, and
confining it preferentially within the phase boundaries
of HA phase, as depicted by the biphasic microstruc-
ture in Fig. 7a. Widening and pit formation at phase
boundaries of HA phase at this deposition voltage
resulted due to an excessive growth of TiO,, which was
incapable of accommodating the initial cracking intro-
duced during its growth. Figure 7b shows a highly
magnified SEM image of TiO, region. The morphology
of the TiO, was found to consist of dense and fine
(0.25-8 pm) faceted polycrystalline features of irregu-
lar polygonal morphology showing multiple faces and
ridges. Additionally, individual TiO, phase was prom-
inent in the phase boundaries and pit regions. Uni-
formly distributed interconnected microporosity in HA
was also found as depicted in Fig. 7c and confirming
the partial sintering of HA.

Mechanical characterization

Microhardness estimated by Vickers indentation (mod-
el Bareiss Digi) test elicited the bi-modal nature of
hardness values, justified by the presence of two phases
in the microstructure. The effect of deposition voltage
on hardness profile of samples T250, T200, T150, and

1000 T T | T T

900 — TiO, phase
800 — —
700 —

600 — HA phase —

Hardness (Hv)

500 —

400 — ) B
Base substrateTi6Al4V

300 —

200 1 1 | 1 I 1 |
100 150 200 250

Deposition Voltage (V)

Fig. 8: Variation of microhardness with deposition voltage
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T100 along with the base hardness of Ti6AI4V is
presented in Fig. 8. The bi-modal hardness profile
showed high hardness of dense faceted crystalline TiO,
phase (675-775 Hy) and low hardness of highly porous
structure of HA (500-650 Hy). It is observed that an
increase in the deposition voltage led to enhanced
porosity of HA phase and hence resulted in a
decreased hardness. Base hardness of the metallic
alloy Ti6Al4V substrate was found to be lower (~330
Hy) than that of EPD deposited HA coatings. Owing
to inherently high hardness of TiO, (675-775 Hy, in
comparison to that of HA ~500-650 Hy/), a very high
hardness difference was observed between the HA and
TiO, phase in samples T100 and T150 (~up to 250-
300 Hy), whereas the hardness difference in samples
T200 and T250 was not as great (~150 Hy).

Discussion

As the microstructure of all the samples showed the
presence of two different phases, identification of the
two phases present was done by EDX analysis. The
elemental mapping on a line crossing the phase bound-
ary and individually on both phases is shown in Fig. 9.
The elemental compositions corresponding to both the
phases at the boundary region confirm the presence of
high Ca, P, and O in the primary phase and high Ti and
O in the secondary phase. The regions with high Ca/P/O
depict HA (the primary phase) while those with high
Ti/O depict TiO; (the secondary phase).

Retention of HA after the thermal treatment was
confirmed by the TEM characterization done on
Sample T200. Multiple crystallites of average size
ranging less than 40-50 nm are visible in Fig. 10a
corroborating the crystallite size (~40 nm) as esti-
mated by Scherrer equation from XRD data. Selected
area diffraction pattern (SADP) composed of spotted
ring pattern confirmed polycrystalline HA with multi-
ple nano-crystals of HA. All the indexed rings matched
with various crystallographic planes of HA as shown in
Fig. 10b eliciting the retention of HA phase in the
coatings after EPD and sintering.

Almost 40-fold growth in TiO, layer (from 0.74 to
30 um) as shown in Fig. 3a does not comply with the
idea that the growth of TiO, has resulted from the
thermal oxidation alone, as thermal oxidation was
done only for 2 h (at 600°C) in an inert atmosphere of
N,. Another possible mechanism for such a thick oxide
layer formation can be attributed to the anodic
oxidation during the EPD of HA in TiO, coated
Ti6Al4V substrate. However, the TiO, that evolved in
the present work differs from the previous observation
of vertical growth of TiO, nanotubes during anodic
oxidation.*®*” Since faceted crystalline growth of TiO,
is evident from the morphology of the grown structures
in the present work, it does not comply with its
evolution from anodic oxidation alone. This indicates
that the modification of TiO, has occurred to form
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Fig. 9: EDX on sample T200 for elemental mapping on a line crossing the boundary and individually on both primary and

secondary phase

faceted crystals, which is attributed to the prolonged
high temperatures sintering (at 1000°C for 2 h) after
EPD. Such a transition of TiO, morphology matches
with the past observations durmg thermal growth of
thin TiO, coatings over Ti wires.*! The formation of
these 3-D faceted morphological structures can be
explained through the growth of polycrystalline TiO,
film in different morphological motifs arising from the
difference in the Gibbs free energy of the cylinder and
plate like structure of TiO,."!

I'cylinder
I' plate

where I cylinder denotes the interfacial Gibbs free
energy of the cylindrical geometry crystals and I" plate
denotes the interfacial Gibbs free energy of the
cylindrical geometry crystals. It is believed that TiO,
undergoes self-reconstitution and reorganization on
the microscopic level during the sintering operation in

order to lower its free energy.*' Such a mechanism of
microstructural adjustment in TiO, is manifested by
the presence of stacked layers in the ridges, and not of
cylindrical nanotubes of TiO, as shown in Fig. 11.
The initial TiO, layer thickness is 0.74 um after the
thermal oxidation at 600°C for 2 h. It must be men-
tioned that TiO, growth occurs first due to anodic
oxidation during the EPD duration (10 s) followed by a
second stage of growth during sintering at 1000°C for
2 h. Though the presence of intermediate TiO, layer is
expected to stop or alleviate the interfacial reaction
between the metal and the ceramic interface, in fact, it
has led to a dramatic growth (~40 times) resulting in
enhanced penetration through the HA layer deposited
on top of it. Thus, it can be concluded that the EPD of
HA and anodic oxidation of TiO, have occurred
simultaneously during the 10 s cycle of the applied
voltage field utilized in the current work. Further, the
growth kinetics of HA and TiO, both depend on the
applied voltage eliciting the microstructural differences
achieved with voltage variation. In the present work, the
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Fig. 10: Schematic of TEM images of the scratched HA coating from the sample T200 (a) displaying nano crystallites (b)

magnified image with the indexed SADP image in the onset

Fig. 11: High magnification SEM image showing stacked
layers due toridge formation during sintering at 1000°C for2 h

thickness of the coating is in the micrometer range and
the distance between the electrodes was set to be 5 cm
(as stated in the “Electrophoretic deposition (EPD)”
section). Hence, keeping in mind the large difference
between d and dgeposit, the term dgeposic can easily be
neglected from (d — dgeposit) and that leaves us with the
approximate kinetic equation of weight deposited (w) of
HA during EPD with only the term ‘d’ in it**:

- Qe )

where all the parameters, deposit factor (f), particle
concentration in suspension (C), permittivity of vac-
uum (&), relative permittivity (e;), zeta potential (&),
deposition time (f), distance between the electrodes
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(d), and viscosity of solvent (1) are kept fixed for the
four samples with varying applied voltage (Vapplicd)-

As a result, the above equation can be reduced to a
linear equation:

w=K Vapplied

where K is an overall constant and weight deposited
electrophoretically has a direct linear dependence on
the deposition voltage. TiO, evolution, on the other
hand, follows an equation comprising many factors
associated with hydrogen gas evolution, anodic cur-
rent, deposition voltage, etc. Since all other variables
are constant for the four samples, the evolution
kinetics of TiO, crystals depends only on the voltage.
Thus, while higher voltage promotes EPD of HA, it
also promotes TiO, growth simultaneously via anodic
oxidation.

The two parallel growth processes of HA and TiO,
are both favored by the increasing deposition voltage
as suggested by the kinetics of EPD and anodic
oxidation. Still, the trend of the competing kinetics of
both the processes can be observed by the topography
of HA and TiO, on the coating surface. The schematic
diagram in Fig. 12 shows a representation of the effect
of voltage on the evolution of TiO, phase and its
distribution at the coating surface. The micrograph for
sample T250 (Fig. 4) shows that the faceted features of
TiO, are above the surface of HA phase, while sample
T100 (Fig. 7) shows that the faceted features of TiO,
are below the level of surface of HA phase. These
unleveled topographical features were not observed
between the surfaces of TiO, and HA, as seen in
T200 (Fig. 5) and T150 (Fig. 6). Thus, an enhanced
integrity of coatings can be expected in T200 and T150
in comparison to those of T250 and T100 samples.
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Pits formation at junctions

TiO2 Growth below HA level

100V

Colony formation at junctions

TiO2 Growth matching HA level
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View
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No colonization at junctions

TiO2 Growth over HA level

250V

Fig. 12: Schematic of the probable/proposed mechanism for the evolution of the TiO, phase with variation in deposition

voltage

Deposition at higher voltages also leads to increased
tendency of coalescence of the individual particles
(eliciting bigger particle size), and a continuous TiO,
phase distribution in HA phase (i.e., 5-25 um in T250,
3-15 um in T200 sample), a much lesser extent of
coalescence of TiO, particles is observed in sample
T150 (0.25-10 pm) and T100 (0.25-8 pum), in contrast
to those of sintered coatings deposited at higher
voltages. Hence, the comparative growth between
HA and TiO, indicates that higher voltage supports
TiO, growth when compared to that of HA deposition.
In contrast, with decreasing deposition voltage, widen-
ing of HA phase boundary and formation of pits were
observed.

Accommodation of TiO, at the island boundary of
HA, and thus its prevention from cracking appears to
optimize for T150 and T200 V. Higher voltage assists
comparatively higher deposition of TiO,, in contrast
to that of HA (as seen in Figs. 4, 5, 6, 7). With
decreasing deposition voltage, HA grows preferen-
tially leaving the remaining space as voids. As a result,
a larger island with wider cracks (or voids) is
observed. On the other hand, at higher voltages,
TiO, growth competes with that of HA resulting in
smaller HA island size. Thus, lower voltage resulted in
larger island size as supported by the data (increasing
from 60 pm at 250 V to 96.1 ym at 100 V), and as
shown in Fig. 13. On the other hand, porosity content
in HA phase was found to increase with the deposi-
tion voltage. Such a trend was expected since rapid
deposition rate at higher voltage** allows limited time
for particle rearrangement leading to higher porosities
(increasing from 21.6% at 100 V to 33.0% at 250 V)
as shown in Fig. 13.

Since the samples are sintered at high temperature
(1000°C, 2 h) and experience similar thermal treat-
ment, the difference in the morphology and distribution
of phases can be attributed to the EPD voltage alone.

100 12
90 -
g0 MA% .-t - 10
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Fig. 13: Variation of phase boundaries width, porosity % in
HA, HA% and TiO,% in top surface with change in
deposition voltage

Overall, the deposition voltage affects various charac-
teristics of the coating: phase distribution at the surface,
integration of TiO, features, minimization of cracks,
and physical property match between HA-TIO,.
Among all the samples, T200 appears to be the most
promising considering the comparative distribution of
HA-TiO,, sufficient integration of the TiO, features,
and closest mechanical property (hardness) match
between HA-TiO, (see Fig. 8). As TiO, is known for
its antibacterial properties, further work on the bioac-
tivity and antibacterial property needs to be carried out
to investigate the role of phase distribution on the
bactericidal nature of deposited coatings.
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Conclusions

Successful EPD of hydroxyapatite (over deposition
voltage of 100-250 V) was achieved on Ti6Al4V
substrate with thermally grown TiO, layer (0.74 um
thick grown at 600°C for 2 h). Biphasic microstructure
was observed showing faceted morphology of TiO,
within the phase boundary of HA islands. Porosity in
HA, island size of HA, and distribution of dense faceted
TiO, structures showed a strong dependence on the
deposition voltage. In parallel to the EPD of HA, anodic
oxidation of substrate was also confirmed by occurrence
of dense faceted crystalline TiO,. Such faceted mor-
phology of TiO; crystals was attributed to the lowering
of free energy of formation of stacked plate-like TiO,
during prolonged high temperature sintering (1000°C,
2 h). Further evaluation of cyto-compatibility, role of
TiO, dispersion on bactericidal effects, and tribological
response of electrophoretically deposited coatings will
be needed for their utilization as potential biomaterials.
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