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Abstract

Nanosized hydroxyapatite (HA) powders were prepared by a chemical precipitation method and electrophoretically deposited on Ti6Al4V
substrates. The powders were calcined before the deposition process in order to obtain crack-free coating surfaces. As an inner layer between
Ti6Al4V substrate and HA coating, nanosized titanium dioxide (TiO2) powders were deposited, using different coating voltages, in order to
connect substrate and HA tightly. Moreover, this layer is considered to be acting as a diffusion barrier, reducing the HA decomposition due to ion
migration from the metal substrate into the HA. After the sintering stage, adhesion strengths of coatings were measured by shear testing, phase
changes were studied by X-ray diffraction, and coating morphology was analyzed through scanning electron microscopy observations. Results
showed that usage of the TiO2 inner layer prevented HA decomposition. Furthermore, decreasing the voltage used in TiO2 deposition resulted in
crack-free surfaces and increased adhesion strength of the overall coating.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Hydroxyapatite (HA), Ca10(PO4)6(OH)2, has been widely
used in medical and dental applications due to its close
similarity in chemical composition and high biocompatibility
with natural bone tissue [1]. However, application of pure HA in
the human body has been limited due to its poor mechanical
properties [2]. Unlike HA, titanium and titanium alloys are
proven to be potentially very suitable materials for load bearing
bioimplant applications [3]. The concept of coating metal
implant surfaces with HA combines the mechanical benefits of
metal alloys with the biocompatibility of HA [3,4].

Many coating techniques have been employed for the
preparation of HA coatings, such as plasma spraying, dip
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coating, chemical solution deposition, sputter coating, biomi-
metic coating and electrophoresis [2,5,6]. The electrophoretic
deposition (EPD) process exhibits some advantages over other
alternative processes, such as simplicity in setup, low
equipment cost and the capability to form complex shapes
and patterns [3,7]. A high degree of control of coating deposit
morphology can be obtained by adjusting deposition conditions
and the ceramic powder size and shape [5]. Besides these
advantages, ceramic coatings on metallic substrates present
problems such as low adhesion, the appearance of cracks on
coating surfaces as a results of shrinkage after the process of
deposit drying and sintering, and HA decomposition during
sintering stage [5,8].

In EPD application, the sintering process improves densifi-
cation and bonding of the green coating, but also promotes HA
decomposition. Decomposition of the HA coating is undesir-
able as it leads to an enhanced in vitro dissolution rate [9].
While pure HA is chemically stable up to 1200 °C, it can
decompose into tricalcium phosphate (TCP), Ca3(PO4)2, at a
much lower temperature when heated on a metal substrate. Due
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Fig. 1. Schematic diagram of the mechanical testing apparatus and samples
(1 unit=1 in.=25.40 mm).
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to migration of metal ions, HA can start to decompose at a
temperature as low as 950 °C [5,10,11].

One way to alleviate the problem of HA decomposition at high
temperatures in sintering is the usage of interlayers between
substrate and HA coating. Wei et al. [5] andWang et al. [12] used
HA as inner layer. They stated that interlayers act as a diffusion
barrier, reducing the decomposition of the HA powders in the
second layer during sintering; and the outer layer fills the cracks
on the previous coating surface [5,12].

Although cracks on surfaces were filled by outer coating
layer, cracks may deteriorate adhesion strength. To improve
adhesion strength, crack-free, dense and homogeneous inner
layer between HA and metal substrate can be used [13]. Nie et
al. [14] used dense titanium dioxide (TiO2) film as the inner
layer between titanium alloy substrate and HA top layer to
possess a very good combination of bioactivity, chemical
stability and mechanical integrity. In the study of Kumar and
Wang [15], TiO2 powders were coated on Ti6Al4V substrates as
the first layer, then HA-TiO2 composite layers of different
weight ratios were coated on TiO2 layer. However, the effects of
TiO2 layer on the adhesion strength of the overall coating were
not investigated in the studies of [14] and [15]. Although Wei et
al. [5] investigated the adhesion strength of HA coating, HA
powders used as inner and outer layer were both the same;
therefore no change occurred in the structure of coating layers;
and sintering was applied after the deposition of every single
layer.

The aim of the present work was to produce HA coating on
Ti6Al4V substrate by EPD method with improved coating
adhesion and decreased HA decomposition, and to investigate
the effects of the inner TiO2 layer on them.

2. Experimental

2.1. Production of HA powders

In this study, to synthesize HA powders chemically, the most
common precipitation route, the acid-base method was
performed since the reaction involves no foreign element and
the only by product is water [16]. The procedure described in
[16,17] was followed; the only difference was the aging
procedure in which after H3PO4 addition solution was stirred for
48 h at 40 °C. After the procedure was completed, the obtained
precipitates were oven-dried at 100 °C for 24 h, and then
calcined in air atmosphere at 1000 °C for 1 h (heating rate of
300 °C/h), followed by grinding by hand with an agate mortal
and pestle for 20 min. Calcined HA powders were used as
coating material in order to get crack-free coating surface [17].

2.2. Electrophoretic deposition

Calcined HA powders were used as coating material. 5 g of
HA powders was added into 500 ml ethanol (96%, Merck,
Germany). After magnetically stirring for 15 min, suspensions
were dispersed ultrasonically for 30 min at 40 kHz in an
ultrasonic bath (Everest Elektromekanik, Turkey), and then
suspensions were left to rest for 30 min to eliminate, by
sedimentation, the bigger or agglomerated particles. Finally, the
suspensions were ultrasonically dispersed again for 30 min to
ensure a good dispersion of the particles [17–19]. The pH value
of HA/ethanol suspension was adjusted to approximately 4,
according to its zeta potential analysis results which obtained in
the previous study [17].

Ti6Al4V substrates were polished from 240 to 1000 grid SiC
papers. Before deposition, substrates were thoroughly washed
with detergent in ultrasonic bath for 30 min, followed by
washing in acetone (extra pure, Merck, Germany) for another
20 min, and then passivated in 25 vol.% nitric acid (65%,
Merck, Germany) overnight, then washed in distilled water
[5,16,17].

The titanium electrodes were placed parallel to each other in
the suspension, with a separation of 10 mm approximately and
connected to a DC power supply (Model AE-8150, Atto,
Japan). The EPD process was performed under a constant
voltage of 200 V for 1 min at 40 °C for HA coating.

The same procedure of HA coating described above was
used for TiO2 coatings by EPD. The pH value of prepared TiO2/
ethanol suspension was adjusted to 3 as mentioned in the study
of Lin et al. [20].

The EPD process was performed under a constant voltage of
10, 20 and 50 V for 1 min. After deposition, the green form
coatings were dried at room temperature. Crack occurrence on
coating surfaces was investigated, and these TiO2 layers were
coated by HA. In these studies, commercially obtained (Alfa
Aesar, Germany) spherical-shape, anatase form of TiO2 with the
average particle size of 32 nm was used without any heat
treatment before and after deposition.

After HA depositions on Ti6Al4V substrate or on deposited
TiO2 layer, the green form coatings were dried at room
temperature in air, and then sintered in a tube furnace at 1000 °C
for 1 h in an argon atmosphere at a heating rate of 100 °C/h and
cooling rate of 50 °C/h.



Fig. 2. SEM micrograph of HA coating without TiO2 inner layer after sintering; top-right corner: surface image to illustrate crack-free surface; bottom-right corner:
section image to illustrate coating thickness.
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2.3. Characterization

The phase purity and constitution of the synthesized powders
and coatings were checked by X-ray diffractometry (XRD)
(Model Advance D-8, Bruker). The XRD data were collected at
a room temperature over the 2θ range of 10°–60° at a step size
of 0.02° and a count time of 0.6 s.

The surface morphology of the HA layer and TiO2 inner
layer deposited using different voltages, before and after
sintering, was observed by using scanning electron microscopy
(SEM) (Model Supra 35VP, Leo, Germany) at an accelerating
voltage of 2 kV. Prior to SEM examination, all the samples were
sputter coated by carbon to minimize any possible surface
charging effects. Energy dispersive X-ray (EDX) analysis and
Fig. 3. SEM micrograph of deposited TiO2 layer; main: TiO2 deposits using 20 V
bottom-right corner: TiO2 deposits using 50 V after sintering.
EDX mapping were performed to visualize the appearance of
calcium, phosphor and oxygen in coating surface.

Adhesion strengths of the sintered specimens were tested
according to ASTM F1044-99 [21]. The schematic drawing of
the mechanical testing apparatus and samples is given in Fig. 1.
As shown in this figure, equal sized, one coated and one
uncoated Ti6Al4V plates were glued with epoxy resin (Model
DP410 Scotch-weld, 3M) whose shear strength was measured
as 40 MPa approximately. Testing was carried out with a
universal testing machine (Model Z100, Zwick, Germany)
using a 10 kN load cell and a cross-head speed of 1.0 mm/min.
The adhesive strength was calculated as the peak force/fracture
area. Five samples in each group were tested, and the average
values were used as a final result.
before sintering; top-right corner: TiO2 deposits using 50 V before sintering;



Fig. 5. XRD spectra of coated samples with and without TiO2 inner layer after
sintering (black square is used for TCP, black circle is used for unidentified
phase, unsigned peaks are HA).
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3. Results

HA powders were produced using acid-base method, and
calcined to use in EPD process in order to obtain crack-free
coating surface as stated in the previous study [17]. Before the
deposition process, calcined powders were analyzed by XRD to
check phase purity and constitution; it was determined that
XRD peaks of calcined powders were completely matched with
the HA peaks (ICDD PDF No: 09-0432), and no other phases
were observed.

After adjusting the pH values of HA suspension, Ti6Al4V
substrates were coated by EPD. After sintering, surface
morphology of coating was investigated and SEM micrographs
of the coating surface and section are presented in Fig. 2 to
illustrate necking among the particles, crack-free surface and
coating thickness. As shown in Fig. 2, crack-free HA coating
(top-right corner) with thickness of about 30 μm (bottom-right
corner) was obtained.

Nanosized TiO2 powders were deposited on substrate using
10, 20 and 50 V for 1 min; the surfaces examined for cracks
before coating with HA. As shown in Fig. 3, as the voltage
increases, the tendency for crack occurrence increases. Before
sintering, when the usage of 20 V at EPD exhibited crack-free
surface (Fig. 3, main part), the usage of 50 V caused cracks on
coatings surface (Fig. 3, top-right corner). After sintering,
cracks on coating surface, for deposition with using 50 V, were
more significant (Fig. 3, bottom-right corner); some spalling
and blister at coating surface were observed.

After investigation of crack occurrence on TiO2 deposits, HA
powders were electrophoretically deposited using 200 V for
1 min on TiO2 coated substrates. For HA coating with TiO2

inner layer deposited using 20 V, before and after sintering,
similar crack-free surfaces as shown in Fig. 2 (top-right corner)
Fig. 4. EDX analysis to illustrate the elements in top coating layer after sintering (sa
were obtained. For HA coating on TiO2 inner layer deposited
using 50 V, surface cracks at the TiO2 layer (Fig. 3, top-right
corner) were filled by HA powders; crack-free surfaces were
obtained. However after sintering, some cracks were observed
on the HA top layer.

HA coated samples on Ti6Al4V substrate with TiO2 inner
layer deposited using 20 V were analyzed by EDX before and
after sintering to illustrate the appearance of calcium,
phosphorus and oxygen on the coating surface, and to determine
if any change occurred. EDX spectra and EDX mapping of
sintered specimen are presented in Fig. 4. It was observed that
there were no changes in the data taken from the specimens
before and after sintering; EDX spectra of both were
approximately the same.
mple: Ti6Al4V substrate, TiO2 inner layer deposited using 20 V, HA top layer).



Table 1
Adhesion strengths of HA coated samples with and without TiO2 inner layer
deposited using different voltages

Samples Shear strength
(substrate+ inner layer+HA) (MPa)

Ti6A14V+ – +HA 13.8 (s=1.8)
Ti6A14V+TiO2 (50 V)+HA 11.9 (s=3.3)
Ti6A14V+TiO2 (20 V)+HA 13.1 (s=0.5)
Ti6A14V+TiO2 (10 V)+HA 21.0 (s=2.9)

Note. s: standard deviation.
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After the sintering stage, XRD analyses were performed in
order to investigate HA decomposition. The first spectrum at the
top in Fig. 5 is for HA coating; there is no TiO2 inner layer. At
the other spectra, there are TiO2 inner coating layers deposited
using different voltages, 20 and 50 V.

Shear test was performed to measure the adhesion strength of
HA coatings on Ti6Al4V substrates with and without the TiO2

inner layer. The data obtained are compiled in Table 1 which
lists the average adhesion strengths and their standard
deviations (in MPa).

4. Discussion

In TiO2 deposition, it was observed that as the voltage
increases, the tendency for crack occurrence increases (Fig. 3).
Similar observations were reported in the previous study [22] in
which uncalcined HA particles were used as coating materials.
Also, it was stated that in [12,18,19], more adherent and
continuous coatings with less cracking can be obtained at lower
voltages. It is believed that packing density is responsible for the
crack occurrence during drying. At EPD, particle size range
increases with applying voltage because apart from the smallest
particles, the agglomerated ones can be also deposited to the
substrate [19], and this situation increases the porosity of the
deposit [18,23]. Once a particle comes into contact with the
substrate or an already deposited particle, it has no time to move
for rearrangement. Therefore, large particles resulted in the
formation of large pores in a particle matrix [7]. In summary,
when a lower electric field is applied, a denser packingwill occur
[7,18], and the tendency to crack will decrease.

In the present study, as shown in the XRD analysis (Fig. 5) of
HA coating on Ti6Al4V substrates, there is some HA
decomposition to TCP as mentioned in [12]. The literature
reports that the underlying titanium resulted in a partial
transformation of HA structure [9,24], and HA can start to
decompose at a temperature as low as 950 °C [5,10,11]. The
decomposition of HA to TCP induced by Ti begins at lower
temperature then TiO2 [25]. Therefore, the effect of TiO2 layer on
HA decomposition was investigated in the present study, and the
comparison of the XRD results (Fig. 5) demonstrated that the
usage of TiO2 inner layer reduced the HA decomposition. The
TiO2 inner coating layer may have acted as a chemical barrier
against the release ofmetal ions from the substrate which prevents
HA decomposition as mentioned in [26]. There is no chemical
reaction between HA and TiO2 as can be seen in the XRD and
EDX analyses (Figs. 5 and 4, respectively).
The adhesion of the HA coated structure on the Ti6Al4V
substrate was quantified by shear strength test following ASTM
standard F1044-99 [21] and the studies in Refs. [5,27,28].
Although this test and its data analysis methodology are simple
and there is an existing standard to follow, careful attention must
be paid to the issue of bonding agent (for example, epoxy resin in
Fig. 1) penetration. It is possible that it may penetrate through
macropores and partially bond to the substrate, thus invalidating
the test result. The presence of epoxy resin at the fracture surface
indicates that the measured interfacial stress of the specimen is a
false result. Therefore, the shear-fracture surface of the HA coated
specimens without TiO2 inner layer was investigated. It was
determined that epoxy resin did not penetrate the fracture surface.

Shear test results on different sets of coatings showed that with
the increasing voltage used for the TiO2 coating, strength
decreases (Table 1). Increasing voltage used in TiO2 deposition
also increases the tendency for crack formation as shown in Fig. 3
and decreases the packing density as mentioned above. These
cracked and less dense coating layers may result in lower ad-
hesion strength values.

5. Conclusions

• In the HA coating on Ti6Al4V substrate using EPD method
with the parameters of 200 V for 1 min, a crack-free surface
with the thickness about 30 μm was obtained.

• In the TiO2 coating on Ti6Al4V substrate using EPD with
different voltages as 10, 20 and 50V for 1min, it was observed
that crack occurrence increases with increasing voltage.

• In the HA coating on TiO2 deposited substrate, HA decom-
position was observed to reduce; and adhesion strength of
overall coating was observed to increase with the decreasing
voltage value used for TiO2 coating.
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