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Abstract

The purpose of this study was to investigate the deposition of the hydroxyapatite
(HA) coating via the electrophoresis procedure. The HA deposition was performed
in an ethanol, methanol, acetone and isopropanol suspension. Methanol was found
to be the best deposition media. Among the different environmental conditions,
including the encapsulation of the samples under two vacuum types of pressure
(10-3-10* and 2x10-2 Torr) and also the purge of the argon gas in the tube-like
furnace, the optimum environment was the one demonstrating the encapsulation under
the vacuum pressure of 2x 102 Torr (washing with argon gas of 99.9% purity). After
the examination of 3 sintering temperatures (1020, 1050 and 1100 °C), the sintering
temperature at 1050 °C illustrated the most desired results. The samples sintered under
these conditions were apparently intact, most of the interfacial part of the coating
was found to be attached to the substrate surface irregularities and no single cracks

were observed.
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1. Introduction

The characteristics of the bone tissue,
related to its strength and its viscoelastic
behavior, are attributed to the presence of the
nanometric crystallites, rich in phosphorus
and calcium. Hydroxyapatite (HA), the most
important member of the calcium phosphates
family, demonstrates a good biocompatibility
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behavior and encourages the bone formation.
These advantageous characteristics lead to the
worldwide use of this type of biomaterials
for hard tissue applications [1].

The HA coatings are coated on metallic
substrates by different methods such as plasma
spraying process, electrophoresis deposition
(EPD), sol-gel process and others. The
commercial method for the preparation of
these coatings is the plasma spraying process,
being inexpensive and highly rapid in the
production. However, the employment of this
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method unfortunately presents some
drawbacks. For instance, the preparation of
uniform coatings is a hard task, especially
for complicated shapes. Another drawback
is the presence of various amorphous phases
and residual stresses in the product, due to the
high cooling speed and the high temperature
of the process [2-4].

The suitability for the preparation of the
complicated shapes, the ability of the
thickness control and the low potentially
residual stressing are some of the most
significant characteristics of the EPD method
[5]. The purpose of this study is to investigate
the optimum conditions of the media for the
electrophoresis deposition of hydroxyapatite
and the sintering of the coated materials. In
the following sections, after the description of
the used experimental equipment and
materials, the obtained results will be
discussed.

2. Materials and Methods

The deposition set-up consisted of the
power supply, the amperometer, the
voltameters and a timer. The cathode was a Ti-
6Al-4V alloy (GOST BT6, Russia) with a
thickness of 3 mm, a width of 10 mm and a
length of 25 mm. Of this length, only 10 mm
were used for the deposition. The glass plate
anode was coated with gold on both sides
and was placed against the cathode. The
deposition was performed at a 100 ml beaker
and the voltage was set at the value of 100 V.
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Figure 1. The particle size distribution of Hydroxyapatite.
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Because of the high sensitivity and accuracy
of the electrophoretic deposition process, the
components used in this process were washed
completely. In detail, this equipment was
firstly washed with tap water, then with
distilled water and, finally, with pure acetone.

The surface roughness parameter (Ra) was
measured by the mechanical contact method
(Surface Roughness Tester-TR100). The
micro-structural analysis of the samples was
made by scanning electron microscopy (SEM,
Cambridge Stereoscan 360). For the micro-
structural analysis of the coatings, after the
surface preparation, a gold-palladium layer
was coated on the samples. The phase analysis
was carried out by an X-ray diffractometer
(Siemens D-500). The measurement of the
calcium-phosphorous ratio was conducted
with the Inductively Coupled Plasma method
(ICP, ARL 340, Switzerland).

3. Results and discussion

The XRD analysis showed the powder
used in this work (Merck code, 2196)
composed of a crystalline HA. The calcium-
phosphorous ratio was 1.66. It should be
noted that the accuracy of the ICP technique
for the major elements measurement is low
[6]. The analysis of the particle size
distribution (Figure 1) and its observation by
SEM (Figure 2) revealed that the powder
demonstrated the particle size distribution
ranging from submicrometer to several
micrometers.

Figure 2. The SEM image of the Hydroxyapatite particles.
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Table 1. The environment characteristics and the conditions for the sample in the sintering.

Environment Sample position Vacuum pressure (Torr)
Argon vacuum In capsule 10-10- and 2x102
Argon purging Tube-like furnace Atmosphere

3.1. Deposition conditions

In order to analyze the effect of the
suspension media, to which only a limited
number studies have been reported [7-11],
the HA deposition was performed in an
ethanol, methanol, acetone and isopropanol
media. The primary ratio of the HA
suspension was fixed 0.6 (Wt%) and the
substrate roughness (Ra) value was 2-4
microns.

The deposition in isopropanol was too
slow and there was no considerable deposition
yield. The creation of the electrophoretic
layer in acetone was more significant but
during the sample extraction from the
suspension, a lot of particles were dispersed
again in the suspension. This phenomenon
could be attributed to the acetone evaporation.
The ethanol suspension was better than the
two previous suspensions, due to the HA
layer creation, even if they were thin and
obviously inhomogeneous. However, the best
deposited samples, obtained in methanol
suspension, were intact and uniform and there
was a small dispersion in the suspension
while extracting the sample.

At first, the deposition speed in methanol
was high, but when the time elapsed, there
was a speed decrease (Figure 3). The
concentration decrease of the suspension and
the voltage drop due to the thickening of the
layer, have been known as the two influential
factors on this phenomenon [2].

Although in the beginning of the deposition
all suspensions were opaque, afterwards the
transparency gradually increased. After the
initiation of the deposition in methanol, it
took less than 1 min. for the suspension to
become transparent until the completion of the
process. This observation is in agreement
with the mathematical predictions of the elec-
trophoretic deposition. According to the
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mathematical prediction, at first the relation
between the weight of the deposited material
and the deposition time should be linear,
while afterwards this relation becomes
exponential [5].

3.2. Sintering conditions

Sintering is the final preparation stage for
the coated ceramic materials. An undesirable
sintering can lead to the substrate deformation,
the coating cracking or even the
substrate/coating separation. Taking into
account the available data [3, 8, 10], the
following procedure was followed to
investigate the appropriate sintering
conditions.

3.2.1. Sintering environment

Because of the sensitivity of titanium
surface to oxidation at high temperature,
sintering in an environment in the presence of
air would destroy the interface between the
substrate and the coating. To overcome this
problem, sintering was carried out under 3
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Figure 3. The deposition thickness variation during the elec-

trophoretic deposition.
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Figure 4. Detachment of the coating from the substrate in the
samples sintered in tube-like furnace (optical microscope).

various conditions; purge of the argon gas
into a tube-like furnace and the encapsulation
of the samples under two different vacuum
environments (Table 1). The temperature and
time for sintering were fixed at 1050 °C and
for 1 h, respectively. The thickness of the
raw coating in all samples was 60+15 pum.

The coating was not absolutely attached to
the substrate in the samples, sintered under the
argon purge and the use of the tube-like
furnace (Figure 4). This phenomenon was
related to the destructive influence of the
available oxygen, even when the argon gas
had been previously purified.

The capsule samples were made of quartz
tubes with a length of 200 mm and a diameter
of 18 mm. The capsule tube was washed
twice with argon gas of 99.9% purity. To
purify the argon gas from the oxygen impurity,
a capsule of red copper powder was used.
The samples sintered under the vacuum

SOume i

Figure 5. The SEM image of the cross section surface of the
encapsulated sample sintered under the vacuum pressure of
2x1072 Torr and at 1050 °C.
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pressure of 10-3-10* and 10-2 Torr were
apparently intact.

The microscopic observations of the
coating/substrate interface exhibited that most
of the coating interfacial part was attached to
the substrate surface irregularities and no
single cracks were noticed (Figures 5 and 6).
The crack growth at the substrate/coating
interface has been known as a major cause of
the interfacial fracture of the coated materials [3].

Two substrates were encapsulated at the
same conditions to compare the oxygen effect
which might be present in the two used
capsule. Despite of the substrate sintered at
10-3-10 Torr, very thin layers of large
titanium oxide crystals were observed visually
and identified by XRD on the one sintered at
102 Torr. Apart from the hydroxyapatite as the
major phase component of the coating, various
compounds such as CaHPO,, Ca(OH), and

Ca(H,PO,), were also recognized (Figure7).

Among the calcium phosphate components,
HA is the most stable phase and exhibits the
lowest dissolution degree in the simulation

body fluid. Dicalcium phosphate (DCP,

CaHPO,), monocalcium phosphate [MCP,
Ca(H,PO,),] and monocalcium phosphate
monohydrate [MCPM, Ca(H,PO,),.H,0],
due to their characteristics, present many
applications as precursors in the synthesis of
calcium phosphate powders and/or in bone
cement applications [12].

Figure 6. The outer surface of the encapsulated coating
sintered under the vacuum pressure of 2x1072 Torr and at 1050
°C (optical microscopy).



Except for HA, other identified phases
can also be the outcome of sintering at
vacuum environment and, subsequently, a
different effect will be noticed on the substrate
at the interfacial part of the coating. These
parameters lead to the phosphorous diffusion
from the coating to the substrate, the
crystalline allotropic transformation, the
crystalline transformation to an amorphous
component and the change of the phase trans-
formations temperature [8, 9, 12-15]. The
examination of the coating chemical analysis
revealed that the phosphorous amount in the
outer surface of the coating was smaller
compared with that in the interfacial part of
the coating.

Taking into account the corresponding
results attained from sintering under the
vacuum pressure of 10-10-* and 10~ Torr and
considering the cost and the feasibility aspects
for the preparation of an environment type
with high vacuum, the vacuum pressure of
1072 Torr would be preferred.

3.2.2. Sintering temperature

Samples were sintered at the temperatures
of 1020, 1050 and 1100 °C for 1h, to
investigate the effect of the sintering
temperature. The sample sintered at 1100 °C
was deformed slightly. As depicted in Figure
8, the microstructural discontinuity and the
defects in the samples sintered at 1020 °C
were greater than the ones sintered at 1050 °C.
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Figure 7. The X-ray pattern of the coating sintered under the
vacuum pressure of 2x1072 Torr.
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4. Conclusion

Based on the results obtained in this
research, the methanol proved to be the most
suitable media for the electrophoretic
deposition of hydroxyapatite with respect to
ethanol, acetone and isopropanol media. The
best sintering condition was concluded to be
the encapsulation under the vacuum pressure
of 2x102 Torr (washing with argon gas of
99.9% purity) with the sintering temperature
of 1050 °C. The samples, sintered under these
conditions, were clearly intact, the coating was
attached to the substrate and no gap was
observed at the coating/substrate interface.
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