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Electrophoretic deposition is a low-cost, simple, and flexible coating method for producing
hydroxyapatite (HA) coatings on metal implants with a broad range of thicknesses, from
<1 um to >500 um. As for many other HA coating techniques, densification of
electrophoretically deposited coatings involves heating the coated metal to temperatures
above 1000°C. Metal substrates tend to react with HA coatings at such temperatures
inducing decomposition at temperatures below 1050 °C (decomposition for pure HA
normally occurs above 1300°C). Therefore, densification of these coatings needs to be
conducted at temperatures lower than 1050°C, and this necessitates the use of
high-surface-area HA nano-precipitates, rather than commercially available pre-calcined
powders, which densify at temperatures typically higher than 1200°C. HA nano-precipitates
were prepared by three methods and deposited on metal substrates by electrophoresis: (1)
the acid base method, which produced plate-like nano-particles with a 2.5:1 aspect ratio,
and severely cracked coatings; (2) the calcium acetate method, which produced needle-like
nano-particles with a 10:1 aspect ratio, and slightly cracked coatings; (3) the metathesis
method, which produced rounded nano-particles with a 2:1 aspect ratio, and high-quality
crack-free coatings. The results suggested that the less equiaxed the nano-particles, the
more cracked the coatings obtained by the electrophoretic deposition technique.

© 2005 Springer Science + Business Media, Inc.

1. Introduction

Hydroxyapatite (HA) [Ca;o(PO4)s(OH);] is the main
mineral component of bone and its synthetic form is
one of the few materials capable of forming a direct
chemical bond with bone in vivo [1]. However, the me-
chanical properties of HA are poor, rendering it un-
suitable for load-bearing applications [2]. One solution
to this problem is metal-fiber reinforcement. A recent
study has demonstrated that the toughness of HA can
be enhanced up to fourteen times via metal fiber rein-
forcement, giving it a toughness similar to cortical bone
[3]. The other solution to this problem is the deposition
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of HA coatings on metal implants, thereby combin-
ing the toughness and load bearing capabilities of the
metal with the bioactivity of the HA. Deposition of HA
coatings has been achieved by a number of methods
including [4-9]:

Plasma spraying [4]

Pulse laser deposition [5]
Electrochemical deposition [6]
Sol-gel coating [7]
Biomimetic coating [8]
Electrophoretic deposition [9]
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Electrophoretic deposition (EPD) is a flexible, rapid,
low cost process capable of rapid deposition rates (sec-
onds to minutes) with a high degree of control over de-
position thickness and morphology, and the ability to
produce coatings on metal implants with a broad range
of thicknesses from <1 pm to >500 pm. Electrophore-
sis involves the migration of charged colloidal-sized
particles (not ions) towards the counter-charged elec-
trode at which deposition occurs. Positively charged
particles deposit on the cathode (cataphoresis), and
negatively charged particles deposit on the anode
(anophoresis) [10]. Currently, significant research at-
tention has been focused on the thermal spray process
for depositing HA coatings on metals. The main ad-
vantages of EPD over thermal spraying are the low
processing cost and the fact that EPD is a non line-
of-sight process and so can be used to evenly coat
substrates of complex shapes or morphologies. The
main disadvantage is that EPD coatings must be den-
sified after deposition, and this involves heating the
coated metal implant to temperatures in excess of
800 °C. Heating is problematic in terms of degrada-
tion of the HA coating and deterioration of the metal
substrates.

Temperatures above 900°C can potentially have
deleterious effects on titanium and stainless steel im-
plants, principally via surface oxidation and phase
changes that spoil the mechanical properties. There-
fore, densification needs to be conducted at as low
a temperature as possible and in a highly oxygen-
depleted furnace atmosphere. A recent study by the
authors has demonstrated that an oxidation layer was
formed on the surface of HA coated metallic substrates
at an elevated temperature, which became an potential
weak layer for the bonding between HA and the metal
[11].

Elevated temperatures can also be deleterious for the
HA coating. Previous studies have demonstrated that
additions of fibres or particles to an HA matrix reduces
its decomposition temperature from the usual range
of ~1300-1400 °C (pure HA) down to ~750-1150°C
[12—-14]. Decomposition is undesirable since it results
in an enhanced in vitro dissolution rate for the HA [15].
The degree of reduction in decomposition temperature
depends on the chemical composition of the additive,
and the amount of additives in HA. In the case of 316L
stainless steel particles, the decomposition temperature
was reduced to ~950°C [14], and in the case of ti-
tanium particles, the decomposition temperature was
reduced to ~1050 °C [13]. In both cases, the addition
was 10 to 20 vol% of metal particles to the HA with
a metal particle size of tens of microns, i.e., the metal
particle diameter is comparable to the thickness of a
typical HA coating on a metal substrate, so the reaction
zone was of comparable dimensions. Since the inter-
facial interaction in a thin-HA-coating/metal-substrate
scenario would be similar to the interfacial interaction
in particle or fiber reinforced HA, these decomposition
temperatures would be good guides for determining the
sintering temperature in the current study.

Therefore, relatively low sintering temperature is de-
sirable for the HA coated metal system. Minimization
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TABLE 1 Reported processes for the precipitation of Cajg
(PO4)s(OH)2 (HA) [11]

A. Dry Processes

. 3Ca3(PO4); + CaO + HyO — Cajo(PO4)6(OH),

. 3CayP,07 + 4CaCO3 4+ HyO — Ca9(PO4)s(OH), + 4CO,
. CaHPO4 + 4CaCO3 — Caj(POy4)6(OH), + 2H,0 + 4CO,

. Wet processes
. 12CaClz + 8H3PO4 + 2H20 — Calo(PO4)5(OH)2 + 2CaHPO4
+ 24HC1
2. 10Ca(NO3)> + 6KH2PO4 + 2H,0 — Cajo(PO4)6(OH), 4+ 6KNO3
+ 14 HNO3
3. 10Ca(OH),; + 6H3P0O4 — Cajo(PO4)s(OH)> + 18H,O
4. 10Ca(NO3)2 + 6(NH4)2HP04 + 2H20 — Calo(PO4)6(OH)2
+ 12NH4NO3 + 8HNO3
5. 10Ca(NO3)2 + 6NH4H2PO4 + 8NH4OH - Calo(PO4)6(OH)2
+20NH4NO3 4+ 6H,0
6. 10Ca(CH3COO); + 6(NH4),HPO4 + 8NH3 + H,O
— Cajg (PO4)6(OH), 4+ 20CH3COONH4

—_ oy W N =

C. Hydrothermal processes
1. 10CaHPO42H20 — Calo(PO4)6(OH)2 + 4H3PO4
2. 10CaHPO4 + 2H;0 —Ca;o(PO4)6(OH), + 4H3PO4

of the HA densification temperature requires the use of
HA powders with maximal specific surface area. Den-
sification of HA follows a sigmoidal correlation with a
characteristic plateau temperature and plateau density,
which is typically in the order of 1150-1300°C and
80-95% dense for commercial pre-calcined powders
[16, 17]. Only with as-precipitated uncalcined powders
can approach the 100% density plateau at a temper-
ature as low as 950-1000°C [16, 18]. Therefore, the
present study investigated the effects of as-precipitated
HA powders, rather than commercially available cal-
cined powders.

A number of methods can be used to precipitate HA,
and these are compiled in Table I. In this study, the
focus was on three wet chemical methods:

The acid base method (method B3 in Table I): This
involves a neutralisation reaction between lime and
phosphoric acid at a pH higher than 9.5 [19, 20]. This
is probably the most commonly used method for syn-
thesis of HA powders commercially since it is a simple
process that uses low-cost raw materials.

The calcium acetate method (method B6 in Table I):
This is essentially an acid-catalysed alkoxide reaction
[14]. Being an alkoxide process, it does not compete
favourably with the acid base method in economic
terms and so it is not commonly used commercially.

The metathesis method (method B5 in Table I): This
involves the precipitation of calcium phosphate and
subsequent alkali digestion in aqueous ammonia at a
pH of 11-12 [22, 23]. Although it is somewhat more
complex and costly than the acid base method, it can
yield superior quality HA powders. Therefore it is quite
commonly used in HA research, though less commonly
used commercially.

2. Materials and methods

HA powders were prepared using each of the three
methods: acid base [20], calcium acetate [21], and
metathesis [22, 23].



Acid base synthesis:

1. 5.0 g of Ca(OH); (~99%, Sigma Chemical Co.,
USA) was dissolved in 200 ml of de-ionized water using
a magnetic stirrer.

2. 4.669 g of liquid H3PO4 (85%, BDH Limited,
Poole, England) was added slowly (at 1 to 2 ml/min so
as to maintain pH > 9.5-10) to the Ca(OH), solution
while the solution was continuously stirred by the mag-
netic stirrer. The solution pH value was continuously
monitored using a pH meter (Model R-103 pH/mV
Meter, Activon Scientific Products Co. Pty. Ltd.,
Australia).

3. After the H3PO, addition stage, the HA precipi-
tate was washed by thrice repeating the following three
steps: centrifugation, supernatant decantation, and re-
suspension in de-ionized water.

Calcium acetate synthesis:

1. 10 g of (NH4),HPO4 (98%, Ajax Chemicals,
Australia) was dissolved into 126 ml of de-ionized wa-
ter. The pH of the solution was measured using a pH
meter (~8.0).

2. 20 g of Ca(CH3COO)3 (Dried, 98+4%, Aldrich
Chemical Company Inc., USA) was dissolved into
300 ml de-ionized water (pH ~ 8.2). 15 ml of strong am-
monia (28-30%, Ajax Chemicals, Australia) was added
to adjust the pH value of the solution to 11, and then
190 ml de-ionized water was added.

3. The (NH4),HPO, solution was slowly added
dropwise into the Ca(CH3COQ); solution at a rate of
10 ml/min through a filter funnel containing filter paper,
while vigorously stirring with a magnetic stirrer.

4. The mixed solution was heated to 40 °C for 3 h
by continuous stirring on a hot plate.

5. The solution was allowed to cool to room temper-
ature and the precipitate was then separated from the
water by repeating the following three steps: centrifu-
gation, supernatant decantation, and re-suspension in
de-ionized water.

Metathesis synthesis:

1. 47.22 g of Ca(NO3),-4H;0 (99.0%, Ajax Chem-
icals, Australia) and 6 ml of strong ammonia solution
were added to 180 ml de-ionized water and mixed using
a magnetic stirrer.

2. The pH of this solution was adjusted to ~12 with
the strong ammonia, and then 174 ml de-ionized water
was added to the above solution, named solution 1.

3. 15.84 g of (NH4),HPO4 (98%, Ajax Chemicals,
Australia) and 150 ml of strong ammonia were mixed
with 300 ml of de-ionized water.

4. The pH of this solution was adjusted to ~12, and
then 190 ml de-ionized water was added to this solution,
thereby dissolving the precipitate and forming solution
2.

5. Solution 2 was slowly added to solution 1 at a
rate of 80-100 ml/min, while vigorously stirring with
a magnetic stirrer.

6. The resulting suspension was then placed on a
magnetic stirrer/hot plate, heated to boiling point, then
stirred at boiling point for 1 h.

7. The suspension was then cooled and aged at room
temperature for 20 days.

8. The HA precipitate was then washed by thrice
repeating the following three steps: centrifugation, su-
pernatant decantation, and re-suspension in de-ionized
water.

Dilute ethanol suspensions of the HA nano-
precipitates were prepared by adding 1.5 g of HA pow-
der to 100 ml of ethanol in a 200 ml glass beaker,
and ultrasonically dispersing in a 50 kHz ultrasonic
bath (SCAN DIA B-220, Germany) for 30 min. The
apparatus for electrophoretic coating is illustrated in
Fig. 1. The distance between the two electrodes was
approximately 6 mm. The electrodes were placed par-
allel to each other in the suspension, and connected to a
high-voltage power supply (Power Supply, BIO-RAD,
Model 500/200, Australia). The deposition conditions
were 200 V/20 s. The coated specimens were slowly
dried in a sealed dessicator at room temperature. The
coating thickness was approximately 30 pm for all the
three HA precipitates.

The HA powders were positively charged in the so-
Iution, moving towards the cathode under the influ-
ence of the electric field and depositing there. The an-
ode comprised a 10 x 50 mm copper strip and the
cathode (deposition electrode) comprised a 5 x 45 x
3 mm Ti6Al4V alloy substrate. Before deposition, the
Ti6Al4V substrate was sandblasted with commercial
garnet (Sandblasting and Metallizing Service Pty. Ltd.,
Australia) and its surface roughness was measured us-
ing a fine probe at a number of locations and the arith-
metic mean determined (Alpha-Step 200, Tencor In-
struments, USA). Before deposition, the sandblasted
substrates were thoroughly washed with a commercial
detergent (Diversey, pyrogenically negative cleaner,
Australia) in an ultrasonic bath for ~30 min, fol-
lowed by washing in acetone (95.9%, Ajax Chemicals,
Australia) for another 15 min, then passivated in
25 vol% nitric acid (69.0-71.0%, Ajax Chemicals,
Australia) overnight.

The phase composition of each powder was as-
sessed by x-ray diffraction (Siemens D5000). The size
and morphology of the precipitated HA nano-particles
were assessed by field-emission scanning electron mi-
croscopy (FESEM: Hitachi S-900). FESEM specimens
were prepared by deposition of an alcohol suspension of

ﬁi— Metal Substrates

Figure 1 The electrophoretic deposition apparatus.
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the HA nano-precipitate onto a brass stub, followed by
drying, then coating with a 3 nm film of chromium (Dy-
navac, Xenosput 2000). The electrophoretically coated
Ti6Al4V specimens were attached to 25 mm diame-
ter aluminum sample holders using silver paste and
then gold-coated (SEM Coating Unit ES000, Polaron
Equipment Limited, USA) for scanning electron mi-
croscopy (SEM: Stereoscan S360, Cambridge Instru-
ments, USA). In this way, the nano-particle morphology
(by FESEM) could be correlated with coating charac-
teristics (by SEM).

3. Results and discussion

The X-ray diffraction patterns of each of the three HA
nano-precipitates are shown in Fig. 2. These X-ray
charts reveal that HA powders produced by each of the
three methods, acid base, calcium acetate, and metathe-
sis, consisted of moderately crystalline hydroxyapatite.
Pure hydroxyapatite was achieved by each method with
no anhydrous calcium phosphate phases present.

FESEM micrographs of each powder are shown in
Figs 3-5 revealing that the acid base method produced
agglomerated plate-like nano-particles (~110 nm by
~45 nm, aspect ratio ~2.5:1), the calcium acetate
method produced long sharp acicular nano-particles
(~185 nm by ~20 nm, aspect ratio ~10:1), and the
metathesis method produced fine, rounded, and elon-
gated nano-particles (~90 nm by ~40 nm, aspect ratio
~2:1).

The effects of precipitation methods on coating char-
acteristics are shown in the SEM micrographs of Figs 6—
8 revealing that the acid base powder had the worst
coating characteristics (severely cracked), the calcium
acetate powder produced slightly cracked coatings, and
the metathesis powder produced high-quality crack-
free coatings. Obviously, the morphology of the HA
particles had significant impact on the electrophoretic
coating quality: the best coatings were obtained by
the rounded particles, while acicular particles resulted
in some cracking, and platy particles caused severe
cracking.

Intensity (Arb. Units)

(b)

(a)

20 25 30 35 40 45 50
Two Theta (Degree)

Figure 2 X-ray diffraction patterns for HA nanoparticles produced by

each of the three methods: (a) acid base, (b) calcium acetate, and (c)
metathesis.
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Figure 3 FESEM micrograph of HA nanoparticles produced by the acid
base method.

Figure 4 FESEM micrograph of HA nanoparticles produced by the cal-
cium acetate method.

Figure 5 FESEM micrograph of HA nanoparticles produced by the
metathesis method.



Figure 6 SEM micrograph of the electrophoretic coating produced with acid base HA.

Figure 7 SEM micrograph of the electrophoretic coating produced with calcium acetate HA.

Figure 8 SEM micrograph of the electrophoretic coating produced with metathesis HA.
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Cracking arises as a result of shrinkage during dry-
ing. Therefore, the smallest amount of drying shrinkage
results in the lowest cracking susceptibility. For a given
degree of shrinkage, the use of drying control chemical
additives (DCCA’s) can minimize the associated de-
gree of cracking [24]. However, the ideal approach to
minimizing cracking is to minimize drying shrinkage.
Drying shrinkage is minimized by the use of regularly
shaped particles that can pack efficiently, large particle
size distributions for gap-graded efficient packing, and
large particle sizes. Since all three nano-particle types
investigated in this study were very fine and of fairly
narrow size distributions, the only significant differen-
tiating feature between them was particle shape.

The metathesis particles had the most regular shape:
rounded with an aspect ratio of ~2:1, i.e., regular in
two axes (width and depth), and almost regular in the
third axis (length), with the result that cracking did not
occur. The calcium acetate particles had the next most
regular shape: they were regular in two axes (width and
depth), and highly irregular in the third axis (length),
with the result that only moderate amounts of cracking
occurred. The acid base nano-particles had the most
irregular shape of all: plates, irregular in all three axes,
with the result that cracking was severe.

Therefore, cracking susceptibility appeared to be de-
pendent on the shape of the HA nano-particles with
the best results achieved with the most regular particle
shape, as produced by the metathesis method. There-
fore, it has been demonstrated that cracking can be
eliminated with such fine (nano-particulate) particles
provided that their shape is close to equi-axed.

4. Conclusions

1. The acid base method produced plate-like nano-
particles of an approximately 2.5:1 aspectratio and poor
quality cracked coatings.

2. The calcium acetate method produced fine aci-
cular nano-particles of an approximately 10:1 aspect
ratio, and moderately poor coatings.

3. The metathesis method produced fine rounded
nano-particles of an approximately 2:1 aspect ratio, and
high-quality crack-free coatings.

4. The cracking susceptibility appeared to correlate
with the particle shape: the more regular the particle
shape (the closer it was to equi-axed), the less the crack-
ing susceptibility.
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