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Electrophoretic deposition of hydroxyapatite

I. ZHITOMIRSKY, L. GAL-OR

Israel Institute of Metals, Technion-Israel Institute of Technology, Haifa, 32000 Israel

Hydroxyapatite powders were prepared by a chemical precipitation method and
electrophoretically deposited on Ti6Al4V surgical alloy substrates. The powders were
characterized by scanning electron microscopy (SEM), X-ray diffraction (XRD), particle size
distribution and zeta potential measurements. Prior to electrophoretic deposition, anodic
films were obtained on Ti6Al4V and studied by the Auger method. It was established that
experimental conditions of powder preparation, electric field and stirring have a significant
influence on suspension stability and deposit morphology. The deposition yield was studied
at various deposition durations and applied voltages. Sintered coatings were studied by

SEM and XRD.

1. Introduction
Hydroxyapatite Ca,o(PO4)s(OH), (HA) is an impor-
tant material for bone and tooth implants [1-3], as its
chemical composition is similar to that of bone tissue.
Owing to the inferior mechanical properties of HA,
significant research activity has been associated with
the development of HA coatings and composites. The
importance of HA coatings and composites for
biomedical applications has motivated the further de-
velopment of processing technologies. The interest in
electrophoresis for biomedical applications [4—10]
stems from a variety of reasons such as the possibility
of deposition of stoichiometric, high purity material to
a degree not easily achievable by other processing
techniques and the possibility of forming coatings and
bodies of complex shape as well as HA lining of metal
fibre networks [5]. A new wave of interest in elec-
trophoretic technology is concerned with the use of
submicrometre ceramic particles. Electrophoretic de-
position of submicrometre powders offers advantages
in fabrication of ceramic coatings and bodies with
dense packing, good sinterability and homogeneous
microstructure [ 11, 12]. One of the important capabil-
ities provided by fine particle electrophoresis is the
ability to achieve ceramic particle impregnation into
a porous substrate [ 13] and composite consolidation.

It is now well established that the state of agglomera-
tion of ceramic powders is an important factor in
controlling the sintering behaviour. Agglomerate-free
structures made from close-packed fine particles can
be densified at lower sintering temperatures. An im-
portant advantage of electrophoretic processing is
that agglomerates can be separated by pre-sedimenta-
tion [11]. Moreover, owing to the insulating proper-
ties of the deposit, the electric field provides a higher
deposition rate in defect regions, resulting in better
packing and uniformity of the deposit.

Fine HA particles can easily be precipitated via
a wet chemical method [ 14, 15], however, they exhibit
a significant tendency to agglomeration. A significant

09574530 © 1997 Chapman & Hall

problem is associated with the use of additives because
of the risk of contamination and the low chemical
stability of HA. However, additives are necessary in
order to obtain stable suspensions and to achieve the
desired level of electrophoretic mobility [9, 10, 16].
Another problem is water adsorption. As previously
pointed out [5], adsorbed water interferes with elec-
trophoretic transport and therefore electrophoretic
deposition of non-calcined HA powders was not
achieved. The choice of a suitable solvent is important
for electrophoretic deposition. Organic liquids are
preferable to water since electrophoretic deposition in
water is accompanied by significant gas evolution.
In this work, the experimental results of a study of
electrophoretic deposition of HA powders, performed in
isopropyl alcohol as a suspension medium, are reported.

2. Experimental procedure

The procedure for preparation of stoichiometric HA
was based on that previously described [14, 15]. As
starting  materials  commercially = guaranteed
Ca(NO3), 4H,0 (Aldrich), (NH4),HPO, (Merck)
and NH,OH (Palacid) were used. Precipitation was
performed at a temperature of 70°C by the slow
addition of a 0.6 M ammonium phosphate solution
into a 1.0 M calcium nitrate solution. The pH of the
solutions was previously adjusted to 11 by addition of
NH4OH. Stirring was performed for 24 h at 70 °C and
48 h at room temperature.

Two different HA powders were prepared: HA1
powder was prepared by washing the precipitate ob-
tained with water and drying at 60 °C for 48 h. For
HA2 preparation, the precipitate obtained was
washed with water and finally with isopropyl alcohol
and stored in a moisture-free atmosphere for three
weeks. The weight of HA2 was controlled and no
weight change was observed after this period. After
milling in an agate mortar the HA1 and HA2 powders
obtained were used for the study.
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The stoichiometry of the HA obtained was proven
by chemical analysis. The HA powders were charac-
terized with an X-ray diffractometer (Phillips, model
PW-1820) operated at 40 kV and 40 mA using mono-
chromatized CukK, radiation at a scanning speed of
0.3 degree/min. Average crystallite sizes were cal-
culated by means of X-ray line broadening measure-
ments using a commercially available computer pro-
gram. The particle size distribution of HA powders
was studied by a laser scattering method using a com-
puterized inspection system (GALAI-CIS-1).

Suspensions for electrophoretic experiments were
prepared by ultrasonic agitation of HA powders in
isopropyl alcohol. The HA concentration in suspen-
sions was 30 g/l. Zeta potential and electrophoretic
mobility were studied using a Laser Zee Meter (Pen
Kem, model 501). Electrophoretic deposition experi-
ments were performed at various voltages ranging
from 10 to 200 V, deposition times were 10 s to 5 min.
The distance between the electrodes was 15 mm. The
current density was recorded during the deposition
process. The deposition process has been studied at
various deposition times and voltages on Ti6Al4V
alloy substrates. Specimens of Ti6Al4V surgical alloy
were rinsed with acetone in an ultrasonic bath, washed
with distilled water and then used for electrophoretic
deposition. For sintering experiments, HA coatings
were also obtained on anodized substrates. Anodiz-
ation of specimens was performed in 8% H;PO, solu-
tion. The electrochemical anodization cell included
the anodic substrate centred between two parallel
platinum counterelectrodes. The current densities
ranged from 5 to 20 mA/cm? and anodization dura-
tions were 1-10 min. After rinsing in water and drying
in air these specimens were used as substrates for
electrophoretic experiments. The anodic films were
studied by a scanning Auger microscope (Perkin—
Elmer, PHI model 590A).

The coatings obtained were dried in air in an oven
at 60 °C for 2 h and then sintered in a vacuum furnace
(1.33 x 10~ * Pa) at 930°C for 2 h. Coating morpho-
logy was studied by scanning electron microscopy
(Jeol, model JSM-840).

3. Experimental results

Prior to electrophoretic deposition, Auger studies of
the anodic films on the TiAlV substrates were per-
formed. The Auger data show that anodic films in-
clude phosphorus in addition to oxygen and alloy
components. A typical Auger depth profile for the
TiAlV specimens after anodization is shown in Fig. 1.
As seen in Fig. 1, at 900 A the oxygen peak Ol (at
512 eV) begins to decrease, correspondingly the tita-
nium peak Ti2 (at 418 eV) begins to increase signifying
the beginning of the transition to the alloy. However,
a significant tail is seen in the depth profile for oxygen,
and for this reason the evaluation of film thickness
presents difficulties. In light of the above, film thick-
ness was assumed to be the thickness corresponding
to a 50% decrease in the height of the oxygen
peak Ol. It was established that the film thickness
defined by this manner was in the region of ~ 150 nm
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Figure 1 Auger depth profile of TiAlV substrate after anodization
(sputtering rate 150 A/min).
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Figure 2 X-ray diffraction patterns of HA2 (a) as prepared and
(b) calcined at 1100 °C.

for the anodic films obtained under the experimental
conditions described above.

Typical examples of X-ray diffraction patterns of
as-prepared HA powders and of HA powders after
thermal treatment at 1100 °C in air for 2 h are shown
in Fig. 2. XRD data show a crystalline structure for
non-calcined powders, however, corresponding X-ray
peaks are broadened due to the fine size of the crystal-
lites. The average crystalline dimension obtained from
XRD patterns of as-prepared HA2 powders was found
to be 55 nm. The XRD peaks of HA became sharper
after thermal treatment. It was established that HA1
powders were highly agglomerated, and agglomerate
size was up to several micrometres as seen from the
particle size distribution presented in Fig. 3. In con-
trast, particle size distribution measurements for HA2
powders revealed particle sizes in the submicrometre
range. These results are in a good agreement with the
results of SEM examinations of corresponding pow-
ders.
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Figure 3 Particle size distribution for dried HA1 powders.

Electrophoretic experiments revealed that HA par-
ticles were positively charged and moved towards the
cathode under the applied field. It should be noted
that electrophoretic deposition was achieved for both
fresh HA1 and HA2 suspensions. Zeta-potential
measurements for HA2 powders revealed an increase
in zeta-potential value from +22to +30mV during
the first 3 days; after this ageing period it remained
nearly constant.

It is important to note that stable suspensions are
necessary for electrophoretic deposition experiments.
However, ultrasonically treated HA1 suspensions ex-
hibited significant settling after several tens of min-
utes. In contrast, HA2 suspensions were found to be
stable for 1-2 days. It was also established that in the
case of HA2 suspensions, which contained submi-
crometre particles, magnetic stirring was found to
have a detrimental effect on suspension stability and
led to relatively fast settling when stirring was inter-
rupted. The electric field also has an adverse effect on
the HA2 suspension stability. Passing an electric cur-
rent through the suspension during electrodeposition
also brought about significantly faster settling, espe-
cially at deposition voltages higher than 100 V.

In order to study deposit weights obtained at vari-
ous experimental conditions HA suspensions were
ultrasonically treated immediately before electro-
phoretic deposition. Deposit weights for HA1 and
HA2 obtained on cathodic TiAlV alloy substrates
were found to increase with increase of voltage and
deposition time. Figs 4 and 5 show the weight of the
coating per unit surface area as a function of depos-
ition time and applied voltage for experiments per-
formed with HA2 suspensions. As seen in Fig. 4, slopes
of the curves decrease with time, indicating a decrease
of the deposition rate. Correspondingly, the deposi-
tion current decreased with time as shown in Fig. 6.
The microstructures of HA1 coatings were strongly
influenced by the electric field. An interesting observa-
tion regarding film microstructures is the difference in
particle size of the deposits obtained at various volt-
ages. SEM observations have shown that HA1 deposits
obtained at 200 V included particles of various dimen-
sions ranging up to several micrometres (Fig. 7a,b).
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Figure 4 Weight of deposited HA2 versus deposition time at differ-
ent applied voltages: (a) 10 V; (b) 50 V; (c) 100 V; (d) 200 V.
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Figure 5 Weight of deposited HA2 versus applied voltage for differ-
ent deposition durations: (a) 30 s; and (b) 120s.

0.25
E 0.20 |
£
} 0.15
e c
3 010
5
E 005 _“‘\‘\*\,\.:_‘
(&}
a
0.0 1 1 1 1 1 J
0 50 100 150 200 250 300

Deposition time (s}

Figure 6 Current density versus deposition time for deposition of
HAZ2 at different applied voltages: (a) 50 V; (b) 100; (c) 200 V.

This is in good agreement with the particle size distri-
bution shown in Fig. 3. SEM examinations of particle
sizes of HA1 deposits obtained at lower voltages have
shown preferable deposition of fine particles. As seen
in Fig. 7c the maximum particle size in a deposit
obtained at 20 V is about 1 micrometre and the de-
posit includes a significant amount of very fine par-
ticles. As expected, suspension presedimentation was
found to have a significant effect on the particle size of
deposits. Presedimentation allowed the removal of
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Figure 7 SEM pictures of the HA1 deposits on TiAlV substrates at different applied voltages: (a, b) 200 V; (c) 20 V; (d) 10 V (a,b,c—without

presedimentation, d—1 h presedimentation).

Figure 8 SEM pictures of sintered HA coatings on TiAlV substrates.

agglomerates from suspensions and as a result, the
deposits obtained consisted of finer particles. It was
established that by use of presedimentation and low
voltages it was possible to obtain deposits which con-
sisted only of submicrometre particles. As seen in
Fig. 7d after 1 h of presedimentation the deposit
obtained at 10 V includes only very fine particles on
a submicrometre scale. Another microstructural
feature was the higher coatings porosity obtained at
higher voltages. As seen in Fig. 7b pores of up to
several micrometres were observed in the deposits. This
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porosity is speculated to be a consequence of gas
evolution. In contrast, deposits obtained at 20 V in-
cluded (Fig. 7c) significantly smaller pores and exhib-
ited a denser packing. Deposits obtained at 10 V after
presedimentation showed a homogeneous microstruc-
ture with porosity on a submicrometre scale (Fig. 7d).
HAZ2 coatings obtained at voltages below 50 V exhib-
ited morphologies similar to that shown in Fig. 7d.
Sintered HA2 coatings were relatively dense and
adherent to the substrate. In contrast, HA1 coatings
can easily be removed from the substrates. Fig. 8a,b
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Figure 9 X-ray diffraction patterns of HA2 coating on TiAlV sub-
strtate: (a) green deposit; and (b) deposit sintered at 930 °C; O-HA,
A-TTCP.

shows HA2 coatings of TiAlV substrates after sinter-
ing. SEM pictures exhibit partial densification of coat-
ings, as indicated by a decrease of porosity, particle
coalescence and interparticle neck formation. Cracks
were also observed in coatings (Fig. 8b) near coat-
ing—substrate interface.

X-ray diffraction patterns of a green deposit and of
one sintered at 930 °C are shown in Fig. 9. The X-ray
diffraction pattern of the green coating shows
well-defined peaks of HA. Results of X-ray studies of
the sintered coatings did not lead to any radically new
information with respect to that described by Duch-
eyne et al. [5]. Reflections of tetracalciumphosphate
(TTCP) were observed in the sintered coatings in
addition to HA reflections. However, the relative
intensity of TTCP reflections decreased with increase
of anodic film thickness.

4. Discussion

The above experimental data suggest that fresh (non-
calcined) HA powders can be electrophoretically de-
posited on Ti alloy substrates. This is in contrast to
literature data [5,9], according to which, no elec-
trophoretic deposition of fresh powders was achieved.
As suggested by Ducheyne et al. [5], adsorbed water
in non-calcined powders prevented electrophoretic de-
position. Furthermore, hydrolysis of water resulted in
high current densities.

Results of the present study indicate that in experi-
ments performed with fresh HA2 powders, the ob-
served current densities were, by several orders of
magnitude, lower than those for non-calcined
stoichiometric HA studied by Ducheyne et al. [5].

However, it is noteworthy that the deposit weights
obtained for fresh HA2 powders were comparable to
those for the calcined powders studied in [5] under the
same conditions of deposition process (electric field,
time, concentration of HA particles). As in other re-
search work [9, 17], variation of the initial zeta-poten-
tial with time was observed in the case of HA2 pow-
ders, however, it should be mentioned that, in contrast
to experiments performed with aqueous suspensions
[17], the ageing effects did not result in change of sign
of zeta-potential. The results of this work indicate that
the electrophoretic behaviour of fresh HA powders is
quite different from that described in [5, 9]. This can
be attributed to differences in surface characteristics
resulting from different conditions of powder prepara-
tion. Comparative data of electrophoretic behaviour
of zirconia powders prepared at various experimental
conditions [18] can be invoked to support this ex-
planation.

As a first approximation the deposit weight W in
the electrophoretic process can be described by the
following equation:

W = CuUt/d 1)

where C and p are particle concentration and mobil-
ity, respectively, U = U,, — Uy, where U,, = applied
voltage, Uy, = voltage drop in deposit, ¢ is deposition
time, and d is distance between electrodes. The clec-
trophoretic mobility can be determined [19] from the
Smoluchowski equation:

= Ce/4mn 2

where { = zeta potential, ¢ = dielectric constant and
M = viscosity of the medium.

In accordance with Equation 1 deposit weight was
found to increase with increase of deposition time and
voltage. Increase of coating thickness during the de-
position process brings about the increase of voltage
drop in the deposit. Correspondingly, a decrease in
deposition rate with time was observed.

Electron microscopic investigations have shown
that the microstructures of deposits were strongly
influenced by powder characteristics and by the mag-
nitude of electric field. As expected, agglomerate con-
tent in the deposited material can be decreased by use
of presedimentation.

Experiments performed with HA1 powders have
also shown that the influence of the electric field on
deposit morphology needs to be addressed. The influ-
ence of the electric field on the electrophoretic deposi-
tion process has been discussed in the literature
[20-26]. The electric field drives the particles towards
the electrode and exerts a pressure on the deposited
layer. From this point of view a higher electric field
should result in higher deposit density. However, no
appreciable variation of green density with deposition
voltage was observed in [26]. According to [12] the
increase in green density with voltage was observed
only at relatively low voltages and deposit thicknesses.
The use of high voltages has the advantage of smaller
deposition times and higher deposit thicknesses. It
should be noted that in the case of relatively large
particles (more than 1 um) stirring of the suspension is
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usually performed in order to prevent settling [24]. In
this respect, higher voltages and smaller deposition
times were found to be preferable [24], because shor-
ter deposition times allow deposition without stirring.
However, higher voltages usually result in significant
hydrogen evolution at the cathode which, in turn,
increases the porosity of the deposit [23]. According
to [25] more adherent and continuous coatings with
less cracking can be obtained at lower voltages. On
the other hand it was pointed out [20, 21] that a cer-
tain value of electric field is necessary in order to
overcome interparticle interactions and to allow par-
ticles to bond to the substrate.
For electrophoretic velocity v Equation 2 takes the
form:
v = {Ee/4nn 3)

where E = U/d potential gradient. According to [22,
27, 28]:
voc QE/rm (4)

where Q and r are charge and radius of particles,
respectively.

Particles with different Q/r ratios have different
electrophoretic mobilities and segregation effects can
be expected in the electrodeposition process [22]. Ac-
cording to [27, 28] fine particles should be deposited
preferably. In spite of expectations no appreciable
segregation effect was observed in [23]. In contrast,
preferable deposition of fine particles was observed
[26].

SEM observations of HA1 green deposits have
shown that higher electric fields bring about porosity
of the deposit. This is in agreement with [23]. Experi-
ments performed with HA1 powders also exhibited
finer particle size of green deposits obtained at lower
electric fields. In this context, it should be mentioned
that a similar effect was also observed in our experi-
ments performed with submicrometre alumina pow-
ders. Results of this study will be published soon.

Another point to be discussed is the influence of the
electric field and stirring on the stability of HA2 sus-
pensions. It is an important observation that electric
field as well as stirring initiate sedimentation and thus
adversely affect the suspension stability. It can be
supposed that the presence of an electric field and
stirring result in interaction of fine particles, their
aggregation and subsequent sedimentation. It should
be mentioned that particle aggregation in strong elec-
tric fields has been described in the literature [29].
Particle aggregation and sedimentation induced by
the electric field can be considered as an additional
reason for the decrease of deposition rate with time.
Indeed, particle sedimentation results in a decrease of
suspension concentration and, in accordance with
Equation 1, should result in a decrease of the deposi-
tion rate. It is clear that electric-field-induced particle
sedimentation decreases the amount of fine particles
in the suspension and in the deposit, this effect being
more distinct in higher electric fields. In contrast, at
lower fields the concentration of fine particles, and
correspondingly their deposition rate, become higher.
As a result preferable deposition of fine HA1 particles
was observed. This finding is in line with the results of
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Andrews et al. [26]. It should be noted that the ce-
ramic powders used in numerous works on elec-
trophoretic deposition [20—26] had different distribu-
tions of particle sizes. It is reasonable to expect that
electrophoretic phenomena have distinctive features
for relatively large particles (several micrometres) and
for particles on a submicrometre or nanometre scale.
In light of the above it can be concluded that when the
influence of the electric field on the electrophoretic
process is studied particle size distribution should also
be taken into consideration.

At this point it is important to mention that cen-
trifuging of colloidal suspensions brings about particle
agglomeration and sedimentation [30]. It is not sur-
prising, therefore, that HA2 suspensions consisting of
submicrometre particles exhibited a tendency to rapid
settling when stirring was performed. In the centrifug-
ing technique used by Pliskin and Conrad [30] for
coating development, aggregation and sedimentation
were influenced by particle size, dielectric constant
and viscosity of the suspending medium.

As stated above, HA1 and HA2 deposits exhibit
different sintering behaviour. It is expected that the
reduction of particle size in HA2 powders with respect
to that in HA1 powders should result in high reactiv-
ity of HA2 powders. Indeed, according to [31,32] the
densification rate depends inversely on the fourth
power of particle size in accordance with the relation:

opjot = Ay Q/kT {Dy8,/d* + D,/d*} (5)

where p is the density, v, is the surface free energy, Q is
the atomic volume, Dy, and D, are the grain boundary
and bulk diffusion coefficients, respectively, and 9, is
the grain boundary thickness. As pointed out [32],
reduction of particle sizes from micrometric to nano-
metric scale should increase densification rate by sev-
eral orders of magnitude. Studies carried out by Best
and Bonfield have shown a significant influence of HA
particle morphology on sintering behaviour [33]. Ac-
cording to [34] sol-gel derived HA coatings were
partially sintered at a temperature as low as 900 °C. It
is apparent that the observed partial densification of
the HA2 powders at 930 °C observed in this work can
be attributed to the submicrometre particle sizes of
HA2 powders.

The phase transformations in HA sintered on Ti
and alloy substrates are amply documented in avail-
able literature [4—6]. Sintering of the coating must be
performed below the o + — B transition temper-
ature for the Ti—6% Al-4%V substrate (975 °C). The
use of this alloy requires a high degree of vacuum. On
the other hand, HA ceramic was found to achieve
maximum density above 1100 °C [14]. Stoichiometric
HA is stable in vacuum at temperatures below
1000 °C, however, Ti initiates decomposition of HA
[4-6]. Vacuum sintering of HA on the alloy substrate
results in phase transformation. It was established [6]
that during the sintering of HA coatings, diffusion of
phosphorus into the substrate takes place and as a re-
sult HA partially decomposes to form TTCP with
a higher Ca/P ratio.

The results of our X-ray study of sintered
coatings are in good agreement with the results of [5],



according to which the HA coating after sintering at
930 °C partially decomposed to form TTCP. One way
to alleviate the problem of HA decomposition is
formation of titanium oxide layers [5, 6]. In this work
an anodization process has been utilized for the
formation of the oxide layer. The incorporation of
phosphorus into the oxide layer during anodization is
in good agreement with previous work [35]. It can be
expected that a P-containing oxide layer will provide
decreased compositional changes in HA coatings
which arise from the diffusion of P into the metal
substrate. Further experiments are underway to eluci-
date the role of anodic layer thickness and phosphorus
content on phase transformation in HA layers neigh-
bouring the coating alloy interface.

5. Conclusions

Chemically precipitated hydroxyapatite powders were
electrophoretically deposited on TiAlV alloy substra-
tes. For substrates subjected to anodization experi-
ments the anodic films were characterized by Auger
spectrography. The Auger data show that anodic films
included phosphorus in addition to oxygen and alloy
components. It was established that experimental con-
ditions of powder preparation, electric field and stir-
ring, have a marked effect on suspension stability. The
microstructure of the coatings is influenced by particle
morphology and electric field. Zeta potential measure-
ments revealed an ageing effect. The deposit yield has
been quantified with respect to deposition duration
and applied voltage. SEM observations revealed par-
tial densification of coatings consisting of submi-
crometre HA particles after thermal treatment at
930°C.
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