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Abstract: Although biometallic materials have been used as bone implant materials for a long time, they are still

detected as foreign bodies by human immune system. Calcium phosphate coating, especially hydroxyapatite( HA)

coating attracts special attention due to its good biocompatibility. Being one of the effective methods used to deposit

HA coating onto the metallic implant, the electrophoretic deposition( EPD) was reviewed in detail, including the

process of EPD, the advantages and disadvantages, the important processing factors and the microstructure and me-

chanical properties of the coating. Research results on the processing and the coating show potential application of

EPD process to the biomedical materials surface modification. In addition, the nanoparticulate HA coating as a new

trend in HA coating was also introduced.
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1 INTRODUCTION

For a long time the repair of wear, tear and
disease on the human bone has involved the use of
materials that were not originally designed for such
application, e. g. stainless 316 steel, Co-alloy and
Tr6AF4V alloy. These materials are often detec
ted as foreign bodies by the patient s immune sys-
tem and sometimes interact with the body in an un-
desirable manner. In the recent years, there is
huge development in biomaterials that are specially
designed to repair and reconstruct damaged or dis-
eased parts of the human bone'™ . On the other
hand, calcium phosphate, especially hydroxyapa-
tite, Caio(PO4)s(OH)2, or HA, has demonstrated
high compressive strength, good biocompatibility
and osteoconductivity and excellent wear proper-
ties. However, a component made of solely HA
was found to lack of toughness and tensile
strength, and can fail catastrophically. As a re
sult, HA coated titanium components, which com-
bine the advantages of the mechanical strength of
titanium metal and the bioactivity of HA, are de-
veloped and reckoned to be one of the most promis-
ing groups of implant materials in orthopedic and
dental fields.

Many processes have been developed to coat
HA onto the titanium substrate, such as plasma
spray'® ', ion beam sputtering'®, sokgel'”, ion
dipping'”',

beam dynamic mixing'", electro-

[10713] ]

phoretic deposition biomimetic " and elec-
trochemical deposition'™ . Fig. 1 shows the typical
thickness of HA coating produced by different
processes. The most widely used coating technique
for applying HAp on metal substrates is plasma

spraying, which has been used as a commercial

processing technique. However, the plasma
spraying technique presents several draw-
backs''" "', Many researchers are focusing on de-

veloping a low cost, high efficiency and low tem-
perature process. As one of the effective methods
to deposit HA coating, the electrophoretic deposi-
tion has shown more advantages over plasma spray
and more potential in bone implant application.
Here the electrophoretic deposition, focusing on
the application to the HA coating was reviewed.

2 CALCIUM PHOSPHATE COATING

2.1 Calcium phosphate

The most common apatite calcium phosphate
ceramic used in medicine is hydroxyapatite(HA), a
material with a hexagonal crystal lattice, an ideal
chemical formula Caiw (PO4)s (OH)2, ideal mass
fraction of 39.9% Ca, 18.5%P and 3.38% OH and
ideal calcium/ phosphate ratio of 1. 67'"7'. Most
synthetic hydroxyapatites actually contain substi-
tutions for the phosphate and / or hydroxyl groups
and vary from the ideal stoichiometry and calcium/
phosphorus ratios.
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Fig 1 Typical thickness of HA coating produced

by different coating processes' '

2.2 Requirements for apatite coating

Being an interface layer between implant and
bone tissue, calcium phosphate apatite coating
plays a very important role in the bio-performance
of the implant. Not only the mechanical properties
of the coating and the interface between the coating
and implant, but also the physical properties of the
coating show great influence on the final applica-
tion.

2.2.1
High crystallinity HA coating is still the most

Composition and crystallinity

widely used coating composition due to its excel
lent biocompatibility, although some biphasic apa-
tite coatings have also been reported to show good
biocompatibility and osteoconductivity. In general,
it appears that calcium phosphate with calcium/
phosphate ratios in the range of 1. 0 = 1. 67( tricalci-
um phosphate and hydroxyapatite respectively)
yields the most beneficial tissue response.
2.2.2 Stability or biosolubility

The stability of apatite in bioenvironment or
biosolubility of the apatite is another important
property in biomedical coating application. The
role of coating ends after the initial stages of
osseointegration, so this layer does not have to be

8l Furthermore, the degradation rate

insoluble
should be adjusted to the bony growth rate to
prevent gap formation. Stability and solubility of
Ca P materials are strongly dependent on composi-
tion and crystallographic structure. Barrere et al' "
studied the
phosphate coatings on Tr6AlF4V, as listed in
Table 1. In all cases, ACCP coating exhibited the
fastest dissolution rate. Coatings with higher
ACP/HA ratios will dissolve or biodegrade to a

greater extend than coatings with a low ACP/HA

dissolution of various calcium-

ratio or higher crystallinity. Also increased calci-

um/ phosphate ratios, fluorine and carbonate con-
tents, and degree of crystallinity all lead to greater
stability of the biological precipitate in calcified tis-
sue.

Table 1 Dissolution rate of
various coatings' "' (10™°/h)

pH ACCP oCP CAp HAp
7.3 23.0 4.73 12.5 13.5
5.0 170. 2 98. 1 60.0 80.0
3.0 250.0 180.0 160. 0 123.0

ACCP —Amorphous carbonated CaP;
OCP —Octacalcium phosphate;
CAp —Carbonated apatite; H Ap —hydroxyapatite.

2.2.3 Thickness

T he coating thickness is another important pa-
rameter in bio-applications, since thick coatings
tend to crack and fail prematurely. As discussed
above, the coating function ends after the initial
stages of osseointegration, so the coating does not
have to be thick. However, as bony growth rate
depends on the patient, surgical techniques, and so
on, it is very difficult to define ideal thickness. A
coating thickness greater than 100 Pm can poten-
tially introduce fatigue failure under tensile load-
ing'"". There are some disputes in literatures con-
cerning the optimum thickness of bioceramic coat-
ings that are intend for orthopaedic applications;
Groot et al'® proposed 50 Hm in thickness whereas

Osborn'*Y recommended on 200 Bm in thickness.
3 ELECTROPHORETIC DEPOSITION

3.1 Process

Following several refinements, electrophoretic
deposition( EPD) has by now been established as a
low cost, simple, less time consuming and flexible
coating process. It offers rigid control of film
thickness, uniformity and deposition rate. It is es-
pecially attractive due to the low cost of equipment
and raw materials. Because of the use of an electric
field and being a non-line-of-sight process, EPD is
particularly suited for the formation of uniform
films on substrates of complicated shape, impreg-
nation of porous substrates, and deposition on se-
lected areas of the substrates. Rapid deposition
rates are possible, in the orders of seconds to mi-
nutes for coating thickness from less than 1 Hm to
more than 100 Pm, with excellent control over the
thickness and morphology of the coating. Re-
cently, EPD has been used to produce multilayer
coating or graded coating on metal for biomedical

2]

application'” . Substrates can be titanium, titani-

um alloy and stainless steel'™ . Fig.2 schematicak

ly shows the process of electrophoretic deposition
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Fig. 2 Schematic process of EPD processing

and some important factors.

The deposit mass m in the elctrophoretic
process can be described by the following equa-
;o [13]
tion " :

CUUt/d

C and M are the particle concentration and

m =
where
mobility, respectively.
U= Uyp— Uiy
where Uais the applied voltage, Ui is the volt-
age drop in deposit, ¢ is the deposition time, and d
The electro-

phoretic mobility can be determined from the Smol-

is the distance between electrodes.

uchowski equation:
b= &/4mn

where ¢ is the zeta potential, €is the dielectric

constant, and Tis the viscosity of the medium.

It was also reported that the change of the
deposition mass of HA against deposition time can
be simply described by a empirical model''”

m= mo— (1- ")
where mo is the initial mass of the powder in the

suspension and k is the kinetic constant.

3.2 Advantages and disadvantages

Compared with other coating technologies,
the main advantages of electrophoretic deposition
(EPD) can be summarized as follows:

1) Low-cost and flexible coating process.

2) A normrline of-sight coating process. It can
be used to deposit even coatings on substrates of
complex shape or surface morphology''> ** .

3) A wide range of coating thickness, from
less than 1 Hm to more than 100 Pm with a high de-
gree of control over coating thickness and morphol-
ogy' .

4) Rapid deposition. In the order of seconds

. 24
to mlnutes[ ].

5) Wide composition of apatite, and two pha-
ses or more apatites can be deposited on to the sub-
strate.

6) Stainless steel, Ti and Ti alloys and Co
alloy can be selected as substrate.

However, there still exist some disadvanta
ges:

1) Post-sintering is needed to densify the coat-
ing, which may result in crack between the sub-
strate and coating due to the mismatch in coeffi-
cient of thermal expansion'*".

2) High-temperature sintering may result in
degradation of the metal substrate( oxidation and
impaired mechanical properties) .

3) Decomposition of HAp to T CP may be cat-
alyzed by the metal substrates.

4) Phase transformation and grain growth
cause significant decrease in mechanical properties
of substrate.

3.3 Important factors in EPD process

In EPD process, there are many factors which
affect the final quality of the coating and its bio
properties, as listed in T able 2. Here only the pre
treatment before EPD, and the properties of apa-
tite suspension will be discussed.
3.3.1

Surface treatments on titanium samples prior

Pretreatment

to hydroxyapatite deposition are essential to guar
antee coating adhesion to metallic substrate. Many
methods have been used to treat the surface, inclu-
ding mechanical, chemical and electrochemical
methods, such as sand polish and blast, acid etch
and electrolytic etch. The chemical or electrochem-

ical method following mechanical treatment not
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only removes the sand particle but also creates a
homogeneous and rough microtopography. Table 3
lists three pretreatment methods used on titanium
substrate!' . It indicates that the abraded or blast-
ed titanium followed by acid etch shows an im-
proved HA deposition and good adhesion. Howev-
er, no difference was found in the titanium treated
by electrolytic etch with H3PO4 solution and blas-
ting followed by H202/ HF solution etch.

Table 2 Parameters in electrophoretic
deposition of ceramic materials' "

Parameters Characteristics
Medium Suspension
Moving species Particles
Electrode reaction None

Preferred liquid Organic solvent

Required conductivity L
ow

of liquid

Deposition rate 1~ 10° Um/ min

1-10° Um

Deposit thickness”

. 3 T Limited by size
Deposit uniformity .
of particles

Controlled by
Deposit stoichiometry stoichiometry of powders
used for deposition

* Controlled by variation of deposition time, voltage or
current density; * * Controlled by electric field

Table 3 Summary of titanium substrate treatment
prior to HA deposition'"

Condition T reatment
Abraded  Abraded with SiC paper
Abraded with SiC paper plus electrolytic
H:PO4 etch with H3PO4 solution (8%)
at 20 V during 10 min
Blasted with 65 Hm particles of alumina plus
Blasted

chemical etch with H202/ HF solution

. - . 25 .-
In another investi atlon[ ] a silica or

calcium- silica sol pre-coating produced by dip-
withdrawing was reported to densify the HAp
coating after subsequent annealing and enhance its
adhesion to the metal substrate.
3.3.2 Stability of apatite suspension

It is important to note that stable suspensions
are necessary for electrophoretic deposition experi-
ments. However, ultrasonically treated HA sus-
pensions exhibited significant settling after several
tens of minutes. In contrast, a HA which con-
tained submicrometre particles (55 nm in average
size and washed by isopropyl alcohol) suspensions
were found to be stable for 1 ~2d'"', but magnetic

stirring was found to have a detrimental effect on
suspension stability and led to relatively fast set-
tling when stirring was interrupted. The electric
field also has an adverse effect on this HA suspen-
sion stability. Passing an electric current through
the suspension during electrodeposition also
brought about significantly faster settling. It is
clear that electricfield-induced particle sedimenta-
tion decreases the amount of fine particle in the
suspension and in the deposit this effect is more
distinct in higher electric fields.

It is considered that the pH value of the sus-
pension plays an important role in determining the
stability of the dispersed apatite suspension and the
size of apatite particles. The pH of 2 provides the
most stable dispersed suspension and smallest par-
ticle size' ' .

The liquid medium used to suspend the parti-
cles during electrophoretic deposition is also impor-

[241: 1) the particles must

tant for two main reasons
be colloidally stable in the medium, some medium-
particle systems give inherent steric stabilization;
2) the medium must have a dielectric constant that
gives effective coating characteristics. Adsorbed
water was reported to interfere with electrophoret-
ic transport and therefore electrophoretic deposi-
tion of non-calcined HA powders was not
achieved . Organic liquids are preferable to wa-
ter since electrophoretic deposition in water is ac
companied by significant gas evolution. However,

uncalcined HAp coating was electrophoretically de-

posited on Ti, Ti6A14V and 316 stainless steel

substrate' ',

4 MICROSTRUCTURE AND MECHANICAL
PROPERTIES

HA coatings can be readily deposited on metal
substrates by electrophoretic deposition. The sur-
face morphology of the HA coating significantly
depends on the processing parameters, such as ap-
plied voltage, particle size. Normally, the HA
coating is of porous structure and the bonding
strength of the HA coating is low, as shown in
Fig. 3. So post-sintering is necessary to increase
the density and the bonding strength of HA coat-
ing.

However, highly
problematic owing to the fact that temperatures in
excess of 1 100 C are required for commercial

subsequent sintering is

hydroxyapatite powders to achieve high density.
For example, it was reported ' that after sintered
at 1000, 1150, 1300 Cfor 2 h, an interconnected
porous structure was observed in all samples, as
shown in Fig. 4. Although a layer of HA coating
as thickness as 400 Hm has adhered very well onto
the titanium substrate and no delamination or crack
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Fig. 3 Surface morphologies of HA coating on Ti6A14V at different applied voltage

[13]

(a), (b) —Without presedimentation, 200 V; (¢) —Without presedimentation, 20 V;
(d) —1 h presedimentation, 10V

was observed at both interface and surface after
sintered at 1 000 C, a porous structure with a po-
rosity of 19% was observed.

In addition, the firing shrinkage of the HA
coating on a constraining metal substrate during
the high temperature sintering process leads to se
vere cracking in the coating, as shown in Fig. 5,
even delamination or crack at the interface between
substrate and coating( Fig. 6). A duakFH Ap coating
(first deposition-sintering+ the second deposition

12 ywas developed to avoid the crack of

sintering)
the coating. Microstructure observation has indica-
ted that extensive cracking of coatings was ob-
served on the top of coating layer in all substrates
and all sintering temperature ( range from 8757~
1000 C), but the evidence of “valley filling” by
the second coating in the macrocrack of the first
coating was clearly found and there appeared to be
no distinct border between the first and the second
coating layers, which suggested that a strong
seamless bonding formed between these two lay-
ers, as shown in Fig. 7.

Furthermore, the high temperature sintering
damages the metal and induces metal-catalysed de-
composition of the hydroxyapatite. Pure HAp de-
composes to tricalcium phosphate ( TCP) in the
temperature range of 1200~ 1450 C. TCP is bio-

[27]

degradable in vivo In the presence of the un-

derlying metal substrate, HAp coatings may de-

compose even at a sintering temperature as low as
1050 Cfor titanium substrate and 950 C for stain-
less steel substrate due to ion migration from the
metal substrates into the HAp coating''"** *1 A
high temperature sintering is also unfavourable for
the metal substrates since it can lead to phase
transformation and grain growth. This may cause
significant deterioration of the mechanical proper
ties of the metal substrates. One way to alleviate
the problem of HA decomposition is the formation
of titanium oxide layers' " .

The interface adhesive strength of HA coating
on the metal substrate is a very important factor
during the following service. Table 4 lists the re
ported adhesive strength of HAp coating on differ-
ent metal substrate. On average, the interfacial
bond strength is 23 MPa for stainless steel, 14
MPa for Ti and 11 MPa for Ti6A14V substrates,
respectively. The shear strength of cortical bone is

about 35 M Pa.

S NANOPARTICULATE HYDROXYAPATITE

A new wave of interest in electrophoretic tech-
nology is concerned with the use of submicrometre
or nano ceramic particles. Electrophoretic deposi
tion of submicrometre or nano powders offers ad-
vantages in fabrication of ceramic coatings and
bodies with dense packing, good sinterability and
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Table 4 Adhesive strength of HAp coatings on metal substrates''" ' ( M Pa)

Coating 875 C 900 C 925 C 950 C 975 C 1000 C
Ti 12.4%7.9 21.2%10.6 14.916.4 15.3%6.3 10.9£9.0 8.9%t4.9

Ti6A14V 3.9%3.3 17.3%4.3 6.5%6.2 4.1%1.8 25.0%3.0 11.5%3.0

316 steel 15.4%5.4 24.3%9.3 25.2%10.3 24.0%4.7 23.0*1.4 22.8%1.0

For comparison, the measured shear strength of cortical bone is 35 M Pa

Fig. 4 Microstructures of HA deposits at

& % % [10]
various sintering temperatures

(a) —1000 C; (b) —1150 C; (¢) —1300 C

homogeneous microstructure'*'. One of the impor-
tant capabilities provided by fine particle electro-
phoresis is the ability to achieve ceramic particle
impregnation into a porous substrate and composite
consolidation™ . Another advantage of fine parti-
cle electrophoresis is the agglomerate-free struc
tures made from close-packed fine particles can be
densified at lower sintering temperatures, for ex-
ample, at 1000 C*7.

More than two methods have been developed
to produce nanometer size HA particles. The par
ticle size ranges from 50 = 70 nm to 600 ~ 700 nm"*"

Fig.5 Surface morphology of
ELP HA coating on Ti substrate''"

Fig. 6 Cross-section morphology of
ELP HA coating on Tr6AF4V substrate' "

Fig.7 SEM cross-sectional micrograph of
duaFHA p-Ti6A14V coating' "™
(Note evidence of “valley filling” by coating 2 in
acrocrack of coating 1(left hand end of the interface) and
some fine cracks due to thermal mismatch.)
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depending on the processing. Particle distribution
in the suspension plays a very important role in the
deposition coating quality. Nano particles due to
their small size and large surface are prone to be
agglomerated. Some methods have been used to
optimize the properties of the suspension, especial-
ly the particle distribution. An important advan-
tage of electrophoretic processing is that agglomer-
ates can be separated by pre-sedimentation. More-
over, owing to the insulating properties of the de-
posit, the electric field provides a higher deposition
rate in defect regions, resulting in better packing
and uniformity of the deposit'”'. Another way is
to add some kinds of additives into the suspension
in order to obtain stable suspensions and to achieve
the desired level of electrophoretic mobility'* .
Furthermore, it was found that ripening of the
nanoparticle had a significant effect on the particle
size, the agglomeration state and the cracking of
the deposition coating'”’. Ripening by ambient ag-
ing or boiling transformed the as-precipitated HAp
from a geklike state to a weakly agglomerated
nanoparticulate state, in turn eliminated the crack-
ing in the electrophoretic coating.

6 CONCLUSIONS

As a surface coating technique, electrophore-
sis deposition( EPD) has shown significant advan-
tage over the commercial plasma spray coating
process on the preparation of calcium phosphate
coating onto metal substrate for biomedical appli-
cation, such as low cost and flexible process, wide
range of apatite composition and thickness and
normr line-of-sight characteristic. The nonlineof-
sight characteristic produces the possibility to cov-
er an even calcium phosphate onto the complex
shaped substrate, which has attracted much more
attention in the porous implant application. Al
though the high temperature sintering induces
cracks in the coating and metal catalysed decompo-
sition of hydroxyapatite, and causes deterioration
of the mechanical properties of the metal sub-
strate, many methods have been developed to mod-
ify the process and the process has been successful-
ly used in calcium phosphate coating. Microstruc
ture of the calcium phosphate coating and the me-
chanical properties of the coating and metal sub-
strate have shown potential application of EPD
process in the biomedical materials surface modifi-
cation. However, more research is needed to apply
this process in the commercial application.
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