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Preparation of porous hydroxyapatite
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The aim of the paper was to obtain a porous hydroxyapatite (HA) biomaterials relating to
the manufacture of artificial implants. The technique of impregnating a body of porous
polyurethane foam with slurry containing HA powder, water and additives was applied and
proved to be more successful. The process of preparations was discussed and the porous
HA with desired properties was obtained at last. © 2007 Kluwer Academic Publishers

1. Introduction

Over the past decades of years hydroxyapatite [Cag
(PO4)6(OH),, HA] and related calcium phosphate ce-
ramic materials have been widely used as implant
materials due to their close similarity in composition
and highly biocompatibility with nature bone [1-3].
Such bioactive implant materials can be applied both
in the compact and porous forms as well as gran-
ules. In the case of porosint a number of in vivo stud-
ies have demonstrated the occurrence of bone forma-
tion in the pores of the calcium phosphate ceramics
such as hydroxyapatite/S-tricalcium phosphate (HA/
B-TCP)[4, 5]. However, most of the investigations on
the implantation of the porous calcium phosphate ce-
ramics showed that the degree of infiltration of liv-
ing tissue into the pores and formation of new bone
depended greatly on the pore characteristics such as
porosity, pore size, pore size distribution and pore shape
[6, 7]. Hulbert et al. [8] claimed that a minimum pore
size of 100 micrometers is necessary for the porous im-
plant materials to function well and pore size greater
than 200 micrometers is an essential requirement for
osteoconduction.

A lot of methods have been developed to fabricate
the porous HA(or HA/B-TCP) ceramics with diversi-
fied pore characteristics. There include incorporation
of volatile or combustible burn-outs that are lost during
firing, solid-state sintering, sol-gel process and reticu-
lated open-celled ceramics produced via the replication
of a porous substrate, which is the most common ap-
proach for producing open-cell porous ceramics [9].
The porous ceramics obtained from reticulated poly-
mer substrates have a variety of unique properties such
as controllable pore size, controllable tortuosity and
complex ceramic shapes for different applications.

This paper investigated the technology of obtain-
ing open-cell macroporous calcium phosphate ceramics
(average pore size larger than 200 micrometers) based
on the replication of a porous substrate. The preparing
process was discussed and the open-cell macroporous
calcium phosphate bioceramics with desirable proper-
ties were obtained at last.
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2. Experiment

2.1. Raw materials

The precursor powder of HA was synthesized by wet
chemical method in accordance with:

10Ca(NO3), 4+ 6(NH,)3;PO, 4+ 2NH; - H,O
= Calo(PO4)5(OH)2 + 20NH4NO3

The preparing process of HA powder included the fol-
lowing steps: (i) Preparation of Ca(NO3); solution and
(NH4)3POy4 solution with appropriate concentrations;
(i1) The Ca(NOs3), solution was added in drops into the
(NH4)3POy solution in a stoichiometric proportion and
stirred at the temperature of 90 °C; (iii) Meanwhile,
NH3; - H,O Solution was added to keep pH value no
less than 9; (iv) The gelatinous sediments were filtered
and washed several times until the pH value equal to 7
approximately; (v)The sediments were dried at 110°C
for 3 hr and calcified at 700 °C for 3 hr; (vi) The cal-
cified sediments were dispersed in ethanol solvent and
ground for 24 hr: (vii) The ground powder was dried in
air.

The obtained powder was analyzed by SA-CP3 parti-
cle size analyzer and the result was givenin Fig. 1. Fig. 1
shows that the powder particles have an average size of
about one micrometer. The scanning electron micro-
scope (SEM) micrograph of the precursor powder was
shown in Fig. 2. The XRD analysis of the powder shows
a crystallographic structure closely resembling that of
hydroxyapatite (JCPDS #9-432), as illustrated in Fig. 3.
A sequential X-ray fluorescence spectrometer (Made in
Shimadzu, Japan) was used to obtain the powder’s cal-
cium to phosphate ratio (Ca/P ratio). Table I shows a
value of 1.677, the same thing to hydroxyapatite. Fig. 3
and Table I demonstrate that the precursor powder syn-
thesized above was pure hydroxyapatite.

In order to improve the sintering performance and
mechanical properties of porous HA some nano-scale
ceramics such as silicon carbide and magnesia were
used in the experiments. Other organic agents used as
additives were analytically pure.
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TABLE I Ca/P ratio of HA powder and porous HA

Ca P Ca/P
HA powder 34.24 20.42 1.677
Porous HA 31.07 18.52 1.678
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Figure 1 Particle size distribution of HA powder.
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Figure 2 SEM micrograph of HA powder.
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Figure 3 XRD pattern of HA powder.

2.2. Experimental procedure

The experimental procedure is showed schematically
in Fig. 4. In order to obtain an open-cell macroporous
HA, a suitable reticulated substrate should be selected
at first. Then, a ceramic slurry was prepared and coated
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Figure 4 Preparing procedure of porous HA.
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onto the substrate. After that, the porous samples were
dried and sintered carefully. The sintered samples were
machined, washed and sterilized. The details will be
described in the following.

2.2.1. Selection of reticulated substrate

In order to obtain an open-cell macroporous HA based
on the replication of a porous substrate, a body of
organic foam should be adopted as substrate, which
was impregnated with ceramic slurry and burned out
during the sintering. The organic foam should have an
open-cell porous structure. Moreover, the foam should
also be:

(Dable to recover their original shape successfully
after impregnation;

(Deasily and thoroughly eliminated at a temperature
of less than 1200 °C which is the sintering temperature
of HA;

(@ able to vary its pore size upon requirements of the
products.

There are several types of organic foam which
could match the requirements described above very
well, such as polyurethane and polyvinyl chloride. The
polyurethane used in our experiments has enough re-
covering ability and could be thoroughly burned out
during sintering. Fig. 5 shows the porous structure of
the polyurethane substrate. In the case shown in Fig. 5
the polyurethane substrate is composed of a large num-
ber of interconnecting pores. The pores are of char-
acteristics of open cell, well-distributed pore size and
homogeneous pore distribution that determine the final
structures of porous ceramics.

The polyurethane substrate was formed into desired
shape depending on the particular applications.

Figure 5 Porous structure of polyurethane substrate.



TABLE II Composition of slurry (wt%)

Component Content (Wwt%)
Hydroxyapatite 40%

Silicon carbide 2.5%
Magnesia 2.5%

Binder 1~5%
Antifoaming agent 1~3

Distilled water 40~ 50

2.2.2. Preparation of coating slurry
The slurry used in the experiments was made up to the
recipe given in the Table II.

In Table II, the additions of magnesia and silicon
carbide conduce to the improvements of the sintering
performance and mechanical properties of porous HA.
The binder agent can become the slurry adherent to
the substrate while the antifoaming agent can reduce
the tendency of formation of “bridge” and “cell walls”
[10]. All the ingredients were put in a jar with alumina
grinding media and milled for an hour. The resulting
slurry was suitable for coating.

2.2.3. Coating the slurry onto the substrate
In this step, the organic foam was dipped into the ce-
ramic slurry and withdrawn. Surplus slurry was re-
moved by centrifuging and the foam was dried in air.
The dried foam was then dipped into the slurry again,
centrifuged and dried. Similar operations could be re-
peated till a desirable ceramic coating was obtained at
last.

The difficulty encountered during the impregnation
was the tendency of the ceramic slurry to drain almost
completely from parts of the foam structure due to in-
terfacial phenomena between the slurry and the sub-
strate. As a result, the deposit of ceramic slurry was
thinner than was desirable and its thickness was also
extremely variable. Additionally in reticulated foam the
slurry tended to accumulate at the joint points between
rods of polymer rather than along the length of the rods
themselves.

In order to solve these problems mentioned above
and form a satisfactory coating of ceramic particles on
the foam, a kind of flocculating agent was employed
during the coating process. The flocculating agent was
prepared in accordance with:

2AICI; + 5NH; - H,O — Aly(OH)sCl + SNH,CI

Fig. 6 shows the preparing procedure. The prepared
flocculating agent has a pH value of 5 ~ 6.

Before impregnation the substrate was pretreated
with the flocculating agent. When the so-treated sub-
strate was dipped into the ceramic slurry having a
pH value of 9~ 10, a local gelatinous precipitate of
Al(OH); would be generated on the interface between
the slurry and the substrate. The formed precipitate
of AI(OH); did not then readily redisperse into the
slurry and occluded suspended ceramics particles to
drain from substrate. The treated/coated circle was re-
peated as many time as necessary and the desirable
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Figure 6 Preparing procedure of the flocculating agent

coating with a continuous and uniform thickness would
be formed at last.

2.2.4. Drying and sintering
After coated the samples were dried in air. The time for
air-drying was always no less than 24 hr.

The porous samples were sintering at the temperature
of 1200 °C. During sintering, the organic substrate be-
gan to decompose at the temperature of 200 °C-300 °C
and lost its supporting function. The samples without
substrate supporting have a weak strength and easily to
be destroyed before sintered. The porous samples ob-
tained in the experiments have a large sintering shrink-
age of about 30%. If the porous samples couldn’t shrink
freely during sintering, large cracks always generated
during sintering.

In order to solve the problem of shrinking freely dur-
ing sintering and obtain porous HA without cracks,
a special sintering process was carefully planned,
schematically showed in Fig. 7. In the case shown
in Fig. 7, a compact sheet of HA having a sintering
shrinkage of about 15% was placed in the oven and
could shrink freely during sintering. On the compact
sheet, a porous cushion was placed. The porous sample
of HA was finally placed on the cushion. The cush-
ion has a shrinkage of about 30%, similar with that
of the porous sample. During sintering, the compact
sheet fully shrank and contributed to the shrinkage of
the bottom of the cushion, where small cracks would be
formed because of partially shrinkage. However, the top
surface of the cushion hasn’t any resistance and shrink
easily. As a result, the porous sample of HA placed on
the cushion could shrink freely. The preparations and
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Figure 7 Placements of porous HA in the oven during sintering.
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TABLE III A special sintering process for porous HA

a sintered in air

b sintered in vapour

Shrinkage
Method of content in  Character of - ? A HA
Sintering preparation the level shrinking L e? | l e B-TCP
s i ‘ﬂ . °
. - A
Porous samples  Impregnating L e | e $ i '
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Figure 8 The heating speed of porous HA during sintering.

relevant shrinkage of the sheet and the cushion were
given in Table III.

Another attention during sintering was the heating
speed. The temperature should be increased slowly so
as to make the substrate decompose gradually and avoid
cracks formation, especially in the low temperature
stage. The heating curve adopted in the experiments
was showed in Fig. 8.

2.2.5. Machining, washing and sterilizing
The porous HA could be little machined because the
shapes of the samples have already been obtained via
the shapes of the foam. After machined, the samples
were washed by ultrasonic and sterilized by Co60 radial
(25 kGry).

3. Results and discussion
3.1. Phase composition and macrostructure
of porous HA

Fig. 9 shows the XRD analysis result. The porous sam-
ples sintered in air almost lost their carboxyl and con-
verted into B-tricalcium phosphate (8-TCP). However,
the porous samples sintered in vapor have a HA con-
tent of about 80%. In the case of sintering in vapor, the
conversion of HA into B-TCP is obstructed strongly.
The porous samples have a Ca/P ratio of 1.678, shown
in Table I.

The macrostructure of the porous HA was controlled
by the porous structure of the polymer substrate. Cor-
responding to the structure of the polymer substrate
selected in the experiments (Fig. 5), Figs 10 and 11
illustrate the resulting macrostructure of the porous HA.
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Figure 9 XRD pattern of porous HA.

Figure 11 A single pore of HA from foam of YG-70.

They had circular open-cell pores and the pore structure
resembling that of the original polymer substrate.

3.2. Influence of content of the slurry

Based on the coating process mentioned above,
Tables IV and V show some experimental data for the
content of slurry and pore size of the foam.

In the case shown in Table IV, a body of porous poly-
mer foam of pore size YG-70 was selected as impreg-
nating substrate. Three different contents of the slurry,
1,0.75, and 0.65, were adopted. The values of the poros-
ity from 58% to 80% showed an increasing tendency
with the decrease of the content of the slip, while the
content of 0.75 and porosity of 75% were preferable.



TABLE IV Experimental data for different slurry content

Content Weight of Weight Volume of

of slurry foam after of porous HA after

per one cm’ of  impregnating HA after sintering

foam (g/cm?) (2) sintering (g)  (cm?) Porosity
1 20.9 9 8.9 58%
0.75 159 6.7 9.5 75%
0.65 139 59 9.9 80%

TABLE V Experimental data for different pore size foam

Content
Pore size  of slurry Pore size of
Sorts of foam per one cm’ HA produces
of foam (mm) of foam (g/cm3) (mm) Porosity
YG-40 ~0.7 0.75 ~0.4 80.1%
YG-70 ~0.4 0.75 ~0.25 78%
YG-100 ~0.25 0.75 ~0.15 75%

3.3. Influence of pore size of substrate

Three different polymer substrates with different pore
size of YG-40, YG-70, and YG-100 were selected in
Table V. Figs 12 and 13 show the microstructures of the
obtained porous HA. The differences between Figs 12
and 13 were not only the pore size which was resulted
from the pore size of substrate but also the former pos-
sessed a lot of cracks. However. adopting the porous
substrate of small pore size (Fig. 13) could easily reduce
these cracks. This was due to the fact that the cracks
were caused by the pyrolysis of the polymer substrate

Figure 13 SEM morphology of porous HA from foam of YG-70.

while the polymer substrate having small pore size pos-
sessed thinner struts and were easily pyrolysied than
that of large pore size. Moreover, drying and sintering
carefully were conducive to the cracks reducing.

3.4. Mechanical properties

Porous samples with dimensions of 20 x 20 x 20 mm?>

were tested in compression on an servo tester (Model

MTS810. USA) at a crosshead feed rate of | mm/min.
For porous materials, the properties related directly

to the porosity and their relationship could be described

by D. M. Liu [11] as Equation 1:

(Property) = (property)o * exp_b *p (1)

Porous HA with different porosity obtained in the ex-
periments were tested in compression and the results
were showed in Fig. 14. In the case shown in Fig. 14,
the compressive strength decreased markedly with the
porosity increasing. The fitting curve has an exponen-
tial tendency and is showed in Equation 2:

Y = 14.6  exp©36—9/0.15
=161 x exp *7** @)
With Equation 2 the porous HA with desirable compres-

sive strength and suitable porosity could be designed
and prepared according to the clinical requirements.
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Figure 14 Compressive strength of porous HA.

Figure 15 Specimen from porous HA, thirty days after implantation
(P: pore in the porous HA; S: skeleton of the porous HA; B: bone tissue).
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3.5. Animal experiments

The porous HA with marrow cell fostered after steril-
ization was implanted into dorsal muscular tissues of rat
for animal experiments. The implanted sites of the rats
did not show any infection and inflammation. Fig. 15
shows the experimental results. From Fig. 15 we know
that the bone tissue, bone cells, and blood vessels have
been growing into the pores of the porous HA and the
osteoblast is converged onto the skeleton surface of the
porous HA to form new bone.

4. Conclusions

(1) With suitable slurry, porous HA bioceramics having
interconnecting pores and high porosity (up to 80%) can
be obtained by the method of the replication of porous
polymeric substrates.

(2) The porosity of HA can be varied easily with dif-
ferent content of the slurry.

(3) The pore size of HA can also be varied freely from
selecting different substrates while the largest pore size
of substrates was no more than 2 mm.

(4) The compressive strength of porous HA has a ex-
ponential tendency with porosity.

(5) The animal experiments show that porous HA pos-
sess growing bone ability.
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