
J O U R N A L O F M A T E R I A L S S C I E N C E : M A T E R I A L S I N M E D I C I N E 1 6 (2 0 0 5 ) 161 – 165

Fabrication of hydroxyapatite ceramics with

controlled pore characteristics by slip casting
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Porous hydroxyapatite (HAp) ceramics with controlled pore characteristics were fabricated
using slip casting method by mixing PMMA with HAp powder. The optimum conditions of
HAp slip for slip casting was achieved by employing various experimental techniques, zeta
potential and sedimentation, as a function of pH of the slips in the pH range of 4–12. HAp
suspensions displayed an absolute maximum in zeta potential values and a minimum in
sedimentation height at pH 11.5. The optimal amount of dispersant for the HAp
suspensions was found at 1.0 wt% according to the viscosity of 25 vol% HAp slurry. The
rheological behaviour of HAp slurry displays a shear-thinning behavior without thixotropy,
which is needed in slip casting processing. The pore characteristics of sintered porous
hydroxyapatite bioceramics can be controlled by added PMMA particle size and volume.
The obtained ceramics exhibit higher strength than those obtained by dry pressing.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Hydroxyapatite (HAp) and related calcium phosphate
(CP) materials have been widely used as implant mate-
rials for many years due to their close similarity in com-
position and high biocompatibility with nature bone
[1–4]. Recently, a number of reports have emphasized
the fabrication and properties of porous HAp Ceram-
ics [5–9]. The bone can grow in the pore, however, as
indicated by Hulbert et al. [10], macropores of at least
100 µm are needed to host the cellular and extracellular
components of bone and blood vassels, and greater than
200 µm are expected to be effective on osteoconduc-
tion. Therefore, how to control the pore characteristics
in the porous HAp ceramic is an important subject for
many investigations. Although the pore size or pore size
distribution is directly related to the particle size dis-
tribution of introduced polymeric powders, it is rather
difficult to obtain porous HAp ceramic with complex
geometry via conventional die-pressing route [7, 11–
13]. Then, some researchers have demonstrated several
methods to produce porous hydroxyapatite ceramics
[5, 8, 13–18].

In this study, porous HAp ceramics with controlled
porosity were prepared by slip casting method with
polymethyl methacrylate (PMMA) particles used as a
porosifier. The influence factors of HAp slurry prop-
erties are discussed. The influences of PMMA par-
ticle size and volume fractions on the resultant pore
characteristics of porous HAp ceramics were also
investigated.

∗Author to whom all correspondence should be addressed.

2. Experimental procedure
2.1. Materials
Hydroxyapatite (HAp) powder (Ca/P = 1.69,
D = 3.16 g/cm3, Sichuan University, China) was
used as raw material in this study. Spherical poly-
methyl methacrylate (PMMA) (Coral Chemistry
Factory of Shanghai, China) with different particle
sizes, 260–350 µm, 120–150 µm, and 50–75 µm, was
used as porosifier, the average particle sizes of it are
305 µm, 134 µm, 62 µm, respectively. Polyacrylic
acid (PAA) (30 wt%, Nanjing College of Chemical
Engineering, China) with molecular weight less than
15,000 was used as dispersant. Polyvinyl alcohol
(PVA) (Jinshan Petrochemical Works, China) with a
280,000 molecular weight was used as binder.

2.2. Experimental procedure
HAp powders with dispersant were milled in a ball jar
at pH 11.5 for 12 h, using zirconia balls as grinding
media. The pH value of the slurry was adjusted by 1 N
NaOH or 1 N HCl. Then, PMMA particles and PVB
(2.0 wt%, relative to the solids) were added into the
ball jar. After another 12 h, the slurries, free of foam,
were cast into plaster molds. After demolded and dried
at ambient temperature for 72 h, the green blocks were
heated to 550 ◦C at a heating rate of 0.5 ◦C/min to burn
out the PMMA particles and other volatiles, followed
by the treatment at 1200 ◦C for 2 h for densification
purpose.
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Figure 1 TEM morphology of HAp powders: (a) Initial HAp powder and (b) Calcined HAp powder (800 ◦C × 2 h).

2.3. Characterization
The specific area of HAp powders was measured by ac-
celerated surface area and porosimetery system (ASAP
2001, Micromeritics, America). The X-ray diffraction
patterns of powders were tested by X-ray instrument
(X-ray diffractometer, Model RAX-10, Rigaku, Japan).
The Zeta-potential of powders at various pH values
was measured by electrophretic mobility instrument
(JSD-94). The viscosity and thixotropy were studied
by coaxial flat rheometry (SR-5 Rheometric scientific
instrument company, America). The sedimentation be-
havior of the HAp slips was studied as a function of time
at different pH values (2–12) for 5 vol% solids loading.
The sedimentation heights were measured from the bot-
tom of the sediment test tube to the height of the solid
deposited after specific intervals of time.

The relative density and porosity were measured by
Archimedes methods. The open porosity

po = m2 − m1

m2 − m3
× 100%,

the close porosity

pc = (m1 − m3) − m1 × ρt

m2 − m3
× 100%,

the total porosity Pt = Po + Pc. Where, m1 is the dry
weight of the simples measured in air, m2 is the weight
of the sample measured under water soaked in air, m3 is
the weight of the simple measured under water soaked
in water, ρt is the theoretical density of HAp.

The macropores size distributions were analyzed by
LeicaQwin software of image analysis (Leica copo-
ration, GDR). The microstructure of the composites
was observed on a fractured surface by scanning elec-
tron microscopy (SEM) (model EPMA-8705Q, HII,
Shimadzu, Japan). The flexural strength of porous HAp
ceramics was measured in Instron 1195 universal test-
ing machine by three-point flexure, using a span of
30 mm and a crosshead speed 0.5 mm/min.

3. Results and discussion
3.1. Surface properties of HAp powders
Fig. 1 shows the morphology of HAp powders. The av-
erage radial particle size of initial powder was less than
50 nm. In order to get higher solid contents, the initial

HAp powder, which was too fine to get high solid con-
tent, was calcined at 800 ◦C for 2 h. After calcination,
The contrastive morphology and X-ray patterns of HAp
powder were respectively showed in Figs. 1 and 2. TEM
photographs of HAp powders shows calcined HAp
powders have bigger particle sizes, which was also
testified by the specific area of HAp powders (after cal-
cinations, the specific area decreased from 73.08 m2/g
to 25.51 m2/g). Fig. 2 shows that no phase transforma-
tions were detected. and calcined HAp powder has a
sharper peaks than initial. According to Scherrer for-
mular [19], sharper peaks means bigger crystalline size.

Zeta-potentials of nanosized HAp powder at differ-
ent pH value, dispersed in water containing 1.0 wt%
PAA (relative to the solids) or without PAA, were mea-
sured. As shown in Fig. 3, after adding the dispersant,
the pH value at the isoelectric point of HAp powders
decreased from approximately pH 6.2 to pH 4.7. The
addition of PAA decreased the zeta potential of the pow-
ders, which is beneficial to dispersion of HAp particles
by electrostatic repulsion. Also the both zeta potential
curves showed an absolute maximum value at pH 11.5,
indicating that the slurries could be well dispersed at
the pH value.

3.2. Sedimentation behavior
The sedimentation volume percent as a function of pH
is shown in Fig. 4. At pH < 7, added PAA was adsorbed

Figure 2 XRD of HAp powders.
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Figure 3 Zeta-potential as a function of pH for HAp powder.

Figure 4 Sedimentation volume as a function of pH for 5 vol% HAp
suspension after 7 days.

on the surface of HAp powders as neutral PAA [20, 21]
and the repulsive energy between HAp powders was
low. Therefore, HAp powders were easily agglomer-
ated, which was confirmed by the high sedimentation
volume and the clear supernatant liquid.

At pH > 7, some PAA reacted with NaOH solution
which was added for pH adjustment to form polyacrylic
sodium (PAANa) and be adsorbed as ionic PAANa
[20, 21]. The adsorbed ionic PAANa increased the
electrostatic repulsive energy between HAp particles,
which improved the dispersion property of HAp in this
zone. The sedimentation volume decreased apparently
and had no significant variation up to pH 12. HAp pow-
ders can be well dispersed at pH > 7. The Zeta-potential
value reached the absolute maximum value at pH 11.5.
Therefore, pH 11.5 was chosen as optimal dispersion
pH value.

3.3. Slurry rheological behavior
3.3.1. Effect of dispersant content
Viscosity of 25 vol% HAp suspensions with different
PAA contents (relative to the solids) has been measured
at pH 11.5 (Fig. 5). At PAA content <0.6, viscosity of
slurry decreases with increasing PAA content. In the
aqueous medium, the dissociated PAA may cover the

Figure 5 Viscosity of 25 vol% HA slips as a function of dispersant
contents at pH 11.5.

surface of HAp powders and the HAp powders would
behave as a monodispersed powder due to the electros-
teric stabilization, resulting in a decrease in viscosity of
the slurry. At 0.6–1.0 wt% PAA, the viscosity changes
a little and the minimum viscosity value is observed at
1.0 wt% PAA content. This may indicate the adsorbed
PAA on the surface of the HAp powders is enough
to prevent HAp particle-particle attraction. When the
added PAA content is higher than the saturated PAA
absorption point, the free PAA would exist in the liquid
medium. This may cause inter-locking of PAA polymer
chain, which bridged the solid particles and caused vis-
cosity increase. Therefore, 1.0 wt% PAA was chosen
as optimum dispersant amount.

3.3.2. Effect of solids loading
The effect of solid loading on the flow behavior of
HAp slurry in distilled water at pH = 11.5 is shown
in Fig. 6. Shear thinning behavior [22] was observed
at solid loading of 20–35 vol%. And with the increase
of the solids loading, the viscosity increased. But at
the same solid loading, the viscosity decreased as shear
rates increased. The shear-thinning behavior with the
shear rate increasing shows that viscosity is strongly
dependent on the solid loading. But when solid loading

Figure 6 Rheological curves for the slurries prepared at different HAp
solid loadings.
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Figure 7 Rheological curve of 35 vol% HAp slurry containing 1.0 wt%
PAA.

was above 40 vol%, it was difficult to get slurry with
well rheological properties in the study. The rheologi-
cal behavior of HAp slurry at 35 vol% solid loading has
been studied by measuring the viscosity and shear stress
at varying shear rates (Fig. 7). There was no thixotropy,
which means that 35 vol% solid loading HAp slip is
suitable to slip casting.

Figure 8 SEM photographs of porous HAp ceramics prepared by slip casting. (a) PMMA 30 vol% size between 260–350 µm, (b) PMMA 36 vol%
size between 120–150 µm, (c) PMMA 36 vol% size between 50–75 µm, and (d) Micropore of porous HA ceramics.

3.4. Microstructure and properties
of porous HAp ceramics

Fig. 8 shows that the pores of porous HAp ceramics
are spherical with the same shape of adding PMMA
particles (Fig. 9) and uniformly distributed, which in-
dicates that the shape of pores didn’t change during sin-
tering process. However, as the average particle size of
added PMMA are 305 µm, 134 µm, 62 µm, the average
pore size of porous HAp ceramics are 290 µm, 96 µm,
45 µm, respectively. That is to say, as shown in Fig. 8
(a)–(c), the mean diameter of the pores is smaller than
the particle size of added PMMA, which may be caused
by the shrink of the ceramics during sintering process.
A detailed examination of the solid walls (Fig. 8(d))
revealed the presence of micropores in the scale of ∼1
µm, which was considered to be the result of sintering
effect.

As shown in Table I, the total porosity of the
porous HAp ceramics is little influenced by variation
of the PMMA particle size at a given volume frac-
tion of PMMA, under the same sintering conditions.
And the total porosity of the porous HAp ceramics
is roughly equal to the initial PMMA volume frac-
tion. Therefore, the porosity of porous HAp ceram-
ics can be modulated as the added PMMA volume
changed.
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T ABL E I Properties of porous HAp ceramics by slip casting as a function of PMMA

Volume Particle Open Closed Total
fraction/vol% sizes/µm Bending strength/MPa porosity/% porosity/% porosity/%

36 120–150 15.74 ± 1.74 39.04 0.64 39.68 ± 0.62
260–350 12.53 ± 1.16 33.00 0.48 33.48 ± 0.20

30 120–150 18.38 ± 1.36 32.22 0.70 32.92 ± 0.45
50–75 26.12 ± 1.21 29.04 0.51 29.55 ± 0.71

23 120–150 21.33 ± 1.94 23.82 1.56 25.38 ± 0.35

Figure 9 Optical photo of PMMA particles ( particle sizes between 120–
150 µm).

The mechanical properties of the porous ceramics in
terms of the porosity and pore sizes are shown in Table I.
The influence of pore sizes on the flexural strength has
currently found to be important in producing the porous
HAp ceramics. The larger the pore size, the lower the
flexural strength is at the same given volume fraction
of the PMMA. At the same PMMA particle size, the
strength decreases as the volume fraction increases.
When added PMMA particle size is 120–150 µm, the
bending strength of porous HAp with 30 vol% PMMA
made by slip casting is, about as five times as that of ce-
ramics made by dry pressing (18.38 MPa and 3.97 MPa,
respectively). Therefore, slip cast processing proves to
be a suitable technique to prepare porous HAp ceramics
with controlled pore characteristics.

4. Conclusions
The fabricating process and properties of the porous
HAp ceramic by slip casting were studied. By study-
ing the zetal potential and sedimentation behavior of
HAp slips in the pH range 4–12, the pH value of best
dispersion was chosen at pH 11.5. The optimum dis-
persant amount, 1.0 wt%, was decided by analysis
of the viscosity of 25 vol% HAp slip. 35 vol% HAp

slurry showed shear thinning behavior nearly without
thixotropy, which is suitable for slip casting to pro-
duce porous HAp ceramics. The pore characteristics
of sintered porous hydroxyapatite bioceramics can be
controlled by changing the size and content of PMMA.
Also the ceramics had higher strength than those made
by dry pressing.
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