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Abstract

There were interconnected small lamellar pores, big spherical pores and ceramic walls in the hydroxyapatite (HAP) ceramics fabricated by a
freeze casting/pore-former method. As keeping the content of polymethyl methacrylate (PMMA) constant and decreasing the size of PMMA, the
size of spherical pores and length of ceramic wall both decreased, and the compressive strength increased. As keeping the size of PMMA and
decreasing the content of PMMA, the open porosity decreased and compressive strength increased. The shapes of pores caused by ice crystals were
reticular, lamellar and treelike, in turn. The HAP ceramics with the spherical pores of 150-250 wm, open porosity of 62.13% and compressive

strength of 7.01 MPa are prospective to have biomedical application.

© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Porous hydroxyapatite (HAP) becomes a promising ceramic
material in biomedical application, such as artificial bone graft
material and prosthesis revision surgery. To date, porous HAP
ceramics have been prepared by various approaches, including
conversion of natural bones, polymeric sponge method, gel
casting of foams, slip casting, electrophoretic deposition
technique and freeze casting [1-8]. Among them, freeze casting
is a simple and effective way that can precisely control the pore
structures (e.g., porosity, pore size and shape, connectivity of
pores, and pore alignment) and improve mechanical properties
by controlling the solid content of ceramics and freezing
condition, etc. [7,8].

It is known that the interconnected pores with sizes of 50—
500 wm are appropriate for the ingrowths of the surrounding
bone [9-11]. Generally, the freeze casting method can fabricate
interconnected pores; however, the size of pores obtained from
this process is usually smaller than 50 pm. Thus, it is necessary
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to develop effective methods to obtain large pores by freeze
casting method. Recently, Yanase et al. reported that large pores
can be fabricated by adding suitable pore-forming agents, such
as polymethyl methacrylate (PMMA) [12]. So the freeze
casting method with pore-former agent most likely fabricates
interconnected pores larger than 50 pwm.

In this work, porous HAP ceramics with controllable
interconnected large pores were fabricated using freeze
casting/pore-former method by fine tuning the size and content
of PMMA, a pore-forming agent. The microstructures and
mechanical properties of HAP ceramics were characterized.

2. Experimental materials and methods

HAP powder (dsp = 0.4 wm) was prepared by wet mechanic-
chemical method with Ca(OH), (Analytical-grade, Shanghai
Chemical Reagent Corp., China), (NH4),HPO, (Analytical-
grade, Shanghai Chemical Reagent Corp., China) and deionized
water. The spherical PMMA particles (Shanghai Shanhu
Chemical Reagent Corp., China) with mean sizes of 250-
425 pm (symbol: PMMA-L), 150-250 pm (symbol: PMMA-M)
and 75-150 pm (symbol: PMMA-S), were used as pore formers.
Aqueous HAP slurry with initial solid loading of 50.0 wt% was
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prepared by mixing powder with a dispersant agent (ammonium
polyacrylate, Bk Giulini, Germany) in deionized water. The
slurry was ball-milled with ZrO, balls for 24 h. After that, PVA
(Shanghai Chemical Reagent Corp., China) aqueous solution was
used as a binder, and certain amount of PMMA was added into the
slurry. The ratio of PVA to HAP powder is 2 wt% and the
concentration of PVA aqueous solution is 12 wt%. The mixed
slurry was ball-milled for another 24 h before freezing. The
volume ratio of PMMA to HAP powder was set as 1, 2.3 and 4,
respectively.

Then, the resultant slurries were poured into aluminum
molds. All samples were frozen in a refrigerant under —18 °C.
After completely solidified, the samples were moved into a
lyophilizer (TLG-A, Zhongke Biologic Co., Ltd, China) to
dry. The drying time, temperature and pressure are 8 h, 60 °C
and 4 Pa, respectively. After freeze drying, the green bodies
were heated to 550 °C and held for 2 h to remove organic
additives and sintered at 1300 °C for 1 h in air. The sintered
specimen of 1HAP-S ceramic means the specimen was
fabricated using the slurry with PMMA-S and the volume ratio
of PMMA to HAP powder was 1. The sintered specimen of
2.3HAP-L ceramic means the specimen was fabricated using
the slurry with PMMA-L and the volume ratio of PMMA to
HAP powder was 2.3.
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The open porosity was measured by the Archimedes method
in distilled water. The relative density is calculated by the
measured density (ratio of weight to total volume) and theoretical
density (3.16 g/cm®). And the sum of relative density and total
porosity is 1. The morphology of the sintered specimens was
observed with scanning electron microscopy (SEM, JSM-6700F,
JEOL, Akishima, Japan). The compressive strength of the
sintered specimens was measured using Instron 5500R universal
testing machine (Instron Ltd., Norwood, MA, USA) at a
crosshead speed of 2.0 mm/min. The compressive loading was
applied in the axial direction of sintered specimens. Four
specimens were tested to obtain the average strength.

3. Results and discussion

3.1. Effect of the size of PMMA on the microstructures of
porous HAP ceramics

Fig. 1 shows the micrographs of porous 2.3HAP ceramics
with various sizes of PMMA adding. In all cases, they have
small lamellar pores, large spherical pores and ceramic walls
among pores. The spherical and lamellar pores are caused by
decomposing of PMMA particles and sublimation of ice
crystals, which are shown in Fig. 1(A) and (B), respectively.
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Fig. 1. SEM micrographs of the porous 2.3HAP ceramics, (a) 2.3HAP-L ceramic, (b) 2.3HAP-M ceramic, and (c) 2.3HAP-S ceramic. (A) and (B) show the wall of
spherical pores caused by decomposing PMMA grains and pores caused by sublimation of ice crystals, respectively.
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Fig. 2. SEM micrographs of the porous HAP-L ceramics, (a) IHAP-L ceramic and (b) 4HAP-L ceramic. (A) and (B) show the wall of spherical pores caused by
decomposing PMMA grains and pores caused by sublimation of ice crystals, respectively.

During freezing process, there are small lamellar ice crystals and
ceramic walls enclosing PMMA grains which are squeezed out
by ice crystals. Under a low pressure condition, the ice crystals
sublimate, and then the lamellar pores and ceramic walls
enclosing PMMA grains are obtained [13]. The decomposing
temperature of PMMA is about 250-300 °C [12], thus spherical
pores in the ceramic walls are easily obtained after sintered at
1300 °C. The sizes of the spherical pores of prepared ceramics
are all larger than 100 pm and decrease if small PMMA particles
are used. It can also be found from Fig. 1 that the distances
between the lamellar pores decrease as decreasing the size of
PMMA particles. Comparing the spherical pore of 2.3HPA-L
ceramic with that of 2.3HPA-S ceramic, the compactness of
pore’s wall decreases with decreasing the size of PMMA, which
means the connectivity of pores increases and this might be
benefit for flowing and exchanging of nutritive materials. The
reason for higher connectivity is that the small PMMA particles
have larger surfaces areas, which have more probability to
contact with HAP and PMMA particles.

3.2. Effect of the content of PMMA on the microstructures
of porous HAP ceramics

Fig. 2 shows the micrographs of porous HAP-L ceramics
with various contents of PMMA. Fig. 2(A) and (B) shows the

Table 1

wall of spherical pores caused by decomposing PMMA grains
and pores caused by sublimation of ice crystals, respectively.
With increasing the content of PMMA, both the volume of
spherical pores and the pore connectivity increase. Beside, the
wall of spherical pores of IHAP-L is denser than that of 4HAP-
L ceramics. The pores from sublimation of ice crystals are
treelike, lamellar and reticular in the 1HAP-L, 2.3HAP-L and
4HAP-L ceramics, respectively. The reason is that a large
amount of PMMA causes more resistances to the growth of ice
crystals. With increasing the resistances to the growth of ice
crystals, the morphologies of ice crystals change into treelike,
lamellar and reticular shapes. Fig. 2 also indicates the sizes of
spherical pores of 1HAP-L and 4HAP-L ceramics are both
larger than 200 pm.

3.3. Effect of the PMMA on the porosity and compressive
strength of HAP ceramics

Table 1 lists the porosity, relative density and compressive
strength of 2.3HAP ceramics with various sizes of PMMA and
HAP-L ceramics fabricated with various contents of PMMA-L.
First, for specimens with same content of PMMA, there is little
difference in porosity. However, the compressive strength
increases with decreasing the size of PMMA, which is caused
by the decrease of the size of spherical pores and the length of

Porosity and compressive strength of HAP ceramics fabricated with PMMA grains.

Specimens Relative density (%) Total porosity (%) Open porosity obtained by Archimedes method (%) Compressive strength (MPa)
2.3HAP-L 34.81 65.19 64.66 443 +£0.19
2.3HAP-M 37.36 62.64 62.13 7.01 +£0.03
2.3HAP-S 3431 65.69 65.25 7.37 £ 0.08
1HAP-L 43.72 56.28 55.71 6.67 £ 0.14
4HAP-L 26.26 73.74 73.44 0.51 +£0.03
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Fig. 3. Load vs strain diagrams of 2.3HAP ceramics with various sizes of PMMA.

ceramic walls. Table 1 also indicates that as increasing the
content of PMMA-L, the porosity of HAP-L ceramics increases
and compressive strength decreases. The 4HAP-L ceramic has
the largest porosity of 73.43% and lowest fracture strength of
0.51 MPa. The IPMMA-L ceramic has the smallest porosity of
56.28% and highest fracture strength of 6.67 MPa.

Fig. 3 shows the fracture curves of porous 2.3HAP ceramics
with various sizes of PMMA. All specimens show the step-
wise load behaviors, characterized of non-catastrophic
fracture. After the outermost ceramic breaking (corroding to
A point in curves), the subsequent load exceeds the breaking
load, such as 0B > oA, in cures of 2.3HAP-M and 2.3HAP-L
ceramics (curves 1 and 2). However, this behavior does not
happen in 2.3HAP-S ceramic (curve 3). This may be due to that
the wall of pores in 2.3HAP-S ceramic has the loosest walls of
pores, which can inhibit crack propagations.

4. Conclusions

In summary, the freeze casting/pore-forming agent method
has been applied to fabricate porous HAP ceramics with
interconnected large pores and good strength. Both of the size
and content of PMMA affected the microstructures and
properties of porous HAP ceramics. The sizes of the spherical
pores caused by decomposing the PMMA grains are all larger
than 100 wm and decrease if small PMMA particles are used.
This method covers the shortage of the freeze casting method,

which only can fabricate ceramics with small pores and might
have potential bio-applications.
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