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ABSTRACT

Porous AlLO,-(m-ZrO,) composites were fabricated by pressureless sintering, using different volume percentages (40%-60%) of
poly methyl methacrylate (PMMA) powders as a pore-forming agent. The pore-forming agent was successfully removed, and the
pore size and shape were well-controlled during the burn-out and sintering processes. The average pore size in the porous ALO,-
(m-ZrO,) bodies was about 200 um in diameter. The values of relative density, bending strength, hardness, and elastic modulus
decreased as the PMMA content increased; i.e., in the porous body (sintered at 1500°C) using 55 vol % PMMA, their values were
about 50.8%, 29.8 MPa, 266.4 Hv, and 6.4 GPa, respectively. To make the ALO,-(m-ZrO,)/polymer hybrid composites, a bioactive
polymer, such as PMMA, was infiltrated into the porous ALO,-(m-ZrO,) composites. After infiltration, most of the pores in the
porous Al,O,-(m-ZrO,) composites, which were made using 60 vol % PMMA additions, were infiltrated with PMMA, and their val-
ues of relative density, bending strength, hardness, and elastic modulus remarkably increased.
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1. Introduction

L,O, and ZrO, ceramics have received a lot of attention

due to their good biocompatibility and corrosion resis-
tance, excellent chemical stability, and outstanding me-
chanical properties.”® Due to an increase in the life-span of
human beings and the industrial accidents, it is expected
that the need for various types of artificial devices, espe-
cially ceramic implants, will increase. Consequently, the
development of porous ALO, and ZrO, bioceramics has pro-
gressed, with many reports on their fabrication and charac-
terization of their material properties.*® However, for
widespread application of these materials, improvement of
biocompatibility is required. One approach to improving the
biocompatibility is to infiltrate a bioactive polymer into the
porous ceramics. Biopolymer materials have two purposes:
to increase the fracture strength by the physical joint and
reduce the stiffness of porous ceramics.

The infiltration process has been recognized as one of the
most effective methods for production of composite materi-
als.®” It has been used industrially for both polymer and
metal matrix composites,” and now it has also emerged as
one of the most promising pathways to the productions of
ceramic matrix composites.”'” In the infiltration process,
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the interconnected pores in the porous materials are
replaced with liquid materials. This allows a “continuous”
distribution of the polymer throughout the structure, and
hence a good transmission of the stress between phases,
which results in higher-quality mechanical properties.

To obtain sound porous ceramics, the relationship bet-
ween the mechanical behavior and the microstructure must
be carefully characterized. The porosity and connectivity of
open pores, which are the main filtration-parameters,
should be controlled. The pore-forming agent determines
the homogeneous distribution of pores during the manufac-
turing process.

Currently, the infiltration of a polymer into porous
ceramic bodies is performed via several approaches, includ-
ing solvent infiltration, melt infiltration, and monomer and
initiator infiltration followed by in-situ polymerization.® 'V
In this work, porous Al,O,-(m-ZrO,) composites were fabri-
cated by pressureless sintering. To obtain ALO,-(m-ZrO,)/
polymer hybrid composites, PMMA was infiltrated into the
porous Al,O.-(m-ZrO,) composites. This method employed
the sintering process for the preparation of the ALO,-(m-
Zr0,) scaffold, but the subsequent hybridization of the scaf-
fold with PMMA phases was carried out through an infiltra-
tion route. This study focused on the characterization of the
relationship between the microstructure and the material
properties, such as elastic modulus and bending strength, in
the porous Al,O,-(m-ZrO,) composites and the Al O,-(m-
ZrQ,)/PMMA hybrid composites.

-291-



292 Journal of the Korean Ceramic Society - Byong-Taek Lee et al.

2. Experimental Procedure

To fabricate the porous ALO,-ZrO, composites, ALO,
(about 300 nm, Sumitomo, Japan), monoclinic Zirconia (m-
Zr0,) (about 70 nm, Tosho, Japan), and PMMA (range of
about 200 - 250 um, LG chemical company, Korea) as a pore-
forming agent were used. The first Al,O, and m-ZrO, (25 wt
%) powders were mixed for 24 h by wet-ball milling using
ALO, balis, and then the mixture powders were dried on a
hot plate while stirring. The ALO,-(m-ZrO,) powders and
different volume percentages (40, 45, 50, 55, 60 vol %) of
PMMA powders were mixed for 15 h by dry-ball milling also
using Al,O, balls. The mixture powders were compacted
into pellets by a uniaxial press. The green pellets were
burned out in air atmosphere at 1000°C, and the heating
rate was 30°C/h for easy evaporation of the volatile compo-
nents as well as for prevention of bulk defects, such as
cracks and swelling. The post-burn-out samples were sin-
tered at 1400°C and 1500°C for 1 h in air atmosphere. In
addition, PMMA dissolved in ethanol solvent was poured
into a mold which contained porous ALO,-(mn-ZrO,) compos-
ites. After complete solidification of the PMMA solution, the
PMMA on the outside of the samples was removed to yield
AlLO,-(m-ZrO,)/PMMA composites.
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Analyses of the PMMA weight loss dependent on the
increase of temperature were carried out via thermo-gravi-
metric analysis (TG, SDT Q600, TA instruments) and differ-
ential thermal analysis (DTA, SDT Q600, TA instruments).
The relative densities of the porous Al,O,-(m-ZrO,) bodies
before and after infiltration of PMMA were measured by the
Archimedes method. The pore size and microstructure of
the porous Al,0,-(m-ZrO,) composites before and after infil-
tration were investigated by scanning electron microscopy
(SEM, JSM-635F, Jeol). The hardness was measured using
a Vickers hardness tester (Hv-112, Akashi, Japan) by
indenting with a load of 0.5 kg (10 points/sample). To assess
the bending strength and elastic modulus measurements,
bar-shaped samples were fabricated (4x4.5%35 mm?). The
bending strength measurement was carried out via a four-
points bending method with a span length of 10 mm and a
crosshead speed of 0.1 mm/min, using a universal testing
machine (Unitech™, R&B, Korea). The elastic modulus was
calculated using the following equation, which was devel-
oped by Grindosonic (J. W. Lemmens, MK5).!?

3 2
Ey=0.9465x 2L LT[ 146.59x( L)
w Ty L%

where Ej is the elastic modulus, M is the weight, fis the fre-
quency, w is the width, L, is the length, and ¢ is thickness of

Fig. 2. SEM micrographs of porous ALO,-(m-ZrO,) composites, depending on the PMMA content: (a) 40 vol %, (b) 50 vol %,

and (c) 60 vol %.
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Fig. 3. SEM micrographs of porous Al,O,-(m-ZrQ,) composites (a) after thermal etching at 1300°C, (b) enlargement of P region,

and (¢) enlargement of Q region.

a specimen. When the elastic modulus was calculated, aver-
age values (more than 10 times) were used.

3. Results and Discussion

Fig. 1 shows TEM micrographs of (a) raw Al,O, powder,
(b) m-ZrO, powder, and (c) an SEM micrograph of raw
PMMA powder that was used as a pore-forming agent. The
average particle sizes of the raw ALO, and ZrO, powders
were about 300 nm and 70 nm, respectively, and the PMMA
powder was spherical-shaped and about 200-250um in
diameter.

Fig. 2 shows SEM micrographs of porous ALO,-(m-ZrO,)
composites, depending on the PMMA content. After the sec-
ond burn-out and sintering process, the pore-forming agent
(PMMA) was clearly removed and no bulk defects, such as
shrinkage or cracks, were found in the porous bodies. Spher-
ical-shaped pores about 200 um in diameter were homoge-
neously dispersed in the AlO,-(m-ZrO,) matrix. This
observation revealed that the pore size in the porous bodies
slightly decreased compared with that of raw PMMA pow-
ders, which was due to the densification of porous Al,O,-(m-
ZrQ,) bodies during the sintering process. As the PMMA
content increased, the number of pores significantly
increased. However, in the case of 60 vol % PMMA content,
many pores were connected with surrounding pores. The
connectivity is the most important factor in making the
infiltration of the polymer easy.

Fig. 3 shows SEM micrographs of porous Al,O,-(m-ZrO,)
composites after thermal etching at 1300°C. The enlarged

images of (b) and (¢) were taken from the pore frame
(marked P) and the inner region of a pore (marked Q). In
these images, the many grains with bright contrast corre-
spond to the ZrO, particles and are homogeneously dis-
persed in the ALO, matrix. However, the enlarged (b) and
(¢) micrographs show slightly different images, ie., the
grain morphology in (¢) the pore region was rougher than
that of (b) the pore frame. This is may be due to the different
condition of the sample before the thermal etching, i.e., the
pore frame region was clearly polished, but the pore region
was not well polished due to its curved shape.

Fig. 4 shows an SEM micrograph and TG/DTA profiles of
PMMA powder for the infiltration. The average particle size
of the PMMA powder ranged from 20 to 25 pum in diameter,
though some particles were less than 10 pm in diameter. In
this work, fine-sized PMMA powder particles were used
because they can be easily dissolved using an acetone agent.
TG and DTA profiles of the PMMA powder are shown in
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Fig. 4. SEM micrographs and TG/ DTA profiles of PMMA
powders.

Fig. 5. SEM micrographs of ALO,-(m-ZrO,/PMMA hybrid composites: (a) plane view, (b) cross sectional view, and (c) enlarged

image.
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Fig. 4(b). In the TG profile, the percentage of weight of
PMMA powder decreased as the temperature increased to
340°C. However, at over 425°C, the PMMA powder was com-
pletely removed. On the other hand, in the DTA profile, an
endothermic reaction occurred at around 380°C due to the
decomposition of the PMMA powder.

Fig. 5 shows SEM micrographs of ALO,-(m-ZrO,)/PMMA
hybrid composites made by the infiltration of the PMMA
solution. In this case, the porous Al,O,-(m-Zr0,) composites
using 60 vol % PMMA content were used. In Fig. 5(a), the
plane view observation, most of the pore regions were infil-
trated with the PMMA phase, but a few pores, as indicated
with arrowheads, were not fully infiltrated. However, in
Fig. 5(b), the cross-sectional observation, many residual
pores were observed without infiltration in the central
region of the samples, as indicated with arrowheads, which
is basically due to the poor connectivity of open pores. In
this image, the edges of the top and bottom sides correspond
to the surface regions of the sintered body. However, some
regions were fully infiltrated with PMMA due to the neck-
ing regions of open pores, as marked with arrows in Fig.
5(c). This observation shows that the PMMA content should
be increased to form interconnected pores in the sintered
body.

Fig. 6 shows the relative density and bending strength of
porous ALO,-(m-ZrO,) composites and Al,O,-(m-ZrO,)/poly-
mer hybrid composites, depending on the PMMA content
that was used as the pore-forming agent. The values of rela-
tive density of porous ALQO,-(m-ZrQO,) composites signifi-
cantly decreased as the PMMA content increased. Thus, in
the porous ALO,-(m-Zr0O,) bodies sintered at 1400°C and
1500°C using 60 vol % PMMA content, the relative density
values were about 42.3% and 45.1%, respectively. However,
after PMMA infiltration, the relative densities of the Al,O-
(m-ZrO,)/PMMA hybrid composites were not remarkably
increased as the PMMA content used as pore-forming agent
increased. In the ALO,-(m-ZrO,)/PMMA hybrid composites,
which were made using 60 vol % PMMA content, the rela-
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Fig. 6. Relative density and bending strength of porous Al,O;-
(m-ZrO,) composites, depending on the PMMA con-
tent.
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Fig. 7. Hardness and elastic modulus of porous ALO,-(m-
Zr0,) composites, depending on the PMMA content.

tive density was about 57.3%. These results indicated that
PMMA was not fully infiltrated into the central region of
porous ALO.-(m-ZrO,) bodies, as seen in Fig. 5(b). On the
other hand, the bending strength values of porous ALO,-(m-
Zr0,) bodies ranged from about 3.5 to 7.2 MPa, which is sig-
nificantly low compared with that of human bone.'*'® How-
ever, after infiltration, the bending strength of ALO,-(m-
Zr0,)/PMMA hybrid composites increased remarkably as
the PMMA content increased. Thus, when using 60 vol %
PMMA content to make porous bodies, the value of bending
strength of ALO,-(m-ZrO,)/PMMA hybrid composites was
about 33.3 MPa.

Fig. 7 shows the hardness and elastic modulus of porous
ALO,-(m-ZrQ,) composites and Al,O;-(m-ZrO,)/PMMA hy-
brid composites, depending on the PMMA content that was
used as a pore-forming agent. The values of the hardness
and elastic modulus of the porous bodies slightly decreased
as the PMMA content increased. Thus, the hardnesses of
the porous ALO,-(m-ZrO,) bodies sintered at 1400°C and
1500°C, using 55 vol % PMMA, were about 154.9 Hv and
266.4 Hv, respectively. However, the hardnesses of the
porous bodies using 60 vol % PMMA couldn’t be measured
due to their weak bulk bodies. After infiltration of PMMA,
the hardness values measured on the surface regions of the
infiltrated bulk bodies remarkably increased. On the other
hand, the elastic modulus values of the ALO,-(m-ZrO,)/
PMMA hybrid composites increased as the PMMA content
used as pore-forming agent increased. Thus, in the sample
made using 60 vol % PMMA content, the values for hard-
ness and elastic modulus were about 740.4 Hv and 44.7
GPa, respectively. This result showed that the elastic modu-
lus of the ALO.,-(m-ZrO,)/PMMA hybrid composites was
almost the same as human cortical bone,"*'»

Fig. 8 shows the SEM fracture surfaces of porous Al,O,-
(m-Zr0,) and Al0,-(m-ZrO,)/PMMA hybrid composites. In
Fig. 8(a), a low magnification image, it was confirmed that
many spherical-shaped pores were homogeneously dis-
persed on the fracture surface, which was rough. In Fig.
8(b), an enlarged image of the Al,0,-(m-ZrO,) matrix, many
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Fig. 8. SEM micrographs showing the fracture surfaces of
porous AlLO,-(m-ZrO,) composites: (a) before infiltra-
tion, (b) enlarged image of pores frame region, (c)
after infiltration, and (d) enlargement of pore after
infiltration.

fine pores of about less than 1 um in diameter were found,
and the main fracture mode was a transgranular type,
although a few intergranular types with rough surface were
also observed. In the ALO,-(m-ZrO,)/PMMA hybrid compos-
ites, the fracture surface near the PMMA regions was
remarkably different from that of the porous ALO,-(m-ZrO,)
composite; i.e., many microcracks were found in the ALO,-
(m-ZrO,) pore frame as well as in the pore regions. Further-
more, the fracture surface had a rough morphology due to
the existence of the PMMA spheres and their traces. Fig.
8(d) shows one example of a pulled-out PMMA sphere on
the fracture surface. The surface morphology of the pulled-
out PMMA region was compared with that of raw PMMA
powders (Fig. 1 (c)).

In general, for the application of bioceramics as an artifi-
cial bone substitute, the mechanical properties, such as
fracture strength and elastic modulus, as well as biocompat-
ibility, should have similar values to those of human bone.
However, in dense ALQ,, ZrO,, and/or their composite bod-
ies, the elastic modulus values are much higher than that of
natural bone (about 10 times). When ceramics with a high
elastic modulus have been implanted into a human body,
severe bone damage has occurred due to stress shielding
and stress concentration effects. There have been many
studies on decreasing the elastic modulus of bioceramics'¢'®
through the introduction of high porosity. In this maner, the
fracture strength is significantly decreased as the elastic
modulus is decreased. When a bone substitute is attached to
human bone by surgical operation, the artificial bone must
be reasonably strong. In the present work, reasonable val-
ues of fracture strength and elastic modulus were obtained
by the fabrication of Al,O,-(m-ZrO,)/PMMA hybrid compos-
ites using the PMMA infiltration method. For the full infil-
tration of various kinds of biopolymers, pore connectivity
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should be controlled by homogeneous dispersion and by the
addition of an optimal amount of a pore-forming agent.

4. Conclusion

Porous AlO,-(m-ZrO,) composites were fabricated by
pressureless sintering using different percentages (40-60%)
of PMMA powders as a pore-forming agent. The pore-form-
ing agent was successfully removed; the pore size and shape
were well controlled during the burn-out and sintering pro-
cesses. The average pore size was about 200 um in diame-
ter. The material properties of the porous ALO,-(m-ZrO,)
bodies, such as relative density, bending strength, hard-
ness, and elastic modulus were decreased as the PMMA
content was increased. Porous AlLO,-(m-ZrO,) composites
were infiltrated by the PMMA solution. Most pores on the
surface regions of the porous Al,O,-(m-ZrO,) bodies were
infiltrated with PMMA, whereas in the central region,
many pores without infiltration of PMMA were observed.
The bending strength and elastic modulus values of the
Al,O0,-(m-ZrO,)/PMMA hybrid composites increased to
about 33.3 MPa and 44.7 GPa, respectively, which are
nearly equivalent to those of human cortical bone.
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