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Abstract Using 80 vol.% of poly methyl methacrylate
(PMMA) as a pore-forming agent to obtain interconnected
porous bodies, porous Al,O3;—(m-ZrO,) bodies were
successfully fabricated. The pores were about 200 pm in
diameter and were homogeneously dispersed in the Al,O3—
25 vol.% (m-ZrO,) matrix. To obtain Al,O3;—(m-ZrO,)/
bioglass composites, the molten bioglass was infiltrated into
porous Al,O3—(m-ZrO,) bodies at 1400°C. The material
properties of the Al,O3;—(m-ZrO,)/bioglass composites,
such as relative density, hardness, compressive strength,
fracture toughness and elastic modulus were investigated.

1 Introduction

In search of suitable replacement or supporting material for
human hard tissue, researchers have been investigating for
decades on different materials. Extremely inert material in
the physiological condition like the Al,O3; and ZrO,
ceramics has gained attention for a range of applications
[1, 2]. But lack of bioactivity and inability to conform to the
material properties of living hard tissue, specially the elastic
modulus (too high) and fracture toughness (low enough) has
lead researchers to design new materials that can exhibit
superior biological response and at the same time have good
mechanical properties [3]. Calcium phosphate based mate-
rials, that resemble the material of the bone itself was a
promising candidate [4]. Recently bioactive glass materials,
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with a better biological response than the calcium phosphate
based materials, have been investigated for this purpose [5,
6]. Bioactive glasses have been investigated and found to be
a promising alternative as materials to repair or replace
damaged parts of human bones and teeth due to their good
biocompatibility and excellent bioactivity [7-9]. Several
kinds of bioglasses were reported among which bioglass
58S has shown good bonding to human bone as well as to
soft tissue and resorbed inside body relatively fast, pro-
viding a very good extent of bioactivity [10, 11]. However,
the biocompatibility and bone bonding are not all of the
requirements for bone repair and replacement materials.
Bioglass showed low mechanical properties, especially the
fracture toughness [12, 13]. Thus, there is a strong impetus
to improve the mechanical properties of bioactive ceramics
so that they can be used in load-bearing hard tissue.

There are some reports attempting to improve the
mechanical properties of bioglass using HAp nanofibres
[14], metal fibre [15] and a Fe-Cr alloy [16]. However,
they showed limitations in the improvement of the
mechanical properties or degrade the excellent biocom-
patibility of the bioglass. As already said the Al,O3z and
7ZrO, ceramics have received a lot of attentions to use for
implants such as prostheses, dental materials and femoral
head due to their good biocompatibility and corrosion
resistance, excellent chemical stability, and outstanding
mechanical properties [17-19]. Thus, they can be consid-
ered as suitable reinforcement materials for bioglass,
especially in the purpose where high corrosion resistance is
required. The combination of Al,O; and m-ZrO, is con-
sidered for composites due to the fact that this composite
can introduce some interesting features like microcracks at
grain boundary, residual stress development, etc., which
can modify the behaviour of the material positively in
terms of mechanical performance [17].
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The present work described a new method to fabricate
Al,O3—(m-ZrO,)/bioglass composites using melt infiltra-
tion of bioglass into porous Al,Oz—(m-ZrO,) bodies.
Porous composites were fabricated first using replica
method by driving away PMMA micro-sphere within the
Al,O3—(m-ZrO,) matrix and creating interconnected
spherical pores. Detailed microstructure and mechanical
properties of Al,O3;—(m-ZrO,)/bioglass composites were
investigated.

2 Experimental procedure
2.1 Material processing

As starting materials, Al,O3 (300 nm, Sumitomo, Japan),
monoclinic Zirconia (m-ZrO,) (80 nm, Tosho, Japan),
bioglass 58S (Shofu Inc., Kyoto, Japan) and poly methyl
methacrylate (PMMA) (200 pm, LG chemical company,
Korea) as pore-forming agent powders were used. The
processing of the composites were done in two steps; ini-
tially making the Al,O3;—(m-ZrO,) porous body with
interconnected pore and then by subsequent bioglass
infiltration into the porous body. To make porous Al,O3;—
(m-ZrO,) bodies, first, 75 vol.% Al,O3 and 25 vol.% ZrO,
powders were mixed for 24 h by wet ball-milling using
Al,Oj3 balls. After drying, the mixed ceramic powders and
PMMA powder were mixed for 24 h by dry ball-milling
using the same Al,O5 balls. The composition of ceramic
powders and PMMA was 20/80 vol.% to ensure sufficient
porosity as well as interconnectivity of the pores. The
mixed powders were then compacted to form pellets
(diameter 1.3 cm) by uni-axial press. The green pellets
were burnt out in an air atmosphere at 1000°C to drive out
the PMMA and form the intended pores. Finally, the
burnout samples were sintered at 1500°C in an air atmo-
sphere to obtain porous Al,O;—(m-ZrO,) bodies.

To infiltrate bioglass into the porous composites, it was
kept in a mould with one end open. Subsequently, suffi-
cient amount of bioglass powder was put on the top of the
porous Al,O3—(m-ZrO,) bodies and were put into the fur-
nace and was heated to 1400°C. To ensure that the molten
bioglass was completely infiltrated into the porous Al,O3—
(m-ZrO,) bodies the dwelling time at this temperature was
set to 60 min. The bioglass on the outside of the samples
was removed by polishing to take Al,O3;—(m-ZrO,)/bio-
glass composites.

2.2 Mechanical properties evaluation
The relative density of Al,O3—(m-ZrO,)/bioglass compos-

ites was measured by the Archimedes method. The pore
size and microstructure of the porous Al,O;—(m-ZrO,)
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bodies and Al,O3;—(m-ZrO,)/bioglass composites were
investigated by scanning electron microscopy (SEM, JSM-
635F, JEOL). To identify the crystal structure and phases,
an X-ray diffractometer (XRD, D/MAX-250, Rigaku,
Japan) was used. The hardness and fracture toughness were
measured using a Vickers hardness tester (Hv-112, Akashi,
Japan) by indentation with a load of 0.5 kg. The specimens
with a dimension of ®12 x 4 mm® were used for a com-
pression test wusing a universal testing machine
(UnitechTM, R&B, Korea) with a crosshead speed of
0.5 mm/min in ambient conditions. The stress—strain curve
obtained was used to determine the mechanical properties.
The compressive strength and elastic modulus were
determined from the maximum load recorded and from the
slope at the initial stage, respectively. Five specimens were
tested for each condition.

3 Results and discussion

Figure 1 showed TG & DTA profiles of 58S bioglass. In
the TG profile, the weight percentage of 58S bioglass
decreased as the temperature increased to 430°C. The
amount of 58S bioglass decreased about 0.26 wt.%, which
was mainly due to the desorption of physically and
chemically adhered moisture or gaseous materials. From
the DTA profile, it was evident that an endothermic reac-
tion had occurred at around 771.8-842.5°C. An associated
weight loss, though negligible, was also observed in the
same temperature range. This indicates a change in the
chemical composition in the glassial phase of the 58S
bioglass. The nominal composition of the 58S bioglass
powder in mol% was 60% SiO,, 36% CaO and 4% P,Os_ as
shown in Table 1.

Figure 2 showed SEM micrographs of (a) porous
Al,O3—(m-ZrO,) composites and (b) Al,O3;—(m-ZrO,)/
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Fig. 1 TG & DTA profiles of 58S bioglass
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Table 1 The nominal composition of the 58S bioglass powder in
mol%

SIOZ CaO P205
60% 36% 4%

bioglass composites. Figure 2a revealed that the PMMA,
which was used as a pore-forming agent, was completely
removed after the burning-out and sintering processes. The
impression of the PMMA with in the Al,O3;—(m-ZrO,)
matrix was intact and form spherical shaped pores. The
pores were around 200 pm in diameter and were homo-
geneously dispersed in the Al,O3—(m-ZrO,) matrix. The
close proximity of the PMMA spheres with each other was
the single most important factor for the interconnectivity of
the pores, which was ensured by adding as high as 80 vol.
% of PMMA in the green compact. But the same fact also
contributed to the very thin frame region of the Al,O3—(m-
ZrO,) matrix and thereby degrading the material proper-
ties. From the Fig. 2a both the interconnected porosity and
the thin frame were evident. Interconnectivity of the pores
is an important parameter for the sound infiltration process.
It is also important because the interconnectivity of the
pores will finally dictate the proliferation and in-growth of
the bone cells inside the composites. Figure 2b showed
SEM image of polished surface of the composites after the
infiltration of bioglass. The bioglass was completely infil-
trated into the porous Al,O3;—(m-ZrO,) composites which
were interconnected to each other. However, a few residual
pores were observed completely devoid of bioglass, which
was due to the lack of interconnectivity and being stand
alone pores.

Figure 3 showed XRD profiles of (a) raw bioglass, (b)
porous Al,O3—(m-ZrO,) composites and (c¢) Al,Oz;—(m-
ZrO,)/bioglass composites. After infiltration of bioglass
into porous Al,O3;—(m-ZrO,) composites, a Ca;Si,P,014
peak as a new phase, with sharp, strong intensity was
detected. The Ca,Si04 and Ca3SiOs phases, which appeared
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Fig. 3 XRD profiles of (a) raw bioglass, (b) porous Al,O3—(m-ZrO,)
composites and (¢) Al,O3;—(m-ZrO,)/bioglass composites

in the raw bioglass (a), were not observed. The formation of
the Ca;Si,P,0,4 phase could be explained due to the reac-
tion of Ca,Si0,4 and Ca3SiOs with Caz(PO,), phases with
the following equation:

Ca,Si04 + Ca3zSiOs + Caz (PO4)2 = Ca;S1,P,0y¢
+ CaO

Figure 4 shows SEM fracture surfaces of Al,Os;—(m-
ZrO,)/bioglass composites. In Fig. 4a, the fracture surface
showed a clear bimodal fracture behaviour with a rough
surface with the Al,O3;—(m-ZrO,) frame indicating an
intergranular fracture mode and with a flat and smooth
fracture surface in the bioglass phase indicating a
transgranular fracture mode. The intergranula fracture
mode of the frame region increased the fracture toughness
of the composites. From Fig. 4b, the enlarged image
showed that there were a very low presence of interfacial
cracks and debonding of the Al,O3—(m-ZrO,) matrix
material and the infiltrated bioglass phase. This indicated

Fig. 2 SEM micrographs of (a) porous Al,O3—(m-ZrO,) composites and (b) Al,O3;—(m-ZrO,)/bioglass composites
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Fig. 4 SEM fracture surfaces
of Al,O3;—(m-ZrO,)/bioglass
composites (a) low
magnification, (b) enlarged
image and (c) enlarged image of
interface between Al,Os—(m-
Zr0O;) and bioglass

that the bioglass was well infiltrated inside the porous
body and the bonding between the ceramics and bioglass
was strong. This can be observed more clearly in Fig. 4c.
This observation indicated that their interfaces existed
with strong bonding. However, some micro-cracks were
found at the Al,O3—(m-ZrO,) pore frame as indicated by
arrowheads in Fig. 4b. This was because, with a very high
content (80%) of porosity, the Al,O3—(m-ZrO,) porous
composites before infiltration was mechanically not so
strong as expected as it underwent a significant extent of
shrinkage. However, this contributed a limited drawback
to the composite’s desired mechanical performance.
Figure 5 shows the enlarged SEM fracture surfaces of
AlL,O3—(m-ZrO,)/bioglass composites. In Fig. 5a, high
magnification of the Al,O3;—(m-ZrO,) matrix, the micro-
structure was observed homogeneous with the same grain
size of <0.7 um in diameter. The main fracture mode was
an intergranular type, although a few flat regions appeared
due to the transgranular fracture. From previous work,
improved fracture and crack propagation behavior in this
system was reported [20]. Due to the dispersion of m-ZrO,
grains in the Al,Os; matrix, the interfaces between Al,O3

Fig. 5 SEM fracture surfaces
of Al,O3—(m-ZrO,)/bioglass
composites (a) high
magnification of pore frame and
(b) high magnification of
bioglass area

and m-ZrO, grains may be more interacting with crack
propagation or fracture surface generation because of the
existence of micro-cracks during the formation of twins.
Figure 5b, the high magnification image of the bioglass
area, showed the typical flat surface of the bioglass.

The material properties of Al,Os;—(m-ZrO,)/bioglass
composites were shown in Table 2. The fracture toughness
of the composites was measured by the indentation method
using Evan’s equation, which is:

Kic = 0.16Hal/2(c/a)_3/2

where H is the Vickers hardness, a is half of the indentation
diagonal, and c¢ is half of the crack length from the
indentation center. The values of relative density, hardness,
compressive strength, fracture toughness and elastic mod-
ulus of the composites, were 96.6%, 767 Hv, 375 MPa,
2.35 MPa m'? and 86.8 GPa, respectively. In general, the
maximum fracture toughness of the bioglass reported in the
literature varied from 0.96 to 1 MPa m"? [12, 21]. Thus,
the high values of fracture toughness and elastic modulus
attained in the present work were encouraging compared to
those of dense bioglass [21].

Table 2 The material properties of Al,O3;—(m-ZrO,)/bioglass composites and dense bioglass

Relative Hardness Compressive Fracture toughness Elastic

density (%) (Hv) strength (MPa) (MPa m'?) modulus (GPa)
Composites 96.6 767 £ 1 375+ 1 235+ 0.1 86.8 £ 0.1
Dense bioglass [15] - - ~500 0.5-1 35
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4 Conclusions

Porous Al,O03/(25 vol.%) m-ZrO, bodies were successfully
fabricated using 80 vol.% of PMMA as a pore-forming
agent. The pores of porous bodies about 200 pm in diam-
eter were homogeneously dispersed in the Al,Os/m-ZrO,
matrix and showed good interconnection between them.
Al,O3—(m-ZrO,)/bioglass composites were fabricated by
the melt infiltration process using porous Al,O3;/m-ZrO,
bodies and molten bioglass. Most Al,O3/m-ZrO, pores
were fully infiltrated by the bioglass. The values of fracture
toughness and elastic modulus of the Al,O3;—(m-ZrO,)/
bioglass composites were 2.35 MPa m"? and 86.8 GPa,
respectively. This is a significant improvement compared
to previous results reported in the literature.
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