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Abstract

Organic poly-acrylonitrile hollow microspheres (OHM) and inorganic glass hollow microspheres
(GHM) were used as pore-forming additives in a ceramic matrix. After sintering, the densities of the
bodies were reduced. A changeon the amount and the particle size of the pore-forming additiveswas
observed. A pore membrane created with GHM inhibited the shrinkage in a sintered body. With the
decrease in the body density, the water absorption rateincreased by as much as 10% due to pore
formation. The increase in pore volume of the sintered body results in the decrease in bending
strength. A greater decrease in the bending strength and the fracture toughness of the OHM-added
body werenoted. The OHM decomposed below 500°C and did not influence the crystallization of the
body. On the other hand, the GHM increased the amorphous glassy phases and cristobalite peak in
the body after sintering. Finally, various pore microstructures were formed due to the size, the
amount, and the type of the pore-forming additives.
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Introduction

Tableware ceramics consist of raw materials
with ahigh specific gravity above 2.6 g/cm’.
These include kaolin, feldspar, and silica
(Park and Lee, 1998). The needs for
lightweight ceramic products are currently
increasing (Rastoand David, 1989). A
lightweight ceramic can be made by increasing
the strength of thematerial and making it
thinner. However, difficulties in the process,

such as the casting stage, hinder the manufacture
of the thinner product (Crotts and Park, 1995).

In order to make lightweight ceramics,
the most typical method used is creating pores
in the ceramic body (Rastoand David, 1989;
Crottsand Park, 1995; Kandori et al., 2009;
Cayreand Biggs, 2010). Two different methods
can be used to create pores. The first method
is to add pore-forming additives in the casting
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stage. Another method is to create pores during
the sintering process (Jun et al., 2006). Pore-
forming additives added during the casting
stage are either organic materials such as an
organic hollow microsphere, poly methyl
meth acrylate, etc. or inorganic materials such
as a fly ash hollow microsphere, glass hollow
microsphere, etc (Choi et al., 2011; Kim et al.,
2011 a, b). The organic pore-forming additives
will burn below 500°C, therefore both hollow
and non-hollow spheres can be used. On the
contrary, the inorganic pore-forming additives
which do not combust after the sintering
process will leave the residuals to remain in
the sintered body. The inorganic pore-forming
hollow sphere is usable (Gain and Lee,
2006). Some inorganic materials which are
decomposed and then create pores during
the sintering process at high temperature can
also be used as inorganic pore-forming
additives, for example carbon, hydroxyapatite
(HAp), ceria (Ce0O,), and pottery stone
(KAIL,(A1S1;0,0)(F,OH),) with fluorine
(Gainand Lee, 2006) However, pore formations
during the sintering process have difficulty in
controlling a uniform pore size. Swelling may
also be caused due to gasification of pore-
forming additives and deformation of the
ceramic body (Freiman, 1988; Takamitsu,
1990; Jeannine and Curtis, 1992; Furuta et al.,
1993). In contrast, pore-forming additives
used during the casting stage can distribute
pores evenly in the green body. Also both the
sizing of the pores and the crystalline phase
caused by the pore-forming additives are
controllable.

In this study, both organic and inorganic
pore-forming additives will be used to develop
lightweight pottery. The effect of different
types of pore-forming additives on the physical

properties and the sintering behavior will be
evaluated.

Materials and Methods

The GoryeoDoto readymade body, 1S, widely
used in Korea was used as the starting raw
material. The slurry was prepared with
33 wt% of water. Table 1 shows the chemical
compositions of the body clay and inorganic
pore-forming additives. The particle size
analysis of the body clay was measured using
the laser diffraction method, and the mean
particle size was 6.8 pum. Figure 1 shows the
microstructure and the particle size distribution
of the body clay. Poly-acrylonitrile hollow
microspheres (OHM-A, B), and glass hollow
microspheres (GHM-A, B) were used for the
pore-forming additives. The GHM showed the
glassy composition of SiO,, Na,O, CaO, and
B203.

The microstructure of the pore-forming
additives was observed by using a scanning
electron microscope (SEM) (JSM-6390,
JEOL Ltd., Tokyo, Japan). The particle size
distribution of the pore-forming additives was
measured by using a particle size analyzer
(Dry Type, Beckman Coulter LS13320,
Beckman Coulter Inc., Brea, CA,USA). All
pore-forming additives showed a uniform
sphere morphology and their mean particle
sizes were in the range of 30~100 pm.
Figure 2 shows the morphology of the pore-
forming additives and Figure 3 shows the
particle size distribution analysis of the
additives. The additives’ densitieswere
measured by using a helium pycnometer
(AccuPyc 1I-1340, Micromeritics Instrument
Corp., Norcross, GA, USA) and the results
show OHM-A to be 0.03 g/cm®, OHM-B to be

Table 1.  Chemical compositions of raw materials and pore-forming additives (wt%)
Contents SiO. ALO; Fe,O; CaO MgO K,O Na,O TiO. P.Os B;Os lf)gs's
Body clay 71.60 1890 036  0.31 0.19 1.75 1.16  0.03 0.03 - 5.28
GHM 7200 0.08 0.07 1240 023 0.0l 6.34  0.01 0.70 7.3 -
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0.025 g/cm?, GHM-A to be 0.350 g/cm’®, and
GHM-B to be 0.130 g/cm®. Table 2 shows the
densities and mean particle sizes of the pore-
forming additives.

In the S1 slurry with 33 wt% water,
0.0~0.8 wt% of OHM or 0.0~2.5 wt% of
GHM was added. The slurry and the pore-
forming additives were mixed for 10 min
by using an ultrasonic disperser. The mixture
was then cast in a plaster mold, dried for
40 min, and then taken out of the mold.
The green body was dried at room temperature
for 24 h before sintering at a temperature of
1250°C, with a 2°C/min heating rate and
30 min soaking time. The linear shrinkage of
the sintered product was measured by
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marking a linear line of 10 cm in the sample’s
long axis before and after the sintering
process. The water absorption and density
were measured by using the Archimedes
method using a sample size of 12x17x3.5 mm.
The microstructures of the sintered samples
were observed by using an SEM. The 3 point
bending strength test method at the cross head
speed of 0.5 mm/min was used. Fracture
toughness was measured by the single-edge
V-notched beam method which was suitable
for both dense and porous ceramics. The
sample size of 40x4x3 mm was used for the
bending strength test and fracture toughness
test.

Figure 2. Microstructures of pore-forming additives (a) OHM-A (b) OHM-B (c) GHM-A and (d) GHM-B

Table 2.  Densities and mean particle sizes of pore-forming additives
OHM GHM
A B A B
Density (g/cm?) 0.030 0.025 0.350 0.130
Particle mean size (um) 30 100 30 50
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Results and Discussion

The bulk density of the sintered bodies is
shown in Figure 4. Samples without the
pore-forming additive showed a bulk density
of 2.42 g/cm®. Figure 4(a) shows the bulk
density of the sample withthe organic pore-
forming additive. The bulk density of the
OHM-B greatly decreased with an increase in
the size and the amount of the pore-forming
additives. The mean 100 pm size OHM-B

with 0.8 wt% additionshowed the lowest bulk
density of 1.2 g/cm’. Figure 4(b) shows the
bulk density of the sample withthe inorganic
pore-forming additive. A steady decrease in
bulk density with an increase in the amount of
the inorganic pore-forming additive was
found. A sample with 2.5 wt% of GHM-B
showed the lowest bulk density of 1.5 g/cm®.
The density and the residual glassy substance
of the GHM in the matrix after the sintering
process causes 20% higher bulk density than
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Figure 3. Particle size analysis of pore-forming additives (a) OHM-A, (b) OHM-B, (¢) GHM-A and

(d) GHM-B
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Figure 4. Bulk density of the sintered body with different pore-forming additives(a) organic and

(b) inorganic
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the bulk density of the OHM-added samples.
In general, it was verified that the change in
the bulk density resulted from the contents,
additive sizes and density of the pore-forming
additives.

The linear shrinkage of the sintered
body fired at 1250°C is shown in Figure 5. The
linear shrinkage rate of the sample without the
pore-forming additiveis 12.15%. An increase
in the linear shrinkage with a decrease in the
density of the sintered bodywith OHM can be
seen in Figure 5(a). Organic pore-forming
additives are combusted and formed open
type poresbelow a temperature of 500°C. At a
temperature over 1100°C, the densification
process progressed. On heating, the matrix
and the pores shrink which increases the
shrinkage rate. Figure 5(b) shows the
shrinkage of the sintered body with the

addition of the inorganic pore-forming
additive. However, Figure 5(b), in contrast to
Figure 5(a), showed an increase in the density
of the sintered body with an increasein
shrinkage. The sample with the GHM showed
a slight change in the shrinkage range lower
than 1%. The GHM creates an amorphous
phase during the densification process which
promotes the densification behaviorof the
ceramic material. The GHM, by its nature,
does not combust after sintering and remains
in the matrix and formsthe closed pore
membrane with a glass shell. This glass shell
and membrane inhibit the shrinkage.

The sintered bodies withthe pore-
forming additives can absorb water as can be
seen in Figure 6. The water absorption rate of
the sintered body without the pore-forming
additives is 0.22%. Both the OHM and
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Figure 5. Linear shrinkage rate by adding pore-forming additives (a) organic and (b) inorganic
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Figure 6. Water absorption rate by adding pore-forming additives (a) organic and (b) inorganic
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GHM-added samples showed a higher water
absorption rate when the sample density
decreases. Figure 6(a) shows the water
absorption rate of the samples withthe
OHM addition. The OHM leads to an increase
of the open pore formation process. These
open pores created a connecting structure
which results in a high water absorption rate.
Figure 6(b) shows the absorption rate of the
sample with the GHM addition. The GHM
formed the closed pore membrane in the
matrix after sintering. Therefore, the body
with the GHM addition showed a lower
absorption rate than the organic pore-forming
additive did. The results showed that a
decrease in the density of the sintered body
with both pore-forming additives resulted in an
increased in the water absorption properties.
The organic pore-forming materials form
open pores which result in a higher water
absorption rate than the inorganic pore-
forming materials which form closed pores.
At the same volume matrix, open pores occupy
more matrix proportions and thus decrease
the density and increase the absorption rate.
Also, open pores are internally connected
through the surface of the sintered body,
therefore increasing the water absorption
value.

Figure 7 shows the crystal phase
analysis of the different pore-forming
additives added to the sintered sample. In the
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Figure 7. Crystal phase analysis of the sintered
body

analysis of the sintered body without the
pore-forming additives, quartz (SiO,), mullite
(ALSi10y), and cristobalite (SiO,) are found
as the major crystal phases. The OHM had
little influence on the crystal phase of
the sintered body. This is because the OHM
was burnt below 500°C, thus not influencing
the crystallization process. On the other hand,
the crystal phase change was found in the
sintered body with the GHM addition. The
amorphous phase was more than in the other
sintered bodies. The cristobalite phase also
increased due to an increase of the SiO,
amount, therefore decreasing the peak
intensity of the quartz phase. As a result, it is
confirmed that the OHM does not have an
influence on the crystallization process of the
body whereas the GHM can affect the
crystallization process of the body.

Figure 8 shows the relationship between
the bending strength and density of the
samples fired at 1250°C. The 3 point bending
test of the sintered body without the pore-
forming additive showed a bending strength
of 110 MPa at the density of 2.42 g/cm?.
Figure 8(a) shows the bending strength of
the sintered OHM-added body. With the
OHM-B-added sample having a mean particle
size of 100 um, the bending strength decreased
drastically. OHM-A-added sample having a
mean particle size of 30 um showed a 5%
higher bending strength than the OHM-B
sample. Also it was verified that an increase
of the amount of pore-forming additives
showed a decrease in the bending strength.
Figure 8(b) shows the bending strength results
of the GHM-added sintered body. As shown
in Figure 8(b), with an increase of the
pore-forming additive volume, the bending
strength decreased. As the density decreases,
the strength also decreased. This is because
the pore volume in the sintered body increases.

The relationship of the fracture
toughness and the density of the different
pore-forming additives added to the sintered
bodyis shown in Figure 9. The sintered body
without the pore-forming additive showed the
highest fracture toughness of 1.22 MPam'?.
It was verified that at the same given density,
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the fracture toughness showed different
results in accordance with the different type
of the pore-forming additives and various
particle sizes. For the OHM-added sintered
body, with the decrease in the density
the fracture toughness decreased to
0.87~0.46 MPam'?. The GHM-added sintered
body showed a similar tendency with the
OHM-added body with the fracture toughness
ranging from 0.91 MPam'? to 0.44 MPam'>.
A different pore volume in the sintered
body results in a different speed of crack
propagation. It is considered that the fracture
toughness changes in accordance with the
after-sintering characteristics of the organic
and inorganic materials. GHM-B has about
a 50 um smaller size than the OHM-B, and
creates a glass shell around the pore after the
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sintering process. Therefore the fracture
toughness is higher. The results show that
pore formation leads to a greater decrease in
bending strength compared to the decreased
proportion of the fracture toughness. Also, at
a similar density, the result of the fracture
toughness and bending strength showed a
high correlation.

The microstructure of the sintered body
is shown in Figure 10. Figure 10(a) is the
microstructure of the sample without the
pore-forming additives and it can be seen that
there are no pores and it is highly vitrified.
Figure 10(b) shows the fracture surface of the
OHM-A-added sample and it was verified that
many pores are formed which have a 5~10 um
lower particle size than the mean particle size
of the OHM before the sintering process.

120

£ 4 (0) N
2

£

)

c

E T

s

7]

@ e g/’

T 2 ——GHM-A
a ——GHM-B
0 ’
12 14 16 18 20 22 24 26
Bulk density (g/n)

Figure 8. Bending strength by adding pore-forming additives (a) organic and (b) inorganic
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Figure 11. Pore distribution of the sintered body (a) organic and (b) inorganic

Figure 11 shows the pore size distribution of
the organic and inorganic additives and pores
before and after the sintering process. It is
considered that such a reduction of pore size
occurs because the densification process of
the matrix accompanied the pore shrinkage.
However, in the GHM-A-added sample
shown in Figure 10(c), the mean particle size
of the pore-forming additives and the size of
the porescreated after the sintering process
are shown to be similar. It is because the
inorganic additives remained as a glass shell
in the matrix and inhibited the pore shrinkage
after sintering.

Conclusions

Organic (OHM) and inorganic (GHM) pore-
forming additives were added to make
a lightweight ceramic. The organic and
inorganic pore-forming additives formed
pores in the ceramic matrix after the sintering

process and reduced the density. The OHM-
added sintered body had a low specific gravity
reduced by around 40% density. It was observed
that the density change occurs due to the
specific gravity, the particle size, and amount
of the pore-forming additives. Also OHM
burns below 500°C forming pores after the
sintering process. These pores shrunk with
the matrix therefore increasing the shrinkage
rate. The GHM-added sintered body creates
a glass shell and pore membrane after the
sintering process which inhibits the shrinkage.
With the decrease in density, the absorption
rate increases by as much as 10% due to the
pore formation. Also with the decrease in
density, the volume of the pores in the
sintered body increases, therefore decreasing
the bending strength. A greater decrease in the
bending strength was shown compared to the
decreased proportion of the fracture toughness
value. Also the fracture toughness and
bending strength showed a high correlation.
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It was shown that the OHM, which burns
below 500°C, does not influence the
crystallization. On the other hand, the GHM
increased the amorphous phases and cristobalite
due to the residual glassy substance after the
sintering process. Finally, observations of the
microstructures showed that variable pores are
formed due to the size and the amount of the
pore-forming additives.
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