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Abstract

A novel processing route for producing microcellular SiC ceramics with a duplex pore structure has been developed using a polysiloxane, carbon
black, SiC, AL,Os, Y,03;, and two kinds of pore former (expandable microspheres and PMMA spheres). The duplex pore structure consists of
large pores derived from the expandable microspheres and small windows in the strut area that were replicated from the PMMA spheres. The
presence of these small windows in the strut area improved the permeability of the porous ceramics. The gas permeability coefficients of porous
SiC ceramics were 0.13 x 10'2 m? for the porous SiC without PMMA spheres, 0.47 x 10'> m? for the porous SiC with 10 wt% PMMA spheres,

and 0.82 x 102> m? for the porous SiC with 20 wt% PMMA.

Crown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Porous ceramics have been widely used as filters, membranes,
catalytic substrates, thermal insulation, gas-burner media, and
refractory materials, owing to their superior properties, such as
low bulk density, high permeability, high temperature stability,
erosion/corrosion resistance, and excellent catalytic activity.'®
The performance of porous ceramics greatly depends on pore
morphology, size, and distribution; these factors, in turn, are
determined by the processing steps involved in the fabrica-
tion of ceramic foams. Efforts to produce porous ceramics with
improved performance have led to the development of several
processing techniques.

Ceramic foams can be fabricated by a variety of meth-
ods, including replicationj‘11 sacrificial template,m‘18 and
direct foaming approaches.!”2® Recently, three different pro-
cessing strategies for fabricating microcellular ceramics with
cell densities of >10° cells/em® and cells of <50 wm have
been developed. The first strategy involves saturating prece-
ramic polymers using gaseous, liquid, or supercritical CO»;
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nucleating and growing a large number of bubbles using ther-
modynamic instability by a rapid pressure drop or heating; and
transforming the microcellular preceramics into microcellular
ceramics by pyrolysis and optional subsequent sintering.?’-?8
The second strategy involves forming certain shapes using a
mixture of preceramic polymer and expandable microspheres;
foaming and cross-linking the compact by heating; and trans-
forming the foamed preceramics into microcellular ceramics
by pyrolysis.>?3% The third strategy involves simple pressing
of a silicone resin powder mixed with polymer microbeads as
sacrificial templates.3!-32

Porous silicon carbide (SiC) ceramics show unique character-
istics such as low density, low thermal conductivity, controlled
permeability, high thermal shock resistance, high surface area,
and high specific strength, which usually cannot be achieved in
their conventional dense counterparts. On these bases, they have
found many applications including filtration of molten metal, fil-
tration of particles from diesel engine exhaust gases, filtration of
hot corrosive gases in various industrial applications, gas-burner
media, membrane supports for hydrogen separation and light-
weight structural parts for high temperature applications.333°
For filters, vacuum chucks, and air spindle applications, the
achievement of high gas permeability is a key factor in the devel-
opment of porous SiC ceramics. However, very few reports on
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Table 1
Batch compositions of porous SiC ceramics.

Sample Batch composition (wt%)

Polysiloxane Carbon SiC Expandable microsphere PMMA Sintering additive
PO 30 3 57 10 0 3.8Y,03 +8.8A1,03
Pl 30 3 47 10 10 3.1Y203 +7.2A1,03
P2 30 3 37 10 20 2.5Y,03 +5.8A1,03

the gas permeability of porous SiC ceramics can be found in the
literature.

In this paper, porous SiC ceramics were fabricated by car-
bothermal reduction of a polysiloxane-derived SiOC and a
subsequent sintering process. In particular, two kinds of pore
formers, expandable microspheres and PMMA spheres, were
added simultaneously to create a duplex pore structure with high
permeability. The effects of PMMA sphere content on porosity
and permeability were investigated.

2. Experimental procedure

The raw materials used included: a polysiloxane (poly-
methylsiloxane, YR3370, density =1.036 g/cm’, GE Toshiba
Silicones Co., Ltd., Tokyo, Japan), a carbon black (Corax MAF,
Korea Carbon Black Co., Ltd., Inchon, Korea), SiC (UF 15,
H. C. Starck, Germany), Al,O3 (AKP30, Sumitomo Chemical
Co., Tokyo, Japan) and Y03 (grade C, H. C. Starck, Germany).
SiC was added as inert filler and Al,O3 and Y03 were added
as sintering additives. Two kinds of pore formers: expandable
microspheres (461DU40, Expancel, Sundsvall, Sweden) and
PMMA sphere (particle size 8 pm, Sunjin, Korea), were used
to make a duplex pore structure. Three batches of powder were
prepared and the content of the PMMA in those batches ranged
from 0 wt% to 20 wt% (Table 1). The expandable microspheres
consist of a thermoplastic (poly(methyl methacrylate)) shell
that encapsulates a hydrocarbon gas. Heating the microsphere
increases the pressure of gas inside it, and the thermoplastic
shell softens, resulting in increased volume of the microspheres.
Ethanol was used as a solvent for homogeneous mixing of the
polysiloxane with other raw materials, because the polysiloxane
is soluble in ethanol. The slurry was dried and sieved through a
250 mesh screen. The mixed powders were placed in a mold with
an internal volume of 64cm> (8cm x 8 cm x 1 cm). The pow-
ders were expanded in an oven, where the sample was heated up
to 140 °C in air at a heating rate of 2 °C/min. When heated, the
microspheres expanded and the polysiloxane softened, result-
ing in an increase of the foam volume to the mold volume.
The expanded foams were cross-linked by heating them up
to 180°C in air. The cross-linked samples were pyrolyzed at
1200°C for 1h with a heating rate of 1 °C/min in argon. The
heat-treatment allows for the conversion of polysiloxane to sili-
con oxycarbide in the specimens. The pyrolyzed specimens were
further heat-treated in argon at 1450 °C for 1 h with a heating
rate of 10°C/min and subsequently sintered at 1750-1850°C
for liquid-phase sintering of SiC using Al,O3 and Y,O3. The
bulk density of the microcellular ceramics was computed from

the weight-to-volume ratio of the samples. The total porosity of
the porous ceramics was calculated from the bulk density of the
microcellular ceramic and the theoretical density of SiC. The
open porosity and pore size distribution was measured using
a mercury porosimeter (AutoPore IV9500 v1.04, Micromerit-
ics Instrument Corporation). Mercury is a nonwetting liquid for
SiC. Thus, it does not flow spontaneously into the pores of the
present specimens. Pressure was applied on mercury in order to
intrude it into the pores. Pore diameter was obtained using equa-
tion (D = —4y-cos 6/ Ap, where D is pore diameter, y and 6 are
surface tension and contact angle, respectively, of the liquid, and
Ap is differential pressure).>’ Permeability was measured by a
Capillary Flow Porometer (CFP-1100-AEX, PMI). The gas per-
meability coefficient (o) was computed from the measured flow
rate and pressure difference using Darcy’s law (Ap/e = Q-n/A-«,
where Ap is pressure difference, e is thickness, Q is flow rate,
n is viscosity of the fluid, A is cross-sectional area, and « is the
permeability coefficient).?’

3. Results and discussion

The general reaction for synthesizing SiC from a mixture
of polysiloxane and carbon black has been reported in a previ-
ous paper.>® The reaction occurs in two steps: (i) the pyrolysis
of polysiloxane at 1200 °C, which involves the loss of organic
materials and also leads to the conversion of polysiloxane to
SiOC; and (ii) the carbothermal reduction of the SiOC and C
mixture at 1450 °C, which converts the mixture to a SiC ceramic
with evolution of gaseous CO. Sintering of the SiC synthesized
by the carbothermal reduction and added as an inert filler was
achieved at 1800-1950 °C with the addition of Al,O3-Y,03. It
was also reported that pyrolysis of the polysiloxane in an inert
atmosphere yielded SiOC, with a weight loss of 13% and the
carbon content of the polysiloxane-derived SiOC was 11.5%.3°
This residual carbon and additionally added carbon were the
sources of the carbothermal reduction for conversion to SiC.

Fig. 1 shows the density changes according to the stages of the
processing procedure: as-foamed, as-cross-linked, as-pyrolyzed
(1200 °C for 1h), and as-sintered specimens (1800 °C for 3 h)
including 1h hold at 1450 °C for carbothermal reduction dur-
ing heating to the sintering temperature. The specimen with
20 wt% PMMA (P2) showed higher density than the others after
foaming, because the addition of more PMMA decreased the
expansion ratio. It is speculated that the addition of same weight
to fixed volume resulted in higher volume loading of the P2
specimen than the others due to the lower density of PMMA
relative to SiC filler. There was no change in the specimen
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Fig. 1. Density changes according to the stages of the processing procedure:
as-foamed, as-cross-linked, as-pyrolyzed, and as-sintered specimens (1800 °C
for 3h).

density after cross-linking due to the near absence of volume
and weight changes. However, the density of P2 decreased, ulti-
mately reaching the lowest value among all specimens, after the
pyrolysis step, because of severe weight loss from the specimen.
The weight loss originated from the decomposition of organic
materials such as expandable microspheres, PMMA spheres,
and polysiloxane. Since P2 contained the largest amount of
organics, it is reasonable that the density became the low-
est. The volume shrinkage of the P2 specimen was roughly
10% during the pyrolysis process. After carbothermal reduction
and sintering processes, the density of all specimens increased
due to densification of the strut by liquid-phase sintering with
Al;0O3 and Y,03. After sintering, PO showed the highest density
(1.16 g/cm3 ) and P2 the lowest (1.01 g/cm3 ), because the sinter-
ability of each specimen was dependent on the density after
pyrolysis.

Fig. 2 shows the microstructures after pyrolysis, which was
carried outat 1200 °C for 1 h. The specimen without PMMA (P0)
(Fig. 2(a)) showed a typical cellular structure without secondary
pores. In contrast, the specimen with 20% PMMA (P2, Fig. 2(b))
showed a duplex pore structure, where large pores replicated

from expandable microspheres and small pores from PMMA
spheres. The number of small pores increased as the PMMA
content was increased.

Fig. 3 shows the effect of PMMA content on sintered density
of porous SiC ceramics with variation of sintering tempera-
ture and porosity variation of SiC ceramics sintered at 1750 °C
for 3h. As shown in Fig. 3(a), the sintered density of SiC
ceramics decreased with increasing PMMA content due to the
increase of total pore former content. The density of the SiC
ceramics increased with increasing sintering temperature due to
the increased densification at higher temperatures. The present
results suggest that the density of porous SiC ceramics can be
controlled to some extent by adjusting the sintering temperature.
Fig. 3(b) shows total and open porosities of the microcellular
SiC ceramics sintered at 1750 °C for 3h as a function of the
PMMA content. The cumulative pore volume obtained by intru-
sion measurements using a mercury porosimeter indicates the
open porosity. It can be seen that the total porosity and open
porosity increased with increased PMMA content. However,
the difference between total porosity and open porosity, which
means the closed pore, decreased with increasing the PMMA
content. It clearly suggests that the addition of PMMA spheres is
beneficial for decreasing the closed porosity. The closed porosity
would constrain the permeability of the samples. P2 specimen
which contained 20% PMMA has almost no closed porosity,
suggesting better permeability than the other specimens.

Fig. 4 shows the microstructures of porous SiC ceramics,
without and with PMMA spheres, sintered at 1850 °C for 3 h.
There is no difference in the large cell size and cell den-
sity between (a) and (b) of Fig. 4 when only large cells are
counted, suggesting the cells replicated from the expandable
microspheres. The apparent cell size of the large pores was
12.4 + 5.3 pm for both specimens, and the maximum cell sizes
ranged from 35 pwm to 45 pm for both specimens. Typical cell
densities of large pores were ~1.0 x 10 cells/cm? for both spec-
imens. However, with the addition of PMMA sphere (Fig. 4(b)),
the strut microstructure has been changed from a partially
interconnected structure to a pore structure with many small
openings. Small PMMA particles (8 wm) created an opening in
the strut and produced the secondary pore structure. Evidently,
the large pores derived from the expandable microspheres and
the small pores in the strut derived from the PMMA spheres.

Fig. 2. Microstructure after pyrolysis at 1200 °C for 1 h: (a) PO (0 wt% PMMA) and (b) P2 (20 wt% PMMA).
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Fig. 3. Effect of PMMA content on (a) sintered density of porous SiC ceramics with variation of sintering temperature and (b) porosity variation of SiC ceramics

sintered at 1750 °C for 3 h.

The present results suggest that the addition of two different
sizes of templates is an efficient way to control the openness of
the strut.

Fig. 4(c), a higher magnification micrograph of Fig. 4(b),
shows that the strut consists of small equiaxed grains (1-2 pum
in diameter). The strut microstructure is the same as the
microstructure of liquid-phase sintered SiC sintered at the same
temperature,>® indicating that SiC was successfully synthesized
from polysiloxane and carbon as a result of carbothermal reduc-
tion, and was sintered with Al,O3 and Y,0O3 by the subsequent
sintering process.

Fig. 5 shows the pore size distribution of porous SiC ceramics
sintered at 1850 °C for 3 h. According to the results, the aver-
age pore size increased from about 3 wm for the PO specimen to
7 pm for the P2 specimen. The pore size is the secondary pore
size in the strut. The primary pores replicated from expandable
microspheres were not detected in this experiment. It is known
that spherical pores with cell windows cannot be detected by
mercury intrusion, because the mercury has to enter this big
pore through a cell window of smaller diameter. With increas-
ing PMMA content, the average pore size and the quantity of
mercury intrusion increased, owing to less densification of the

Fig. 4. Typical fracture surfaces of porous SiC ceramics sintered at 1850 °C for 3 h: (a) PO (0 wt% PMMA), (b) P2 (20 wt% PMMA), and (c) higher magnification

of P2.
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Fig. 6. Air permeability of porous SiC ceramics sintered at 1850 °C for 3 h: (a)
PO (0 wt% PMMA), (b) P1 (10 wt% PMMA), and (c) P2 (20 wt% PMMA).

strut during sintering. The result indicates that open porosity in
the strut area increased with increasing PMMA content.

Fig. 6 shows the permeability of porous SiC ceramics
sintered at 1850°C for 3h. The flow rate increased with
increasing PMMA content. The gas permeability coefficient
increased with increasing PMMA content: 0.13 x 10'> m? for
PO, 0.47 x 102 m? for P1, and 0.82 x 10'> m? for P2. The addi-
tion of PMMA was very effective in terms of increasing the
permeability of porous SiC ceramics. Biasetto et al.*> showed
that the permeability of SiOC microcellular ceramics increased
with increasing cell window and cell window size. Likewise,
the improved permeability observed in Fig. 6 is attributed to the
increased openness of the strut, as evidenced by open porosity

(Fig. 3(b)), microstructural observations (Fig. 4) and the pore
size distribution (Fig. 5).

4. Conclusions

Porous SiC ceramics with a duplex pore structure were suc-
cessfully fabricated using two kinds of pore former, expandable
microspheres and PMMA spheres, thereby resulting in differ-
ent pores sizes. The duplex pore structure consisted of large
pores derived from the expandable microspheres and small win-
dows in the strut area replicated from the PMMA spheres. The
development of the duplex pore structure increased the gas per-
meability coefficient of the porous SiC ceramics significantly,
from 0.13 x 10'? m? for porous SiC without PMMA spheres to
0.82 x 10'2m? for porous SiC with 20 wt% PMMA spheres.
The present results suggest that the openness of the strut area
in porous ceramics plays an important role in determining the
permeability of porous ceramics, and the openness can be effec-
tively adjusted by adding two kinds of templates, resulting in
different sizes.
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