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Abstract

Porous silicon carbide ceramics were fabricated from SiC, sodium borate, and starch at temperatures as low as 650-800 °C by a simple
pressing and heat-treatment process. The effects of heat treatment temperature and starch content on the porosity and strength of the
ceramics were investigated. During heat treatment, the sodium borate transformed to a viscous phase, which acted as the bonding
material between SiC particles, and the starch decomposed into gases, leaving pores. The porosity of the porous SiC ceramics could be
controlled within a range of 47-64% with the present set of processing conditions. The porous SiC ceramics showed a maximum 64%
porosity when 43.2 wt% SiC particles and 10.8 wt% sodium borate were used with 46 wt% starch. Flexural strength was at a maximum
(37 MPa at 52% porosity) when the sintering temperature was 750 °C and the starch content was 40 wt%.
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1. Introduction

Porous silicon carbide (SiC) ceramics have been used
and are considered one of the favorite materials for filters
for molten metals, hot gases and diesel particulates, gas
burner media, preforms for polymer- and metal-matrix
composite fabrication, catalytic supports, refractory plates,
and kiln furniture [1-18]. This is due to the properties these
materials offer, such as low bulk density, excellent thermal
shock and corrosion resistance, high specific strength,
controllable permeability, and good creep resistance at
high temperatures [19-23]. Porous SiC ceramics are most
often produced by replica [4,7], direct foaming [24,25],
sacrificial templates [13,26], reaction sintering [5,14], and
partial sintering processes [10,11]. Different processing
routes for porous SiC ceramics have been developed for
specific applications to satisfy the associated porosity, pore
size, and degree of pore interconnectivity requirements.
However, all the above methods require high temperatures
of > 1400 °C for the processing if SiC powder is used as a
starting material. Cost-effective production of porous SiC
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ceramics for low temperature ( < 300 °C) applications such
as grinding and light armor applications can be achieved
by using coarse SiC powders as a starting material and
processing the ceramics at lower temperatures.

Recently, the production of porous SiC ceramics from
preceramic polymers has attracted considerable attention
because of the expected improvement in porous ceramic
properties and the potentially more cost-effective polymer
processing [12,27]. The most important advantage of this
method is the ease of preparation and low processing
temperatures. A few researchers have fabricated porous
SiC ceramics successfully at temperatures as low as 1000—
1400 °C by a simple pressing and subsequent pyrolysis
process using polycarbosilane as a precursor for SiC [28].

Another way to lower the processing temperature of SiC
ceramics is the use of bonding materials. Silica (SiO,),
silicon nitride (Si3N4), mullite (3A1,05-2Si0,), cordierite
(2MgO - 2A1,05 - 5Si0»), silicon oxycarbide, and geopoly-
mer phases were investigated as bonding phases for SiC
ceramics. A silica bonding phase is formed by heating
SiC powder compacts at 1100-1400 °C in air [29,30].
The SiC particles in the compacts are bonded to each other
by oxidation-derived SiO, glass. A silicon nitride bonding
phase is similarly formed by nitridation of the silicon (Si)

0272-8842/$ - see front matter © 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

http://dx.doi.org/10.1016/j.ceramint.2013.02.014


www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2013.02.014
www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2013.02.014
dx.doi.org/10.1016/j.ceramint.2013.02.014
dx.doi.org/10.1016/j.ceramint.2013.02.014
mailto:ywkim@uos.ac.kr

6828 K.-Y. Lim et al. /| Ceramics International 39 (2013) 68276834

powder in compacts containing SiC and Si powders [31].
The processing temperature for the nitridation ranges from
1250 °C to 1450 °C. A mullite bonding phase is formed by
the reaction between Al,O3 and oxidation-derived SiO, in
compacts containing SiC and Al,O; powders with heating
at 1400-1550 °C in air [9,32]. During heating, the oxidation
of SiC produces a SiO, phase, which reacts with Al,O3
to form a mullite bonding phase. A cordierite bonding
phase is formed by the reaction between Al,O3;, MgO,
and oxidation-derived SiO, in compacts containing SiC,
AlLO5;, MgO, and graphite powders during heating at 1200
1400 °C in air [33]. A silicon oxycarbide bonding phase is
formed by the pyrolysis of polysiloxane in compacts con-
taining SiC, polysiloxane, and sacrificial templates [34-36].
However, the heat treatment temperatures required in the
above studies were all > 800 °C and the mechanical proper-
ties of the resulting ceramics were strongly dependent on the
composition of the bonding materials [29-36]. Recently,
porous alkali-bonded SiC ceramics were developed using a
geopolymer as a bonding phase [37]. The bonding phase is
formed from metakaolin in the presence of alkali solution.
Metakaolin in alkaline conditions dissolved and reprecipi-
tated to form geopolymeric nano-particles that act as a
bonding phase to bind SiC particles together. However, the
compressive strengths of the porous alkali-bonded SiC
ceramics were very poor (< 1 MPa) [37].

Studies using sodium borate (Na,B40;-10H,0) as a
bonding phase for SiC have not yet been reported. Sodium
borate melts at a temperature below 750 °C and its density
is 1.74 g/em>. Thus, it has several advantages as a bonding
phase for SiC including (1) very low processing tempera-
tures (650-800 °C); (2) light weight because of the low
density of the bonding phase; and (3) the ability to use
coarse (10 um) SiC particles. The first and third advantages
will lead to the greatest cost-effectiveness in the production
of porous SiC ceramics.

This paper first reports the extremely low-temperature
(650-800 °C) processing of porous, high-strength SiC
ceramics using sodium borate as a binding material.
In addition, the effects of the heat-treatment temperature
and starch template content on the porosity and flexural
strength of the fabricated porous ceramics are described.

2. Experimental

Commercially available refractory-grade o-SiC pow-
ders (~10 um, Zhengxing Abrasive Co., Dalian, China),
sodium borate (Na,B407-10H,0, > 99% pure, Samchun
Pure Chemical Co., Ltd., Pyeongtaeck, Korea), and starch
(Corn, Extra Pure, Samchun Pure Chemical Co., Ltd.,
Pyeongtaeck, Korea) were used as the starting materials.
The starch was added as a sacrificial template. The effect
of the starch content was examined by preparing three
batches containing 40-46 wt% starch by ball milling.
To investigate the effect of the template content, three
batches were mixed, each containing SiC and sodium
borate in an 8:2 weight ratio (see Table 1). All the batches

Table 1
Batch composition and sample designation of porous SiC ceramics.

Specimen designation Batch composition (wt%)

SiC* (~10 pum) Sodium borate® Starch®
SC40 48.0 12.0 40.0
SC43 45.6 11.4 43.0
SC46 43.2 10.8 46.0

4~ 10 um, Zhengxing Abrasive Co., Ltd., Dunhua, China.

®> 99%, Extra pure, Samchun Pure Chemical Co., Ltd., Pyeongtaeck,
Korea.

°Corn, Extra pure, Samchun Pure Chemical Co., Ltd., Pyeongtaeck,
Korea.

were
ball-milled separately in a polypropylene jar for 16 h using
distilled water and SiC balls. Distilled water was used as a
solvent for dissolving sodium borate. The dissolution of
sodium borate was beneficial for making the powder
mixture homogeneous. The milled slurry was dried, sieved,
and pressed uniaxially under a pressure of 28 MPa.
The pressed compacts were heat treated at 650-800 °C
for 30 min in air at a heating rate of 2 °C/min. Thermal
gravimetric analysis (TGA) and differential thermal ana-
lysis (DTA) for the decomposition of sodium borate was
carried out up to 800 °C with a heating rate of 2 °C/min in
air. The temperature measurement during the TGA/DTA
experiments was made within + 0.5 °C.

The bulk density of the resulting ceramics was calcul-
ated from the weight-to-volume ratio of the samples. To
measure flexural strength, bar-shaped samples were cut to a
size of 4 x 5x 35mm’>. Bend tests were carried out at room
temperature on 7-10 specimens under each condition using a
four point method with inner and outer spans of 10 mm and
20 mm, respectively, and a crosshead speed of 0.5 mm/min.
The fracture surfaces were observed by scanning electron
microscopy (SEM, S4300, Hitachi Ltd., Hitachi, Japan).

3. Results and discussion

Fig. 1 shows typical DTA and TGA curves in air for the
thermal decomposition of sodium borate (Na,B405-
10H,O) supplied by Samchun Pure Chemical Co. The
DTA curve shows three endothermic peaks and one
exothermic peak. Fig. 2 shows XRD patterns of the as-
received SiC powder, 800 °C-treated SiC powder, as-
received sodium borate, and sodium borate heat-treated
at 117, 200, 500, and 700 °C. From Figs. 1 and 2, several
observations can be made.

From the DTA curve, the first endothermic peak at
81 °C was due to the partial loss of crystallization water
from the hydrolyzed sodium borate (i.e., Na,B4O-- 10H,O
transformed to Na,B40;-5H,0 at 81 °C). XRD patterns
(Fig. 2) of the as-received sodium borate and the 117 °C-
treated sodium borate clearly show the loss of water from
sodium borate. The second endothermic peak at 133 °C
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Fig. 1. Thermal gravimetric analysis (TGA) and differential thermal

analysis (DTA) for sodium borate (Na,B40;- 10H,0) heated to 800 °C
in air.

"A724531 (SIC-6H)
@07-0277 ((Na,B,0)'5H,0- SodiumBorate)

"A12-0258 ((Na,B,0,10H,0-Sodium Borate)
8700972 ((Na,0(B,0,),SodiumBorate)
[} . o
%_Sodium Borate Powder-700°C
i o{ ,‘-A o'::ou-.o % .’n.‘} fu =

Sodium Borate Powder-500°C

Sodium Borate Powder-200°C

3‘ > II ° { Sodium Borate Powder-117°C
b LI LA ° o000
2 N % S %00 %%°* o0
"a"' n Sodium Borate Powder
< al aaaa a AI Aa A a4
a
SiC Powder-800°C . .
P B 4 a2 Jaa

SiC Powder
T

10 20 30 40 50 60 70 80
20

llll. | SR

Fig. 2. X-ray diffraction spectra of the as-received and heat-treated
sodium borates at various temperatures, a SiC starting powder, and a
SiC powder heat-treated at 800 °C.

was due to the loss of the remaining crystallization water,
leading to the formation of amorphous sodium borate.
XRD patterns of the sodium borates treated at 200 °C and
500 °C show the presence of an amorphous phase without
any evidence of crystalline phases (Fig. 2). The first
exothermic peak at 566 °C was due to the crystallization
of anhydrous sodium borate (Na,O(B-,O3),) from the
amorphous phase. XRD data of the sodium borate
samples heat treated at 500 °C and 700 °C clearly show
this crystallization of the anhydrous sodium borate phase.
The third endothermic peak observed at 742 °C was due
to the melting of the crystalline anhydrous sodium
borate phase.

From the TGA curve, the total weight loss between
room temperature and 800 °C was ~46%, smaller than
that of the theoretical value (~47%) derived from the
chemical formula. This may be due to the presence of
impurities in the sodium borate (the purity of the as-
received sodium borate was ~99%) and the possibility of
the presence of some Na,B4,0;-5H,0 in the as-received
sodium borate.

Heat treatment of SiC powders at 800 °C showed no
change in XRD peaks, as shown in Fig. 2. This was likely
due to the fairly large particle size of the SiC powders
(~10 pm), which showed negligible oxidation up to 800 °C
in air.

The effect of sintering temperature on the microstructure of
the porous SiC ceramics is shown in Fig. 3 for specimens
containing 40 wt% starch template. The microstructures con-
sisted of large SiC grains, the sodium borate bonding phase,
and starch-templated pores. The pressed compacts were heat
treated at 650-800 °C for 30 min in air at a heating rate of
2 °C/min. The heat treatment facilitated the starch decom-
position that left pores and melting of the sodium borate
“glue” to bind SiC particles together. As shown in Fig. 3(c)
and (d), large SiC particles were well-bonded to each other by
the molten sodium borate phase when the sintering tempera-
ture was higher than the melting temperature of sodium
borate. Pore morphology in the samples sintered at 650 and
700 °C was irregular and the pores were formed between SiC
particles, whereas most of the pores in the samples sintered at
750 and 800 °C were partially filled with porous amorphous
sodium borate phase. The morphology of the pores embedded
in the bonding phase (sodium borate) was spherical with a
diameter of 1-3 pym. The small, spherical pores were for-
med by water vapor liberated from the sodium borate.
The crystallization water in the sodium borate (Na,B40;-
10H,0) thus acts as a blowing agent in the bonding phase.

Fractures in the samples heat-treated at 750 and 800 °C
occurred mostly inside the bonding phase, i.e. sodium
borate, resulting in a smoother fracture surface than the
other samples. In contrast, fractures in the samples heat-
treated at 650 and 700 °C were found mostly between SiC
grains and the sodium borate bonding phase, resulting in
more jagged fracture surfaces. This result suggests that the
melting of sodium borate led to stronger bonding between
SiC particles. Observed variation in bonding characteris-
tics is believed to influence the strength of the porous
ceramics.

Fig. 4 shows XRD spectra of the porous SiC ceramics
sintered at various temperatures. As shown, samples
sintered at 650, 700 and 750 °C showed no secondary
phase formation after sintering. Crystalline anhydrous
sodium borate phase (Na,O(B,03),) was not observed in
the samples sintered at 700 °C. This might indicate that the
presence of SiC could retard or suppress the crystallization
of the Na,O(B,03), phase from the amorphous sodium
borate (see Fig. 2). However, the sample sintered at 800 °C
showed the presence of a crystalline cristobalite phase
(JCPDS 76-0941) in addition to 6H-SiC phase. This is
inconsistent with the XRD pattern of the SiC powders
heat-treated at 800 °C, shown in Fig. 2. Comparison of the
XRD patterns of the sample sintered at 800 °C (Fig. 4)
with that of the SiC powders heat-treated at 800 °C (Fig. 2)
suggests that (1) the presence of molten sodium borate
accelerates the oxidation of SiC particles, and (2) the
oxidation of SiC particles results in the formation of
sodium borosilicate glass during sintering at 800 °C in



6830 K.-Y. Lim et al. /| Ceramics International 39 (2013) 68276834

Fig. 3. Effect of sintering temperature on the microstructure of porous SiC ceramics. Each specimen contained 40 wt% starch as a template in the
starting composition and was then sintered at the following temperatures: (a) 650, (b) 700, (c) 750, and (d) 800 °C.
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Fig. 4. X-ray diffraction spectra of porous SiC ceramics sintered at
650-800 °C for 30 min in air.

air, and (3) the cristobalite phase was precipitated from the
glass during cooling from the sintering temperature. It is
expected that molten sodium borate reacts with the surface
silicon oxide film (SiO,) of the SiC particles and enhance
the exposure of naked SiC with oxygen, resulting in
enhanced oxidation. It is noted that sodium borate
remained amorphous in all samples sintered between 650
and 800 °C in air (see Fig. 4). Enhanced oxygen diffusion
through the amorphous phase would then contribute to
the accelerated oxidation of SiC particles in the specimen.

One alternative method for low-temperature process-
ing of porous SiC ceramics is SiOC-bonded SiC cera-
mics [34-36]. Previous work on SiOC-bonded SiC ceramics

produced severe cracking in the SiOC bonding phase when
large SiC particles (10 or 15 um) were used [36]. The
greater volume reduction of the polysiloxane due to pyr-
olysis combined with the constrained SiC network resulted
in residual tension within the structure, which resulted in
cracking in the specimens. However, sodium borate trans-
forms to a viscous solid or liquid phase—depending on the
sintering temperature—with little volume shrinkage and
binds together SiC particles; thus, no cracking was observed
in the samples, even after furnace cooling, as can be seen in
Fig. 3.

Fig. 5 shows typical microstructures of porous SiC
samples heat-treated at 750 °C containing different pro-
portions of starch. The porosity increased with increased
starch content, as expected (this will be discussed further
later). From the micrographs of Fig. 5, pore size also
substantially increased with increased starch content.
In addition, the number of large pores with a size range
of 15-25pm, which originated from the agglomerated
starch, increased with increased starch content. More
starch content led to more agglomeration in the batches
and resulted in the increased pore size and the formation of
more large pores in the microstructure.

Fig. 6 shows the porosity of the porous SiC ceramics as
functions of the starch content and sintering temperature.
Porosity increased from 47-57% to 50-64% as starch
content increased from 40 wt% to 46 wt%. The increase in
porosity was caused by the addition of more templates.
At a constant starch content, the porosity generally
decreased with increasing sintering temperature because
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Fig. 5. Effect of starch content on the microstructure of porous SiC ceramics sintered at 750 °C for 30 min in air. Starch content of samples: (a) 40, (b) 43,

and (c) 46 wt%.
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Fig. 6. Porosity of the porous SiC ceramics sintered at 650-800 °C for
0.5h in air as a function of starch content.

of the partial filling of pores by viscous sodium borate
flow. A maximum porosity of 64% was obtained when
46% starch was added and sintered at 650 °C. In contrast,
a minimal porosity of 47% was obtained when 40% starch
was added and sintered at 800 °C. The present results
suggest that the porosity of porous sodium borate-bonded
SiC ceramics can be controlled in a range of 47-64% by
adjusting the starch content and the sintering temperature.

Fig. 7 shows the variation in flexural strength as a
function of starch content and sintering temperature. The
strength generally decreased with increasing starch content
because of the increased porosity. The strength increased
with increasing sintering temperature and showed maxima
at 750 °C, and then decreased slightly at 800 °C for all
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Fig. 7. Flexural strength of the porous SiC ceramics as a function
of starch content.

samples, regardless of starch content. A maximum strength
of 37 MPa was obtained when 40% starch was added and
sintered at 750 °C. At the same starch content, samples
sintered at 750 and 800 °C showed strength values 2-3
times greater than those of the samples sintered at 650 and
700 °C. This was due to the melting of the sodium borate
bonding phase, which takes place at 742 °C (see Fig. 1).
Thus, the state of the bonding phase was solid at 650 and
700 °C, whereas it was liquid at 750 and 800 °C. This
difference made a difference in the bonding characteristics,
which led to the large difference in the strength values.
It was supported by the difference in fracture mode, as
observed in Fig. 3.
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It is well-documented that the flexural strength of
porous ceramics decreases with increasing the porosity
[12,30,38]. However, the opposite trend was observed in
this research, in samples sintered at 750 and 800 °C.
Although the 750 °C samples showed higher porosity
(52-56%) than the 800 °C samples (47-50%) (Fig. 6),
samples sintered at 750 °C showed higher strength
(25-37 MPa) than those sintered at 800 °C (24-36 MPa)
(Fig. 7). For example, the strength and porosity of the
750 °C sample containing 43% starch were 34 MPa and
54%, respectively. In contrast, those of the 800 °C-sintered
sample containing the same amount of starch was 32 MPa
and 49%, respectively. The decrease in the flexural strength
of the samples sintered at 800 °C, compared to those
sintered at 750 °C, could be due to the formation of
oxidation product (SiO,, cristobalite) in the samples, as
identified by XRD (Fig. 4). The formation of cristobalite
phase in the samples may deteriorate the bonding material
(amorphous sodium borate) mechanically by remov-
ing SiO, at least partially from the amorphous sodium
borosilicate glass and result in a decreased strength. In
addition, the formation of cristobalite leads to the phase
transformation and volume change during cooling, result-
ing in decreased strength. However, the degree of the
strength degradation depends on the crystal size and
content of cristobalite formed.

Fig. 8 presents the flexural strength data as a function of
the pore volume fraction using data points from Fig. 7.
The flexural strength decreased with increasing porosity.
According to a model proposed by Rice [39] based on the
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Fig. 8. Flexural strength data of the porous SiC ceramics as a function of
pore volume fraction.
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minimum solid area approach, the strength of a porous
material is related to its porosity through the expression

g = apexp (—bP) (1)

where ¢y and ¢ are the strengths of nonporous and porous
materials, respectively, P is the porosity of the porous
material, and b is a constant that is dependent on the pore
characteristics. The values of b were reported to be 6 for
cubic stacking and 9 for rhombic stacking [40]. Linear-
regression fits for the plots of flexural strength versus pore
volume fraction in Fig. 8 yields »=10.52 for the porous
SiC ceramics. Previous work on porous SiO,-bonded SiC
ceramics by She et al. [41] and Chun and Kim [30] reported
b values of 6.54-7.95. However, the b value in Fig. 5(a)
(b=10.52) was greater than those reported in the literature
for porous SiC ceramics. The most likely explanation for
this deviation from the model is that sodium borate is in a
different state in each specimen (no melting at 650 and
700 °C, compared to melting in the samples sintered at
higher temperatures), which led to a different solid area for
each specimen, irrespective of the material porosity.
There have been many reports on low temperature
processing of porous SiC ceramics using many different
bonding phases. Table 2 summarizes bonding materials,
processing conditions, porosity and flexural (or compres-
sive) strength of porous SiC ceramics processed at tem-
peratures below or equal to 1000 °C. As shown, low
temperature processing, at 800-1000 °C, was possible
when using preceramic polymers as a bonding material.
The obtained strengths of the SiOC-bonded SiC ceramics
were 3-22 MPa at 43-56% porosity [35,36]. Soy et al. [42]
reported porous bentonite-bonded SiC ceramics. Compres-
sive strengths of the porous ceramics were 0.1-2.5 MPa at
84-86% porosity. Yamane et al. [43] also reported low
temperature processing (900 °C) of porous SiC ceramics
with pores shaped with Si templates. Typical flexural
strength of the porous ceramics was 14 MPa at 61%
porosity [43]. In contrast, typical flexural strengths of the
present sodium-borate-bonded SiC ceramics fabricated
from coarse (cheap) powders (~10 um) at 750 °C ranged
from 25 to 37 MPa at 52-56% porosity, depending on the
template content. Furthermore, the sintering time was very
short (0.5 h) and the atmosphere used was air. The only
material processed at lower temperature than the present
study was alkali-bonded SiC [37], in which an alkali

Processing conditions, porosity, and flexural strength of porous SiC ceramics fabricated at temperatures below 1500 °C.

Material Processing conditions Porosity (%) Flexural strength Reference
(temperature/time/atmosphere) (*Compressive strength) (MPa)
Sodium borate-bonded SiC 750 °C/0.5 h/Air 52-56 25-37 This study
Alkali-bonded SiC 80 °C/24 h/Air 78-83 0.9* [37]
SiOC-bonded SiC 1000 °C/1 h/N, 43-50 3-22 [35]
SiOC-bonded SiC 800 °C/1 h/N, 52-56 6-18 [36]
Bentonite-bonded SiC 600—1300 °C/2 h/Air 84-86 0.1-2.5* [42]
SiC (Sodium fluxed) 900 °C/24 h/Ar 61 14 [43]
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aluminosilicate binder (also known as geopolymer) was
used and processed at 80 °C for 24 h in air. However,
typical flexural strength of the material was very low
(0.9 MPa of compressive strength). The porous SiC cera-
mics using sodium borate as a bonding phase developed
here have several advantages. First, the processing tem-
perature and holding time during sintering are very low
(600-800 °C) and short (0.5 h), respectively. Second, par-
ticle size of the starting SiC powder was ~ 10 pm (cheap).
Third, the sintering atmosphere was air. Finally, they have
superior strength (37 MPa at 52% porosity) over other
refractory-grade SiC ceramics processed at temperatures
above 1100 °C. The above advantages make this material
cost-effective compared to other porous SiC ceramics
for preform fabrication of polymer matrix composites.
The SiC-polymer matrix composite can be used as a
ceramic brush for grinding the surface of printed circuit
boards and some other grinding applications.

4. Conclusions

Porous SiC ceramics with porosities ranging from 47% to
64% were successfully fabricated from SiC—sodium borate—
starch mixtures at temperatures as low as 600-800 °C using
a simple pressing and heat-treatment process. The micro-
structures consisted of large SiC grains, sodium borate
bonding phase, and pores templated from starch. Increased
starch content improved porosity and decreased the flexural
strength. The flexural strength generally increased with
increased sintering temperature and was maximum at
750 °C. The decrease in the flexural strength of the samples
sintered at 800 °C, compared to those sintered at 750 °C,
was due to the formation of an oxidation product (SiO,,
cristobalite) in the samples. A porous SiC ceramic with a
flexural strength of 37 MPa and a porosity of 52% was
obtained by heat treatment in air at 750 °C with a holding
time of 0.5 h.
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