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ABSTRACT

Highly porous SiC ceramics containing borax decahydrate were produced by a starch con-
solidation method in which corn starch was used as a shaping and pore-forming additive. Four
different compositions were prepared with different SiC:borax decahydrate ratios and corn
starch content. Mixtures with a solid ratio of 55 wt.% were cast in non-porous molds and
heated at 80°C for shaping. The starch consolidation technique enabled the shaping of SiC
ceramics with different forms and sizes. Simultaneous thermogravimetry and differential
thermal analysis of the SiC-borax decahydrate mixture showed that melting took place at
below 600°C, as a result of which sintering was carried out at the relatively low temperature, of
600°C in the air using borax decahydrate as a sintering additive. Phase analysis showed that
oxidation of SiC did not take place, since no cristobalite phase was detected. Density measure-
ment and mercury porosimetry studies showed that highly porous (70-89% porosity) SiC
ceramics with pore size values ranging from 14 to 18 um were produced. SEM microstructures
of each composition revealed that a strong neck had been formed between the SiC particles in
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spite of the low sintering temperature.

1. Introduction

Porous ceramics, especially highly porous SiC ceramics,
have received significant attention recently because of
their attractive properties such as low density; high sur-
face area; good chemical stability; and high-temperature
stability; low thermal expansion coefficient; good wear
oxidation corrosion, and thermal shock resistance; con-
trolled permeability; excellent high-temperature strength
and catalytic activity; high thermal conductivity; and
superior mechanical properties such as high specific
strength and hardness [1-6]. Porous SiC ceramics have
been considered as potential candidate materials for
various technological applications, including hot-gas
and molten metal filters, electrodes, heat exchangers,
thermal insulating materials, diesel particulate filters,
membrane and catalyst supports, vacuum chucks, gas
burner media, sensors, refractory materials, preforms for
composite fabrication, and lightweight structural materi-
als [4-15]. The sintering steps in porous SiC ceramic
production have generally been carried out under con-
trolled atmospheres such as nitrogen or argon and at
high temperatures due to the non-oxide and strongly
covalent nature of the Si—-C bonds. Due to these features,
practical applications and market opportunities of porous
SiC-based ceramics are limited. Thus, fabrication of
highly porous SiC-based ceramics at low sintering tem-
peratures, without the need of expensive additives,

instrumentation and controlled atmospheres has recently
become a challenging issue for researchers.

Many researchers have already expended extensive
efforts to produce porous SiC ceramics at low
sintering temperatures and in an air atmosphere. She
et al. [16-18] have developed a novel approach, an
oxidation-bonding technique, for the manufacture of
porous SiC ceramics at relatively low sintering tem-
peratures, 1100-1400°C for 1 h, and in an air atmo-
sphere. In these studies, SiC particles were bonded by
oxidation-derived silica glass, and it was observed that
the oxidation-bonded porous SiC ceramics produced
had excellent oxidation resistance, large surface areas,
high flexural strength, good thermal shock resistance
and Weibull modulus [16-18]. Zhu et al. produced SiC-
reticulated porous ceramics by utilizing oxidation-
derived silica to bond the ceramic particles [19]. Due
to the aforementioned limitations of porous SiC fabri-
cation, some researchers utilized another approach,
in situ reaction bonding, to produce porous SiC cera-
mics at low sintering temperatures in an air atmo-
sphere. In this approach, bonding of the SiC particles
was achieved by the addition of secondary phases into
the system, which forms mullite, cordierite other such
phases at elevated temperatures [20-28]. To produce
mullite-bonded porous SiC ceramics, for instance, Al,
O3 might be added to the SiC starting powder. During
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the sintering process in an air atmosphere, the surface
of the SiC particles is oxidized to SiO, and reacts with
Al,O3 to form a mullite bonding phase [20]. Lim et al.
produced highly porous (47-64%) SiC ceramics using
borax decahydrate (Nay,B;0; - 10H,0) as a bonding
phase in a simple pressing and heat-treatment pro-
cess. Porous SiC ceramics were sintered at low tem-
peratures (600-800°C) in an air atmosphere using
borax decahydrate as a sintering aid and starch as
a fugitive additive. The SiC to borax decahydrate
weight ratio was kept constant as 4:1, and the effects
of the applied sintering temperature and starch
amount (40-46 wt%) on the porosity and strength of
the porous SiC ceramics were investigated [29].

A great deal of effort has been devoted to the
fabrication of highly porous SiC-based ceramics
using various techniques, such as a polymeric sponge
technique [19,30], use of fugitive additives [31], partial
hot-pressing [32,33], gel-casting [34-36], sintering of
hollow spheres as sacrificial templates [37], sol-gel and
carbothermal reduction [38,39], pyrolysis and infiltra-
tion of natural wood precursors [40,41], freeze-casting
and solid-state sintering [42-44], a liquid infiltration
technique [45-47] and direct foaming of ceramic sus-
pensions or preceramic polymers [48-52]. Depending
on the processing technique selected, porosity content
achieved, pore size distribution, and degree of pore
interconnectivity factors which have direct effects on
the properties of the porous ceramic are varied.
Among the approaches taken in the recent focus on
a novel processing of porous ceramics, the starch con-
solidation technique has attracted significant attention
due to its near-net shaping capability without requir-
ing specialized equipment, its ease of processing, and
its cost-effectiveness [53-69]. Also, components from
simple to complex shapes can be produced by this
technique. Furthermore, the starch consolidation tech-
nique ensures a highly systematic approach to design-
ing the microstructures of the ceramics by controlling
the content of the slurry used in the solid loading, the
amount and source of the starch used, degree of sin-
tering conducted during the heat treatment step. The
size of the starch depends on the type of changes it
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undergoes between 2 and 170 ym [53]. Thus, it is
possible to achieve a relatively wide range of pore
sizes via starch consolidation technique. It is reported
in the literature that macroporous SiC ceramics with
smaller pores generally exhibit higher flexural strength
when compared with SiC ceramics with larger pores
and an equivalent porosity content [70,71].

The objective of the present current study was to
produce highly porous cristobalite-free SiC-based cera-
mics via a relatively novel shaping technique for por-
ous SiC fabrication, the starch consolidation technique.
It was, moreover aimed at achieving sintering at very
low temperatures (<600°C for 1 h) and in an air atmo-
sphere to expand the range of applications of these
porous ceramics.

2. Experimental procedure

The starting materials consisted of SiC (357,391,
Aldrich, dsq = 24.8 um), borax decahydrate (Na,B,4
0,.10H,0, Tekkim, dso = 32.9 um) corn starch (Piyale)
and kaolinite (as a binder in the amount of 2.5 wt.%,
CC31, Esan - Eczacibasi). SEM images of SiC and the
corn starch are shown in Figure 1(a,b). SiC contains
sharp-angled particles, and starch particles have irre-
gular shapes with a narrow size distribution varying
from 10 to 20 um.

Four compositions with different SiC/borax decahy-
drate ratios and starch amounts were prepared (as
given in Table 1). The solid loading content was fixed
at 55 wt.%. Owing to the higher dissolution of borax
decahydrate in water, planetary ball-milling was lim-
ited for 15 min at 400 rpm.

The starch, borax decahydrate and mixture of SiC
and borax decahydrate were analyzed by TG-DTA ana-
lysis (Netzsch STA 449 F3) up to 700°C with a heating
rate of 10°C/min to identify possible weight changes
and reactions occurring during the sintering process.

The slurries were cast in non-porous molds, and aged
in a drying oven at 80°C for 1 h for water absorption and
further swelling of the starch. After the shaping process,
the samples were removed from the molds and then
both heat-treated and sintered at 600°C for 1 h in air.

Figure 1. SEM images of (a) SiC and (b) corn starch particles.
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Table 1. Composition denominations and amount of starting
materials.
Denomination  SiC (wt.%)

Borax decahydrate (wt.%) Starch (wt.%)

SC70S30-3* 56.77 18.90 2433
SC70S30-5 61.40 12.28 26.32
SC50550-3 42.88 14.24 42.88
SC50S50-5 45.46 9.09 45.45

SC: SiC, S: starch and *: this number gives the ratio of SiC to borax
decahydrate.

The heating rate applied was 1°C/min and the cooling
rate was 3°C/min. The weight volume ratios of the sam-
ples were measured for density calculation.

Samples were identified by X-ray diffraction (XRD,
D8 Advance, Bruker Instrument Co., Ltd., Germany) to
observe the phase composition using Cu-Ka radiation
for 20 values from 20° to 80°. The sintered samples
were ground down to 63 pm before XRD analysis. Their
pore size and distribution were characterized using
a mercury intrusion porosimeter (Quantachrome Pore
Master-60). The microstructures of the porous SiC cera-
mics were characterized by SEM (FESEM, ZEISS
Ultraplus, Germany). Elemental investigations of the
liquid phase were performed using SEM with energy
dispersion X-ray spectrometry (SEM-EDX, Hitachi
SU5000, Japan).

3. Results and discussions

The TG-DTA analysis of the corn starch in Figure 2
shows that mass loss occurred at three different tem-
peratures. Dehydration occurred at 115°C accompany-
ing a mass loss of around 11.20%. There are two types
of polysaccharides in the starch: amylose and amylo-
pectin. The second mass loss formed at between 275°C
and 325°C as a 65.29% mass loss after burning out of
the amylopectin groups. The amylose group was
released between 325°C and 525°C and the mass loss

was 22.66%. TG-DTA shows that starch was completely
removed from the samples before reaching the sinter-
ing temperatures.

Gradual removal of water from the borax decahy-
drate was observed in the TG-DTA curves given in
Figure 3. Following two endothermic reactions occur-
ring at 114° and 156°C, ~46% weight loss was attained
through water evaporation. The theoretical weight loss
was 47.2% for borax, with the presence of impurities as
the reason for the slight decrease in the weight loss
value. The exothermic reaction at 606°C showed crys-
tallization of the anhydrous sodium borate.

A starch consolidation technique was employed
to shape the SiC ceramics in various forms from
thicker cross-sections (Figure 4(a)) to complex
shapes (Figure 4(b-d)). During the soaking of the
samples at 80°C, the starch granules were swollen
due to absorption of the water. Since the volume of
water was reduced, the distance between SiC parti-
cles decreased bringing them into contact, and
eventually a solid network was formed. The swollen
starch granules acted as a binder, moreover,
increasing the green strength and easing the
removal of the green ceramics from the mold [72].

TG-DTA analysis (Figure 5) of the SiC-borax decahy-
drate mixture with a ratio of 3:1 had two endothermic
peaks at 92°C and 140°C which occurred during the
dehydration of the crystal water from the borax decahy-
drate. No crystallization of anhydrous sodium borate was
observed as it was mixed with SiC. The SiC suppressed
the crystallization of this phase. At 656°C, melting took
place through an endothermic reaction. Since the onset
temperature of the melting reaction was below 600°C,
formation of the liquid phase took place at the sintering
temperature of the samples via a reaction between the
oxide layer present on the surface of the SiC grains and
the anhydrous sodium borate.

100 0.80
1 11.209% T Exo
405°C
80 65.29%
g 60 S
e <
w >
=} —~
4 =
B 40 5
) oS
3 -
20
22.66 % -0.20
115°C
0 Ic -0.40
25 125 225 325 425 525 625

Temperature (°C)

Figure 2. TG-DTA analysis of corn starch.
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Figure 3. TG-DTA analysis of borax decahydrate.

The XRD patterns of samples sintered at 600°C
can be seen in Figure 6. The only crystal phase
identified was SiC. Despite the larger amount of
borax decahydrate, no peak of this phase was
observed. This confirmed that SiC inhibited the
crystallization of borax decahydrate as observed
in TG-DTA analyses.

According to mercury intrusion porosimetry
analysis  (Figure 7), all the samples had
a monomodal pore size distribution in which the
pore size changed from 7 to 20 um. No significant
contribution of the composition and sintering
temperatures on the pore characteristics was
observed. The highest mean pore size obtained
was 18 um for SC70S30-3 sintered at 600°C.

The microstructures of the samples had differ-
ent compositions from the fracture surfaces as
given in Figure 8(a-h). Two types of pores were
observed: interparticle pores formed between the
SiC grains (indicated by yellow circles) and
a second type of pores that appeared after the
burn-out of starch particles (indicated by red cir-
cles). Also, the addition of starch-developed chan-
nel-like continuous pore structures as seen in
Figure 8(c). As the ratio of SiC to borax decahy-
drate increased, more porous structures were
developed. A more porous region was observed
in Figure 8(g) than in Figure 8(e). A larger amount
of borax decahydrate increased the amount of
liquid phase formed and promoted densification
of the samples. Furthermore, a strong neck forma-
tion (indicated by arrows in Figure 8(d)) took place
in all the compositions. Formation of a liquid
phase through the melting of borax decahydrate
and a reaction of this phase with the SiO,
surface oxide layer of SiC enhanced the bonding
of the SiC grains and a consolidated structure

was obtained even at very low sintering tempera-
tures. The effect of the starch is quite apparent in
Figure 8(c,e). A less porous region formed after
the burn-out of starch was observed when the
amount of starch decreased from 50% to 30%.
A new type of porosity was formed around those
grains whose size was finer (less than 1 um)
compared to the other porosities. As seen in
Figure 8(f) nearly spherical pores developed dur-
ing the evaporation of the finer starch particles
and crystal water of borax decahydrate from the
liquid phase, and this finer pores appeared. The
ratio of SiC to borax decahydrate is critical
to obtain well-bonded SiC grains, as seen in
Figure. 8(b,f). At higher SiC borax decahydrate
ratios (for SC70S30-3 and SC50S50-3) coalescence
of the SiC grains (indicated by arrows) occurred
through the liquid borax decahydrate phase.

The composition of the liquid phase was investi-
gated by an SEM-EDX mapping study of all the sam-
ples. A representative SEM image and an elemental
map analysis of an SC70S30-3 sample are presented
in Figure. 9(a,b), respectively. The elemental maps con-
firmed the presence of B in the liquid phase.
A homogenous distribution of borax decahydrate was
observed due to the uniform liquid presence in the
microstructure. Besides B, Na and O (from borax dec-
ahydrate), Si, C and Al (from kaolinite) were detected.
Table 2 shows the elemental composition of all sam-
ples from the SEM-EDX mapping study. In all the sam-
ples, B was detected with the amount varied from 5.0
to 6.0 in wt.%.

4. Conclusions

¢ In the current study starch consolidation, a direct
consolidation technique was successfully applied
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to fabricate highly porous SiC ceramics. The
starch acted as a pore-forming and body-
forming agent in the system.

e There are two types of pores in the system, one of
them derived from the burn-out of the starch
grains and the other due to the stacking of SiC
powder particles.

Sintering studies were carried out in an air
atmosphere and at relatively low sintering tem-
peratures. XRD analysis confirmed that cristoba-
lite-free porous SiC ceramics were successfully

Figure 4. Samples with various forms shaped by starch consolidation (a, b) and sintered (c, d) at 600°C.

produced at low sintering temperatures and in
an air atmosphere.

Scanning electron microscopy investigations
revealed that the porous ceramic structure
was highly homogenous and that strong
neck formations were achieved between SiC
grains due to a large amount of the liquid
phase in the system. Use of a borax decahy-
drate (Na,B40,.10H,0) sintering additive and
its reaction with the surface silica content of
the SiC ceramic powders resulted in the
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Figure 6. XRD pattern samples sintered at 600°C and SiC powder.

formation of a significant amount of the
liquid phase in the system during the sinter-
ing process. This liquid phase formation pro-
moted densification of the porous SiC
ceramics at very low sintering temperatures.

In this study, two SiC borax decahydrate
ratios (3:1 and 5:1) were used. It was deter-
mined that, due to a large amount of borax
decahydrate content in both compositons,
similar sintering results were achieved.
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Figure 7. Pore size distribution of samples.

Figure 8. SEM images from fracture surfaces of samples (a, b) SC70S30-3, (c, d) SC70S30-5, (e, f) SC50S50-3 and (g, h) SC50550-5.
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Figure 9. Representative SEM image and elemental map analysis of sample SC70S30-3.

Table 2. Elemental composition of all samples from SEM-EDX
mapping study.

Element (wt.%)

Denomination Si C 0 Na Al B

SC70S30-3 16.0 10.4 61.5 43 2.5 5.4

SC70S30-5 23.2 7.0 59.3 3.2 23 5.0

$C50550-3 14.9 10.6 61.9 46 2.0 6.0

SC50S50-5 19.8 8.6 60.5 3.1 29 5.2
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