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Porous silicon carbide (SiC) ceramics have many potential
applications due to their unique properties, which include
high temperature stability, chemical stability, excellent
abrasion resistance, high thermal shock resistance, high
specific strength, and controlled permeability [1-9]. For
example, SiC ceramics can be used as catalytic supports,
molten metal filters, membrane supports, gas-burner media,
and light-weight structural materials for high-temperature
applications.

It has frequently been observed that the composition of
the sintering additives affects the microstructural develop-
ment of sintered SiC ceramics. Al,O3;—Y,05 [10], Al,O3—
Y,0;5-CaO [11], and AIN-Y,O; [12] additives generally
lead to the growth of SiC platelet grains when the SiC is
sintered or annealed at a temperature above 1950 °C. In
contrast, Y-Mg—Si—Al oxynitrides [13], B4C-C [14], and
AIN [15] additives lead to equiaxed microstructures,
regardless of the sintering temperature. Thus, the mechan-
ical properties of porous SiC ceramics may be affected by
the sintering additives. Chi et al. [16] investigated the effect
of incorporating various amounts of Al,O3 on the strength
of porous SiC ceramics. They observed a maximum
strength of ~17 MPa at a porosity of 61% when 5 wt%
Al,O5 was added. Lee and Kim [17] fabricated porous SiC
ceramics by powder processing using polymer microbeads
as a template. The ceramics showed a strength of ~30 MPa
at a porosity of 50% when 8 wt% Al,O3;—Y,03 was added in
a 7:3 weight ratio. Ma et al. [18] fabricated porous SiC
ceramics by adding silicone resin as a binder. The ceramics
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typically showed a strength of ~21 MPa at a porosity of
45%. However, there has been no systematic research on the
effect of sintering additives in the processing of porous SiC
ceramics.

In this study, porous SiC ceramics were fabricated
by carbothermal reduction of a polysiloxane-derived SiOC
with hollow microspheres, followed by sintering. The
effects of the additive composition on the porosity, micro-
structure, and strength of the resulting porous SiC ceramics
were investigated. The potential advantages of using
polysiloxane for fabricating porous SiC ceramics are the
utilization of low-cost polymer processing such as extru-
sion and the easiness of porosity control [19].

The following raw materials were used: a polysiloxane
(YR3370, GE Toshiba Silicones Co., Ltd, Tokyo, Japan),
carbon black (Corax MAF, Korea Carbon Black Co.,
Ltd., Inchon, Korea), $-SiC (Ultrafine grade, Betarundum,
Ibiden Co. Ltd., Ogaki, Japan), hollow microspheres
(461DE20, Expancel, Sundsvall, Sweden), Al,O; (AKP30,
Sumitomo Chemical Co., Tokyo, Japan), Y,O; (H-C.
Starck GmbH & KG, Goslar, Germany), Y3Al;0,, (YAG,
High Purity Chemicals, Osaka, Japan), MgO (High Purity
Chemicals, Osaka, Japan), SiO, (High Purity Chemicals,
Osaka, Japan), CaO (High Purity Chemicals, Osaka,
Japan), and AIN (grade F, Tokuyama Soda Co., Tokyo,
Japan). The SiC was used as an inert filler, while the oxides
and AIN were used as sintering additives. The inert filler
was added to minimize shrinkage during sintering and to
increase the strength of the resulting porous SiC ceramics
[20]. The microspheres were hollow poly(methyl methac-
rylate) spheres with diameters ranging from 15 to 25 pm.

Eight batches of powder were prepared (Table 1). The
microsphere content was fixed at 5 wt%. An example of
the sample notation is as follows: 3A2Y denotes a speci-
men containing 3 wt% Al,O3 and 2 wt% Y,Oj as sintering
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Table 1 Batch composition of porous SiC ceramics

Sample Batch composition (wt%)

Polysiloxane® Carbon black” SiC*® Hollow microsphere? Sintering additive
3A2Y 51.87 8.13 30 5 3% AlLL,O3 + 2% Y,0;
5YAG 51.87 8.13 30 5 5% Y3Al504,
1A2Y2M 51.87 8.13 30 5 1% Al,O3 + 2% Y,03 + 2% MgO
2A2Y1IM 51.87 8.13 30 5 2% Al,03 + 2% Y,05 + 1% MgO
2Y2M1S 51.87 8.13 30 5 2% Y503 + 2% MgO + 1% SiO,
3A1YIC 51.87 8.13 30 5 3% Al,O3 + 1% Y,05 + 1% CaO
3A1YIM 51.87 8.13 30 5 3% AlL,O3 + 1% Y,05; + 1% MgO
2AN3Y 51.87 8.13 30 5 2% AIN + 3% Y,03

* YR3370, GE Toshiba Silicones Co. Ltd., Tokyo, Japan

® Corax MAF, Korea Carbon Black Co., Ltd., Inchon, Korea
¢ Ultrafine, Betarundum, Ibiden Co. Ltd., Ogaki, Japan

4 461DE20, Expancel, Sundsvall, Sweden

additives. Each batch was mixed for 3 h in a polyethylene
jar containing ethanol and SiC balls. The milled powder
mixture was dried and uniaxially pressed under 28 MPa to
produce rectangular bars. The compacts formed were
cross-linked by heating them to 200 °C in air. The cross-
linked samples were pyrolyzed at 1100 °C for 1 h with a
heating rate of 1 °C/min in argon. The heat treatment
resulted in the conversion of the polysiloxane to silicon
oxycarbide [21]. Except for 2AN3Y, the pyrolyzed speci-
mens were further heated to 1450 °C and held at the
temperature for 1 h in argon. This step brought about the
carbothermal reduction of the polysiloxane-derived SiOC.
These samples were then sintered at 1750 °C in argon to
cause the liquid-phase sintering of the SiC. The 2AN3Y
specimens were heat treated and sintered in exactly the
same way, except that nitrogen was used instead of argon.
The heat treatment at 1450 °C and sintering at 1750 °C
were all performed in a graphite furnace.

The bulk density of each porous ceramic was calculated
from its weight-to-volume ratio. The cell and grain mor-
phology was investigated by scanning electron microscopy.
X-ray diffractometry (XRD) was performed on the ground
powders using a diffractometer and CuKa radiation. The
porosity was determined from the ratio of the bulk density
to the true density. For the flexural strength measurements,
bar-shaped samples were cut and polished to a size of
4 x 5 x 30 mm>. Bend tests were performed at room
temperature using a four-point method with inner and outer
spans of 10 and 20 mm, respectively. The compressive
strengths of 4 x 4 x 8 mm’-sized samples were measured
at a crosshead speed of 0.5 mm/min.

The general reaction for synthesizing SiC from a mix-
ture of polysiloxane and carbon black is reported elsewhere
[22, 23]. The reaction occurred in two steps: (i) the pyro-
lysis of polysiloxane at 1100 °C, which involves the loss of

the organic material and also leads to the conversion of
polysiloxane to an amorphous Si—~O-C material (SiOC) and
(ii) the carbothermal reduction of SiOC and C at 1450 °C,
which converts the mixture to a SiC ceramic with the
evolution of gaseous CO. Further heat-treatment of the
specimens at 1750 °C with the aid of oxide additives led to
the liquid-phase sintering of SiC that had been synthesized
by carbothermal reduction and added as an inert filler.
XRD analysis of the specimens showed that all the speci-
mens sintered at 1750 °C consisted of f-SiC, indicating
that the SiC synthesized by carbothermal reduction was
p-SiC.

Figure 1 shows typical fracture surfaces of some selec-
ted, porous SiC ceramics sintered at 1750 °C for 1 h. These
micrographs show evidence that fine and well-distributed
open cells, and that porous struts in the cellular structure
had been produced in 3A2Y, SYAG, and 2AN3Y speci-
mens. The microstructure of 3A1Y1C was similar to the
specimens. The morphology of the primary cells (cells
replicated from hollow microspheres) was almost spheri-
cal, indicating that the shape of hollow microspheres was
retained in those specimens up to its decomposition tem-
perature. In contrast, the cell morphology was irregular in
3A1YIM (Fig. lc), 1A2Y2M, 2A2YIM, and 2Y2MIS
specimens. It is interesting to note that all MgO containing
specimens showed collapse of spherical pore structure after
sintering at 1750 °C. Since the decomposition behavior of
hollow microspheres is the same in both specimens without
MgO (Fig. 1a and b) and specimens containing MgO
(Fig. 1c), the shape of hollow microspheres are expected to
be retained in the MgO-containing specimens up to its
decomposition temperature. Thus, the change in cell mor-
phology from spherical to irregular took place during
liquid-phase sintering. Recently, Yao et al. [7] fabri-
cated reticulated SiC ceramics at temperatures as low as
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Fig. 1 Typical fracture surfaces
of the various porous SiC
ceramics sintered at 1750 °C
for 1 h: a 3A2Y, b 5YAG,

¢ 3A1Y1M, and d 2AN3Y
(refer to Table 1)

1300-1450 °C by using MgO-Al,05-SiO, additives. The
results suggest that the viscosity of MgO-containing liquids
in our specimens would be quite low at the sintering
temperature (1750 °C). Locally, dense regions are also
observed in 3A1Y 1M specimen (Fig. 1c). It seems that low
viscosity of MgO-containing liquid phase is formed during
heating to the sintering temperature, resulting in local
densification and collapse of the spherical pore structure in
the specimens. The local agglomeration of liquid phase
during sintering is driven by a driving force for reducing
the surface tension of the liquid [24].

As shown in Fig. 1, nano fibers were observed inside the
cell of some specimens (3A2Y, SYAG, and 2AN3Y). The
nano fibers are believed to be SiC and synthesized by a
vapor phase reaction between SiO and CO [25]. Such kind
of in situ grown nano fibers were also observed in a pre-
vious study [26] when polysiloxane and Al,03-Y,05; were
used as a precursor for SiC and sintering additives,
respectively. However, such kind of nano fiber was rarely
observed in MgO-containing specimens, indicating that the
formation of low-viscosity liquid phase suppresses the
synthesis of the nano fibers inside the pores.

Figure 2 shows the porosity of the porous SiC ceramics
sintered with various additives. The porosities of the porous
SiC ceramics ranged from 56% to 72% when sintered at
1750 °C. The 2AN3Y specimen showed the lowest porosity
of 56%, whereas 2Y2M1S specimen showed the highest
porosity of 72% among the compositions investigated
herein. Those differences in porosity were attributed to the
difference in sinterability of each composition at 1750 °C.In
the specimens, the densification of strut was accomplished
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Fig. 2 Effect of the sintering additive composition on the porosity of
the SiC ceramics sintered at 1750 °C for 1 h

via liquid-phase sintering, and thus, sintering behavior
should be affected by the liquid composition. In general,
2AN3Y, 3A2Y, 5YAG, and 3A1Y1C compositions showed
good sinterability and resulted in lower porosity (<63%)
than the others (>66%), such as MgO-containing specimens.
Poor sinterability of the MgO-containing specimens may be
due to the low viscosity of the liquid phase at 1750 °C,
which leads to the local agglomeration and evaporation of
the liquid phase during sintering. The weight losses of the
MgO-containing specimens were 47-50% and larger than
those (42-45%) of specimens without MgO.

Figure 3 shows the flexural strength data for the porous
SiC ceramics as a function of porosity. The strength
increased with decreasing porosity. This tendency has been
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Fig. 3 Flexural strength of the porous SiC ceramics sintered at
1750 °C as a function of porosity

observed in many other porous ceramics [17, 19, 22] and was
attributed to the higher probability of pore coalescence at the
higher porosity under load. The pore coalescence leads to a
larger defect size, resulting in lower strength.

However, 2AN3Y, 3A2Y, 5YAG, and 3A1YI1C speci-
mens showed rapid increase in strengths at porosities in
between 63% and 66%. 3A1Y1C specimen showed a
strength value of 10.4 MPa at 63% porosity whereas
1A2Y2M specimen showed a strength value of 5.1 MPa at
66% porosity. The rapid increase in flexural strength from
5.1 to 10.4 MPa as the porosity decreases from 66% to
63% was due to the differences in pore morphology and
degree of bonding formation between SiC grains in the
strut region. Thus, relatively higher strength observed in
2AN3Y, 3A2Y, 5YAG, and 3A1YI1C specimens was
attributed to more spherical morphology of pore structure
(Fig. 1) and lower porosity than MgO-containing speci-
mens. Among the compositions investigated herein,
2AN3Y led to the highest strength of 34 MPa at 56%
porosity when sintered at 1750 °C.

The compressive strength data of the sintered porous
ceramics are shown in Fig. 4. The compressive strength
decreased with increasing porosity. However, 3A2Y,
5YAG, and 3A1Y1C specimens showed rapid increase at
the porosity values between 63% and 66%. 3A1Y1C spec-
imen showed 45 MPa at 63% porosity whereas 1A2Y2 M
specimen showed 12 MPa at 66% porosity. Similarly, in the
flexural strength, the rapid increase in compressive strength
from 12 to 45 MPa as the porosity decreases from 66 to 63%
can be explained based on the differences in pore mor-
phology and degree of bonding formation between SiC
grains in the strut region.

It has been frequently observed that the composition of
sintering additives can significantly alter fracture behavior
in self-reinforced bulk SiC ceramics [27]. Kim et al. [28]

Porosity (%)

Fig. 4 Compressive strength of the porous SiC ceramics sintered at
1750 °C as a function of porosity

fabricated self-reinforced SiC ceramics with almost same
microstructures but different additive compositions in the
Y;Als0,,-SiO, system and observed that one of the
additive compositions showed a maximal strength. Com-
parable effects were also observed in many SiC and SizNy
ceramics [29-31]. The results suggest that the chemistry of
sintering additives affected densification of struts and pore
structure. As a result of these phenomena, strength of the
porous SiC ceramics was determined.

In summary, the porosities obtained ranged from 56% to
72% after sintering at 1750 °C, depending on the additive
composition. The 2AN3Y specimens showed the highest
strength (34 MPa, at a porosity of 56%) among the com-
positions investigated. The present results suggest that
judicious selection of sintering additive composition is an
efficient way to improve the mechanical strength of porous
SiC ceramics.

Acknowledgement This study was supported by the Korea Science
and Engineering Foundation (KOSEF) Grant (R01-2008-000-20057-
0) funded by the Korea government (MEST).

References

1. Bao X, Nangrejo MR, Edirisinghe MJ (1999) J Mater Sci
34:2495. doi:10.1023/A:1004666326039

2. Zhu X, Jiang D, Tan S (2002) Mater Sci Eng A 323:232

3. Kitaoka S, Matsushima Y, Chen C, Awaji H (2004) J Am Ceram
Soc 87(5):906

4. Adler J (2005) Int J Appl Ceram Technol 2:429

5. Fukushima M, Zhou Y, Miyazaki H, Yoshizawa Y, Hirao K,
Iwamoto Y, Yamazaki S, Nagano T (2006) J Am Ceram Soc
89(5):1523

6. Wach RA, Sugimoto M, Yoshikawa M (2007) J] Am Ceram Soc
90(1):275

7. YaO X, Tan S, Zhang X, Huang Z, Jiang D (2007) J Mater Sci
42:4960. doi:10.1007/s10853-006-0473-1

@ Springer


http://dx.doi.org/10.1023/A:1004666326039
http://dx.doi.org/10.1007/s10853-006-0473-1

4486

J Mater Sci (2009) 44:4482-4486

10.

11.
12.

13.
14.

15.
16.
17.
18.
19.

20.

. Ding S, Zeng YP, Jiang D (2007) J Mater Sci 42:7171. doi:

10.1007/s10853-007-1577-y

. Zheng Y, Zheng Y, Wang R, Wei K (2008) J Mater Sci 43:5331.

doi:10.1007/s10853-008-2778-8

Sciti D, Bellosi A (2000) J Mater Sci 35:3849. doi:10.1023/A:10
04881430804

Lee JH, Kim DY, Kim YW (2006) J Eur Ceram Soc 26:1267
Nader M, Aldinger F, Hoffmann MJ (1999) J Mater Sci 34:1197.
doi:10.1023/A:1004552704872

Kim YW, Mitomo M (1999) J Am Ceram Soc 82(10):2731

Ray DA, Kaur S, Cutler RA, Shetty DK (2008) J Am Ceram Soc
91(7):2163

Kim YW, Lee JG (1992) J Mater Sci 27:4746. doi:10.1007/BF01
166016

Chi W, Jiang D, Huang Z, Tan S (2004) Ceram Int 30:869

Lee SH, Kim YW (2006) J Kor Ceram Soc 43(8):458

Ma Y, Ma QS, Suo J, Chen ZH (2008) Ceram Int 34:253

Eom JH, Kim YW, Song IH, Kim HD (2008) J Eur Ceram Soc
28:1029

Chae SH, Kim YW (2009) J Mater Sci 44:1404. doi:10.1007/
$10853-009-3264-7

@ Springer

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Narisawa M, Yasuda H, Mori R, Mabuchi H, Oka K, Kim YW
(2008) J Ceram Soc Japan 116(1):121

Eom JH, Kim YW, Song IH, Kim HD (2007) Mater Sci Eng A
464:129

Kim YW, Eom JH, Wang C, Park CB (2008) J Am Ceram Soc
91(4):1361

Kim YW, Lee JG (1995) J Mater Sci 30:1005. doi:10.1007/BFO
1178437

Choi HJ, Lee JG (1995) J Mater Sci 30:1982. doi:10.1007/BF0
0353022

Kim YW, Kim SH, Song IH, Kim HD, Park CB (2005) J] Am
Ceram Soc 88(10):2949

Kim YW, Chun YS, Nishimura T, Mitomo M, Lee YH (2007)
Acta Mater 55:727

Kim JY, Kim YW, Mitomo M, Zhan GD, Lee JG (1999) ] Am
Ceram Soc 82(2):441

Zhou Y, Hirao K, Toriyama M, Yamauchi Y, Kanzaki S (2001)
J Am Ceram Soc 84:1642

Becher PF, Sun EY, Hsueh CH, Alexander KB, Hwang SL,
Waters SB, Westmoreland CG (1996) Acta Mater 44:3881
Satet RL, Hoffmann MJ (2005) J Am Ceram Soc 88(9):2485


http://dx.doi.org/10.1007/s10853-007-1577-y
http://dx.doi.org/10.1007/s10853-008-2778-8
http://dx.doi.org/10.1023/A:1004881430804
http://dx.doi.org/10.1023/A:1004881430804
http://dx.doi.org/10.1023/A:1004552704872
http://dx.doi.org/10.1007/BF01166016
http://dx.doi.org/10.1007/BF01166016
http://dx.doi.org/10.1007/s10853-009-3264-7
http://dx.doi.org/10.1007/s10853-009-3264-7
http://dx.doi.org/10.1007/BF01178437
http://dx.doi.org/10.1007/BF01178437
http://dx.doi.org/10.1007/BF00353022
http://dx.doi.org/10.1007/BF00353022

	Effect of additive composition on microstructure and strength�of porous silicon carbide ceramics
	Acknowledgement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


