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Abstract

Porous bodies of cubic Cs-deficient pollucite,o &8 9Si, 10, Were fabricated by using pollucite-calcined powder and polymethyl
methacrylate (PMMA), as a pore-forming agent. Porous structure withuOr8in pore-size and 48.4% in porosity was obtained by heating
the green compact of the 1073 K-calcined powder including 35 mass% PMMA at 873K in air for 20 h to decompose PMMA, following at
1673 K in air for 20 h. The porous structure was formed via the process that small pores resulted from the PMMA decomposition, enlarged
and grain growth occurred together with the neck formation with increasing the heating temperature. The fabrjgaied%is; Os porous
body had the low thermal expansion property of which the linear thermal expansion coefficient was>c4.0t%K ! in the temperature
range of 298-1273 K.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction of 48 (Si,Al)O, tetrahedra and 16 Gdons in 12-coordinated
sites surrounded by the framewdtkattice parameter of pol-
In recent years, ceramic filters have been developing |ucite is around 1.3678 nHi™12and melting point >1900 K3
for removal of small particles in polluted air originating There are many repofts'214 on thermal expansion prop-
mainly from vehicular traffic and energy production under erties for pollucites. Thermal expansion coefficient (TEC)
higher temperatures, and many studies on porous materi-above 473K of pollucite is very low; TEC values were in
als for filtering hot gas have been reportefi. However, range of 0 to 2x 10~ K—1. However, the TEC in tempera-
porous materials used and studied, have a serious problemure range of RT to 473K is very high; TEC values 10 to 20
that microcracks arise from thermal stress due to anisotoropicx 106K =1, In our previous stud¥>* cubic Cs-deficient
thermal expansion in case of using the materials in high- type pollucite powder, GsAl 0.9Siz 106, Was synthesized by
temperature environmentsFor instance, the cordierite ce-  the multi-step heat treatment. TEC values for the synthesized
ramic honeycombs have an issue that microcracks occur dur-Cs Al g.9Si» 1 Og were around 2.6« 108K~ in tempera-
ing regeneratiof.As one of solution methods for such the ture range of 298—1273 K14 And further we succeeded to
problems, itis thought that application of substances with cu- fabricate the dense sintered body 0§64l o.9Si.1Os Show-
bic symmetry and low thermal expansion properties for hot ing low thermal expansion by using amorphous pollucite-
gas-filter materials. calcined powders with size <100 nm in particle diamé?er.
Pollucite, CsAIS}Og, cubic with space group da-3d, From the described above, it is thought that application of
has a three-dimensional aluminosilicate framework structure cubic Cs-deficient type pollucite to a novel low-thermal ex-
pansion porous material. Considering the pollucite-sintered
* Corresponding author. Tel.: +81 48 858 3720; fax: +81 48 858 3720,  b0dies have been fabricated by using the amorphous pow-
E-mail addressyanase@apc.saitama-u.ac.jp (I. Yanase). ders with small particles <100 nf, it would be expected
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that submicron-porous materials could be fabricated by uti- 2.3. Evaluations

lizing the fine powders and pore-forming agents, and further, N )

it could be candidates for filtering fine particles with a diam-  SPecific surface areas of the calcined powders were
eter <1um arising from the secondary combustion products investigated using nitrogen adsorption apparatus (Sorpt-
from vehicular traffic and energy productiéf8 matic 1990; CE Instruments Corp.). Crys_talllne phases in

In this work, cubic CggAlgeSi10g porous bod-  the calcined powders and the dg&\l0.9Si210s porous
ies with submicron-pores have been fabricated using Podies were examined by X-ray diffraction apparatus (XRD;
C30.9Al0,9Si2106 calcined powders and PMMA as a pore- Rad-B, Rigaku Co., Ltd., Japan, CualK40kV, 30 mA).
forming agent. And then, the porous specimens have beenMorphologies and particle distribution for the calcined
investigated by a scanning electron microscopy, an Hg- Powders and fractured surfaces of the porous bodies were
intrusion method, and a thermal mechanical analysis. observed using a scanning electron microscope (SEM;
S-4100, Hitachi Co., Ltd., Japan).

Relative densities of the fabricated dg#\l0.9Si» 10
porous bodies were calculated from bulk densities mea-
sured by the Archimedes’ method using water. Here,
theoretical density of G®Alg9Si»10s was 3.10g/crh
which were calculated from lattice volume for the syn-
thesized CgoAlpgSih10s powder by a least squared
method!® Porosity and pore-size distribution for the
Cs5.0Al0.9Sin.10g porous bodies were investigated using an
Hg-intrusion porosimetry (Autopore 9520, Shimadzu Co.,
Ltd., Japan). Thermal behaviours for the green compact of
Cs.9Al0.0Si2 106 and thermal expansion properties for the
porous bodies of GAlg9Six.106 in temperature range of
298-1273 K were investigated using a thermal mechanical
analyzer (TMA; Thermoflex, Rigaku Co., Ltd., Japan).

2. Experimental
2.1. Synthesis of @gAly.9Sk.10s powder

CsNG; powder (99% up; Koujyundo Kagaku Co., Ltd.,
Japan), AJO3 sol (Alumina sol 200; Nissan Kagaku Co.,
Ltd., Japan) and Sig»ol (Snotex O; Nissan Kagaku Co., Ltd.,
Japan) were used as starting raw materials. FirstiyOAl
and SiQ sols were mixed at pH 5.4, dried, and heated at
873 Kinair for 20 h to obtain mixed fine powderswil 203
and amorphous SgXmolar ratio of Al/Si = 0.9/2.1}° Sec-
ondary, CsNQ@ powders were added to the fine powder mix-
tures ofy-Al 203 and amorphous Sig£Xo give the molar ratio
0f0.9/2.1 for Cs/Si. The mixed powders were heated at 873 K
in air for 20 h to decompose CsNOThen, the powders were
calcined at each temperature of 923 to 1273 K in air for 20 h,
in order to synthesize calcined powders with chemical com- 3 1. Characterization of GeAlg oSk 1O0g calcined

position of C$.9Al0.9S.10s. powders and green compacts

3. Results and discussion

2.2. Fabrication of CggAlg.9Sk.10g porous body XRD patterns for the powders obtained by heating the
mixed raw materials at 923, 1073 and 1273 K in air for 20 h,

Firstly, polymethyl methacrylate (PMMA; #Es0y),, are shown irFig. la—c, respectively. An amorphous phase
ca. 2-3 mm particles, Wako Co., Ltd., Japan), was dissolvedwas recognized in the powder calcined at 923K (923 K-
in acetone by ultrasonic treatment to prepare PMMA solu- calcined powder), and crystalline pollucite and slight amor-
tion, and then the calcined powders oG8l o.9Siz 10, pre- phous phases were recognized in the powder calcined at
viously dispersed in acetone for 10 min by ultrasonic treat- 1073 K (1073 K-calcined powder). Single phase of pollucite
ment, were mixed with PMMA in the solution for 20h by  with a well-crystallized phase was recognized in the pow-
ball milling. Mixing ratio of PMMA to the calcined powders  der calcined at 1273 K (1273 K-calcined powder). SEM pho-
was in range of 0—-50 mass%. Then the acetone was removedographs for the 923, 1073, and 1273 K-calcined powder in
from the slurry with an evaporator, and the dried mixtures air for 20 h are shown iifrig. 1A—C, respectively. From the
consist of the calcined powders and PMMA, were used for SEM photographs, it was observed that particle growth and
green compacts. aggregation progressed with increasing the calcination tem-

Green compacts composed of the calcined powders andperature. And also specific surface areas for these calcined
PMMA were prepared by anisotropic pressing at 49 MPa for powders decreased with increasing the temperature.

1 min, followed by cold isostatic pressing (CIP) at 196 MPa
for 1 min. The specimen size was approximately 5mm

Thermal behaviours of the green compacts without
PMMA, fabricated using the 923, 1073, and 1273 K-calcined

5mm x 10 mm. The prepared compact was heated at 873 K powder, were investigated by the TMA. The results are shown

in air for 20 h to remove PMMA, with heating rate of 2 K/min.

in Fig. 2 And SEM images of the fractured surfaces of the

Here the temperature for deleting PMMA was determined specimens fabricated by heating the compact of the 923,
from the result that PMMA was decomposed in temperature 1073, and 1273 K-calcined powder at 1673 K in air for 5h,
range of 573—-773 K, investigated by TG-DTA. Then the pre- are shown irFig. 2b—d, respectively.

heated specimens were sintered at 1673 K in air for 20h to In case of the 1273 K-calcined powders, the compact
fabricate porous bodies of g§Al o 9Siz.10s. expanded in the temperature range of RT to 1273K. The
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1. XRD patterns and SEM photographs for the powders calcined at 923K (a), 1073 K (b) and 1273 K (c) in air for 20 h.
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Fig. 2. Thermal behaviours (a) of the compacts fabricated using the powders calcined at 923, 1073, and 1273 K in air for 20 h. And SEM images fedthe fractu
surfaces for the specimens using the (b) 923 K-calcined, (c) 1073 K-calcined, and (d) 1273 K-calcined powders.
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expansion seemed to be due to the particle growth and ag-specimens, relationship between the amounts of PMMA ad-
gregation as shown iRig. 1c. From the SEM image shown dition and the relative densities for the specimens was inves-
in Fig. 2d, the small particles were clearly observed becausetigated. Here, all the @Al g.9Six.10s Specimens were fab-
the sintering was suppressed. Contrary, the compact for thericated by heating the green compacts of the 1073 K-calcined
923 K-calcined powders showed a slow shrinkage in the tem- powder containing PMMA at 873 K in air for 24 h, followed
perature range of RT to ca. 923 K and showed a rapid shrink- by sintering at 1673 K in air for 20 h. The 1073 K-calcined
age above 923K, corresponding to the calcination tempera-powders used for the compacts, were previously dispersed
ture 923 K. This result suggests that particles growth in the by the ultrasonic treatment. The obtained result is shown in
923 K-calcined powder rapidly proceeded due to the higher Fig. 4 The relative density decreased from 72.5 to 42.6%
specific surface area. From the SEM image shovwkign2b, with increasing the PMMA amount of 0 to 50 mass% because
it was recognized that the sintering among particles signifi- PMMA volume in the green compacts increased. The result
cantly progressed. Similarly, in case of the 1073 K-calcined shows that pore volume in the fabricatedy@Al g.9Si» 10g
powders, the compact apparently showed a shrinkage abovespecimen increases with increasing the amount of PMMA.
ca. 1073K, corresponding to the calcination temperature SEM photographs for the fractured surfaces of the
1073 K. However, the shrinkage was smaller than the caseCs Al 9Sin.10s specimens fabricated by heating the com-
of the 923 K-calcined powder. As a result, pore formation pacts containing 35 mass% PMMA at 1373, 1473, 1573 and
and particle growth occurred in the fractured surface of the 1673 K in air for 20 h, are shown ifig. 5a—d, respectively.
specimen for the 1073 K-calcined powder from the SEM im- From Fig. 5a, it was observed that both sizes of the parti-

age inFig. 2c. cles and the pores were below ca. @B, and grain growth
Relationship between the calcination temperatures andhardly enhanced at 1373 K. In case of 1473 and 1573 K, the
relative densities for the fabricated s#\l 9 9Si>.10s Speci- grains and pores in the specimens apparently enlarged with

mens is shown iirig. 3. The relative densities decreased from increasing the heating temperature, as showfign S and
69.4 to 56.0% with increasing calcination temperature from c. And in case of 1673 K, the porous structure with pores
923 to 1273 K. The specimen for the 1273 K-calcined pow- of size around 0.pm was formed, together with the grain
der had a lowest relative density because of the aggregatiorgrowth and the neck formation, as shownHig. 5d. From
and the particle growth in the powder. The specimen of the these SEM images, it was clarified that the formations of such
923 K-calcined powder had the highest relative density due porous structures were progressed as follows. Firstly, the mi-
to fine particle powders with higher specific surface area. In crostructure in the @Al .9Si» 10g specimens was formed
case of the 1073 K-calcined powder, the specimens had a lowat 1373 K, resulting from the PMMA decomposition at 873 K
relative density compared to the case of the 923 K-calcined for 20 h. Secondary, the pores enlarged and the grain growth
powder. enhanced with increasing the heating temperature. Finally,
From the results foFigs. 2 and 3it was found that the Cg 9Al.9Siz 106 porous body with the porous structure
using 1073 K-calcined powders was appropriate for form- was fabricated at 1673 K.
ing pore structure and increasing the pore volume in the Particle distribution for the 1073 K-calcined powders dis-

C9.9Al0.9Si» 106 Specimens. persed by the ultrasonic treatment is showrFig. 6, in-
vestigated from SEM image, on right-upper side in the
3.2. Fabrication of CggAlg.9Sh 10 porous body Fig. 6, showing morphology for the 1073 K-calcined pow-

der. The particles were mainly in range of 0.3—@rbB in
In order to examine the effective adding amount of PMMA diameter. Effect of the ultrasonic treatment on the parti-
for fabrication of porous structure in the ¢\l 0.9Siz.106
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Fig. 3. Effect of calcination temperature on relative density of the Fig. 4. Relationship between amount of PMMA addition and the relative
Cs.0Al0.9Siz 106 Specimens. density of the porous specimens.
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5 um

Fig. 5. SEM photographs for the fractured surface of thgsBy 9Siz 10 porous bodies fabricated by sintering at 1373K (a), 1473K (b), 1573 K (c) and
1673 K (d) in air for 20 h.

cle dispersion was clearly recognized in comparison with at 1373 K, as shown ifrig. 5a. That is, the microstructure
the 1073 K-calcined powder as prepared without the ultra- with homogeneous small pores would be obtained when the
sonic treatment, shown iRig. 1b, though aggregation was calcined powders could be well dispersed and well mixed
also observed among the particles in the SEM image of with the PMMA solution.

Fig. 6.

. Therefore, it was f:onsidered that the dijspersed pa}rticles3_3_ Pore structure and thermal expansion of

influenced on formation of the small pores in the specimens Cs0.9Al0.9Sh 106 porous body

50 Pore-size distribution for the @gAlg9Si»10s porous
1 body fabricated at 1673 K is shownhig. 7. Pores of 0.37wm
in diameter were mainly observed in the porous body, of
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Fig. 6. Particle-size distribution for the 1073 K-calcined powder performed
by ultrasonic treatment and SEM image on right-upper side is morphology Fig. 7. Pore-size distribution for the ggAl 9.9Siz 10s porous bodies fabri-
for the powder. cated using 1073 K-calcined powder and 35 mass% PMMA.
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Fig. 8. XRD patter of the fabricated 109512105 porous body. Fig. 9. Thermal expansion behaviour of the fabricateg ¢8$.9Si» 106

porous body in the temperature range of 298-1273K.
which the differential volume was much larger than pores of
2.60um slightly observed in the same specimen. Porosity of Crystalline phase for the porous body wag 65l 9.9Si> 106
the specimen was 48.4%. Thus, it was found that the poroussingle phase without a glassy phase, referring to the JCPDS
structure with almost homogeneous submicron-pores wascard (No. 29-0407) for CsAlgDs. And it was found that
fabricated by mixing the 1073 K-calcined powders dispersed the Cg9Alo.9Si2.106 phase was completely crystallized at
and the PMMA solution of optimum amount 35 mass%, using 1673 K via the formation of the porous structure, consider-

the ball milling. ing that the 1073 K-calcined powder included the amorphous
XRD pattern for the fractured surface of the o@s phase, used for the green compact.
Al 9Sip 106 porous body fabricated by using the 1073 K- Thermal expansion behaviour in the temperature range

calcined powders and 35 mass% PMMA is showirig. 8. of 298-1273K for the GgoAlpgSi»10s porous body
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Fig. 10. Thermal expansion behaviours and fractured surfaces of hé\Gs Siz. 1O porous bodies fabricated using 20 mass% (a) and 50 mass% PMMA (b).
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fabricated using the 1073 K-calcined powder and 35 mass%
PMMA, was investigated by the TMA referring to the fused
silica. The result is shown irrig. 9. The porous body
showed almost linear thermal expansion property of which

coefficient was ca. 1.8 10~ K1 in temperature range
of 298-1273 K.

the thermal expansion rate was 0.101% and the TEC Wasgeferences

1.0 x 107°K~1. In addition, a hysteresis was not recog-
nized in the property with increasing and decreasing temper- 1.
ature.

On the other hand, ifrig. 10 thermal expansion be-
haviours and fractured surfaces for theg@Alg gSi» 106
porous bodies fabricated using 1073 K-calcined powder and
of 20mass% PMMA and 50 mass% PMMA were shown 3.
together. In case of 20mass% PMMA, pores formation
were not enough in the specimens because amount of
PMMA was too small, and a hysteresis was recognized
in the thermal expansion behaviour. In case of 50 mass%
PMMA, it was observed that necks among particles were 5.
not formed enough due to much larger amount of PMMA,
and that a huge hysteresis in the thermal expansion be-
haviour. Therefore, it was thought that such hystereses
were due to the heterogeneous microstructures in the speci-
mens. 7.

From the results ofigs. 9 and 10it was found that
the thermal expansion behaviours for the) 65l 9 9Siz.10g
porous bodies were significantly influenced by the added ™
amount of PMMA, and that it was important for homoge-
neous porous structures to clarify the optimum amount of o.
PMMA.

10.

4. Conclusions
11.

Obtained results in this study on fabrication and thermal 15
expansion properties for Cs-deficient type pollucite porous
bodies were described as follows: 13.

(1) Cs9.9Alg9Sin 106 porous bodies were fabricated by heat- 14.
ing green compacts of powder mixtures prepared by mix-
ing 1073 K-calcined powders and PMMA dissolved in
acetone, at873 Kinairfor 20 hand followed by at 1673 K
in air for 20 h.

(2) The PMMA was removed from the green compacts 16.
by heating at 873K for 20 h. The porous structures of
the Cg.9Al0.9Si».10g specimens were formed by grain
growth and neck formation with increasing the heating -
temperature to 1673 K.

(3) In case of using the 1073 K-calcined powder and the
35 mass% PMMA, porous structure with 0438 in size 18.
and 48.4% in porosity, was obtained in the fabricated
Cs.9Al0.9Siz 106 porous body.

(4) The Cg 9Al(.9Si» 106 porous body had the low thermal
expansion property of which the linear thermal expansion
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