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Effect of Ball-Milling on Porous Structure of Ca-Substituted Leucite Porous Body
with Low Thermal Expansion Coefficient
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The ball-milling for amorphous calcined powder in a PMMA solution, prepared by heating a mixture of nitrates,
y-Al,03, and amorphous SiO, powders were effective for the fabrication of Ca-substituted leucite porous bodies
with almost homogeneous pore-size distributions. Especially, when the amorphous powder calcined at 1073 K
was ball-milled for 48 h, the pore size decreased to 0.159 um and porosity increased in the porous body fabricat-
ed using the amorphous calcined powder. The FT-IR spectroscopy revealed that the amorphous calcined powder
is composed of fine particles having a network of (Si, Al) O, tetrahedra similar to the aluminosilicate framework
of the leucite compounds. The fabricated porous body showed a low linear thermal expansion coefficient of
1.405x% 10~ %/K in the temperature range of 298 to 1273 K.
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1. Introduction

Porous ceramics are very useful in capturing particulate
matter (PM) that can have adverse effects on human
health.”-® This PM is found in exhaust gases derived from
automobiles, factories and other sources. PM is classified into
two groups on the basis of their diameter; particles with a
diameter =2.5 um are called PM 2.5, and those with a dia-
meter = 1.0 um are called PM 1. The difference between parti-
cles of each size demands the development of ceramic filters
with pores of controlled size. Additionally, it is important that
ceramic filters have low thermal expansion coefficient and a
high thermal stability, because the PM captured in ceramic
filters must be combusted at higher temperatures and then
cooled for the ceramic filters to be reused.

An aluminosilicate porous body of cubic Cs-deficient
pollucite, CsgoAlyoSiz 106, With a linear thermal expansion
coefficient of ca. 1.0x 107%/K in the range of 298 to 1273 K,
would be an attractive candidate as a novel ceramic filter for
capturing PM, because aluminosilicate does not have serious
problems of oxidation at higher temperatures. It also does not
produce microcracks due to thermal stress from anisotoropic
thermal expansion as does cordierite, Mg,Al;SisOy5, which is
problematic because microcracks are produced during its
regeneration.”

The fabricated porous body of Cs;oAljSi, O has several
sizes of pores producing a wider range of diameters from ca.
0.2 to 5.5 um, which means that pore-size control is not
achieved to the extent required.¥ Such heterogeneous pore
formation is considered to be due to the agglomerated parti-
cles in the calcined powder, suggesting that grinding the
agglomerates is effective for the formation of a homogeneous
porous structure. However, a highly controlled porous struc-
ture could not be obtained by ball-milling the CsgoAly ¢Si; ;Os
powder calcined at 1073 K whereas the porosity of the porous
body increases.?

In this work, a cation with a different valence was substitut-
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ed for the cesium ion in Csg¢Aly ¢Siy (Og. This substitution was
expected to suppress the crystallization of a leucite phase,
resulting in produce of the calcined powder with an amor-
phous phase, which is easily ground by ball-milling. The ther-
mal shrinkage of a compact of the amorphous calcined pow-
der and the porous structure of the porous bodies fabricated
were investigated by a thermal mechanical analysis (TMA),
a scanning electron microscopy (SEM), and Hg intrusion
porosimetry. Furthermore, the thermal expansion coefficient
of the porous bodies fabricated was measured by TMA.

2. Experimental

2.1 Preparation of Ca-substituted pollucite powder

Ca(NOs),-4H,0 powder (>99%; High Purity Co., Ltd.),
CsNO; powder (>99%; High Purity Co., Ltd.), ALO; sol
(alumina sol 200; Nissan Chemical Co., Ltd.) and SiO, sol
(snotex O; Nissan Chemical Co., Ltd.) were used as raw start-
ing materials. First, Al;O; and SiO; sols were mixed at pH=
5.4, dried, and heated at 873 K in air for 20 h to obtain a mix-
ed fine powder of y-Al,O; and amorphous SiO, (molar ratio
of Al/Si=0.9/2.1).9 Second, CsNO; and Ca(NO,;),-4H,0
powders were added to the fine powder mixture of y-AlLO3
and amorphous SiO, to give a molar ratio of 0.74/2.1 for Cs/
Si and of 0.08/2.1 for Ca/Si in the case of the Ca-substituted
powder with a chemical formula of Csg74Cag gsAlg 9Si, 106 and
to give a molar ratio of 0.9/2.1 for Cs/Si in the case of the
non-substituted powder wtih a chemical formula of Csg¢Algo
Si, (Os. The mixed powders were heated at 873 K in air for
20 h to decompose CsNO; and Ca(NO;),. Then the powders
consisting of an amorphous phase were calcined at 1073 and
1273 K in air for 20 h to investigate the crystallization process.
Here, the ideal densities calculated from lattice constants of
the crystalline CS()_74C&0‘08A10,95i2,106 (hereafter, CCAS) and
Cs0.0Al 0Si, 106 (hereafter, 9CAS) were 2.93 and 3.10 g/cm?,
respectively.
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2.2 Fabrication of Ca-substituted pollucite porous bodies

The powders calcined at 1073 K were well-dispersed in ace-
tone by an ultrasonic treatment. Then polymethyl methacry-
late (PMMA; (CsHgOy,),, Wako Co., Ltd.) were dissolved
in acetone and mixed with the calcined powder for 24, 36, and
48 h by ball-milling. The size of the Al,O; balls used for
the ball-milling was 5 mm¢ in diameter. The ratio of PMMA
added to the calcined powders was 35 mass% of the value that
had been optimized previously.” Green compacts composed
of the calcined powders and 35 mass% PMMA were prepared
by anisotropic pressing at 49 MPa for 1 min, followed by cold
isostatic pressing (CIP) at 196 MPa also for 1 min. The speci-
men was approximately 5X35x 10 mm?3. The compact pre-
pared was heated at 873 K in air for 20 h to decompose and
delete the PMMA at a heating rate of 2 K/min, according to
the condition that the PMMA in a green compact composed of
amorphous leucite powder could be decomposed and deleted
in the temperature range of 523 to 773 K, which was clarified
by a TG-DTA measurement in our previous paper.” Then the
preheated specimens were sintered at 1473 K in air for 20 h to
fabricate the porous bodies of CCAS.

2.3 Evaluations

The calcined powders were examined by a X-ray diffraction
(XRD; Rad-C, Rigaku Co., Ltd., CuKe, 40kV, 30 mA)
analysis and by a Fourier transform infrared spectroscopy
(FT-IR; IRPrestige-21, Shimadzu Co., Ltd.) with the KBr
method. Thermal expansion properties of the synthesized
CCAS and 9CAS powders were investigated in the viewpoint
of the lattice parameter by a high temperature X-ray diffrac-
tometer equipment (HTXRD; Mac Science, MXP18VA, Cu
Ko, 40kV, 200 mA). Lattice parameters of the synthesized
CCAS and 9CAS were refined at temperatures ranging
between 298 to 1173 K, by the least-squares method, using six
diffraction peaks of (332), (440), (532), (631), (721) and
(732) planes. These diffraction peak positions were corrected
using a commercial Si powder (99.9%up, High Purity Chemi-
cal Lab. Co., Ltd.) as the external standard, at a scanning
speed of 1°/min in the scanning 26 range of 20 to 80°. A meas-
uring sample was set in a Pt holder in contact with the ther-
mocouple in the HTXRD apparatus. The thermal shrinkage
behavior in the temperature range of 298 to 1473 K of the
compacts of Ca-substituted and non-substituted pollucites
heated at 873 K for 20 h to decompose PMMA was investigat-
ed by a thermomechanical analyzer (TMA 8310, Rigaku Co.,
Ltd.), using an ALO; rod as a reference. The fractured sur-
faces of the porous bodies were observed using SEM (S4100,
Hitachi, Co., Ltd.). The porosity of the open pores and the
pore-size distributions of the porous bodies were investigated
using a Hg intrusion porosimetry (Autopore 9520, Shimadzu
Co., Ltd.). The thermal expansion behavior in the tempera-
ture range of 298 to 1273 K of the fabricated porous body was
measured by TMA, using SiO, glass rod as a reference.

3. Results and discussion

3.1 Characterization of Ca-substituted calcined powders

XRD patterns of non-substituted (hereafter 9CAS) and the
Ca-substituted (hereafter CCAS) leucite powders calcined at
873, 1073, and 1273 K for 20 h are shown in Figs. 1(a) and
(b), respectively. Here, these calcined powders were not ball-
milled for grinding. The 9CAS and CCAS powders calcined at
873 K (hereafter 873 K—calcined powder) had an amorphous
phase without any diffraction peaks, suggesting that the cal-
cined powders are highly reactive during sintering. Actually,
we succeeded in fabricating the dense sintered bodies of 9CAS
using an amorphous calcined powder.® However, there was
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Fig. 1. XRD patterns for powders of 9CAS (a) and CCAS (b) cal-
cined at temperatures : 873 K, 1073 K, and 1273 K.

the difference between 9CAS and CCAS at 1073 K that CCAS
displayed an amorphous phase and 9CAS, a crystalline
phase in the XRD patterns, which means that the crystalliza-
tion of the Cs-leucite compound, Csg oAl ¢Si, 0, in the cal-
cined powder was suppressed by the Ca substitution. Finally,
it was confirmed that both the calcined powders had the single
phase of Cs-leucite related compounds from XRD patterns.
Figures 2(a) and (b) show thermal expansion properties in
the temperature range of 298 to 1273 K of 9CAS and CCAS
powders with a crystalline single phase, respectively. CCAS
showed a linear thermal expansion property compared to
9CAS and its thermal expansion rate was almost equal to that
of 9CAS. Thus it was found that Ca-substitution for 9CAS
was achieved without losing an advantage of the lower thermal
expansion property of 9CAS.

The FT-IR spectra of the powder calcined at temperatures:
(b) 1073 K, (c) 1273 K, and (d) 1473 K, are shown in Fig. 3,
together with the spectrum (a) of a mixed fine powder com-
posed of amorphous SiO, and y-Al,O; at a molar ratio of Si/
Al=2.1/0.9, with XRD pattern of an amorphous phase. As
for the spectrum (b) of the powder calcined at 1073 K (here-
after 1073 K-calcined powder), no absorption peak due to
NO;~ was observed in the spectrum, showing that the 1073 K-
calcined powder contained no undecomposed nitrates from
the starting materials. However, a significant difference in the
peak shape between spectra (a) and (b) was recognized. As
for the spectrum (a) of the mixed fine powder of amorphous
SiO, and y-Al,0;, absorption peaks in the range of 1300-1000
cm™! are assigned to the asymmetric stretching vibration of
Si-0, a peak at ca. 800 cm~! is assigned to the symmetric
stretching vibration of Si-O, and a peak at ca. 470 cm™! is
assigned to the asymmetric bending vibration of O-Si-0.9-1V
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Fig. 2. Thermal expansion properties in the temperature range of
298 to 1173 K for powders of 9CAS (a) and CCAS (b).
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Fig. 3. FT-IR spectra of mixed fine powders of y-Al,O; and amor-
phous SiO, (a), 1073 K-calcined powder (b), 1273 K-calcined powder
(c), 1473 K-calcined powder (d).

No absorption peaks corresponding to y-Al,O; were clearly
observed. In spectrum (b) of the 1073 K-calcined powder, the
absorption peak for the asymmetric stretching vibration shift-
ed toward a lower wavenumber. The FT-IR spectrum (c) of
the 1273 K-calcined powder with an asymmetric O-(Si,Al)-O
stretching vibration!'? at ca. 1100 cm~!, with a crystallized
leucite phase as shown in Fig. 1, suggests that a network of

(Si,Al) O, tetrahedra was produced in the 1073 K-calcined
powder by the reaction of amorphous SiO, and y-AlLO;
caused by the thermal decomposition of nitrates. No absorp-
tion peak at ca. 800 to 650 cm ! corresponding to the symmet-
ric stretching vibration of O-(Si,Al)-O, which leucite-related
compounds have,'? was clearly observed in spectrum (b)
because the leucite phase was not crystallized.

Figure 4 shows the thermal shrinkage behaviors of com-
pacts of the 1073 K-calcined powders for CCAS and 9CAS in
the temperature range of 298 to 1473 K. CCAS specimens
began to shrink at ca. 1050 K, and a rapid shrinkage was
recognized in the temperature range of 1050 to 1300 K, while
9CAS did not show a marked shrinkage in the same tempera-
ture range. This result shows that the calcined powder with an
amorphous phase achieved by Ca substitution for Cs-leucite is
effective for the fabrication of porous bodies at low tempera-
tures compared with non-substituted Cs-leucite.

3.2 Effect of ball-milling on porous structures

Porous bodies of CCAS were fabricated from the 1073 K-
calcined powder with an amorphous phase and ball-milled for
24, 36, and 48 hrs, and then the fractured surfaces of the fabri-
cated porous bodies were investigated to clarify the effect of
ball-milling on their microstructure. The SEM photographs
shown in Fig. 5 reveal that the microstructure of porous
bodies varies with ball-milling time, and increasing the time,
decreases the size of the grains together with the size of the
pores in the porous bodies. Furthermore, neck formation due
to sintering among the grains was observed in the porous
bodies fabricated via ball-milling times of 24, 36, and 48 h.

Figure 6 shows the pore size distributions of porous bodies
investigated by a Hg-intrusion method. The porous bodies
fabricated via ball-milling had different pore-size distribu-
tions. In the case of the 24 h-ball-milling, a smaller pore size of
0.71 um and a larger pore size of 2.57 yum were recognized in
the porous bodies. On the other hand, the porous bodies fabri-
cated by 36 h-ball-milling had an almost uniform pore-size dis-
tribution with a smaller pore size of 0.375 um, suggesting that
the ball-milling ground and decreased the agglomerated parti-
cles in the calcined powder. Furthermore, the pore size in the
case of the 48 h-ball-milling decreased to 0.159 ym in a smaller
pore size and to 0.643 um in a larger pore size, compared with
porous bodies fabricated via the 24 h-ball-milling. Thus, the
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Fig. 5. SEM photographs of fractured surfaces of the porous bodies fabricated via ball-milling for 24 h (a), 36 h (b), and 48 h (¢) with a

magnified image on the upper right.
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Fig. 7. Larger pore-size distribution of the porous bodies fabricated via ball-milling treatment for 24 h (a), 36 h (b), and 48 h (c).

ball-milling was effective for decreasing pore size because the
amorphous calcined powder consisting of agglomerated parti-
cles was ground to fine particles and dispersed in acetone dur-
ing ball-milling. The larger pores remaining in each porous
body ball-milled were derived from agglomerated particles
insufficiently ground under each condition. To investigate
pores larger than the main pores, a magnified scale on the
pore-size distribution is shown in Fig. 7. Very small amount of
pores were recognized, and the size and the amount of the
larger pores decreased with increasing the ball-milling time.
The result indicates that the ball-milling treatment for the cal-
cined powder brought about homogeneous pore-size distribu-

tion even in a larger scale.

Figure 8 shows the thermal shrinkage behaviors of the
degreased compacts fabricated via ball-milling treatment for
24, 36, or 48 h for the calcined powder. A remarkable thermal
shrinkage was observed above 1073 K, which was the calcina-
tion temperature of the mixed raw powders. The thermal
shrinkages of the specimens varied above 1223 K, and the rate
decreased as the ball-milling time increased. The above result
suggests that agglomerated particles in the compacts partially
enhanced sintering among the agglomerated particles, and led
to a large thermal shrinkage as shown in (a) of Fig. 8. On the
other hand, thermal shrinkage of the specimen fabricated via
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Fig. 8. Thermal shrinkage behaviors in temperature range of 298 to
1473 K of the compacts fabricated via ball-milling treatment for the
calcined powder for 24 h (a), 36 h (b), and 48 h (c).
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Fig. 9. Effects of time of the ball-milling on porosity and pore size in
the porous body. Open and solid circles denote porosities obtained by
the Hg intrusion method and by the ideal density of CCAS, respective-
ly, and the triangles denote the main pore size in the porous body
obtained by Hg intrusion.

ball-milling for 48 h was suppressed in comparison with the
case of ball-milling for 24 and 36 h, suggesting that the
amount of the agglomerated particles were decreased efficient-
ly.

Variations in porosity and smaller pore-sizes of fabricated
porous bodies versus ball-milling time for calcined powder are
shown in Fig. 9. The porosity increased from 47.4 to 52.9% as
the ball-milling time increased, regardless of pore-size decreas-
ing. The result indicates that fine particles produced by ball-
milling did not enhance grain growth, but they promoted sin-
tering among particles to produce smaller pores, resulting in a
higher porosity for the porous body. From the above result, it
was considered that PMMA dissolved in acetone deposits
heterogeneously among the calcined particles when many
agglomerated particles exists in the calcined powder, and that
thermal decomposition of the heterogeneous PMMA in the
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Fig. 10. Thermal expansion property for the fabricated porous body
in the temperature range of 298 to 1273 K.

compact partially produced larger pores in the degreased com-
pact and the final porous body.

A solid circle for each ball-milling time in Fig. 9 denotes a
porosity of the fabricated porous body calculated from an
ideal density of CCAS. The porosity was considered to be the
sum of the volumes of open and closed pores, and it increased
by increasing the ball-milling time. On the other hand, there
was a difference between porosities investigated by the Hg
intrusion method and ideal density, especially in case of ball-
milling for 24 h. Since the Hg intrusion method clarifies
volume for open pores in the porous body, the difference
between values for open () and closed (@) pores was due
to a ratio of closed pores in the porous body. Therefore, the
difference in the case of ball-milling for 24 h, means that the
ratio of the volume of the closed pores in the porous body was
larger than that in cases of the ball-milling for 36 and 48 h.
The extent of the closed pores in the porous body was consi-
dered to correspond to the existence of the agglomerated parti-
cles of the calcined powder, and the open pores in the porous
body was found to increase by increasing the ball-milling time
for the calcined powder.

The porous bodies of CCAS fabricated via the 36 h-ball-
milling with almost homogeneous pore-size distribution had a
low thermal expansion coefficient of 1.405%x107%/K in the
temperature range of 298 to 1273 K, as shown in Fig. 10.
Additionally, there was no hysteresis in the thermal expan-
sion. A pore size of 0.375 um which the porous body had was
effective for capturing PMI1 in polluted air; however, it was
thought that a further decrease in the number of Cs* ions in
aluminosilicate by a Ca substitution would be necessary to
apply this material to a porous ceramic filter.

4. Conclusions

In this work, the effect of ball-milling in a PMMA solution
on the amorphous calcined powder for the structure of porous
bodies with the chemical composition Csg74CagggAlyoSis Og
(CCAS) was investigated. The ball-milling time for the
amorphous powder calcined at 1073 K increased from 24 to
48 h, the pore size decreased from 0.71 to 0.159 yum and
porosity increased from 47.4 to 52.99%. Additionally, the
larger pore size greater than 1 um disappeared as a result of
the ball-milling, and resulted in an almost homogenous porous
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structure. Amorphous calcined CCAS powder had a network
of (Sl, Al)O, tetrahedra similar to an aluminosilicate frame-
work of leucite compounds and enhanced sinterability in
comparison with the 9CAS. The porous bodies of CCAS
fabricated via a 36 h-ball-milling treatment, with an almost
homogeneous pore-size distribution, had a low thermal expan-
sion coefficient of 1.405%x107¢/K in temperatures ranging
from 298 to 1273 K.
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