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Abstract

A continuous process for gelcasting fabrication of porous ceramics is reported. The key characteristic of this method is the mixing of slurry
and N, bubbles, formed from a separated canister containing a surfactant prior to foaming of slurry, in a spiral mixer. The microstructure of the
resulting porous ceramic is compared with that of sample fabricated by the conventional discontinuous procesgagittoNtrolling system.

Porous ceramic produced using the new method displays lower density, higher open and total porosities, and broad pore size distribution. The
obtained porous ceramics by the two routes are further investigated by sound absorption and heat insulation tests. Porous ceramic producec
using the new method shows higher value of sound absorption coefficients, which suggests that the large porosity augment the sound absorbinc
performance of ceramics sample. The pore structure could also affect the thermal conductivity of the porous ceramics. With high porosity,
sample fabricated with new method displayed lower thermal conductivity.

© 2005 Published by Elsevier Ltd.
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1. Introduction gelcasting is a new processing route for the fabrication of
highly porous ceramics. This method, originally developed
The incorporation of porosity within a tailored structure by Oak Ridge national laboratory for the fabrication of
gives porous ceramics many intrinsic properties such as highdense ceramics combines the foaming of aqueous slurry
permeability, high surface area, and good insulating char- of ceramic powder and organic monomers and the in situ
acteristics. Porous ceramics have found a wide variety of polymerization of the foamed slurry. In a traditional foaming
applications including as filters, membranes, sensors, cat-procedure, foams can be produced by mechanical frothing
alyst carriers, piezoelectric ceramics, biomedical and con-in an N, controlling system. After formation of foams, the
struction materiald. The microstructure such as porosity and  slurry is rapidly gelled in the Bcontrolling system by means
pore size distribution are very important factors for many of polymerization of the monomers. A surfactantis necessary
potential applications of porous ceramics. For instance, the for the stabilization of the foams for a longer time prior to
increase in porosity of porous ceramic caused an increasesolidification by reducing the surface tension of the gas-liquid
in the permeability and the ideal combination of pore size interfaces. Sepulveda et al. reported that several transforma-
and porosity could optimize the relationship of permeabil- tions in the bubble structure might occur within the interval
ity and mechanical strengfhPorous ceramics with different  between foam generation and foam solidificattérSome
porous morphology and size distribution can be fabricated by bubbles may shrink and disappear whilst others may coalesce
different routes, such as (i) burning out a polymeric sponge to form large bubbles. So, the changes in the foam structure

impregnated with a ceramic slurfyji) solid-state sintering, prior to solidification are important because they influence the
(iii) sol-gel process, (iv) replication of polymer foams by  final cell size distribution, wall thickness and microstructure
impregnatiorf, and gelcasting proceds:’~12Among them, of the solid foams. On the other hand, the atmosphere types

containing Q@ were revealed to be improper for gelcasting
since the formation of strong binder networks by the in situ
* Corresponding author. Tel.: +81 572 27 6811; fax: +81 57227 6812.  POlymerization of monomers failed in the surface regiths.
E-mail address: m-takahashi@nitech.ac.jp (M. Takahashi). Several alternative gelling agents have been developed for

0955-2219/$ — see front matter © 2005 Published by Elsevier Ltd.
doi:10.1016/j.jeurceramsoc.2005.07.021



668 FE-Z. Zhang et al. / Journal of the European Ceramic Society 26 (2006) 667671

the elimination of the surface spallation of green bodies due Table 1

to the exposure to ajrls-17 Composition of the slurry for gelcasting
Here, we report a new method for the gelcasting fabri- Substance Amount (g)

cation of porous ceramics developed in our laboratory. This wastes 680.00
method is the mixing of slurry andNoubbles, formed from  Distilled water 239.66

a separated canister containing a surfactant prior to foaminggO”OTeL 235‘;;

of slurry, in a spiral mixer. The microstructure properties of | T2o> 1" 092

the porous ceramic using the new method are compared Withcaaiyst 0.22
that prepared using the conventional method. On the otherpispersant 0.61
hand, our former investigation had shown that the porous Surfactant 1.65

ceramics fabricated by gelcasting using waste resources has 2 mi.

great potential for the use as light ceramic tile with high

mechanical strengthl® Developing a porous ceramics as

outside construction materials will provide the ceramic tile ball-milled slurry with initiator, catalyst and Noubbles were

not only lightness but also other functions such as insula- simultaneously added to the spiral mixer rotating at 3000 rpm.

tion, machinability and sound absorbability. In this study, The resulting slurry was removed from the mixer and poured

the sound absorption and heat insulation properties of theinto a plastic mold for in situ solidification. The drying and

porous ceramics fabricated by the new method are furthersintering procedures are the same as those for the conven-

investigated and compared with that prepared using the con-tional method. The slurry flux was 50 ml/min, surfactant flux

ventional method. 3 ml/min, and N bubble flux 50 ml/min. The component con-
tents of the slurry system were identical in both methods.

2. Experimental procedure 2.3. Characterization

2.1. Materials The density, open and total porosities of the sintered sam-
. - ples were determined by Archmede’s method. The theoretical
Industrial and mining wastes such as glass bottles oy of fully densified ceramic (2.68 g/@was used as a
and Ipw—grade S'.“C":.l and alumina were used as raw reference to calculate the relative porosity. The average pore
matenals after grmdmg up to about m Monofun/c— and pore size distribution were obtained by using Image-Pro
tional met.hacrylam!de (MMA) and difunctional.N'- Plus 4.5 (Planetron Inc.), following the microscopy observa-

meth){lgnb|sacrylam|de (MBAM) were used as monomers. tions performed under Eclipse E600 POL (Nikon).

To Iinitiate and accelerate gelation f)f /the MONOMENS, " 5ound absorption was measured by vertical incidence

ammonium p_ersulfate (APS) and.N.N'.N _-t(_afcramethyl- sound absorption device (two-microphone impedance mea-

ethylenedlam!ne (TEMED)_were used as initiator and cat- surement tube, BK4206A, Bel&Kijeer). The sound absorp-

alyst, respectively. Amm onium lauryl su_Ifate was used as a tion performance of the ceramics is defined by the sound

surfactant and ammonium citrate as a dispersant. absorption coefficient(), which is the ratio of the unreflected
sound intensity at the surface to the incident sound intefity.

2.2. Procedure The sound absorption coefficient)(can be calculated using

A flow chart of the conventional gelcasting process has
been given in some literaturé$:1%12S|urry with a waste
concentration of 68% was prepared by ball-milling. Then, ball-milled slurry
foaming of slurry was conducted by mechanical stirring of the and initiator _|[catalyst| [N; bubbles
slurry with assistance of the surfactant. This procedure was ﬂ ﬂ ﬂ
performed in a sealed chamber under a controllg@ixho-
sphere. After addition of initiator and catalyst, the foamed
slurry was poured into a plastic mold for in situ solidification.
The wet gelled sample was then de-molded, dried &b
a controlled-humidity drying chamber for 5 days. Sintering stator |
was carried out at 100 for 3 h. The composition of the
slurry is summarized iffable 1 Jotor |

For the new gelcasting process, a spiral mikég (1) was
used to foam the slurry. Noubbles were formed from a sep-
arated canister containing a surfactant prior to foaming of

slurry. The atmOSphere in the.Space between the stator anq:ig. 1. Schematic representation of experiment apparatus for fabrication of
the rotor was firstly charged with\bubbles. Subsequently,  porous ceramics.

foamed slurry




FE-Z. Zhang et al. / Journal of the European Ceramic Society 26 (2006) 667-671 669

the following relationships:

wherenis the standing wave ratio, aftghax andPyn are the
maximum and minimum sound pressures in the impedance
tube.

Heat conductivity was obtained by a quick thermometer
(QTM-type-500, Kyoto Electronics Manufacturing).

3. Results and discussion
3.1. Fabrication and microstructure of porous ceramics

Generally, gelcasting is based on the combination of the
foaming of aqueous slurry and the in situ polymerization of
the foamed slurry. The foaming method has an important
effect on the properties of the foamed slurry and will affect the
pore structure and intrinsic properties of the porous ceram-
ics. The difference between the conventional discontinuous
process and our new process is the different method of foam-
ing the slurry. For the conventional process,addntrolling
system is necessary. The bubbles are introduced into slurry
by vigorous stirring under the Natmosphere. For the new
process, N bubbles are produced from a separated canister
containing a surfactant prior to foaming of slurry. Subse-
quently, rapid mixing of unfoamed slurry and, Nbubbles Fig. 2. Optical photographs of porous ceramics fabricated by the new
takes place in a spiral mixer. The spiral mixer consists of a Method (A) and the conventional method (B).
cylindrical rotor with total 22 pins on the surface and a sta-
tor with a gap of 5cm between them. The ball-milled slurry
with initiator, catalyst and Blbubbles were simultaneously causing opened pores. The thickness of struts between pores
mixed in the gap between the rotor and stator. The compo-in the structure of the sample is thinner than that of sample
nent contents of the slurry system and the drying and sinteringfabricated by the conventional method. The pore morphology
procedures are the same as those for the conventional methodeads to the former sample with a larger open and total porosi-

The pore parameters of the porous ceramic fabricated byties. Additionally, a large number of the pores in the former
the two methods are listed ifable 2 The density of the  sample are in a range from several to a few hundred microm-
porous ceramic fabricated by the new method is lower than eters in diameter. However, the pore size in porous ceramic
that porous ceramic fabricated by the conventional method, fabricated by the conventional method shows a more uniform
which indicates the formation of large volume pores for the distribution. The pore size distributions of the two samples,
former sample. As expected, the porous ceramic fabricatedobtained by using image analysis, are illustratedFig. 3.
by the new method shows a higher total poroskig. 2 The sample fabricated using the conventional method shows
shows optical photographs of porous ceramics fabricated bysharp double-peak around 1@fh. The relative height of the
the different process, which provide information about pore peak displays the extent of pores with the similar size. On the
morphology and pore size. For the porous ceramic fabricatedother hand, for the sample fabricated using the new method,
by the new method most pores are interconnected with othersfour main wider peaks appear at 90, 140, 240 andu340

Table 2

Microstructure parameters and thermal conductivity of the porous ceramics fabricated by the two different methods

Samples Final density (g/dh  Open porosity (%)  Total porosity (%) Mean pore dimensiamj  Thermal conductivity (W/mK)
New method 0.696 68.3 73.5 216.9 0.23

Conventional method  0.736 53.4 64.7 116.4 0.45
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Fig. 3. Pore size distribution of porous ceramics fabricated by different meth- Fig. 4. Sound absorption as a function of frequency for the porous ceramics
ods. fabricated by the new method (A) and the conventional method (B), and the
dense ceramic tile bought from the market (C).

The broad peaks for this sample indicate that the large poresame experimental conditions. The sound absorption coeffi-
segments are followed by the smaller ones. cient () is below 0.2 for the dense ceramic tile, indicating
The above results display that porous ceramic sample witha poor sound absorption performance. On the contrary, the
a lower density, higher porosity and broad pore size distri- two porous ceramics display obvious higivalue. It can be
bution can be fabricated by using the continuous process.seen that in the sound frequency range studie@jue of the
We think that the different foaming methods are responsi- porous ceramic fabricated by our new method is higher than
ble for the different pore structure of the samples. In the that of the sample fabricated by the conventional method.
conventional process, the bubbles are introduced into slurry This illustrates an increase in sound absorption for the for-
containing only a small amount of surfactant by vigorous stir- mer sample. It is accepted that there are mainly two features
ring under the M atmosphere. Surfactant molecules migrate that are responsible for the absorption of sound. The first
to the bubbles surface and stabilize the bubbles by decreasings the loss of sound energy due to flexural vibrations in the
the local surface tension. The migrating process takes con-specimen. The second is the porosity effect, where energy is
siderable time such that bubbles formed at the initial processdissipated by the multiple reflections of sound waves within
may collapse before the contact with surfactant. However, in the voids in the structure. Accordingly, the sound absorption
the new process, before mixing with slurry lubbles are  for the porous materials is mainly due to the dissipation of
stabilized by surfactant. So, a significant volume of gaseousthe sound energy within the pores. The porosity of porous
phase is combined into the slurry and the foamed slurry is materials as well as other material parameters (grain size,
more stable. The stabilized bubbles have a much longer timefigw resistivity, etc.) had been reported to play an important
to undergo slurry mixing process and thus have a high oppor-role in the sound absorption performar€&CIt can be seen
tunity to coalesce to form large bubbles, resulting in a higher from Table 2that the porous ceramic fabricated by our new
porosity and broad pore size distribution of produced sample. method shows higher open and total porosities, which results

These results reveal the new method as a promising techniquen the expected increase of sound absorption coefficient.
for the continuous fabrication of porous ceramics. Our former

investigation had shown that the porous ceramics fabricateds 3. Thermal conductivity
by gelcasting using waste resources have potential for use as

outside construction ceramic tife:® Here, we further study Table 2shows the thermal conductivity of the two porous
the sound absorption and heat insulation properties of theceramics fabricated by the two different methods. The porous
porous ceramics fabricated by the new method and compareceramic fabricated by our new method represents lower ther-

with that prepared using the conventional method. mal conductivity than that of the sample fabricated by the
conventional method, demonstrating a great thermal insula-
3.2. Sound absorption property tion property for the former sample. As noted previously,

the former sample displays higher open and total porosi-

Noise has attracted much attention because of its harmfulties. According to Sepulveda et al., the higher porosity could
effects on the life of human beirf§-2°Sound absorptionis  enhance the point-defect scattering, which may be a result
an important property of porous ceramics which are used asof the increase in the solid-pore areas and the decrease in

outside construction materials. The sound absorption char-the minimum solid areas, and the scattering by Umklapp

acteristics of the two porous ceramics fabricated by the two processe$! The other microstructural features also are of

different methods are shown fRig. 4 For comparison, a  great importance. By comparing the thermal conductivity of
dense ceramic tile bought from the market is tested using thetwo kind porous ceramics prepared by different techniques
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(i.e. gelcasting technique, and dry-pressing and sintering 3.
technique), Sepulveda et al. thought that large pores might
resultin less effective dissipation of heat transfer and a larger
mean free-path for phonons to propag&t€able 2andFig. 3
show that the porous ceramic fabricated by our new method
has a larger mean pore size and a broad pore size distributions.
than that fabricated by the conventional method. However,
the difference of the mean pore size between the two sam- &
ples fabricated by the same gelcasting technique is not as
large as that between the two samples, studied by Sepul-
veda et al., which were prepared by the different techniques
with pore size range of 50-3@0m and 0.05-0.g.m, respec-
tively. Here, two different trends of thermal conductivity are
mentioned, which are associated with the effect of porosity
and pore size, respectively. Our results demonstrate that the
increase in porosity prevails, leading to low thermal conduc-
tivity for the sample fabricated by the new method.

4. Conclusion

Porous ceramics can be fabricated by gelcasting using a;g.
continuous process. The mixing of slurry and bubbles,
formed from a separated canister containing a surfactant
prior to foaming of slurry, takes place in a spiral mixer.
The microstructure parameters, sound absorptionand thermal
conduction properties of the porous ceramic using this new
method are compared with that of sample fabricated using the
conventional method. The continuous process gives porous!2.
ceramic with lower density and higher open and total porosi-
ties, which are thought to resultin great sound absorption and, 5
thermal insulation properties.
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