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Abstract

Gelcasting process has been successfully employed to fabricate porous mullite ceramics in this work. The specimens based on
mullite composition are found with open porosity of 58.5-63.9%, mean pore size of 0.76-1.31 pum, and nitrogen permeability of
526-1240 m® m~—2 bar~! h~! by reactively sintering the gelled mixture of kaolinite and aluminum hydroxide at 1300-1600°C. The
porosity, mean pore size, pore size distribution and gas permeability can be controlled by adjusting raw material ratios and sinter-
ing temperatures. The gas permeability of the specimens is found to be more dependent on the average pore size than on the open
porosity. In addition, the gas transportation mechanism in porous mullite ceramics is dominated by laminar flow when the speci-
mens are fired at high temperatures. © 2001 Elsevier Science Ltd and Techna S.r.I. All rights reserved.
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1. Introduction

In the last few years, porous ceramics found increas-
ing attention for their successful applications in bio-
ceramics [1], catalyst supports [2], hot gases filter [3],
liquid food production [4], sensors [5], and membrane
reactors [6]. As a porous support material, mullite was
reported because of its good thermal shock resistance,
strength and stability properties [7]. The applications of
pure mullite made by wet chemical methods (e.g. sol-
gel, hydrolysis, coprecipitation, ultrasonic spray pyr-
olysis, polymer decomposition, hydrothermal synthesis
and chemical vapor deposition) are limited for their
expensive production cost. The cost, however, will be
reduced largely if national clays are used as starting
materials.

Porous mullite ceramics based on national clay such
as kaolinite and allophane were reported by others [8—
12]. In general, there is a high volume fraction of glassy
phase due to existence of amorphous silica or impurities
in the calcined clays. Therefore, the pores were usually
produced by leaching out the coexisting silica glass
phase from fired clays with the solutions of caustic soda
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[8,10], caustic potash [9], acid [11], or a combined
employment of caustic soda and hydrochloric acid [12].
In order to get rapid and complete leaching, some pro-
cesses were completed even on the hydrothermal and
microwave conditions [10]. The open porosity and the
average pore size reported in literatures were 40-57%
and 0.17-0.61 um, respectively. These pore sizes are not
large enough to provide for gas or water permeability if
porous mullite ceramics are for the filter purpose.
Gelcasting is a new shaping process based on the the-
ory of the in-situ polymerization of monomers in a
ceramic slurry, which forms a strong and cross-linked
polymer-solvent gel after poured into a mold. This pro-
cess aimed at forming complex-shaped and near-net-
shaped advanced ceramic materials originally [13], and
later was applied to produce textured ceramic laminates
[14], porous ceramics [15], ceramic powders [16] and
nano-sized ceramics [17]. Recently, an automated gel-
casting fabrication process was developed to manu-
facture large-scale ceramic turbine rotors, and the
production was said to be at least 500 rotors per month
[18]. Therefore, gelcasting will surely become an impor-
tant method to produce various-shaped ceramic parts.
In this work, we try to develop this process to prepare
porous mullite ceramics. An investigation on the rela-
tionship among phase compositions, microstructure,
pore properties and preparation conditions is presented.
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2. Experimental procedure
2.1. Specimen preparation

High-purity kaolinite (China Kaolinite Company)
and aluminum hydroxide (Shandong Aluminum Indus-
try Company) were used as the raw materials. The par-
ticle size distributions of raw materials powders used in
this study were analyzed by a laser analyzer (Coulter
LS100, USA), and the mean diameters of kaolinite and
aluminum hydroxide are 12.06 and 6.14 pm, respec-
tively. The mixtures of kaolinite and aluminum hydro-
xide with different ratios were fired previously at 600°C
for 2 h, then mixed in an aqueous solution of monomers
(acrylamide, AM and N,N'-methylene-bis-acrylamide,
MBAM), whose total amount is about 5 wt.% of the
ceramic powders, and ball-milled for more than 10 h.
Some dispersants were added to get a well-dispersed
slurry. After initiated by ammonium bisulphate and
catalyzed by TEMED, the resulting slurry was molded
in a vibrating table, then became gelled within a few
minutes. The gelled ceramics were demolded, dried,
machined, and then sintered in a programmable HT
furnace (Nabertherm, Germany) under different tem-
perature from 1300 to 1600°C for 5 h.

2.2. Characterizations of the specimens

The differential thermal analysis and thermo-
gravimetry (DTA-TG) of the dried green gelcasts were
examined by a thermal analyzer from 40 to 1070°C at a
heating rate of 10°C min~!. The compositions of the
fired specimens were identified by XRD (Kigaku D/
MAz-ya rotating X-ray diffraction unit) and their
microstructures were observed by means of SEM
(Hitachi X-650 scanning electronic microscope, Japan).
The density, open porosity, and total porosity were
determined by Archmede’s method with the theoretical
density of 3.23 g cm™3 for mullite. The average pore size
and pore size distribution of the sintered porous speci-
mens were obtained by the bubble-point method and
pure nitrogen flux through the porous disks was mea-
sured in a permeation device.

3. Results and discussion
3.1. DTA-TG analysis of the green body

DTA-TG was used in analyzing the thermal decom-
position and the phase transformation during heating
the dried green body with 71.8 wt.% Al,O3 in the air,
and the results are shown in Fig. 1. At T<130°C, there
are a small endothermal DTA peak and about 5% mass
loss, which are caused by the removal of occluded water
in the gelcast specimens. In the temperature range of

300—400°C, there is a small exothermal DTA peak
accompanied by another 5% mass loss, which is ascri-
bed to the burn-out of the cross-linked polymer net-
work. Because the ceramic powders were pre-heated at
600°C, during which kaolinite transformed into meta-
kaolinite and aluminum hydroxide into alumina, no
weight loss or thermal effect is shown for the phase
changes in ceramics themselves below 600°C. Between
840 and 1000°C, a large exothermal DTA peak appears,
which is attributed to the phase transformation from
metakaolinite to Al-Si spinel [19].

3.2. X-ray diffraction investigations

The gelcasts with different Al,O3; wt.% were sintered
at 1500°C for 5 h, and the products were identified by
XRD in Fig. 2. The specimen made of mere kaolinite
shows complete orthorhombic mullite diffraction peaks
in addition to the heavy background, the later is due to
the existence of non-crystalline silica glassy phases
which formed from the decomposition of kaolinite (Fig.
2d). On the other hand, the sample based on only alu-
minum hydroxide turns out to be corundum entirely at
1500°C (Fig. 2a). For the specimens of their mixtures
(Al,O3=60~71.8 wt.%), however, not only mullite but
also a little corundum formed in the products. And the
corundum amount rises as Al,O3 wt.% increases (Fig.
2b and ¢).

The green bodies with 71.8 wt.% Al,O5; were fired at
1400, 1500 and 1600°C for 5 h separately, and their
XRD patterns are shown in Fig. 3. In order to under-
stand the reaction mechanism, the gelcast based on the
kaolinite alone was also fired at 1400°C for 5 h (Fig.
3a). The results prove that the final phase compositions
depend greatly on the treating temperatures. Mullite
increases steadily in its amount, while corundum
decreases and nearly disappears at last from 1400 to
1600°C. At 1400°C, the specimen of mere kaolinite
shows a big peak around d=0.411 nm (20=21.6°),
which stands for the typical major diffraction of (111)
face of cristobalite. However, there isn’t this peak in the
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Fig. 1. DTA-TA curves of the green gelcast with 71.8 wt.% Al,O3.
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Fig. 2. XRD patterns of the specimens with different raw material
ratios fired at 1500°C/5 h: (a) aluminum hydroxide; (b) 71.8 wt.%
Al,O5 ceramics; (c) 60 wt.% Al,O5 ceramics; (d) kaolinite (M, mullite,
A, corundum).
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Fig. 3. XRD patterns of the specimens fired at different temperatures:
(a) kaolinite, 1400°C/5 h; (b) 71.8 wt.% Al,O5 ceramics, 1400°C/5 h;
(c) 71.8 wt.% Al,O5 ceramics, 1500°C/5 h; (d) 71.8 wt.% Al,O5 cera-
mics, 1600°C/5 h (M, mullite, A, corundum, C, cristobalite).

case of the 71.8 wt.% Al,O3 ceramics heated at the same
conditions. It means that in addition to the primary
mullite, which was produced solely from kaolinite, the
secondary mullite formed from the reaction between
silica and alumina when the specimens were fired at
enough high temperature.

3.3. Pore parameters of sintered specimens

3.3.1. Open porosity, closed porosity and total porosity
The effects of the preparation conditions (e.g. the raw
material ratios, the sintering temperatures) on the open
porosity of the fired specimens were illustrated in Fig. 4.
For the ceramic samples made by firing kaolinite (~43.7
wt.% Al,O3) or aluminum hydroxide (100 wt.% Al,O3)
alone, the open porosity (p,) depends more closely on
the sintering temperature than that made of their mix-
tures. The specimen made of mere kaolinite is found
having the largest sintering shrinkage due to the forma-
tion of large amount of glassy phase and thus is the
densest sample with the lowest porosity (o,=8.6—
35.8%) at any heating temperatures. In all cases, p,
keeps on increasing with Al,O3;% when the later is not
more than 75%. Compared with 75%AIl,O5 ceramics
(po=60.5-64.2%), the specimen based on aluminum
hydroxide alone has slightly higher porosity at 1300—
1400°C (66.2-67.4%), and smaller porosity at 1500—
1600°C (51.1-54.6%). This means corundum began to
sinter only when fired at a temperature higher than
1400°C. It can also be learned from Fig. 4 that all spe-
cimens become increasingly dense as the heating tem-
perature rises, and the open porosity of the ceramics
near the theoretical mullite constituent is less dependent
on the treating temperatures. As for case of the mullite
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Fig. 4. Open porosity of the specimens with different Al,O3% fired at
different temperatures.
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ceramics (~71.8% Al,O3) shown in Fig. 5, its open
porosity decreases from 63.9 to 58.5% with the increas-
ing temperature, while the closed porosity is very small
and nearly constant (~0.7%). Both Figs. 4 and 5 imply
that the open porosity should be able to be controlled
by adjusting the raw material ratio and the heating
temperature.

3.3.2. Pore size distributions and average pore sizes

The raw material ratios also have influence on the
mean pore sizes and pore size distributions of the cera-
mics fired at 1500°C for 5 h, as shown in Fig. 6. As
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Fig. 5. Effect of the sintering temperature on the porosity of the fired
71.8 wt.% Al,O5 ceramics.

70 -
65
60
55

—0—60% ALO,
—0—65% ALO,
——68% ALO,
—g—71.8% A0,
—0—75% Al,0,
—+— 100% A0,

Relative differential flow (%)

2.0 . 3.0
Pore size (um)

Fig. 6. Pore size distributions of the specimens with different raw
material ratios fired at 1500°C for 5 h.

Al,O3% rises, both the mean pore diameter and max-
imum pore diameter increase gradually, and the mean
pore diameters of the specimens with 60, 65, 68, 71.8, 75
and 100% Al,O5 are 0.91, 1.11, 1.13, 1.17, 1.19 and 1.21
um, respectively. The small pore sizes of the specimens
with low Al,03;% are ascribable to the existence of
glassy silica phase, which formed from the decomposi-
tion of metakaolinite at around 1000°C and diffused
into the small openings produced by burn-out of the
cross-linked polymer network at 300-400°C (c.f. Fig. 1).
High Al,03% specimens, however, provide more alu-
mina to react with the glassy silica and thus raises the
pore size.

The pore size distributions of the mullite ceramics
(~71.8 wt.% Al,O3) are closely related to the sintering
temperatures (Fig. 7). The average pore size rises with
the sintering temperature, and the values are 0.76, 0.90,
1.17 and 1.31 pm for 1300, 1400, 1500 and 1600°C,
respectively. When sintered at higher temperature, more
big pores larger than 1.5 pm appeared in the materials
according to Fig. 7. In general, the average pore size will
be minified when a porous ceramics is sintered with
increasing temperature. The phenomenon here is
abnormal and the similar case was ever found in the
porous YSZ ceramics by gelcasting [15]. This is partly
because the growth of mullite leaded to the formation of
large pores and elimination of smaller pores, partly
because the glassy silica existing in the specimens reac-
ted with corundum and released big pores at increasing
temperature.

3.3.3. Gas permeability

Fluid permeability or fluid flux is an important para-
meter for a porous ceramics. Fig. 8 illustrates the nitro-
gen fluxes of the specimens with different Al,O3%
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Fig. 7. Pore size distributions of the 71.8 wt.% Al,O5 specimens fired
at different temperatures.
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fired at 1500°C for 5 h. The gas flux increases with the
pressure drop as well as Al,O3%, and its values are 537,
690, 849 and 1048 m*> m~2 bar~! h™!, respectively for
60, 65, 71.8 and 100% Al,O3 ceramics. The flux change
trend for most ceramic specimens agrees well with that
of mean pore size (Fig. 6) and open porosity (Fig. 4).
An exception is for the gelcast based on sole aluminum
hydroxide, whose gas flux is the largest though its open
porosity is a little smaller than that of 75% Al,O; cera-
mics. It suggests that the gas flux is more dependent on
the mean pore size than on the open porosity.

The nitrogen fluxes of the same specimens as pre-
sented in Fig. 7 are illustrated in Fig. 9. The flux goes up
with the pressure drop and sintering temperature, its
values are 526, 720, 849, and 1243 m® m—2 bar—! h~! for
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Fig. 8. Nitrogen fluxes of the specimens with different raw material
ratios fired at 1500°C for 5 h.
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Fig. 9. Nitrogen fluxes of the 71.8 wt.% Al,O5 specimens fired at dif-
ferent temperatures for 5 h.

1300, 1400, 1500 and 1600°C, respectively. The flux
change trend is in agreement with that of mean pore sizes
in Fig. 7 but against that of open porosity in Fig. 5.
Though the open porosity drops when fired at increas-
ing temperature, its value changes a little. Thus, it brings
little influence on the gas flux other than mean pore size.

3.4. Mechanism of gas permeability

When a gas flows in a porous material, its perme-
ability can be represented by the following equation
[20],

F
Fo=—= P, 1
o AAP C1+C2m ()

where F, is the permeability (mol m~2 s~! Pa~!), F the
flow (mol s~!), A the outer surface area (m?), AP the
pressure drop, P, the average pressure in the porous
material, C; and C, two constants representing Knud-
sen diffusion and laminar flow, respectively.

According to Eq. (1), the plots of permeability in the
mullite ceramics versus mean pressure are illustrated in
Fig. 10. It is found that good linear relationships exist
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Fig. 10. Plots of permeability in the mullite ceramics versus mean
pressure.

Table 1
The diffusion constants of the gelcasts fired at different temperatures

Temperature (°C)

1300 1400 1500 1600
C 334 32.8 23.4 20.9
C, 1.63 3.59 5.64 8.85
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38um

Fig. 11. Scanning electron microscopy photographs of the fracture surfaces of gelcasted mullite ceramics: (a) green body; (b) fired at 1500°C/5 h;

(c) fired at 1600°C/5 h.

between F, and P, for the specimens fired at different
temperatures. The values of C; and C, for each tem-
perature can be obtained by fitting the plots into
straight lines, and the results are listed in Table 1. As
the firing temperature rises, C; decrease continuously
while C, changes in reverse from 1400 to 1600°C. It
suggests that laminar flow take more effect than
Knudsen diffusion as the specimens were fired at higher
temperatures.

As we see from Fig. 7, the mean pore size for the
specimen fired at 1300°C is around 0.67 um, which is
rather smaller than that fired at 1600°C (1.31 um).
Moreover, the pore size distribution for 1600°C is much
broader than low temperatures, and more big pores
appear for the high-temperature samples. Therefore,
laminar flow is attributed to those big pores, and it
dominates the gas diffusion gradually with the increas-
ing sintering temperature.

3.5. SEM of the specimens

The SEM photographs of the fracture surfaces of
gelcasted mullite ceramics (~71.8 wt.% Al,O3) are
shown in Fig. 11. Fig. 11a displays the morphology of
green body, which consists of granulated or flaky kao-
linite, granulated aluminum hydroxide, and flocculent
polymer. Fig. 11b indicates that uniformed small pores
formed after firing the specimen at 1500°C for 5 h.
When firing at higher temperature such as 1600°C for 5
h (Fig. 1lc); however, the pore sizes of the specimen
grow remarkably. In addition, the glassy substance
diminishes and the particle size is also bigger for the
specimen fired at 1600°C than that of 1500°C. Thus, the
bigger mean pore sizes in Fig. 7 at higher temperature
are related to both of the glassy-phase-lessening and
particle-size-augmentation.

4. Conclusions

1. The gelcasting process has been successfully
employed to fabricate porous mullite ceramics.

2. The properties of porous ceramics such as poros-
ity, average pore size, pore size distribution and
gas flux can be controlled by adjusting the pre-
paration conditions (e.g. raw material ratio and
sintering temperature). The open porosity, average
pore size and nitrogen flux of the mullite ceramics
(~71.8 wt.% Al,03) sintered at 1300-1600°C are
around 58.5-63.9%, 0.76-1.31 um, and 526-1240
m> m~2 bar~! h~!, respectively. The mean pore
sizes are related to both of the glassy-phase-les-
sening and particle-size-augmentation.

3. The gas permeability of the specimens is more
dependent on the average pore size than the open
porosity. The gas transportation in porous mullite
ceramics is affected by both of Knudsen diffusion
and laminar flow, and it is dominated by the later
when the specimens are fired at high tempera-
tures.
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