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Abstract

This work has been undertaken to consider the production of porous mullite from kaolinitic clays. X-ray diffraction, scanning electron microscopy,
thermogravimetry, differential thermal and dilatometry analyses were performed to study their thermal behavior. Pure and porous mullite was
obtained by adding aluminum metal powder to kaolinite and hot processing in oxidizing atmosphere. Comparative studies were carried out to
evaluate the influence of various weight ratios of magnesium on both the formation and reactive sintering of mullite. Porosity was shown to be
increased with magnesium content while needle-like mullite crystals could be observed.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Porous refractory materials with high temperature applica-
tions are of great interest today (insulators, catalyst supports,
filters, etc.). They can be produced by various techniques, gen-
erally by addition of organic pore-forming agents' but also
starting from foams? or by sol—gel synthesis.? Ebadzadeh® used
aluminum to produce a mullite-zirconia composite by reactive
sintering of zircon and aluminum powder, and observed that
porosity was due to aluminum oxidation.

It is well known that mullite (3A1,03-2Si0») is the only sta-
ble compound in the system Si0>—Al;03.%% Due to its good
physical properties’'? (low thermal expansion coefficient, good
thermal stability, creep resistance, etc.) it is a very attractive
compound for dense or porous material applications but the
different methods of synthesis are often expensive. Clays and
in particular kaolinite (Al;03-2510,-2H,0), are very advan-
tageous minerals for mullite synthesis due to their low cost.
Because of the higher content of silica in clays than in mullite,
it is necessary to add aluminum oxide in order to obtain the sto-
ichiometric mullite composition. This enrichment is generally
made by alumina®®!"-12 or aluminum hydroxide'3'* additions.
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Mullite production from these powder mixtures requires high
temperature treatments!! (1500-1600°C) for several hours.
Other authors!>!1® used aluminum metal powder/clay mixtures
and applied the same heat treatment.

In order to obtain pure porous mullite bodies we chose to start
from a mixture of only aluminum/clay. Moreover, because MgO
enhances both the formation and sintering of mullite!%17-19
we will introduce various ratios of magnesium metal powder
in order to study both the effect of magnesium oxidation on
porosity created by Al oxidation and reactive sintering of mullite.

2. Experimental procedure

We used raw Saharan clay whose average chemical composi-
tion was given in Table 1. The powders dried for 24 h at 110 °C
then were ball-milled in air with alumina balls in order to obtain
a homogeneous powder without agglomeration. The grain size
of the clay was very little modified by ball-milling and, finally,
pretreated clay was obtained.

Three batches named A, B, and C (Table 2) and contain-
ing the pretreated clay and AI-Mg, were prepared by mixing
89.5wt% of clay with 10.5 wt% of aluminum powder (purity
99%, average grain size <45 pm, provided by CERAC) and var-
ious small amounts of magnesium powder (purity 98%, average
grain size 250 wm, provided by VWR International) in order to
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Table 1

Chemical composition of clay (wt%)

Loss on ignition 12.23
SiO; 51.32
Al O3 30.77
Fe,03 1.93
TiOy 1.76
CaO 0.06
MgO 0.03
K,O 0.10
Table 2

Composition of the different batches (wt%)

Mixture A B C
Clay 89.5 89.5 89.5
Aluminum 10.5 10.5 10.5
Magnesium 0 1 3

obtain respectively 0, 1, or 3 wt% of Mg. Each batch was ground
for 13 h in ethanol using a FRITSCH planetary ball-mill (pul-
verisette 6) at 280 rpm and the slurry obtained was then dried at
100°C for 24 h.

Cylindrical pellets of each batch (A, B, and C) were pro-
cessed using uniaxial pressing at about 200 MPa (average green
density: 1.50). These compacts were sintered in air using
a NABERTHERM LHT 04/17 furnace. The firing was car-
ried out with a heating rate of 5°C/min up to 1100°C and
then of 10°C/min above 1100°C to the dwell temperature
(1400-1550°C). The latter was maintained for 5 h before cool-
ing to room temperature (10 °C/min).

The thermal behavior of raw clay and different batches was
tested by differential thermal (DTA) and thermogravimetry (TG)
analyses on SETARAM devices. We used a LINSEIS dilatome-
ter type L75 to determine the thermal expansion of square section
bar (0.5 cm x 0.5 cm x 2 cm) samples shaped by uniaxial press-
ing (100 MPa). All the thermal analyses (dilatometry, TG and
DTA) were carried out in air at a heating rate of 10 °C/min.
After vacuum degasification at 200 °C for several hours, the
BET specific surface area of powders was evaluated in nitrogen
using a MICROMERITICS ASAP 2000 device. The identi-
fication of the crystalline phases was carried out by X-ray
diffraction (XRD) with a Cu K« radiation (SIEMENS D 5000).
The morphology of both powders and sintered bodies, polished
and thermally etched, was investigated by scanning electron
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Fig. 1. XRD pattern of the mixture of clays: (1) before heat treatment and (2) heat treated at 650 °C (A =anatase, Q = quartz).
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Fig. 2. Thermal behavior of pure clay: (1) ATD and (2) TG curves.
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Fig. 3. SEM micrographs of raw clay powder mixture showing: (a) bright quartz particles and (b) clays agglomerates.

microscopy (SEM) with PHILLIPS XL30 equipment working
at 20kV. Bulk densities of the sintered pellets were evaluated by
geometrical measurements.

3. Results and discussion
3.1. Characterization of raw clay and aluminum powder

3.1.1. Raw clay

XRD analysis of the clay before applying heat treatment
showed that kaolinite was the major mineral component with
a small amount of free quartz impurities (Fig. 1). After calci-
nation of the clay at 650 °C the only crystalline phases visible
were a-Si05 and TiO;-anatase which was often associated with
kaolinite.2® Thermal behavior, illustrated in Fig. 2, was char-
acterized by typical DTA and TG curves of kaolinite with: (i)
two endothermic effects located at about 120 °C and 602 °C and
associated with corresponding weight losses; (ii) two exother-
mic effects occurring at 974 °C and 1244 °C, not associated with
any change of weight.

The last ATD peaks can be assigned respectively to:

610 °C

e reorganization of metakaolin into a spinel-type phase,!

e crystallization of mullite.

The two first ATD peaks correspond respectively to:

dehydration of the clay at about 120 °C,
dehydroxylation at 602 °C.

The global loss of weight characteristic of these last two
reactions is about 12%.

SEM observations of Fig. 3a at low magnification showed
quartz crystals which appeared as bright and large particles with
a size below 20 wm. They are dispersed among agglomerates of
lamellar particles of clay. The size of these agglomerates ranges
from 1 to 5 wm.

The value of the specific surface area was of 15m?/g after
a dynamic vacuum heat treatment (150 °C) for 4 h. This BET
value could be associated to a crystallite size of about 0.15 pm
if the particles are supposed spherical.
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Fig. 4. Thermal behavior of pure aluminum powder: (1) DTA and (2) TG curves.
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Fig. 5. Thermal behavior of the clay/Al mixture: (1) DTA and (2) TG curves.

3.1.2. Aluminum powder

The DTA and TG curves of aluminum powder (Fig. 4) high-
lighted three areas: (i) the solid-state oxidation of aluminum at
~600 °C up to the Al melting at 660 °C, (ii) the liquid-state alu-
minum oxidation from 660 to about 1030 °C, as it was previously
observed by other authors,*!! (iii) a liquid-state post-oxidation
of Al over 1200 °C. All these phenomena were associated with
a weight gain from 570 to 1400 °C and accelerations of weight
gain were visible in each domain.

Trunov et al.*>%3 explains these various stages of alu-
minum oxidation by the polymorphic phase transformations that
occurred inside the film of aluminum oxide: Al powders were
naturally coated by a layer of amorphous alumina which was
more stable than crystalline alumina phases as long as its thick-
ness did not exceed a critical value. During heating, amorphous
alumina crystallized successively into y-Al,O3 and then into
o-Alp O3 about 1000 °C. But this last transformation between vy
and a might be carried out via 8-Al,O3 and then 6-Al,O3. These
transformations can be broadly summarized as follows:

Amorphous Al,O3
—> '\/—Aleg d (8-A1203 g 9-A1203 —>) OL-A1203

In our study we did not observe the & and 6 phases when
aluminum powders were heat treated.

So in solid phase oxidation can be regarded as enhanced via
microcracks* of the amorphous alumina layer. These cracks
were generated by the difference between the thermal expan-
sion coefficients of solid aluminum («¢=25 x 10°°*K~1) and
amorphous alumina (¢ =8.3 x 107 K~1).

After the aluminum melting (660 °C), the volume dilatation
of Al liquid is much larger (AV=+6.26%)>* than that of Al
metal and this initiates more cracks in the alumina layer which
accelerates the oxidation as it can be observed. At the same
time crystallization of amorphous alumina into y-Al,O3 could
develop. As the specific volume of y-Al,O3 is smaller than that
of amorphous alumina the cracking of the oxide layer would be
enhanced, which increased the oxidation rate up to 1000 °C.

Beyond this temperature the oxidation rate slowed down
when the phase transformation y— o occurred because o-
alumina was more compact than y-alumina®? so the alumina
layer was more efficient as a barrier of diffusion and the oxi-
dation rate decreased. When the heating up was carried out the
diffusion was activated and the oxidation of aluminum increased
again.
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Fig. 6. XRD patterns of sample of clay/10.5wt% aluminum heat
treated at different temperatures and rapidly quenched to room tem-
perature (Q=quartz, Al=aluminum, A =anatase, Ru=rutile, Si=silicon,
Cor = corindon, Cri = cristobalite, M = mullite).
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Table 3

Crystallographic evolution of the mixture clay/aluminum powder

Phases Pure clay (700 °C) 800°C 900°C 1000°C 1100°C 1200°C 1300°C 1400°C
Quartz +++ +++ +++ +++ ++ ++ +

Cristobalite + +

Si + + ++ ++ ++ + +
Al ++ +

a-Al,O3 + + ++ ++ ++ + +
Anatase + + + +

Rutile + + + + ++

Mullite + ++ +++

3.2. Elaboration of porous mullite from clay/Al mixture

The addition of aluminum powder to the clay strongly mod-
ified its thermal behavior as it could be seen on the DTA-TG
curves of the mixture (clay/10.5 wt% Al) heated in air (Fig. 5).
Aluminum oxidation which started near 600 °C for pure Al now
boosted the dehydroxylation of the clay as the position of the
correspondent peak was moving from 602 to 560 °C and the
associated weight loss was reduced to about 10 wt%. Melting of
aluminum was always visible at 660 °C while metakaolin trans-
formation occurred now about 959 °C instead of 974 °C. This
exothermic effect was associated to a significant weight gain
which could be attributed to an increase of aluminum oxidation
rate (previously noted in Fig. 4).

In order to follow the crystalline evolution of phase, sam-
ples were heat treated at different temperatures (8001400 °C)
and rapidly quenched in air to room temperature. The DRX
analysis (Fig. 6 and Table 3) showed: (i) a precipitation of Si pro-
duced by reduction of SiO; contained in the clay by aluminum,
a later gas/solid oxidation of Si leading to mullite formation;
(i) the Al oxidation which started above 570 °C as previously
noted continued to 1000 °C with formation of a-alumina; (iii)
quartz is present up to 1400 °C but gradually disappeared with
the formation of cristoballite starting at 1300 °C; (iv) a-alumina
increased gradually to 1200 °C, at this temperature mullite for-
mation occurred and thus a-Al,O3 disappeared progressively;
(v) anatase initially present in clay, at 1100 °C transformed
into rutile phase which disappeared with mullite formation. On
the contrary, samples obtained by reactive sintering for 5h at
1550°C showed (Fig. 7) that mullite was the only crystalline
phase in agreement with JCPDS 15-0776.

Dilatometric analyses (Fig. 8) show that sintering starts
near 1200 °C. For the bar-shaped sample containing clay with
10.5wt% of Al, the relative shrinkage was smaller than that
observed with raw clay, the values reaching respectively 11 and
19.6% for heating up to 1350 °C.

Table 4

Densities of the different sintered bodies

Sintering temperature Density Porosity (%)
1400°C 1550°C 1550°C

Mixture A 2.18 2.23 30

Mixture B 2.19 2.03 36

Mixture C 2.10 1.35 58

The densities of sintered bodies obtained from clay/Al mix-
ture as pellets fired at 1400 and 1550 °C for 5h (Table 4), are
in agreement with the dilatometric curves. The relative densities
are not very high and reached a maximum of 70% of mullite
theoretical density (3.17) for the samples sintered at 1550 °C.
Otherwise when the pellets are sintered at 1400 °C they are con-
stituted, in addition of mullite, of small amounts of corundum
(d=3.99) and of cristobalite (d=2.33) so one cannot compare
their density with that of mullite.

JCPDS 00-015-0776
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Fig. 7. XRD patterns of the different samples of clay with 10.5 wt% aluminum
and various amounts of magnesium powder sintered at 1550 °C for 5 h with (a)
0% Mg, (b) 1% Mg and (c) 3% Mg. Only mullite diffraction peaks are clearly
visible.
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Fig. 8. Dilatometric analysis of: (a) pure raw clay; (b) raw clay +10.5 wt% Al;
(c) raw clay +10.5 wt% Al + 3 wt% Mg.
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Fig. 9. SEM micrographs of uniaxial pressed compacts sintered at 1550 °C for 5 h showing: (a) and (c) a sample with 0% Mg; (b) and (d) a sample with 3% Mg.

Porosity is considerable and SEM observations (Fig. 9a)
show spherical cavities sized about 30 wm. One can suppose that
these small voids are created at the initial aluminum grain sites
during Al oxidation. Due to the large particle size of the alu-
minum powder (smaller than 45 pwm) the major part of the
aluminum oxidation occurred in the liquid phase domain. To be
complete in the solid phase domain, the oxidation of Al powders
should require a particle size lower than 1 wm*2> but with fine
grains the combustion should be very fast as an auto-combustion
reaction.?

3.3. Effect of magnesium addition
The addition of magnesium drastically modified the thermal

phenomena that normally occur during heating of a mixture
clay/Al (Fig. 10). One can note (Fig. 10B and C) that magnesium

629 °C

44 °C

©)

Pure clay

602 °C T (OC)
0 200 400 600 800 1000 1200 1400

Fig. 10. DTA curves taken in air of raw clay/aluminum powder mixtures con-
taining various wt% of magnesium powder: (A) 0%; (B) 1%; (C) 3%.

oxidation is characterized by an exothermic effect occurring
near 629 °C and all the more marked since the Mg content is
higher. The peak related to the crystallization of mullite and
approximately localized at 1240 °C for pure clay has completely
disappeared which was undoubtedly due to its very low ampli-
tude. Otherwise, it can be noted that Mg, like Al, could interact
with silica to give magnesia and silicon.

If we consider the enthalpy of formation of each
oxide, respectively AH;HAIZO3 = —1675.7kImol~! and
AH;/Ig/MgO = —601.6kJmol~",?7 it is surprising to have a
more marked thermal effect for the oxidation of Mg than for
the Al one. It can be explained by their values of the coefficient
of Pilling and Bedworth, respectively Aaj,0,, = 1.286 and
Amgo =0.806. So, because of its A>1 alumina may play the
role of a diffusion barrier for oxygen during the oxidation of
Al and could reduce the rate of oxidation. On the contrary
magnesia, with a A <1, cannot monitor the oxidation of mag-
nesium. The oxidation of Al is very slow after the formation of
the thin layer of amorphous AlyO3 and the rate of reaction is
monitored by the volume diffusion through the alumina layer.
On the contrary, the oxidation reaction of Mg is very quick and
the rate of the reaction is only controlled by the reaction at the
interface metal/gas.

Dilatometric curves (Fig. 8c) were the same for mixtures
containing 1% (not presented here) or 3% of magnesium. As for
clay/Al mixture, the shrinkage began at 1200 °C. At 1350°C
the shrinkage was reduced to 7.7% for each of the samples con-
taining Mg instead of 11% without Mg. After sintering Sh at
1550 °C the thermal expansion coefficient of a bar shaped sam-
ple measured in the range 20-1000°C was of 5.3 x 1070 K~!
which is slightly higher than what is expected for dense mullite
(4 x 1079K™).
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Fig. 11. Density evolution of sintered bodies with magnesium content. Porosity
evolution of samples sintered 5 h at 1550 °C with magnesium content.

By adding 3 wt% Mg the values of densities of the sintered
bodies (Table 4), were respectively of 66 and 42% of mullite
theoretical density at 1400 and 1550 °C. The density decreased
when sintering temperature increased from 1400 to 1550 °C
(Fig. 11). Similar results have been obtained by Ebadzadeh* for
the elaboration of mullite-zirconia composites. If we remind that
pure mullite was only obtained after sintering at 1550 °C while
at 1400 °C other denser phases as alumina where still present,
one could explain this reducing of density from 1400 to 1550 °C.

The percentage of porosity for the samples sintered at
1550°C for 5h was calculated using the following equation:

VP — WM

9 porosity = x 100

P
where Vp was the volume of the pellet obtained by geometrical
measurements and Vy the volume of mullite deduced from the
weight of the pellet (mp) and the theoretical density of mullite
(dm=3.17):
mp
m = ot

So, Fig. 11 showed that it increased when magnesium ratio
increased.

Indeed, as for clay/Al mixture without magnesium, SEM
observations (Fig. 9b) showed now two sizes of porosity: one
of 30 wm and another one sized about 320 pm. If the first one
could be created by Al oxidation, the second one was proba-

bly due to magnesium oxidation because, although higher, it
was ranging in the size of Mg particles (230 wm). This would
suggest that porosity of sintered bodies could be monitored by
adding amounts of Al and Mg metal powders with fixed grain
size. Micrographs of higher magnification (Fig. 9c and d) high-
lighted needle shape crystallites of mullite which appeared after
sintering (5h at 1550 °C). These acicular crystals were all the
more marked since the magnesium content was higher. So the
addition of small amounts of Mg powder would cause not only
another porosity depending on the Mg grain size but also the
germination of an acicular mullite phase. Otherwise addition of
Mg reduced reactive sintering of mullite and increased porosity
(from 30 to 58%) even if magnesium oxidation brought thermal
energy (Table 3).

4. Conclusions

The synthesis of pure and porous mullite has been shown to
be possible by adding aluminum powder to kaolinitic clay before
sintering in air. The exothermic oxidation reaction of aluminum
would provide energy for germination of a-alumina phase which
then reacts with metakaolin to form the mullite phase. The bod-
ies obtained by reactive sintering at 1550 °C have a high open
porosity initiated during the oxidation of aluminum powder. This
porosity increases when a small amount of magnesium powder
is added. In spite of this high porosity the sintered bodies have
a good mechanical cohesion.
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